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Professor Ray J. Wu
(August 14, 1928 — February 10, 2008)

Born in China and educated in the USA, Ray Wu spent most of his time at Cornell
University, Ithaca, New York. He was an outstanding biochemists, who recog-
nized the significance of DNA engineering, and was one of the first to develop
DNA sequencing and recombinant DNA methods. His major work was in rice

biotechnology and his vision was to feed the world with high yielding, insect

resistant and drought tolerant plants. His other interests have exceeded his

work as a scientist and he served as an ambassador for advancing international
collaborations and understanding.

We dedicate this book to Ray J. Wu as a token of our appreciation and respect
for him and his achievements.
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During the past 3 decades, there has been a clear
progression in the plant sciences along a trajec-
tory from plant physiology to biochemistry to
molecular biology and then towards forward
and reverse molecular genetics. The emergence
of concepts of genomics has reconciled genome
and gene structure with phenotype, thus connect-
ing genetics, through genomics, to plant breeding.
We are now in an era of plant biology that begins
to integrate all knowledge into a cohesive view
of plant life, including the responses of plants to
their physical environment. We realize the need
for integrating various aspects of plant biology as
influenced by environmentally imposed stresses
from molecular to field levels. Our book is an
attempt to reach this goal.

Plant species, during evolution, have adapted
to various edaphic and environmental conditions
as dictated by their genetic make-up, while at the
same time their genetic systems were shaped and
modified during adaptation. In the first approxi-
mation, plants are at homeostatic equilibrium
where they are found; thus, any deviation from
normalcy may then put the species under stress.
While some of the plants can sustain growth and
reproductive success only within a narrow range
of environmental fluctuations, others show flexi-
bility for growing under a wide range of latitudes,
tolerating variations in light, temperature, water
and nutrient requirement. Due to long-term selec-
tion and cultivation under optimal conditions,
many genotypes of crop species show either
a diminished capacity to adapt to sub-optimal
environments, or a diminished ability to sustain
growth or to give high yield in response to slight
changes. Even mild fluctuations of weather con-
ditions, often coinciding with distinct phases of
the crop’s life cycle, will be perceived as stress.

Generally, we categorize stress as abiotic or
biotic, which constitutes an anthropomorphic
distinction that has in the past given rise to many
imprecise labels that confused or complicated our
understanding of the phenomena. Even when we
restrict our view to abiotic stress biology, a col-
lection of questions arise that are equally valid
if biotic stresses were in the focus. Of foremost

XV

Preface

importance is how plants monitor and identify the
type and the intensity of a particular stress. It has
been seen that conditions constituting stress for
one species may not be stressful for another! In
that respect, we would like to know how differ-
ences in biochemical or physiological pathways
bring about the distinction between species. How
do plants respond to a given stress? Are there
response pathways that are more conducive to
a successful defense against strong stress than
others? If so, what is then the molecular basis
for a weak or a strong response? What are the
molecular events associated with a given stress
response? Can we identify molecular markers
and molecular events that signify stress and the
signature pathways leading to death or to reac-
tions that support survival? How will these mark-
ers be different for different stress types and for
different species? These are major questions that
lead to more detailed discussions having extreme
political and ethical ramifications, and general
scientific considerations. These are the same
questions that students of life sciences and agri-
culture ask. These are also the questions asked by
experts working in these areas of biology.

In this book Abiotic stress adaptation in plants:
physiological, molecular and genomic foundation,
we present a collection of 23 chapters written by
68 experts in the field of plant abiotic stress biol-
ogy. It is a timely contribution to a topic that is of
eminent importance. Answers to questions raised
here are required to assure food security, crop yield
stability and increased productivity at a time when
we are facing a changing global environment. The
chapters assembled here provide an up-to-date
account of the information available on abiotic
stress and the responses by plants.

Due to the importance of this subject, we have
placed emphasis on educating beginners in the
field of plant stress biology; however, the authors
have also provided latest insights in their respec-
tive research areas. Due to the relevance of plant
stress genetics and molecular biology to global
food security well recognized, universities and
research institutes across the globe have initiated
courses focusing on abiotic stresses, their effects



and tolerance in plants. Courses, on this topic, at
undergraduate, graduate and postdoctoral levels,
absent just 10 years ago, are now commonplace
at several institutions. The authors of this volume
have attempted to strike a balance between “in-
depth” state of the art knowledge in their respec-
tive areas and, at the same time, have provided
basic, fundamental information about the topics of
their chapters. In several chapters, key information
is presented in the form of text boxes as well as
instructive figures.

In this book, we present the general principles
of abiotic stress responses in plants. An introduc-
tion and an overview of abiotic stress, related to
agriculture, sets the stage for detailed discussions
in four sections.

Section I (7 chapters) deals with Stress Percep-
tion and Signal Transduction where topics such
as sensors and signal transduction pathways as
mediated by abscisic acid (ABA), calcium and
reactive oxygen species (ROS) are discussed.
In addition, protein kinase- and protein phos-
phatase-mediated signal transduction pathways
are presented in this section of the book. Com-
munication between root and shoot under stress
conditions, an important though often neglected
aspect of the abiotic stress response, is also dis-
cussed. With increasing evidence accumulating
about stress signaling aspects, the commonali-
ties between plant biotic and abiotic stresses are
clearly outlined. Discussion of pathways identify
interesting and attractive candidates for genetic
modification using several technologies that are
aimed at improving stress tolerance in plants.

Section II (3 chapters) deals with Stress Reg-
ulation of Gene Expression. It is now widely
accepted that the regulation of gene expression
is the key to survival under stress conditions.
New tools and technologies are being used to
understand the complexities of stress responses
in plants. The discussion about these constitutes
one component of this section of our book. Fur-
ther, this section presents information about pro-
moters and transcription factors as the basis for
amplifying signal-based cues and responsible
for a given gene expression pattern that organ-
izes the biochemical stress response. In addition
to the known genetic regulatory switches control-
ling gene expression and down-stream response
circuits, epigenetic mechanics of gene regulation
in plants are also discussed. Transposition events

Xvi

and chromatin modifications that are related to
stress perception and response have been known
for some time but only recently, the underlying
mechanisms have become clearer. A significant
new development that is discussed in this section
is the realization of antisense-based control of
plant stress responses. An orchestrated and finely
tuned functioning of classical gene regulatory
mechanisms and microRNA-based control ulti-
mately determines the survival of a plant under
stress conditions.

Section III (6 chapters) deals with Physiology
and Metabolism. Over the years, the plant com-
munity has accumulated fairly good information
about the physiology and metabolism of plants
under stress conditions. These mechanisms
include ion homeostasis, regulation of osmo-
lyte synthesis and accumulation, water balance
and stomatal movements. The altered physiol-
ogy, as brought on by a stress, is also reflected
in the form of micronutrient deprivation in plants
and attempts are being made to understand these
responses as well. In addition to research on the
known mechanisms of stress responses, efforts
are also being made towards understanding roles
of relatively understudied pathways, such as glu-
tathione metabolism in its relationship to plants
under stress. These aspects along with a discus-
sion of programmed cell death are included in
this section of the book.

Section IV (6 chapters) deals with the impor-
tant aspect of Conquering Stress. The ultimate
objective of stress biology is to improve crop
plants, so that they are able to survive better under
changing environmental conditions. This section
focuses on various aspects of overcoming stress
in plants through breeding, transgenics, and the
identification of markers associated with abiotic
stresses. Discussion of the evolutionary aspects
of various abiotic stresses is also a part of this
section. Ultimately, a Systems Biology approach
is suggested as best suited for making the rapidly
emerging, large datasets transparent for an under-
standing of such complex traits. This last chap-
ter of the book shows us how plant productivity
is affected by stresses and how these patterns of
changes in environmental factors are being wit-
nessed over the globe.

We are highly thankful to Nausheen Tareen,
of Jawaharlal Nehru University, New Delhi, for
her valuable help in formatting and incorporating



editorial changes in the manuscripts. Besides her
experimental skills, her keen interest and knowl-
edge in the area of abiotic stress has been a great
help in editing this book. Inputs received from
Drs Sneh L. Singla-Pareek and Dr. Anil K. Singh,
of International Center for Genetic Engineering
and Biotechnology (ICGEB), New Delhi at the
final stages of editing of chapters are also grate-
fully acknowledged. We are indebted to Noeline
Gibson, André Tournois, Jacco Flipsen at Springer

and Manoranjan Mishra at SPi Technologies India
Pvt. Ltd. who have been of invaluable help in the
production of this book.

We have dedicated this book to Prof. Ray
J. Wu, who had completed writing his part in
Chapter 19 before his death. We are thankful to
Dr. Ajay K. Garg of Cornell University for pro-
viding us his photograph shown on the dedica-
tion page.
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sity for 4 years, he was appointed, in 2003, on the faculty of the School of Life Sciences (SLS) at JNU.

Themain focus ofhisresearch has been towards providing an understanding of the signaling machinery in
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expression in plants. His earlier work showed an important role of phopshoinositide and protein kinase
C signaling in light mediated expression of genes. Currently his research group is looking into the stress
signal transduction events and pathways and they are also developing transgenic technology for the pro-
duction of abiotic stress tolerant plants. His group has identified many novel genes that are regulated in
response to salinity and dehydration stress; he has also made major contributions in understanding the
mechanism of their induction. His group has also identified a novel role of glyoxalase pathway in stress
tolerance. Sopory has published over 170 papers in International Journals, 50 book chapters he has, in
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the Department of Biochemistry, University of Arizona, Tucson, Arizona, as an Associate Professor and
then as a Professor. In addition, he served, during 1995-1997, as a Program Director of the Integrative
Plant Biology Program of the US National Science Foundation.

Bohnert’s research interests focus on plant abiotic stress genomics, genome structure and gene expres-
sion in plants evolutionarily adapted to extreme habitats, and in developing and applying tools for
integrating genomics datasets. His honors include Heisenberg-Fellowship awarded by the Deutsche For-
schungsgemeinschaft; Research Scientist Award of the College of Agriculture, University of Arizona;
and a Senior Research Fellowship by the Smithsonian/Carnegie-Mellon Foundation. He is a Fellow of
the American Society of Plant Biology. See Bohnert’s web page for further information on him and his
research: http://www.life.illinois.edu/bohnert/.
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the UIUC, under Robert Emerson and Eugene Rabinowitch, obtaining his Ph.D. in 1960, in Biophysics.
He served on the faculty of the UIUC for ~40 years, from 1961 to 1999.

Govindjee is best known for his research on the excitation energy transfer, light emission, the pri-
mary photochemistry and the electron transfer in “Photosystem 11 (PS 11, water-plastoquinone oxido-
reductase). His research, with many collaborators, has included the discovery of a short-wavelength form
of chlorophyll (Chl) a functioning in the Chl b- containing system, now called PS II; of the two-light
effect in Chl a fluorescence; and of the two-light effect (Emerson Enhancement) in NADP (Nicotinamide
Adeninine Dinucleotide Phosphate) reduction in chloroplasts. His major achievements include an under-
standing of the basic relations between Chl a fluorescence and photosynthetic reactions; an unique role
of bicarbonate on the electron acceptor side of PS II, particularly in the protonation events involving the
binding region of the platoquinone Q_; the theory of thermoluminescence in plants; the first picosecond
measurements on the primary photochemistry of PS II ; and the use of Fluorescence Lifetime Imaging
Microscopy (FLIM) of Chl a fluorescence in understanding photoprotection, by plants, against excess
light.

Govindjee’s current focus is on the “History of Photosynthesis Research”, in ‘Photosynthesis Educa-
tion’, and in the ‘Possible Existence of Extraterrestrial Life’. His honors include: Fellow of the American
Association of Advancement of Science (AAAS); Distinguished Lecturer of the School of Life Sciences,
UIUC; Fellow and Lifetime member of the National Academy of Sciences (India); President of the
American Society for Photobiology (1980-1981); Fulbright Scholar and Fulbright Senior Lecturer; Hon-
orary President of the 2004 International Photosynthesis Congress (Montréal, Canada); the first recipient
of the Lifetime Achievement Award of the Rebeiz Foundation for Basic Biology, 2006; Recipient of the
Communication Award of the International Society of Photosynthesis Research, 2007; and the Liberal
Arts and Sciences Lifetime Achievement Award of the UTUC, 2008. Further, Govindjee was honored in
2007, through two special volumes of Photosynthesis Research, celebrating his 75th birthday and for his
50-year dedicated research in ‘photosynthesis’ (Guest Editor: Julian Eaton-Rye); and in 2008, through a
special International Symposium on ‘Photosynthesis in a Global Perspective’, held in November, 2008,
at the University of Indore, India. Govindjee is co-author of ‘Photosynthesis’ (John Wiley, 1969); and
editor of many books, published by several publishers including Academic Press and Kluwer Academic
Publishers (now Springer). See Govindjee’s web page for further information: <http://www.life.uiuc.
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Color Plates

Fig. 1. Excess irrigation-induced salinity and the crust of salts on the top soil (FAO Photo Gallery). See Chapter 1, p 9.

Membrane

His kinase

Fig. 2. Schematic presentation of the dimeric structure of Hik33 and its interactions with the cell membrane. A decrease in
temperature stiffens the membrane leading to a compression of the lipid bilayer, which forces membrane-spanning domains to
come closer to each other, changes the linker conformation and finally causes autophosphorylation of histidine kinase domains.
Abbreviations: HAMP — hepcidin antimicrobial peptide linker domains; LZ — leucine zipper domains; PAS — PER ARNT
SIM domains containing amino acid motifs Per, Amt, Sim and phytochrome; and Hik — histidine kinase domain. H in circles
represent the histidine residues that can be phosphorylated in response to cold stress (Adapted from Murata and Los (2006)).
See Chapter 2, p 21.
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Plasma membrane
/NADPH -

Fig. 3. Schematic illustration of Abscissic Acid (ABA) signaling in stomatal closure. Arrows indicate positive or negative inter-
actions between the factors. Dashed arrows indicate possible regulation. See Chapter 3, p 40.
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Fig. 4. Sites of reactive oxygen species (ROS) production and enzymatic ROS scavengers. Scavengers are indicated by grey
letters. Abbreviations: SOD — superoxide dismutase; APX — ascorbate peroxidase; MDAR — monodehydroascorbate reductase;
DHAR - dehydroascorbate reductase; GR — glutathione reductase; CAT — catalase; AOX — alternative oxidase; PRX — perox-
iredoxin; TRX — thioredoxin. See Chapter 5, p 93.
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Fig. 5. Mitogen Activated Protein Kinase (MAPK) signaling cascades play pivotal intermediary roles in many plant responses
to environmental stress. (a) The MEKK1-MKK4/MKK5-MPK3/MPK6 pathway is known to be involved in transducing the
pathogen-related signal initiated by the flagellin peptide, flg22; (b) MEKKI1 is also involved in the cold-activated expression of
pathogen-resistance genes, through the MEKK1-MKK2-MPK4 pathway; (¢) during the response to drought, a MAPK cascade
involving MKK1 and MPK4 is constructed, although the identity of the upstream MAPKKK remains unknown. See Chapter
7,p 135.
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Fig. 6. The Calcineurin B-like protein (CBL) calcium sensor and CBL-interacting protein kinase (CIPK) signaling network is
involved in various abiotic stress responses. Based on the results of genetic and molecular analyses, the model depicted above
was proposed. The different /ine colors indicate different stress signaling pathways. See Chapter 7, p 143.
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Fig. 7. Preparedness of the tolerant cultivar by maintenance of relatively higher level of transcripts of stress related genes. See
Chapter 9, p 181.
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Fig. 8. Transcriptional regulatory networks of cis-acting elements and transcription factors involved in abiotic-stress-responsive
gene expression in Arabidopsis. Transcription factors controlling stress-inducible gene expression are shown in ellipses.
cis-acting elements involved in stress-responsive transcription are shown in boxes. Small filled circles reveal modification of
transcription factors in response to stress signals for their activation, such as phosphorylation. See Chapter 10, p 201.
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Fig. 9. (a) Predicted dynamic behaviour of the telescope model during salt stress; (b) K*-deficiency stress; (¢) and combined stress.
For simplicity only the collective cellular components of the model, presented in Fig. 12.3, are shown. Stress progresses from
top to bottom either in time or strength. Colors indicate high (red for Na* and blue for K*), low (white) or changing ion concen-
trations (pink for Na* accumulation, /ight blue for K* depletion). Arrows indicate the movement of Na* (red) and K* (white) that
is most crucial for the homeostatic behaviour of the system at a given stage of the stress. ¢ is a simple overlay of a and b with
K*/Na" ratios being high (blue), low (red) or intermediate (purple). During early (mild) stress, homeostasis is achieved by making
use of cellular reservoirs in non-prioritized tissues. If the stress persists cellular reservoirs in prioritized tissues are exploited to
maintain homeostasis in both tissue types. Only when both resources are exhausted cellular spaces will start changing. However,
homeostatic control at the whole-plant level assures that this happens first in non-prioritised tissues. See Chapter 12, p 258.

@ Destabilizing molecules
like NaCl

@ Compatible Solutes

Destabilized protein Higher protein
loses activity stability

Fig. 10. Diagram illustrating the function of compatible solutes. (a) Lack of compatible solutes results in the preferential
binding of destabilizing molecules like NaCl to the protein surface, leading to degradation; (b) Presence of compatible sol-
utes preferentially excludes the binding of destabilizing molecules and stabilizes native protein conformation (Modified from
Mundree et al. 2002). See Chapter 16, p 362.
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Fig. 11. Salinity stress and reduced glutathione (GSH). Effect of exogenous application of NaCl (200 mM) and/or GSH (2
mM) on tomato plants as seen on (a) growth and (b) fruiting of plants in pot culture. See Chapter 13, p 269.
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Fig. 12. PCD occurs in plant life cycle. PCD is involved in many phases through vegetative and reproductive development and
response to environmental stresses. See Chapter 17, p 373.
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Fig. 13. Mechanisms of Abscisic Acid (ABA)-induced stomatal closure. The regulation of inorganic ion concentration and car-
bohydrate content in guard cells trigger the decrease in osmotic pressure and a massive water efflux. Concomitantly, structural
rearrangements facilitate stomatal closure. See Chapter 14, p 289.
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Fig. 14. Nitrogen cycle. Generally, NO,> is the major form of nitrogen in the environment; although NH," and NO," can be
present at significant levels as well (high NH," levels are often toxic to organisms). As indicated, NH," can be generated from
N, through the action of animal metabolism, lightning, volcanic activity and N, fixation. The fixation of N, can be performed by
either free-living bacteria or bacteria associated with the nodules of leguminous plants. NH," can be oxidized through the action
of nitrifying bacteria, which use ammonia monooxygenase to oxidize ammonia to hydroxylamine (NH,OH) and then nitrite
oxidoreductase to oxidize NO,™ to NO,*. Oxides of nitrogen can be converted to N, by denitrification, an anaerobic process
performed by specific bacteria (Modified from http://telstar.ote.cmu.edu/environ/m3/s4/graphics/embedded/nitronodules.gif;
http://www.markergene.com/WebNewsletter7.4  files/image007.gif; http://www.anoxkaldnes.com/Bilder/jpg/RD7.jpg; http://
staffwww.fullcoll.edu/tmorris/elements of ecology/images/bacteria_denitrifying.jpg). See Chapter 15, p 310.
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Fig. 15. Sulfur cycle. The most abundant form of sulfur in the environment is SO,*, although certain environments can have
high levels of sulfides (H,S) and elemental sulfur (S°). SO,*" can be reduced by plants and bacteria in a reductive assimilatory
process (to make cysteine methionine and glutathione). The formation of H,S often occurs as a result of bacterial break down
of organic matter in the absence of oxygen (major process in swamps and sewers). DMSP or dimethylsulfoniopropionate
[(CH,),S'CH,CH,COO] is produced by marine phytoplankton, seaweeds and some terrestrial and aquatic vascular plants.
There are two major volatile breakdown products of DMSP, methanethiol (CH,SH), which can be assimilated by bacteria into
protein sulfur, and DMS or dimethyl sulfide (CH,SCH,), which is released into the atmosphere and plays a key role in cloud
formation; methanethiol can also be converted to DMS. Furthermore, a number of bacteria and archaea can oxidize inorganic
sulfur compounds such as H,S (toxic to most organisms) and S° and use the electrons for growth (Modified from http://www.
bio.ku.dk/nuf/images/C.limicola.LM.jpg; http://www.princeton.edu/~chm333/2004/Bioremediation/images/Desulfovibrio).
See Chapter 15, p 311.
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Fig. 16. Schematic diagram of the modified diallel selective mating system (DSMS) involving marker-assisted selection (MAS)
adapted from Singh et al. 2008). See Chapter 18, p 400.
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Fig. 17. Nutrient culture solutions based on seedling stage screening system for salinity tolerance in rice: (a) breadbox with
perforated lid; (b) floats with holes and nylon mesh; and (¢) pregerminated seeds placed in floats. See Chapter 18, p 402.
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Fig. 18. Signal transduction pathways involved in abiotic stress responses. Stress signal is perceived through sensor(s) and the
signal is transduced to the intracellular targets. Hyperosmolarity caused due to salinity and drought stress activates MAPK cas-
cade which serves as a link between upstream receptors and downstream signaling components such as transcription factors to
induce cellular response. Abiotic stress signal also initiates Ca™ signal that causes activation of Ca**-binding proteins, such as
CaM, CaN and CDPK. These Ca**-binding proteins phosphorylate and activate the transcription factors, which mediate cellular
responses. Ca?' signal also induces the salt overly sensitive (SOS) signaling pathway which is required for ion homeostasis.
See Chapter 19, p 421.
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Fig. 19. (a) Performance of Sub! introgression lines under field conditions. Fourteen day old seedlings were transplanted in the
field and completely submerged 14 days later, for a period of 17 days. Photo was taken about 2 months after desubmergence.
(1) IR64, (2) IR64-Subl, (3) Samba Mahshuri, (4) Samba Mahshuri-Subl, (5) IR42 (sensitive check) and (6) IR49830 (tolerant,
used as SUBI donor) (Photo courtesy of IRRI); (b) a rice farmer and his wife showing the performance of their local variety
(right) and an improved salt tolerant breeding line (/eft) in a highly alkaline soil in Faizabad district, Uttar Pradesh, India
(Photo by A. Ismail taken on Oct. 7, 2007). See Chapter 20, p 459.
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Fig. 20. A diagrammatic representation of some of the changes known to occur in the structural and signaling components dur-
ing stomatal movements, as described in the text. Abbreviations (used in the figure): ABA, abscisic acid; of}y, heterotrimeric
G-protein subunits; GCR2, G-protein coupled receptor 2; PIP,, phosphatidylinositol 4,5 bisphosphate; GSH, glutathione; MPK,
MAP kinase; MPKK, MAPK kinase; MPKKK, MAPKK kinase; PLC and PLD, phospholipases C and D; ROS, reactive oxygen
species. See Chapter 22, p 492.
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Summary

‘In a world that has the means for feeding its population, the persistence of hunger is a scandal’ (Food
and Agriculture Organization 2006). This is a very comprehensive statement made by the United Nations
Organization and clearly explains the present state of apathy of world agriculture. While plant
physiological investigations provide knowledge and better understanding of the effects of abiotic stress
on plants, crop physiology provides information on how stress affects plant growth, and eventually
agricultural yield. Growing global demand for food and feed of various plant-based products, climatic
change-imposed stress on agriculture and the new opportunities, such as the advances in molecular biol-
ogy, are covered in this chapter. The extent of crop yield loss due to abiotic stresses can be reduced by
manipulating plant metabolism, and use of genetically-engineered plants. This chapter provides readers
with a broad overview of the various types of abiotic stresses and their influence on the yields of eco-
nomically important crops such as cereals, grain legumes, vegetable crops, oilseed crops, forage crops

and medicinal crops (Rai and Takabe 2006).

Keywords abiotic stress ¢ heat ¢ cold ¢ drought  water logging ¢ salinity * climate change

I Introduction

Crop cultivation involves growing a popula-
tion of plants under good care and management.
Genetic yield potential of a crop variety is not
always attained, as it is limited by factors such as
the non-availability of timely inputs, inappropri-
ate growing season, outbreak of pests and abiotic
stresses. Type of abiotic stress differs with the
soil in which it is grown, the crop growing sea-
son, the crop in question and the geographic loca-
tion. Some of the most common abiotic stresses
are wide fluctuation in the environmental condi-
tions, soil moisture availability, high evaporation,
inundation of the field, atmospheric temperature,
periodicity variations, frost and cold injury, soil
physico-chemical status, non-availability of
nutrients and heavy metal toxicity. Understand-
ing the physiological basis of such stresses, their
genetic basis of tolerance, gene manipulation and
mitigating the stresses agronomically, are some
of the available technological options.

A Hunter Evolves as Collector
and Cultivator

Man has hunted and tamed animals since times
immemorial. He selected, collected and domesticated
edible plants for food and feed for his animals.

Abbreviations: AM—arbuscular mycorrhizae; FAO—Food and
Agriculture Organizationofthe United Nations; GHGs — green
house gases; VAM —vascular arbuscular mycorrhizae

Gradually, the hunter developed the art of growing
plants and domesticated animals to ensure a
sustained food supply. It was not an easy job, as
domesticated wild plant tribes, when grown as a
population, resulted in genetic vulnerability and
was prone to the uncertainties of weather (abiotic)
or pest and pathogen (biotic) damage. Early farm-
ers constantly improved the quantity, quality and
storabilidty of crop yields that led to development
of'anarrow genetic base of the varieties. This prac-
tice rendered their selections more vulnerable to
various abiotic and biotic stresses. Thus, since the
beginning of agriculture, man has been confront-
ing and overcoming the various abiotic stresses.
In this long ordeal, farmers worldwide selected
and domesticated various plants, now grouped as
land races, folk varieties and farmer’s varieties.
And many of these varieties possess genes for tol-
erance to various abiotic stresses.

Modern high-yielding cultivars, particularly
rice and wheat, have greater potential under well
managed conditions. The vulnerability of modern
crops to abiotic stresses causes wide annual yield
fluctuations between bad years and good years.
And there is a major global food deficit as the
demand for food, and plant based by-products, is
higher than what is being produced. Naturally, the
blame game is on, attributing the price increase
of essential commodities to the globalized agri-
trade, changed food consumption patterns, crop
failures in Africa and Australia and of course to
the surging food demand of emerging economies
such as China and India.
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B Projected Food Demands

Abiotic stress, such as drought, flood, problem
soils (salinity and alkalinity), extreme temperatures
(especially at flowering and maturity times),
chemical toxicity and oxidative stress are seri-
ous threats to agriculture and the environment.
Increased salinity of arable land is expected to
have devastating global effects, resulting in 30%
land loss within the next 25 years, and up to 50%
by the year 2050 (Food and Agriculture Organi-
zation 2000).

By 2025, the world farmers would have to
produce about 3.0 billion tons of cereals to feed
the earth’s population of nearly 8.0 billion peo-
ple. This means that world wide, an average
cereal (mainly wheat and rice) yield of 4 t/ha is
to be achieved and sustained. Added to this is
the demand for feed, vegetables, fruits, fiber, oil,
energy and wood. In this book various issues are
examined to enable achieving an increase in crop
productivity by way of better varieties that are
tolerant to various abiotic stresses.

C What Does Stress Mean
to an Agriculturalist?

Stress in biological terms means deviation in the
normal physiology, development and function of
plants which can be injurious and can inflict irre-
versible damage to the plant system. The type of
stress that crop plants suffer from can be broadly
grouped as ‘temperature variation at crucial
stages’. There are several sticky abiotic parame-
ters revolving around temperature e.g., frost dam-
age and evaporation stress.

Many living organisms parasitize plants, such
as the plant pathogenic viruses, bacteria, fungi,
nematodes, insects and phenerogamic plants.
Abiotic stresses are inflicted by non-living things/
matter on which the plant system is dependent.
Ambient temperature, relative humidity, sun-
shine, microclimate, soil nutrition, soil biota and
other physico-chemical properties of the soil cre-
ate stress on plant.

Il Types of Abiotic Stress in Plants

Various types of abiotic stresses that plants encounter
between seedling to harvest stages are:
e Unseasonal rain

e Abundant and copious soil moisture or its quick
retreat

e Soil salinity

e Micronutrient (soil nutrition) shortage in the root
zone

¢ Global change in weather patterns

¢ Economic and political uncertainty

In addition, many biotic stresses affect crop yield:
e Discase damage

e Insect or nematode damage

¢ Invasive threats

Breeding crops for specific abiotic tolerance is
one of the core activities of varietal improvement
program. Developing abiotic tolerant varieties
and adopting good crop practices are the means
by which agriculturists minimize the impact of
abiotic stresses without causing a substantial
yield loss. Abiotic tolerant plants have the inbuilt
capacity to overcome the damage caused by
stresses at various growth stages. If the abiotic
stress is only for a brief period and if congenial
conditions return thereafter, then the plant acti-
vates the various compensation mechanisms and
succeeds in executing damage control. As a con-
sequence, the total biomass and the yield of crops
remain largely unaffected.

Often, many of the abiotic stresses occur
together and in that process inflict severe yield
losses. For example, crop plants are largely
dependent on the availability of moisture in the
top 10 cm of the soil profile. Drought stress
occurs when soil moisture status is low, relative
humidity is low and temperature is high. When
relative humidity is low and temperature is high
i.e., two stresses occur together, ‘atmospheric
drought’ sets in. This is agriculturally overcome
by extending irrigation; and where timely access
to surface irrigation is not feasible, the ‘agri-
cultural drought’ sets-in. And if the agricultural
drought persists, crops virtually dry up, fires
become common and productivity of orchard
crops gets badly affected.

Il High Temperature Stress

There are three cardinal points for the types of

temperatures that are vital for plant activity:

e Minimum temperature below which no plant growth
and development occurs
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e Optimum temperature at which maximum plant
growth and development occurs

e Maximum temperature above which plant growth
and development stops

Temperature requirement of different plants vary

for the cardinal points as it is related to the dura-

tion of exposure, age of the plant, previous his-

tory and such externalities. Generally, it is the

air temperature or the ambient temperature that

affects the crop in several ways.

A Temperature Periodicity

Diurnal variation in air temperature is important as
it influences photorespiration. The total heat units
accumulated during the growth phase of plants
influence the physiology, reproduction and matu-
rity of crops. Deviation from normal temperatures
or day/night periodicity around reproductive stage
influences the seed yield and seed quality. Invaria-
bly, short day conditions at pod filling or grain fill-
ing stage negatively affect the seed weight and the
physico-chemical quality of the seed. In legumi-
nous crops, periodicity pattern influences the root
behavior, nodulation patterns and total biomass
production. Any temperature deviation due to glo-
bal weather change is likely to affect the growth
and physiology of plants in more than one way.

B Temperature-Induced Male Sterility

Hybrid rice has tremendously contributed to the
productivity gain of rice in several parts of

S. Nagarajan and S. Nagarajan

Asia. Production of hybrid rice seed can be
simplified by the availability of two line hybrids.
Researchers have been successful in identifying
rice lines that carry the fms genes, which show
complete male sterility and 100% of the pollens
turn out to be sterile when exposed to 35.5/23.1°C
temperature periodicity at the critical growth
stage (i.e., 1-2 week after panicle initiation)
(Lopez et al. 2003). This temperature periodicity
induced genetic male sterility in rice has opened
up new opportunities to produce rice hybrid seeds
at an affordable price and at the same time pro-
vide productivity gain to the growers.

C High Temperature and Heat Stress

The sudden increase in ambient maximum tem-
perature, in a matter of few days, by 5—7°C with
corresponding increase in the minimum tempera-
ture, creates ‘heat stress’ on plants. The normal
physiology of the plant gets affected and plant
maturity is accelerated. In some cases, plants
shed leaf/flower/fruit or dry-up non productive
tillers and even become sterile to overcome the
unprecedented stress. In practical agriculture,
such heat stress inflicts enormous crop losses.
Due to global weather change, the frequency of
heat stress is predicted to increase in different
parts of the world.

Rates of photosynthesis and respiration
increase with an increase in temperature until
a threshold maximum photosynthesis level
is achieved. Generally, it is around 22-24°C
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Fig. 1. Relationship of mean season temperature with grain yield of rice cultivars. Mean season temperature above 33°C and below
27°C drastically reduced rice yields both in aromatic and non-aromatic cultivars (Shantha Nagarajan, [ARI, New Delhi).
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and remains that way, up to 30-32°C. In rice,
it was found that grain yields declined if mean
seasonal temperature increased above 33°C
(Fig. 1). Surpassing the high temperature peak,
various enzymes get inactivated, decreasing the
photosynthetic efficiency. The high temperature
coupled with high respiration and evaporation
pushes the plant to permanent wilting when the
temperature exceeds 46°C. The extent of crop
loss inflicted by heat stress can ruin the income
for poor farmers in heat prone areas. In many
cases, there may be adequate soil moisture but
the negative water balance created by heat stress
lead to withering of plants in a matter of few
days. Under the natural habitat, plants have been
exposed to more than one stress at a time; con-
sequently they have evolved strategies against a
combination of stresses by responding to them
in different ways. Often high temperature, high
transpiration rate and high light intensity occur
together affecting the plant productivity (Ward-
law and Wrigley 1994).

Short periods of very high temperature (>35°C)
are of common occurrence in many wheat-grow-
ing areas of the world. Such sudden exposure
to heat stress affects the yield and quality of the
wheat grain (Fig. 2). Maturing kernel is highly
sensitive to heat stress at milk and dough stages of
grain development. The kernel becomes progres-
sively less sensitive as the grain hardens. Reduc-
tion in kernel weight results primarily due to the
shortening of the grain filling duration than due to
the reduction in the rate of grain filling. The grain
filling is seriously impaired and translocation
processes get affected due to early senescence of

the leaf and ear, and the reduction in chlorophyll
content adversely affects photosynthesis. Since
the photosynthetic source is affected and the sink
duration is reduced, filling of the kernel is poor,
resulting in small grain size having less grain
weight. Under such situations, alternate sugar
sources, stored as stem reserves, get mobilized so
as to fill the kernel. It has been well demonstrated
in spring wheat cultivars that comparable geno-
types differ in grain shriveling under drought and
heat stress conditions. This genotypic variation in
the mobilization of stored stem reserves to sup-
port grain filling is an important consideration
in selecting wheat lines for heat tolerance. Also,
it is widely acknowledged that in wheat, under
heat stress situations, kernel number per spike is
a reliable measure for heat tolerance (Shipler and
Blum 1990).

D Impact on Quality of the Harvest

High temperature during seed development is
associated with a reduction in total oil yield.
Under field conditions the negative effect of
high temperature gets amplified if there is also
a moisture stress. Both temperature and mois-
ture stress together influence the yield of oil in
Brassica by interfering with seed growth and
development. At elevated temperatures, with
high night temperatures, a marked reduction in
the percentage of linoleic acid occurs, appar-
ently due to desaturase enzymes that are essen-
tial for the conversion of oleic to linoleic acid. It
is now well recognized that reduced yields and
altered oil composition occur in sunflower crop
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Fig. 2. Effect of high temperature on grain yield in diverse bread wheat genotypes. Twenty-five genotypes were field grown in
six locations and were exposed to different temperature regimes (J. Rane, Directorate of Wheat Research, Karnal).
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Fig. 3. Effect of mean temperature, during grain-growth period, on amylase content in rice cultivars. Amylase content decreased
at the rate of 0.44% per degree rise in temperature in these cultivars (Shantha Nagarajan, IARI, New Delhi).

that matures under high temperature conditions.
Whole ranges of metabolic changes that occur
due to abnormal temperature cycle adversely
affect the biosynthesis of fatty acids in sunflower
(Harris et al. 1978). High maximum temperature
negatively influences the yield of spring wheat
affecting the number of productive tillers per
square meter, grain weight, grains per spike and
quality of the grain protein. And in cotton, both
yield and fiber quality gets affected by non-
cardinal temperature regimes. In aromatic and
non-aromatic rice cultivars, elevated tempera-
tures, during grain filling period, decrease the
amylase content of the grain (Fig. 3).

IV Cold and Frost Stress

When soil and/or air temperatures are low dur-
ing winter season, cold injury occurs in field and
horticulture crops. To avoid green and active tis-
sue from getting damaged by blizzard, trees shed
their leaves and protect the dormant bud/grow-
ing tips by layers of scale. Winter cereals like
rye, oats, and to some extent, wheat and barley
are tolerant to low temperatures and cold. When
temperatures remain sub-zero and the conditions
are dry for several days, cereals suffer from cold
stress and may die. Being winter hardy and pho-
toperiodic, rye and oats perform better than other
winter cereals even under severe cold conditions.
Chilling temperature can be defined as any tem-
perature that is cool enough to produce injury but
not adequate to freeze the plant. Chilling causes
slow down of all chemical reactions in plants
and creates cold bite symptoms on plants due to

injury or death of tissue or even the whole plant.
In wheat, at the time of ear head emergence, if the
temperature is zero to —3°C, then pollen sterility
occurs, resulting in poor grain setting. The anther
sterility symptoms, caused by freezing tempera-
ture, resemble that of boron deficiency induced
pollen sterility. Sub-zero temperatures affect the
cell membrane lipids and if chilling is protracted,
there is loss of cell contents leading to cell death.
Plants have different mechanisms to resist freez-
ing injury. Cauliflower and cabbage have waxy
leaf surfaces that avoid physical contact of the
leaf epidermis with water droplets as they roll
down the waxy leaf surface and this avoids frost
damage. Succulent solanaceous crops like potato,
tomato and chilies are generally more vulnerable
to frost and cold injury. Genotypes with surface
wax, or glossy characters, dense epidermal hair,
protective scales and other such features reduce
frost damage. The tender two leaves and a bud of
tea are prone to frost damage during winter months
along gradual slopes or brooks or in depression
pockets of the tea estate. Estates located at higher
elevations are planted with rows of shade trees to
avoid frost damage.

Abiotic stress (cold, heat, drought and salinity)
in tomato involves the functionality of many genes
that lead to a series of biochemical and physiolog-
ical changes (Ji and Scott 2007). Further, several
abiotic stresses affect growth and fruit production
in pepper; these include flooding, drought, soil
or water salinity, low light intensity and supra-
or sub-optimal temperatures. These stresses can
directly affect the plant growth and fruit yield or
can decrease the fruit quality by inducing fruit
malformation (Djian-Caporalino et al. 2007).
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V Water Deficit Stress

When soil moisture is continuously low, water
extraction by root and water transport within the
plant is reduced and a drought like situation pre-
vails. To overcome drought stress, plants respond
by increasing the water extraction efficiency and
the water use efficiency of roots, and simultane-
ously reduce the transpiration rate. Drought is
the most important constraint to chickpea yield,
accounting for 40-50% yield reduction globally.
Four approaches are being pursued:

e High root mass

e Smaller leaf area

e Osmotic adjustment

e Early-maturing short-duration varieties

Most chickpea varieties are susceptible to chilling
temperature at the flowering stage and through
the efforts of plant breeding, drought tolerant
chickpea varieties have been developed.

In general crops grown on residual moisture or
under rain-fed situations need the following traits
to remain agriculturally productive:

e Capacity of root to extract moisture from lower soil
strata

e Reduced evapo-transpiration

e Elasticity of root system so that when soil cracks,
roots do not get clipped-off

o [deal maturity period

e Self-created soil mulch

When the transpiration rate during peak sun-
shine hours is higher than the water absorption by
roots, then transient water stress conditions pre-
vail. This cyclic water/moisture stress situation
can occur even under adequate soil moisture con-
ditions. Such cyclic water stress may prevail for
few hours during the daytime and subsequently
the transpiration rate may normalize by night.
This protracted cyclic drought stress can lead to a
state of permanent wilting.

A Effect on Root Pattern

In many succulents such as tomato, potato, celery
etc., the shallow spreading root system quickly
absorbs the small amount of water supplied by
rain. These “rain roots” develop within few hours
of shower, mop-up the soil moisture and soon
these roots dry out. These crops have an amazing
ability to produce water absorbing fresh roots at
a very high speed and enable plants to overcome
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the water stress. The aerial roots also absorb
water from the atmosphere under saturated rela-
tive humidity conditions or when there is a fine
drizzle. The aerial roots of vanilla and orchids
absorb water directly when misty conditions
prevail. However, the aerial roots produced by
sorghum at the basal internodes are for reducing
the anaerobic stress under flooded conditions and
serve as “breathing roots”.

Root profile and depth of plants change so to
survive under water deficit conditions. Under
upland conditions, rice, maize and sorghum have
similar root length, density and water extrac-
tion patterns down to 60 cm depth (Levitt 1972).
Below this level, water extraction by rice is insig-
nificant and this is one of the reasons why rice
is more vulnerable to water stress compared to
other crops. Generally, rice varieties with high
root length density tend to have high leaf water
potential and delayed leaf senescence under
water deficit conditions. Invariably, rice cultivar
with superior root length performs better under
water limiting conditions. Under mild water
stress situations leaf rolling reduces transpiration
loss, increases humidity within the rolled leaf and
thereby enables plants to withstand the prevail-
ing harsh water deficit stress conditions. Where
repeated spells of transient drought occurs, geno-
types with larger root systems tend to perform
better.

Seedlings of perennial crops die due to a vari-
ety of reasons. Their successful establishment is
a requirement for survival and perpetuation of the
species. Seedling death is due to poor root devel-
opment due to which they get knocked off, if they
are hit by a severe drought. Survival of the woody
species is dependent on whether the root is able
to tap the moisture zone in the soil or not. Access
to moist soil zone is accomplished by plants with
maximum rooting depth. Species that have the
capacity to establish roots in these lower moist
soil layers survive and contribute to plant popula-
tion and community dynamics.

B Effect on Development

In perennial fruit crops, reduced moisture avail-
ability at flowering and fruit development stages
curtails pollen fertility, berry formation and at
subsequent stages causes fruit shedding. Even
fruits that eventually mature are of poor quality,



size and appearance. For example, Vines, nuts,
and melons produce unfilled fruits and nuts when
moisture stress occurs. Early season water stress
reduces the number of green leaves, their size,
shape and number of fresh leaves per flush. In a
row, if annual cyclic water stress occurs, then it
badly affects the canopy structure, frame devel-
opment, number of branches and the strength of
twigs and woods.

B Effect on Fertility Status

Male organelle development during meiosis in
the microspore mother cells is extremely vul-
nerable to water deficit conditions. Water deficit
adversely affects the development of microspores
or pollen grains, causing pollen sterility. Female
fertility, in contrast, is relatively unaffected by
water stress at this stage. The injury inflicted is
apparently not by desiccation of the reproductive
tissue, but as a consequence of water deficit in
stems and leaves. Stress response probably involves
a long-distance signaling molecule, originating
in the organs that undergo water loss and affect-
ing fertility in the reproductive tissue which con-
serves its water status. Therefore, focus has been
on the role of abscisic acid under stress situations.
Stress-induced arrest of male gametophyte devel-
opment is preceded by disturbances in carbohy-
drate metabolism and distribution within anther.
An inhibition of the key sugar-cleaving enzyme,
acid invertase, decreases sugar delivery to repro-
ductive tissues upon inhibition of photosynthesis
under stress conditions. This is the signal that
triggers metabolic lesions leading to failure of
male gametophyte development (Saini 1997).

C Tolerance to Moisture Stress

There is an inadequacy of experimental evidence
to surmise that moisture stress in early stages
affects the final yield of annual crops. Often
stress at early stages of crop growth stimulates
a better root system and makes more soil mois-
ture available when favorable weather returns.
Heat or water stress at tillering stage reduces the
number of productive tillers in wheat. With the
normal weather thereafter, loss is compensated
by increased number of grains per spike and bet-
ter grain weight. When brief periods of moisture
stress occurs, the growth loss imposed on the
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plant is overcome subsequently by increasing the
functional efficiency. Though the scars of stress
will be measurable on the crop productivity, the
magnitude of loss gets substantially reduced.
Plant varieties possessing such alternate mecha-
nisms to minimize the loss inflicted by drought
are rated as ‘tolerant’.

VI Water Logging Stress

More than one third of the world’s irrigated area
suffers due to water logging, frequently or oth-
erwise. Water logging limits wheat productivity
in at least 10 million hectares around the world.
This is due to heavy rainfall, flash floods or from
surface irrigation water that accumulates in low
field patches with poor infiltration. Temporary
water logging occurs when rain water or irriga-
tion is more than what can percolate into the soil
within a day or two. Continued flooded condi-
tions lead to lack of oxygen in the soil, restricting
respiration of the growing roots and other living
organisms. Soil chemical properties also change
when anaerobic conditions persist for several
days. This is followed by loss of chlorophyll of
the lower leaves, arrest of crop growth and prolif-
eration of surface root growth with the retreat of
water level. Plant transpiration is affected under
anaerobic conditions and extended water logging
results in root death due to inadequate oxygen
supply. As a consequence, nutrient uptake gets
impaired, plant transpiration rate gets altered and
due to inadequate root function, the water logged
plant rots or withers. Water logging at sowing or
germination stage generally kills the seed and the
seedling. Under cold conditions the amount of
oxygen required for root respiration is reduced.
Thus, in colder areas and in northern latitudes,
water logging does not create a severe impact on
the physiology or the yielding ability of plants at
lower latitudes.

A Flood Tolerance in Rice

The rain-fed lowland rice growing conditions
of Asia are unique as during crop growth period
alternating aerobic and anaerobic soil conditions
prevail. The monsoon behavior dictates the
duration and magnitude of these spells. During the
flooded period the upland rice behaves similar to
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irrigated low land rice with reduced growth. Even
if the soil is not flooded but is highly wet, then
also rice does not show leaf rolling, leaf wither-
ing and symptoms of death. But the harvestable
yield gets reduced. Continued flooding reduces
the availability of phosphorus and results in loss
of nitrogen, while the cyclic flooding interferes
with the available soil nutrition and thereby
affects the general physiology and yield of rice
(Singh et al. 1996).

1 Role of Root Aerenchyma

Root aerenchyma enables root ventilation under
submerged conditions and is an adaptive mech-
anism to hypoxia. It enables root respiration,
gaseous exchange and is an effective adaptation
mechanism under continued flooded situations.
It is also useful under low phosphorus conditions.
There appears to be inter- and intra-species vari-
ation for the root aerenchyma in rice and this
can be used as a marker to breed flood tolerant
varieties.

There are two types of aerenchyma in the root,
depending on the position and the type of root.
The cortical aerenchyma is the most common,
formed either by the disintegration or by the
division of cells. The cortical cells are the ones
that enable the formation of aerenchyma and cell
death of host leads to the formation of aerenchyma
through the accumulation of ethylene under low
land conditions. Aerenchyma is also formed as a
spongy tissue in tap roots, adventitious roots and
other rootlets.

B Effect on Fruit Crops

Water logging of orchard inhibits flower bud initi-
ation, anthesis, fruit set, fruit size and its quality. If
flooding happens during the course of fruit devel-
opment then some fruits burst or crack. The high
internal pressure within the fruit, due to osmotic
absorption of water through the root, causes fruit
cracking. Fruit cracking in grapes and citrus fruits
is a major concern and it badly impairs the quality
of the fruit (Kozlowski 1997).

VIl Soil-Related Stresses

Salinity induces injury and inhibits seed germi-
nation as well as the production of biomass.
It alters the physiology and anatomy of the plant.
Field flooding may bring in salt from adjacent
areas. When water recedes, salt from lower soil
profiles comes to the surface due to the capillary
movement (Fig. 4). Coastal ecosystems routinely
face the problem of sea water inundation due to
events like cyclone and tsunami. Both chlorides
and sodic salts cause damage to the root system
of crops. The chloride triggered injury is identifi-
able by the extensive leaf blade scorching symp-
toms and the accumulation of sodic salts results
in leaf mottling and leaf necrosis. In many of
the perennial crops, premature leaf shedding
happens, weakening the frame, size and produc-
tivity of trees, when the soil pH is not neutral. One
way of overcoming this soil-induced problem is
identifying proper salinity tolerant root stocks,

Fig. 4. Excess irrigation-induced salinity and the crust of salts on the top soil (FAO Photo Gallery) [See Color Plate 1, Fig. 1].
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particularly in citrus and grapes. Soil salinity
creates both ionic and osmotic stresses in plants.
There is an underlying commonality at down-
stream gene signaling level between various
types of stresses caused by drought, salt and cold
that help in the repair of this damage. In some
systems, the induced signaling protects plants
from further stress damage (Zhu 2001). Recent
researches on the molecular mechanisms of
stress responses have led to genetic modifica-
tion of stress tolerance that has wider implica-
tions on varietal development (Wang et al. 2003).
Using molecular tools, saline tolerant genes
have been transferred (Majee et al. 2004) and
promising transgenic rice material has been
developed.

Acidic soils affect crop growth and yield
depending on the level of soil pH. Low soil pH
affects plant growth through the toxic effect of
Mn and Mg. Plants grown under these condi-
tions produce short, discolored stubby roots, with
few laterals. The soil pH influences the avail-
ability of micronutrients, except molybdenum
which increases with decreasing soil pH. Heavy
metal toxicity affects crops when crop husbandry
is done at spent mine sites, by usage of sullage
water or wherever industrial effluents contami-
nate the irrigation water. Various heavy metals
like mercury, copper, aluminum, and boron and
iron contamination affect crop growth (Prasad
and Hagemayer 1999), health of the farmer and
his farm animals.

A Impact on Soil Microbes

Soil living microbial populations favorably
contribute to the normal physiology and devel-
opment of crop by intricately associating with
the root system and its function. When soil gets
flooded and anaerobic conditions set in, the
density of rhizosphere organisms comes down.
The root inhabiting beneficial microbes like
the vascular arbuscular mycorrhizae (VAM)
and arbuscular mycorrhizae (AM), fungi like
Piriformospora indica and the rhizosphere
bacteria suffer under anaerobic soils conditions.
These rhizosphere organisms that co-exist in the
root make minerals like phosphorus, zinc avail-
able, apart from supplying plant growth stimu-
lating substances needed by the plant (Varma
etal. 1999).

S. Nagarajan and S. Nagarajan

VIII Climate Change and Stress
in Plants

Climate change refers to any change in climatic
parameters over time, as a consequence of natu-
ral cyclic changes or due to human activity. Cli-
mate change can manifest as a gradual shift in
temperature, precipitation and rise in sea-level,
affecting long term weather conditions. How-
ever, it can also increase the risk of abrupt and
non-linear changes in the eco-system, influencing
the biodiversity and productivity of the system.
Several climatic models project an increase in
the level of green house gases (GHGs) leading
to an increased frequency, intensity and duration
of extreme climatic events. More hot days, heat
waves, heavy rainfall, flash floods and droughts
are predicted for the future.

Frequent and protracted drought and torren-
tial rainfall, leading to flash flood conditions, are
what climate change modelers are predicting for
different parts of the globe. The predicted severe
drought conditions, during the next few decades,
will affect the soil nutrient status. Drought will
lead to diminished plant uptake of nutrients such
as P and K (Sardans and Penuelas 2007). In soils,
where P is already low, this situation will lead to
additional stress on plants and ecosystem, since
both P and K are necessary for high water-use
efficiency and stomatal control.

To cushion crop production against these
adversaries, there is an urgent need to quantify the
biomass production and harvest index of impor-
tant crops and develop suitable land use options
to sustain agricultural productivity. It is necessary
to develop biophysical and socio-economic data,
based on agro-ecological regions, using the facil-
ities available in various research farms to assess
the overall impact of climate change.

Changes in rainfall patterns will affect soil sur-
face temperatures and moisture availability. This
will influence crop establishment, crops stand
maturation period and the total agricultural pro-
duction. Climate change will have an impact on
land degradation, leading to water logging, soil
salinity and sodicity development in vulnerable
areas of the world. The inter-seasonal climatic
variability (mainly temperature and rainfall) may
influence crop production and food security. It is
estimated that a 2°C increase in mean air temper-
ature could decrease rice yield by about 0.75 t/ha
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in the high yield areas and by about 0.06 t/ha in
the low yield coastal regions (Kalra et al. 2003)

The net balance, after accounting for the gain
in production and loss, due to climate change
indicates a negative production trend and it is
important that future plant physiology research
addresses these emerging challenges.

IX Conclusions

There are several factors that limit agricultural pro-
duction world-wide, such as the non-availability
of timely inputs, soil related problems, out-break
of pests and loss due to abiotic stresses. It is
projected that globally food prices are likely to
increase due to reasons of imbalance in the pro-
duction and supply chain. The climate change and
the global demand for huge quantities of bio-fuel
are exerting pressure on the availability of agri-
cultural commodities. It is possible to minimize
the loss in agricultural production due to abiotic
stresses by a judicious blend of crop physiology
knowledge and crop husbandry procedures.
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Summary

The perception of environmental stress and the subsequent transduction of stress signals are primary
events in the acclimation of all organisms to changes in their environment. Many of the molecular sensors
and transducers of environmental stress cannot be identified by traditional and conventional methods.
Based on genomic information, a systematic approach has been applied to the solution of this problem
in cyanobacteria, involving mutagenesis of potential sensors and signal transducers in combination with
DNA microarray analyses for the genome-wide expression of genes. Almost all of the histidine kinases
(Hiks) and response regulators (Rres) have been successfully inactivated by targeted mutagenesis in the
unicellular cyanobacterium Synechocystis sp. PCC 6803. Screening of mutant libraries by genome-wide
DNA microarray analysis under various stress and non-stress conditions has allowed identification of
the Hiks and Rres that perceive and transduce signals of environmental stress. In this chapter, we summa-
rize recent progress in the identification of regulatory two-component systems. In addition, we discuss
the potential roles of Spks, DNA supercoiling, sigma factors and transcription factors in the regulation

of the responses of cyanobacterial cells to various types of stress.

Keywords DNA microarray * environment ¢ histidine kinase ¢ response regulator ¢ sensor * signal per-

ception ¢ signal transduction ¢ stress

I Introduction

Environmental stresses influence the physiologi-
cal activities of living organisms. When a change
in the environment exceeds a certain threshold
level, the activities of some enzymes are inhibited
or abolished and those of others are enhanced or
induced. In response to moderate stress, many
organisms activate sets of genes that are specific

Abbreviations: cph — gene for cyanobacterial phytochrome;
crt — gene for carotenoid metabolism; phytoene desaturase;
etr — gene for ethylene-receptor; fab — gene for fatty-acid
biosynthesis; feo — gene for ferrous iron transport; FTIR
— Fourier-transform infrared spectrometry; Fus — gene for
fusion; glo — gene for glyoxylase (lactoylglutathione lyase);
htp — gene for heat-tolerance protein; Hik — histidine kinase;
hli — gene for high light-inducible protein; kdp — gene for
high-affinity potassium transporter; nb/ — gene for phycobi-
lisome degradation protein; ndh — gene for NADH dehydro-
genase; pgr — gene for plant growth regulator; pho — gene for
low affinity to ortho-phosphate; rbp — gene for RNA binding
protein; Rre — response regulator; sig — RNA polymerase
sigma factor; sph — gene for Synechocystis phosphate sensor/
regulator; Spk — serine/threonine protein kinase; Tyr — tyro-
sine protein kinases

to the individual type of stress. Specific proteins
are synthesized and some of these proteins,
in turn, participate in the synthesis of certain
stress-specific metabolites. The proteins and
metabolites that are synthesized de novo in
response to stress are important for the acclima-
tion of the organism or the cell to the new envi-
ronment (Fig. 1).

The first steps in acclimation to environmental
stress are the perception of such stress and trans-
duction of the resulting signal. Organisms and/
or individual cells appear to be equipped with
sensors and signal transducers that perceive and
transduce signals that result from changes in the
environment. Moreover, the sensors and signal
transducers appear to be specific to individual
types of environmental stress.

The unicellular cyanobacteria have several
features that make them particularly suitable for
studies of stress responses at the molecular level.
The general features of the plasma and thylakoid
membranes of cyanobacterial cells are similar to
those of the chloroplasts of higher plants in terms
of lipid composition and the assembly of mem-
branes. Therefore, cyanobacteria can be expected
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Fig. 1. A general scheme showing the responses of a cyano-
bacterial cell to environmental stress (Adapted from Murata
and Los (2006)).

to serve as powerful model systems for studying
the molecular mechanisms of the responses and
acclimation to stress (Murata and Wada 1995;
Glatz et al. 1999; Los and Murata 2004), also
these mechanisms may provide models that are
applicable to plants as well.

Some strains of cyanobacteria, such as Syne-
chocystis sp. PCC 6803 (hereafter, Synechocystis),
Synechococcus elongatus PCC 7942 (hereafter,
Synechococcus), and Synechococcus sp. PCC
7002, are naturally competent and, thus, foreign
DNA is incorporated into cells and is integrated
into their genomes by homologous recombina-
tion at high frequency (Williams 1988; Haselkorn
1991). In the case of other strains, such as fila-
mentous Anabaena sp., other methods of trans-
formation have been developed that are based on
the use of broad host-range plasmids and bacterial
conjugation (Elhai and Wolk 1988). As a result,
cyanobacteria are widely used by researchers for
the production of mutants with disrupted genes of
interest (for review, see Vermaas 1998).

The entire nucleotide sequence of the genome
of Synechocystis was determined by Kaneko et al.
(1996) as the first sequence of a cyanobacterial

genome to be reported. Subsequently, the entire
sequences of all four of the plasmids harbored
by Synechocystis were reported by this group
(Kaneko et al. 2003).

Genome sequences provide vast amounts of

basic information, which can be exploited for
genome-wide studies of gene expression. In
1999, Takara Bio Co. (Ohtu, Japan) initiated the
production of a genome-wide cDNA microar-
ray for the analysis of gene expression in Syn-
echocystis. Their DNA microarray covers 3,079
(97%) of the 3,165 genes on the chromosome
of Synechocystis (99 genes for transposases are
excluded from this calculation) but the microar-
ray does not include genes from the four plas-
mids. The original results of analysis of patterns
of gene expression in this cyanobacterium can be
found in the KEGG expression database (“List
of experimental data available” at http://www.
genome.jp/kegg/expression/).
In this chapter, we summarize recent progress in
studies of sensors and signal transducers of envi-
ronmental stress in Synechocystis that involved
both systematic mutagenesis and the use of DNA
microarrays.

Il Potential Sensors and Signal
Transducers in Cyanobacteria

The existence of two-component sensor-trans-
ducer systems has been well established in
Escherichia coli and Bacillus subtilis (Stock et al.
2000; Aguilar et al. 2001). Each two-component
system consists of a histidine kinase (Hik) and a
cognate response regulator (Rre). In E. coli and
B. subtilis, the genes for the two components of
a single system are, in many cases, located close
to one another on the chromosome. The Hik per-
ceives a change in the environment via its sensor
domain and then a conserved histidine residue
within the histidine kinase domain is autophos-
phorylated, with ATP as the donor of the phos-
phate group (Stock et al. 2000). The phosphate
group is transferred from the Hik to a conserved
aspartate residue in the receiver domain of
the cognate Rre. Upon phosphorylation, the Rre
changes its conformation, and this change allows
the binding of the Rre to the promoter regions
of genes that are located further downstream in
the acclimation pathway (Koretke et al. 2000).
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In cyanobacteria, two-component systems, serine/
threonine protein kinases, and sigma factors of
RNA polymerase are conserved as potential can-
didates of sensors and transducers of environmen-
tal signals. Two-component systems have been
found in prokaryotes (including cyanobacteria),
fungi, yeasts, plants and lower animals (Koretke
et al. 2000) but not in higher animals. In eukaryo-
tes and, in particular, in higher plants and higher
animals, serine/threonine protein kinases (hereaf-
ter, Ser/Thr kinases or Spks) are the major sen-
sors and/or transducers of environmental signals
(Widmann et al. 1999). Sigma factors of RNA
polymerases and regulatory factors that modify
transcription are also involved in the regulation
of gene expression. In addition, environmental
stress can affect the superhelicity of DNA, which
has been postulated to regulate the gene expres-
sion (Dorman 1996).

lll  Involvement of Two-Component
Regulatory Systems in Signal Perception
and Transduction during Exposure to
Environmental Stress

The availability of the complete sequence of the
Synechocystis genome (http://www.kazusa.or.jp/
cyano/Synechocystis/index.html) has allowed the
construction of “knockout” libraries of specific
sets of genes by targeted mutagenesis. This tech-
nique was used successfully for the identification
of many potential sensors and transducers of envi-
ronmental signals in Synechocystis (Suzuki et al.
2000; Paithoonrangsarid et al. 2004; Shoumskaya
et al. 2005). In addition, DNA microarray analy-
sis of the genome-wide expression of genes has
allowed examination of the effects of mutations
in specific genes for Hiks and Rres on the global
expression of genes.

The Synechocystis chromosome includes 44
putative genes for Hiks (Kaneko et al. 1996;
Mizuno et al. 1996) and there are three genes
for Hiks on its plasmids (Kaneko et al. 2003).
There are 42 putative genes for Rres on the chro-
mosome and three on the plasmids. These 47
Hiks and 45 Rres are candidates for sensors and
transducers of environmental signals. However,
in Synechocystis, the genes for most Hiks and
their respective cognate Rres are not located in
close proximity to one another on the genome,
in contrast to their organization in E. coli and

Y. Kanesaki et al.

B. subtilis. Therefore, to investigate the specific
functions of individual Hiks and Rres, it was nec-
essary to mutate genes for Hiks and Rres indi-
vidually and then to examine the stress-inducible
expression of genes in the resultant mutants. In
a series of experiments, our group succeeded in
completely replacing 44 of the 47 hik genes and
42 of the 45 rre genes with mutated genes (http://
www.kazusa.or.jp/cyano/synechocystis/mutants/
index.html). Based on this work, we could
incompletely segregate a few members of signal
transduction pathway which include Aik2, hikll,
hik26, rre23, rre25 and rre26 genes.

In the following sections, we describe the prin-
ciples that govern the regulation of gene expres-
sion by two-component systems and we provide
examples of the ways in which we identified Hik-
Rre two-component systems as sensors and trans-
ducers of specific types of environmental stress.

A Positive and Negative Regulation
of Gene Expression

In priciple, two types of regulation of stress-
inducible gene expression are mediated by Hik/
Rre systems, namely, positive regulation and
negative regulation (Fig. 2). In positive regula-
tion (Fig. 2a), a Hik is inactive under non-stress
conditions and, as a result, the corresponding Rre
is inactive. Genes that are regulated by this type
of a two-component system are silent under non-
stress conditions. In stressed cells, the Hik is acti-
vated by phosphorylation and then the signal is
transferred to the cognate Rre, which enhances
the expression of genes that are silent under non-
stress conditions. Most of the stress-inducible
regulation of gene expression in Synechocystis
is associated with this type of regulation (Murata
and Suzuki 20006).

In negative regulation of the stress-inducible
expression of genes (Fig. 2b), the Hik is active under
non-stress conditions and, as a result, the cognate
Rre is also active. Genes that are regulated by this
type of two-component system are repressed under
non-stress conditions. In stressed cells the Hik and
Rre become inactive, resulting in expression of the
previously repressed genes (Fig. 2b).

Knockout mutation of either the Hik or the Rre
in a two-component system for negative regu-
lation has a marked effect on gene expression
under non-stress conditions. The expression of
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Fig. 2. Schematic representation of (a) positive and (b) negative regulation of stress-inducible expression of genes. Solid arrows
indicate signals that activate downstream components and dotted arrows indicate their absence. The inverted ‘T’ indicates sig-
nals that repress the expression of downstream genes. Open arrows correspond to the enhancement of gene expression (Adapted

from Murata and Suzuki (2000)).

genes that are controlled by a negatively regu-
lating two-component system is enhanced under
non-stress conditions. Therefore, the specific
signal-transduction pathway with a specific Hik
and its cognate Rre can be identified with relative
ease. By contrast, knockout mutation of a Hik
and Rre in a two-component system, that oper-
ates via positive regulation, does not result in any
significant effects on gene expression under non-
stress conditions. In this type of two-component
system, the identification of the Hik and the Rre
in a specific signal-transduction pathway requires
the screening of knockout libraries of 4ik and rre
genes under individual stress conditions.
Screening of our 4ik mutant library by examina-
tion of the genome-wide expression of genes with
DNA microarrays revealed that mutation of the
hik20, hik27 and hik34 genes induces significant
changes in gene expression, in the absence of any
change in environmental conditions (i.e., in the
absence of stress). Therefore, we postulated that
the Hiks encoded by these genes might regulate
gene expression in a negative manner. Mutation
of the other 41 genes did not significantly alter
gene expression, suggesting that Hiks encoded by
these 41 genes regulate stress-inducible expres-
sion of genes in a positive manner. Although some
authors have reported that Hik33 regulates gene
expression in a negative manner, their conclusion
might have arisen from the use of a mutant that

harbored some additional mutation(s) (Kanesaki
et al. 2007). Complementation experiments, with
analysis of the genome-wide expression of genes,
are necessary to evaluate this discrepancy and
confirm this hypothesis.

B Most Two-Component Systems
Regulate Stress-Inducible Gene Expression
in a Positive Manner

1 The Hik33-Rre26 System Regulates
the Expression of Cold-Inducible Genes

I. Suzuki et al. (2000) identified histidine kinase
Hik33 (S110698) as a cold sensor in Synechocystis.
This Hik has also been described as a component
of the drug-resistance machinery (DspA; Bartse-
vich and Shestakov 1995; Tu et al. 2004) and it
is a homolog of NbIS of Synechococcus, which
may be involved in the regulation of genes that
are induced when the supply of nitrogen is lim-
ited (van Waasbergen et al. 2002). However, the
Hik33 does not seem to contribute significantly to
the transduction of nutrient-related signals in Syn-
echocystis (Zabulon et al. 2007). DNA microar-
ray analysis of /4ik33 mutant cells indicated that it
regulates the expression of 21 of 35 cold-inducible
genes (Fig. 3a), with ratios of transcript levels
of cold-stressed cells to those of non-stressed
cells higher than 3:1. These 21 genes include
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Fig. 3. Schematic presentation of two-component systems involved in the transduction of low-temperature stress, salt stress, and
hyperosmotic stress, as well as genes controlled by individual two-component systems. Primary signals are represented by open
arrows. histidine kinase (Hiks) are indicated as ellipses, response regulators (Rres) are indicated as hexagons and selectively
regulated genes are shown in boxes. Uncharacterized mechanisms are represented by question marks. Genes with induction fac-
tors (ratios of transcript levels of stressed cells to those of non-stressed cells) higher than 3:1 are included in these schemes. (a)
Low-temperature stress (Adapted originally from Suzuki et al. (2001) with inclusion of more recent results). (b) Hyperosmotic
stress (Adapted from Paithoonrangsarid et al. (2004); Shoumskaya et al. (2005)). (¢) Salt stress (Adapted, with permission, from

Shoumskaya et al. (2005)).
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ndhD2, hlid, hliB, hliC, fus, feoB, crtP, as well
as genes for proteins of unknown function. By
contrast, 14 of the 35 cold-inducible genes were
not regulated by Hik33. Therefore, we deduced
that Synechocystis might have another pathway
for transduction of the low-temperature signal.
The genes that are not controlled by Hik33 include
crhR, which encodes an RNA helicase, and rbp1,
which encodes a RNA-binding protein.

To identify the Rre that is located downstream
of Hik33, we screened an Rre knockout library
by RNA slot-blot hybridization using, as probes,
some of the cold-inducible genes whose expres-
sion is controlled by Hik33. We identified Rre26
as a candidate for the Rre that, with Hik33, con-
stitutes a two-component system for cold-signal
transduction (Murata and Los 2006). Moreo-
ver, Kappell and van Waasbergen (2007) have
recently demonstrated that Rre26 binds to the
promoter region of the 4/iB gene, suggesting that
this response regulator might be involved in the
transduction of the low-temperature signal.

It has been assumed for many years that the
increased rigidity of membranes upon a down-
ward shift in temperature should be the primary
signal of cold stress. If this assumption is valid,
how might Hik33 perceive such rigidification?
The Hik33 sensory kinase includes two trans-
membrane domains, a HAMP linker, a leucine zip-
per, a PAS domain and a histidine kinase domain
(Fig. 4; Los and Murata 1999, 2000, 2002, 2004;
Mikami and Murata 2003). The HAMP linker
contains two helical regions, in tandem, that are
assumed to transduce stress signals across the
membrane via intramolecular structural changes
(Williams and Stewart 1999; Aravind et al. 2003).
Hulko et al. (2006) demonstrated recently that the
HAMP linker domain is involved in the dimeri-
zation of a membrane-bound Hik and converts
an extra- or intra-membrane signal to rotational
movement of the Hik molecule. This movement
activates the kinase domain (Hulko et al. 2006;
Tao et al. 2002). In Hik33, the two transmem-
brane domains might sense changes in membrane
rigidity since they are the segments of Hik33 that
are associated with the lipid phase of the mem-
brane (Los and Murata 2004).

Tasaka et al. (1996) produced a series of
Synechocystis mutants, in which the extent of
unsaturation of fatty acids was modified in a

.....

His kinase

Fig. 4. Schematic presentation of the dimeric structure
of Hik33 and its interactions with the cell membrane. A
decrease in temperature stiffens the membrane leading to a
compression of the lipid bilayer, which forces membrane-
spanning domains to come closer to each other, changes the
linker conformation and finally causes autophosphorylation
of histidine kinase domains. Hepcidin antimicrobial pep-
tide (HAMP), HAMP-linker domains; LZ, leucine zipper
domains; PER-ARNT-SIM (PAS), PAS domains that contain
the amino acid motifs Per, Arnt, Sim and phytochrome (Tay-
lor and Zhulin 1999); histidine kinase (Hik) kinase, histidine
kinase domain; and H in circles, histidine residues that can
be phosphorylated in response to cold stress (Adapted from
Murata and Los (2006)) [See Color Plate 1, Fig. 2].

step-wise manner. Changes in the fluidity of
membrane lipids, due to each mutation, were
verified by Fourier Transform Infrared spectros-
copy (FTIR) (Szalontai et al. 2000). Examination
of the cold-induced expression of genes in these
mutant cells with DNA microarrays revealed that
rigidification (increased saturation) of membrane
lipids apparently enhanced the responses of gene
expression to low temperature.

These various findings indicated that Hik33
regulates the expression of many genes. They also
suggested that the activity of Hik33 in the sens-
ing of low temperature depends on membrane
rigidity and that there are at least two other cold
sensors, one depending on membrane rigidness,
while the other functions independently of the
saturation of membrane lipids (Inaba et al. 2003;
for more detailed reviews, see Los and Murata
2004; Murata and Los 2006).
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2 Five Two-Component Systems

Contribute to the Perception and Transduction
of Salt-Stress and Hyperosmotic-Stress Signals
but Regulate Different Sets of Genes

In the literature, hyperosmotic stress and salt
stress are frequently regarded as identical forms
of stress. However, they are distinctly different.
Hyperosmotic stress causes the efflux of water
from the cytoplasm, resulting in a decrease in
cytoplasmic volume and increased concentrations
of cytoplasmic solutes and other components. By
contrast, salt stress decreases the cytoplasmic
volume only transiently and to a small extent
(Kanesaki et al. 2002), while rapidly increasing
cytoplasmic concentrations of Na* and CI™ ions
(Allakhverdiev et al. 2002) via an influx of NaCl
through Na'/K* and CI” channels.

Comprehensive screening with DNA micro-
arrays, of the Aik mutant library upon exposure
of the cells to salt (NaCl) stress revealed that the
inducibility of gene expression by elevated lev-
els of NaCl was significantly affected in Ahikl6
(slr1805), Ahik33 (sll0698), Ahik34 (slri285),
and Ahik41 (sll1229) mutant cells (Marin et al.
2003). In each of these mutants, the expression
of several genes was no longer induced by salt
or the extent of inducibility by salt was markedly
reduced.

By screening an Rre knockout library by RNA
slot-blot hybridization and with the genome-
wide DNA microarray, we identified four
Hik-Rre systems, namely, Hik33-Rre31, Hik10-
Rre3, Hik16-Hik41-Rrel7 and Hik34-Rrel that
appeared to be involved in the perception of salt
stress and transduction of the signal (Shoum-
skaya et al. 2005). Fig. 3¢ shows a hypothetical
scheme for the salt signal-transducing systems
that involve these Hiks and Rres. The scheme
includes those salt-inducible genes that are con-
trolled by individual Hik-Rre two-component
systems.

The perception and transduction of hyperos-
motic-stress signals involve the same four Hik-
Rre systems and another potential two-component
system, namely, Hik2-Rrel (Paithoonrangsarid
etal. 2004). Fig. 3b shows the signal-transduction
pathways that operate when cells are exposed to
hyperosmotic stress, as well as the hyperosmotic
stress-inducible genes whose expression is con-
trolled by the individual Hik-Rre systems.
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As shown schematically in Fig. 3b and 3c, in
Synechocystis, hyperosmotic stress and salt stress,
respectively, appear to be perceived by identical
sets of Hik-Rre systems, which regulate rather
similar sets of genes, albeit to different extents.
However, it is also clear that identical Hik-Rre
systems may also control the expression of dif-
ferent sets of genes under hyperosmotic stress
and salt stress (Figs. 3b, c). Typical examples
are the Hik33-Rre31 and Hik34-Rrel pairs men-
tioned above. The Hik33-Rre31 two-component
system regulates the expression of fabG and gloA
as hyperosmotic stress-specific genes and that
of pgr5, nblAl and nblA2 as oxidative stress-
specific genes. The Hik34-Rrel system regulates
the expression of s//1107 as a salt stress-specific
gene (Fig. 3¢) and that of 4tpG as a hyperosmotic
stress-specific gene (Fig. 3b). The current concept
of two-component systems does not explain how
the Hik33-Rre31 system controls the differential
expression of the two different sets of genes under
different types of stress. It seems reasonable to
postulate the presence of some unknown factor(s)
that provide each two-component system with
the strict specificity that is related to the specific
nature of the stress.

3 Hik33 is a Major Contributor to Signal
Transduction during Oxidative Stress

Screening of the library of Hik mutant cells by
monitoring changes in the genome-wide expres-
sion of genes upon exposure to oxidative stress
(0.25 mM H,0,) for 20 min revealed four histi-
dine kinases, Hik34, Hik16, Hik41, and Hik33,
regulating the oxidative stress-inducible expres-
sion of genes. These Hiks regulate the expression
of 26 of the 77 H,O,-inducible genes with ratios
of transcript levels of H,O_-stressed cells to that of
non-stressed cells greater than 4:1 (Kanesaki
etal. 2007). Hik34, which was identified as a sen-
sor/transducer of signals due to salt (Shoumskaya
et al. 2005) and hyperosmotic (Paithoonrangsarid
et al. 2004) stress, also regulates the expression
of the H,O,-inducible htpG gene. Hik16 and
Hik41 together regulate the expression of s//0967
and s//0939. Hik33 is the main contributor to the
regulation of H,O,-inducible gene expression
and regulates the induction of expression of 22 of
the 26 H, O -inducible genes that are under the
control of histidine kinases. Hik33 regulates
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the expression of the ndhD?2 gene, hli genes, pgrs
gene (for ferredoxin plastoquinone reductase),
nblA1 and nblA2 genes (for proteins involved in
the degradation of phycobilisomes), and of sev-
eral other genes (Kanesaki et al. 2007). The cog-
nate Rre of each of these Hiks in the transduction
of oxidative signals has not yet been identified.

4 Several Hiks Are Involved
in the Perception and Transduction
of Light-Stress Signals

The potential sensors of light in Synechocystis
are Histidine Kinases with phytochrome-like
features (Kehoe and Grossman 1994, 1996).
The Synechocystis genome contains seven hik
genes, namely, hik35 (sir0473), hik3 (sll1124),
hik32 (sll1473/sl11475), hikl (slr1393), hik44
(slri212), hik24 (slr1969), and hikl8 (sll0041),
that are homologous by various degrees to plant
genes for phytochromes.

When the hik35 (cphl) gene was expressed in
E. coli cells that synthesized phycocyanobilin,
the E. coli cells produced an adduct with a red/
far-red photoreversible signature that is typical
of phytochrome (Hughes et al. 1997). The rre27
(repl or slr0474) gene is located adjacent to the
hik35 gene (Yeh et al. 1997). Insertional inacti-
vation of hik35 in Synechocystis impaired the
growth of mutant cells under continuous far-red
light (Fiedler et al. 2004).

An attempt to identify the molecular targets
of Hik35 (Cphl) activity was made using the
DNA microarray (Hiibschmann et al. 2005). In
wild-type and two lines of phytochrome-mutant
cells, 25% of all 3,165 putative genes responded
to light. Red light predominantly enhanced the
expression of genes whose products are involved
in transcription, translation, and photosynthesis,
whereas far-red light raised the levels of tran-
scripts of genes whose expression is induced by
various kinds of stress. The mutation of hik35
(cphl) altered the light-dependent expression of
approximately 20 genes. Hence, light receptor(s)
different from this two-component system might
trigger global red/far-red-induced alterations in
the profile of gene expression.

It seems unlikely that all Hiks mentioned above
are typical phytochromes in terms of red/far-red
reversibility of their activities. Indeed, Hik3
seems to be involved in blue light-dependent

growth (Wilde etal. 1997), and Hik44 (Etr1) binds
ethylene (Sineshchekov et al. 1998). The poten-
tial involvement in the perception of light-stress
signals of Hik32 [which is, incidentally, intact
in a strain from the Pasteur Culture Collection
but is disrupted by an insertion in a strain from
Dupont (Okamoto et al. 1999)], Hik1, and Hik24
merits further investigation. The involvement of
the Hik33-Rre26 system in light-regulated gene
expression has also been suggested (Hsiao et al.
2004; Tu et al. 2004; Kappell and van Waasber-
gen 2007).

In Synechococcus elongatus PCC 7942, two
histidine kinases, namely, SasA (an ortholog of
Hik8) and CikA (an ortholog of Hik24), have
been identified as signal transducers in the estab-
lishment of circadian rhythm (Iwasaki et al. 2000;
Schmitz et al. 2000). SasA transfers a phosphate
group to its cognate response regulator, RpaA
(an ortholog of Rre31), in the presence of KaiC,
and acts as a major mediator of circadian timing
that regulates the oscillation of gene expression
(Takai et al. 2006).

In the filamentous cyanobacterium Calothrix
sp. PCC7601, Jorissen et al. (2002) identified
CphA-RcpA and CphB-RcpB as two-compo-
nent, light-sensing, phytochrome-like systems.
Both of these regulatory systems are homologous
to Hik35-Rre27 in Synechocystis. In Anabaena,
Vogeley et al. (2004) and Sineshchekov et al.
(2005) identified a cyanobacterial rhodopsin
whose biochemical and biophysical characteris-
tics suggest its involvment in the regulation of
chromatic adaptation.

5 The Hik7-Rre29 System Regulates Gene
Expression in Response to Phosphate Limitation

Hirani et al. (2001) discovered that the hik7
(s110337 or sphS) and rre29 (sir0081 or sphR)
genes in Synechocystis encode proteins that are
homologous, respectively, to PhoR and PhoB of
E. coli, PhoR and PhoP of B. subtilis, and to SphS
and SphR of Synechococcus sp. PCC 7942. They
reported that the Hik7-Rre29 two-component sys-
tem induces the expression of the phoAd gene for
Alkaline Phosphatase in response to phosphate
limitation.

DNA microarray analysis of the genome-wide
expression of genes in Synechocystis revealed that
the expression of 12 genes was strongly induced



24

while that of one gene was strongly repressed
when the supply of phosphate was limited (Suzuki
et al. 2004). The expression of all phosphate limi-
tation-inducible genes was completely eliminated
upon inactivation of either Hik7 or Rre29. The
response regulator Rre29 binds to the upstream
flanking regions of three genes at repetitive
PyTTAAPyPy(T/A)-like sequences (where Py
represents a pyrimidine). Our observations sug-
gested that the Hik7-Rre29 two-component sys-
tem might be the only system for the perception
and transduction of the phosphate-limitation sig-
nal in Synechocystis (Suzuki et al. 2004).

However, a recent investigation demonstrated
that another component, SphU (slr0741), contrib-
utes to transduction of the phosphate-limitation
signal in Synechocystis (Juntarajumnong et al.
2007). This component negatively regulates the
expression of the phoAd gene for alkaline phos-
phatase. The threonine residue at position 167,
adjacent to the histidine residue of SphS (Hik7)
that can be phosphorylated in response to phos-
phate limitation, is important in the negative
regulation mediated by SphU.

6 The Hik30-Rre33 System Regulates Gene
Expression in Response to Excess Nickel lons

Lopez-Maury et al. (2002) identified the Hik30-
Rre33 (or NrsS-NrsR) two-component system that
regulates transcription of the nrsBACD operon,
which is involved in the resistance to excess of
Ni?" ions. The hik30-rre33 operon is located near
the nrsBACD operon with subunits of the ABC-
type Ni** ion transporter. Knockout mutation of
either the hik30 or the rre33 gene completely
abolishes the Ni**-induced transcription of the
nrsBACD operon. In addition, mutation of Rre33
caused the accumulation of transcripts of genes
for components of PSII, such as psbA and psbD,
and suppressed that of genes in phycobilisomal
operons, such as apcAB and cpcBA, under condi-
tions of normal light intensity (Li and Sherman
2000). These observations suggested that the
mutant cells might not be able to sense the accu-
mulation of excess Ni** ions, which might have
toxic effects on the cells. As a result, the mutant
cells fail to survive when the concentration of
Ni*" ions in the growth medium is elevated. It is
probable that Hik30 binds a Ni** ion and is then
autophosphorylated. The phosphate group is then
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transferred to Rre33, which binds to the intergenic
regions of nrsRS and nrsBACD, which are located
close to each other on the chromosome, stimu-
lating transcription of the latter operon. This
example represents, therefore, a positive type
of regulatory system. The use of microarray
analysis to investigate the genome-wide pattern
of gene expression under appropriate conditions
should enhance our understanding of the rela-
tionship between Ni*" homeostasis and cellular
metabolism.

C Negative Regulation and Its Involvement
in the Transduction of Manganese-Limitation
and Heat-Stress Signals

1 The Hik27-Rre16 System Negatively
Regulates Gene Expression in Response
to Manganese Limitation

Screening of our Hik and Rre mutant libraries,
under non-stress conditions revealed that Hik27
and Rrel6 constitute a two-component system
for the perception of manganese limitation and
transduction of the resultant signal (Yamaguchi
et al. 2002). Using DNA microarrays, we com-
pared gene expression in Ahik27 mutant cells
with that in wild-type cells during growth under
non-stress conditions, namely, in BG-11 medium
that contained 9 UM Mn*" ions. Marked changes,
with ratios of transcript levels greater than 10:1,
due to mutation of the Aik27 gene (slr0640) or
the rrel6 gene (sir1837), were recognized only
in the expression of three genes, namely, mntC,
mntA, and mntB, which constitute the mntCAB
operon that encodes subunits of the ABC-type
Mn?* transporter (Bartsevich and Pakrasi 1995,
1996). These results suggest that the Hik27-Rre16
two-component system might be active under
non-stress conditions and might repress the
expression of the mntCAB operon. Moreover,
disappearance of this signal, due to inactivation
of either Hik27 or Rre16, might allow the mnt-
CAB operon to be expressed. However, mutation
of hik27 or rrel6 abolished the Mn?" limitation-
induced expression of the mntCAB operon
(Yamaguchi et al. 2002; Ogawa et al. 2002),
working independently and using traditional
methods, identified the same two-component
system as the sensor and signal transducer of
Mn?* limitation.
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2 Hik34 Is Involved in Control
of the Heat-Stress Response

Screening of the Hik mutant library under non-
stress conditions using DNA microarrays, allowed
the identification of Hik34 as an important con-
tributor to the regulation of expression of heat-
shock genes and acquisition of thermotolerance
in Synechocystis (Suzuki et al. 2005). Mutation of
the hik34 gene enhanced the levels of transcripts
of a number of heat-shock genes, which included
htpG and groESLI. Furthermore, overexpres-
sion of the hik34 gene repressed the expression
of these heat-shock genes. In addition, Hik34-
mutant cells survived incubation at 48°C for 3 h,
while wild-type cells, and cells with mutations
in other Hiks, failed to do so. However, muta-
tion of the hik34 gene had only an insignificant
effect on the global expression of genes during
incubation of the mutant cells at 44°C for 20 min.
Among 59 heat stress-inducible genes with ratios
of transcript levels greater than 3:1, mutation
of the hik34 gene markedly decreased the heat
inducibility of only two genes, namely, htpG and
sir1963. Recombinant Hik34 expressed in E. coli
was autophosphorylated in vitro at physiological
temperatures but not at elevated temperatures,
such as 44°C (Suzuki et al. 2005). Thus, it seems
likely that Hik34 is involved in the negative reg-
ulation of the expression of certain heat-shock
genes that might be related to thermotolerance in
Synechocystis.

3 Hik20 Is Involved in the Regulation
of Expression of the kpdABC Operon

Hik20 (S111590) of Synechochystis is homologous
to KdpD of E. coli, which has been identified as a
sensor of K* limitation (Jung et al. 2000). Rre19
(S111592) is homologous to KdpE, which thus
represents the cognate response regulator. There-
fore, it seems likely that the Hik20-Rre19 system
is involved in signal transduction when the sup-
ply of K" ions is limited.

Screening of the Hik mutant library under
non-stress conditions using DNA microarrays
allowed the identification of Hik20 as an impor-
tant contributor to the regulation of expression
of the kdpABC operon in Synechocystis. Muta-
tion of hik20 enhanced the levels of transcripts
of the kdpA and kdpB genes, which are assumed

to encode components of the K* ion transport
system, and of several other genes, such as the
pilA1-pilA2-sll1696 operon (see “List of experi-
mental data available” at http://www.genome.jp/
kegg/expression/). However, mutation of Rrel9
did not enhance the level of kdpA and kdpB tran-
scripts, suggesting that the Hik20-Rre19 system
is not entirely homologous to the KdpD-KdpE
system (Walderhaug et al. 1992).

IV Other Potential Sensors
and Transducers of Environmental
Signals

A Serine/Threonine Protein Kinases,
Tyrosine Protein Kinases and Protein
Phosphatases

While eubacteria, including cyanobacteria, use
two-component systems for many types of signal
transduction, eukaryotes exploit Spk, Tyr kinases
and protein phosphatases for similar purposes.
The presence of genes for Ser/Thr kinases and
phosphatases in cyanobacteria was revealed only
when the complete sequence of the Synechocystis
genome became available (Zhang et al. 1998).
The putative proteins were identified by compar-
ison of deduced amino acid sequences encoded
by open-reading frames with known amino acid
sequences of eukaryotic protein kinases.

Among 12 putative genes for Ser/Thr kinases
in Synechocystis, seven encode proteins that belong
to the PKIN2 subfamily of Ser/Thr kinases and five
encode proteins that belong to the ABC1 subfamily
of Ser/Thr kinases (Leonard et al. 1998; Shi et al.
1998). The genes for kinases of the PKN2 type are
designated spkd, spkB, spkC, spkD, spkE, spkF
and spkG and those for kinases of the ABC1 type
are designated spkH, spkl, spkJ, spkK and spkL
(cyanoBase; http://www.kazusa.or.jp/cyano/).
The functions of the products of only three of
these genes have been characterized to date
(Zhang et al. 2005). SpkA and SpkB appear to
be involved in the control of cell motility (Kamei
et al. 2001, 2003), while SpkE is probably
involved in the regulation of nitrogen metabolism
(Galkin et al. 2003).

A recent study with DNA microarrays dem-
onstrated the relationships among the activity
of SpkA, the genome-wide expression of certain
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genes, the formation of thick pili, and cell motility
(Panichkin et al. 2006). It is likely that, under
non-stress conditions, SpkA activates the expres-
sion of the putative pil49-pilA10-pilA11-slr2018
operon and inactivates the expression of the
pilA5-pilA6 and pilA1-pilA2 operons. Electron
microscopy revealed that SpkA activity is essen-
tial for the formation of thick pili. It seems likely
that SpkA is a regulator of the expression of these
putative operons, whose products are regulators
of the formation of thick pili, which are, in turn,
essential for cell motility. The molecular mecha-
nism responsible for the contribution of SpkB to
cell motility remains to be clarified.

Systematic analysis of the regulation of gene
expression using DNA microarrays has not been
applied to the functional characterization of the
other Ser/Thr kinases, Tyr kinases and protein
phosphatases. Much work remains to be done.

B Sigma Factors and Transcription
Factors

The Synechocystis genome contains nine open-
reading frames that encode putative sigma fac-
tors (Kaneko et al. 1996). Sequence homology
suggests that the sig4 gene encodes the primary
sigma factor; the sigB, sigC, sigD, and sigE genes
encode group 2 sigma factors; and the sigF, sigG,
sigH, and sigl genes encode group 3 sigma fac-
tors. Although attempts to characterize the func-
tional role of each sigma factor have recently been
made, systematic analysis using DNA microar-
rays has not been performed except for SigE, a
regulator of sugar catabolic pathways (Osanai
et al. 2005).

A search for and classification of DNA-bind-
ing transcription factors in Synechocystis, was
conducted using the sequence of the genome and
a set of bioinformatic tools. Fifty-seven genes for
transcription factors, that account for 1.7% of all
genes, in the Synechocystis genome were found.
The transcription factors include the DNA-bind-
ing domains of seven families of factors. In total,
44 transcription factors have a winged helix or
the carboxy-terminal effector domain of bipartite
response regulators (V.V. Zinchenko, personal
communication).

The functions of several transcription factors
have been characterized. The role of a LysR-type
regulator of transcription, NdhR (SI11594), was
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studied systematically with DNA microarrays
(Wang et al. 2004a). NdhR negatively regulates
the expression of its own gene, as well as that of
the ndhF'3 and ndhD3 genes for NDH-1 (NADH
dehydrogenase-1) complex. NdhR also regulates
the expression of the nhaSI (sirl1727) gene for
one of the Na*/H" antiporters.

HrcA (S111670) encodes an ortholog of a pro-
tein that negatively regulates the expression of the
heat-shock grpE-dnaK-dnaJ and groESL oper-
ons for chaperonins in B. subtilis (Hecker et al.
1996). In Synechocystis, HrcA appears to only
regulate the expression of the groESL operon
and the groEL2 gene in response to heat stress
(Nakamoto et al. 2003), suggesting that expres-
sion of other heat-shock genes might be regulated
by different mechanisms. SufR (s110088) func-
tions as a repressor of the sufBCDS operon, which
is involved in the biogenesis of the iron-sulfur
cluster in Photosystem-I (Wang et al. 2004b).
ArsR (sll1957) represses the expression of the
arsBHC operon, which consists of three genes:
the arsB gene that encodes a putative arsenite and
antimonite carrier; the arsH gene that encodes a
protein of unknown function; and the arsC gene
that encodes a putative arsenate reductase that
confers arsenic resistance (Lopez-Maury et al.
2003). However, no systematic analysis using
DNA microarrays has been performed to exam-
ine the roles of these transcription factors.

C Supercoiling of DNA Is Involved
in the Perception of Stress Signals
and the Regulation of Gene Expression

Alterations in the supercoiling of genomic DNA
play important roles in the regulation of gene
expression in response to environmental stress
both in Gram-negative and Gram-positive bacte-
ria (Higgins et al. 1988; Wang and Lynch 1993;
Dorman 1996; Weinstein-Fischer et al. 2000). It
has been proposed that temperature-dependent
alterations in DNA supercoiling might be one of
the sensory mechanisms that regulate the expres-
sion of genes involved in the acclimation to low
temperature (Grau et al. 1994; Los 2004). Salt
stress and hyperosmotic stress also affect the
negative supercoiling of DNA and regulate gene
transcription (Graeme-Cook et al. 1989; Conter
et al. 1997; Cheung et al. 2003).
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Studies of changes in the supercoiling of DNA
were initially limited to plasmid DNAs in E. coli,
B. subtilis and Salmonella typhimurium. There-
fore, changes in gene expression due to changes
in the supercoiling of chromosomal DNA, have
mainly been assumed on the basis of changes in
the linking numbers of plasmids (Aoyama and
Takanami 1988; Franco and Drlica 1989; Adam-
cik et al. 2002). An inhibitor of DNA gyrase,
novobiocin (Gilmour and Gellert 1961; Gellert
etal. 1976), has been used to examine the effects
of changes in the negative supercoiling of DNA
on the genome-wide expression of genes in Syn-
echocystis in response to cold stress. Novobiocin
interacts with the ATP-binding site of the B-subu-
nit of DNA gyrase. Cold stress caused an increase
in the negative supercoiling of the promoter region
of the desB gene for a fatty acid desaturase and
directly controlled its expression at low tempera-
tures (Los 2004), suggesting that the supercoiling
of DNA might contribute to stress-induced gene
expression in cyanobacteria.

V Conclusions and Perspectives

Here, we have demonstrated how genome-based
systematic analysis provides a powerful technique
with which we can identify, with relative ease, the
Hiks and Rres that are involved in the percep-
tion and transduction of stress signals. Without
this approach, it would have been very difficult to
reveal that Hik33 regulates the expression of
most cold-inducible genes in Synechocystis and,
furthermore, that five two-component systems
are involved in the perception of salt stress and
hyperosmotic stress, as well as the transduction
of the respective signals.

We will now have to determine how a single
two-component system can perceive and trans-
duce more than one kind of environmental sig-
nal (Los and Murata 2002, 2004; Mikami et al.
2002). For example, Hik33-Rre31 is involved in
the sensing of salt stress and hyperosmotic stress,
but it regulates different sets of genes in response
to each respective stress. Similarly, Hik34-Rrel is
involved in the sensing of salt stress and of hyper-
osmotic stress but also regulates different sets of
genes in response to each type of stress. Moreo-
ver, Hik33-Rre26 contributes to the regulation of
gene expression upon exposure of cells to cold
stress and light stress, whereas Hik33-Rre31 does

so upon exposure of cells to hyperosmotic and
salt stress. It is interesting to note, in this con-
text, that three genes homologous to 4ik33, rre26,
and rre31, respectively, are encoded by the plas-
tid genome of some red and golden-brown algae
(Duplessis et al. 2007).

The observations, summarized above, cannot
be explained by the current model of two-compo-
nent systems, in which a Hik perceives a specific
stress and regulates the expression of a particular
set of genes via the phosphorylation-dependent
activation (or inactivation) of its cognate Rre. A
full explanation will require elucidation of more
details regarding the mechanisms of signal per-
ception and transduction. It is probable that as-
yet-unidentified components are important in
determining the specificity of responses to indi-
vidual types of stress. It is also possible that sen-
sors of environmental signals are highly organized
protein complexes, in which Hiks, Rres and
various unidentified components are somehow
associated and that changes in the composition of
the complex could provide specificity. To iden-
tify these components, we shall have to develop
and introduce new techniques, which, most prob-
ably, will exploit the information encoded in
the genomes of other cyanobacteria and other
organisms.

The functional characterization of Ser/Thr
kinases, sigma factors of RNA polymerases and
transcription factors will also be important, and
studies of the contribution of DNA superhelicity
to gene expression may yield novel insights into
the perception of environmental-stress signals
and the regulation of gene expression. A combi-
nation of physiological, biochemical, and genetic
approaches should lead to a deeper understanding
of the mechanisms of stress responses in lower
and higher organisms.
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Summary

This review concentrates on two aspects of how ABA is involved with the adaptation of plants to abiotic
stress: (a) the perception of the stress and the resulting ABA response network of intermediates that
transduce the signal to trigger gene expression, and (b) the control of ABA metabolism itself that governs
the levels of ABA in cells and tissues. Given the importance of abiotic stresses in limiting crop yields,
both of these control points, i.e., the ABA signaling pathways and ABA levels, are critical targets with
potential for genetic engineering to enhance crop production and impact sustainable agriculture as global
warming takes hold and further alters the environment. Increased knowledge of the details has revealed
complex crosstalk between networks of multiple hormonal and stress response pathways, prompting the
need for more systems level and comparative genomics approaches. Natural variation offers a means
to identify genes responsible for quantitative trait locus (QTL) effects on stress adaptation in plants
(http://1001genomes.org). Such a catalogue of genetic variation would accelerate comparative genomics
of signaling networks and the identification of QTL genes for ABA-mediated stress responses, provid-
ing insights into how plants have evolved their ABA networks to adapt to diverse natural environments.
Future studies could use whole-genome transcriptome approaches and homologous recombination in the
model basal plant Physcomitrella to dissect the complex networks involved in ABA-related stress path-
ways. Identification of ABA receptors has not been completely resolved at this time, but future emphasis
and dedication to clarify this elusive signaling step for the last member of the “big five” hormones is
essential for any future understanding of stress responses. Overall, we can expect strong experimental
contributions to our continued understanding of the ABA response pathway and ABA metabolism in the

next decade.

Keywords Abscisic acid metabolism ¢ gene expression ¢ hormone receptors ¢ seed development
* signal transduction * stomatal response ¢ stress adaptation ¢ systems biology

Abbreviations: aba — ABA deficient; ABA — abscisic acid;
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— rapid stress response element; SA — salicylic acid; SAP —
stress associated protein; siRNA — small interfering RNA;
SnRK — sucrose non-fermenting-related protein kinase; SOS
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| Introduction

Plants are sessile and have evolved an open,
plastic mode of growth via complex overlapping
pathways to integrate responses to drought, salt,
cold, as well as hormonal cues such as abscisic
acid (ABA). Transcriptional profiling studies in
model species have revealed that 8—10% of plant
genomes are either induced or repressed by ABA
at a single developmental stage. The challenge
to biotechnology in the post-genomics era is to
understand and discriminate the regulation and
function of sequences and translate that knowl-
edge into cogent strategies for affecting plant
function (Cove 2005; Zhang et al. 2005; Quat-
rano et al. 2007; Khandelwal et al. 2008).
Abiotic stress tolerance is a complex trait with
large gaps in our understanding of the molecu-
lar details. A phytohormone that plays a funda-
mental role in stress adaptation is abscisic acid
(ABA), a small lipophilic sesquiterpenoid (C,)
that also plays important roles in plant growth
and development. A detailed knowledge of ABA
metabolism, sites of ABA perception and deliv-
ery of ABA to physiological sites of action is the
key to developing strategies for coping with abi-
otic stresses for sustainable agriculture. The pio-
neering studies in the 1960s on ABA, originally
called “dormin” and “abscisin”, established that
ABA accumulates in over-wintering buds and in
immature cotton bolls that succumbed to auxin-
and ethylene-triggered abscission. It was later
elucidated that under these conditions plants at
these stages of development were experiencing
drought stress. Thus, ABA is literally a misno-
mer (Addicott and Carns 1983), even though it
(ironically) does play roles in dormancy in seeds
and leaf senescence, probably via osmotic effects
(Pourtau et al. 2004; Rivero et al. 2007; Carrera
et al. 2008). During the last few decades, water-
stressed vegetative tissues of many plants have
been shown to exhibit up to 40-fold increase in
ABA levels within hours after experiencing water
stress and then a decrease after water balance is
restored. Since ABA has also been hypothesized
as a long-distance stress signal between root and
shoot, the tissue-specific regulation of genes con-
trolling rate-limiting steps of ABA metabolism is
an important aspect of understanding stress adap-
tation in plants. Beyond abiotic stress adaptation,
ABA has been implicated as playing a key role
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in pathogen virulence (de Torres-Zabala et al.
2007; Asselbergh et al. 2008), which may provide
insight into why many bio- and necrotrophic
microbes have evolved the ability to synthesize
ABA (Siewers et al. 2006; Asselbergh et al. 2008;
Cohen et al. 2008; Goel et al. 2008). We will
review recent progress in understanding ABA and
stress perception that are integrated into the cel-
lular and intercellular networks of environmen-
tal and developmental pathways leading to stress
adaptation, and summarize what is known about
regulation of ABA metabolism, a parallel target
for cogent strategies to affect crop stress toler-
ance. Other recent reviews cover specific aspects
of ABA responses in more detail (Finkelstein
et al. 2008; McCourt and Creelman 2008; Suzuki
and McCarty 2008; Wang and Zhang 2008).

Il Initial Perception of the Stress

Gene products acting in or at the cell wall as
well as at the interface of the cell wall/plasma
membrane and plasma membrane/cytoskeleton
are likely candidates in the initial perception of
the stress. For example, osmo- and mechano-
sensitive ion channels and gated aquaporins
(plasma membrane intrinsic proteins, PIPs) at
the plasma membrane (PM)-cell wall interface
may be involved (Jang et al. 2004; Cui et al.
2008; Kaldenhoff et al. 2008). Genes induced
by hypobaria confirm that water movement is a
paramount issue at low atmospheric pressures,
because many gene products intersect ABA-
related, drought-induced pathways (Paul et al.
2004). Insights between ABA and osmotic stress
perception have come from studies of the two-
component histidine kinases AtHK-1, -2, -3, -4/
CRE/WOODEN LEG and -5/CKI2 (Osakabe
et al. 2005; Iwama et al. 2007; Tran et al. 2007).
The roles of ABA in plant morphogenesis (van
Hengel et al. 2004; Barrero et al. 2005; Lumba
and McCourt 2005) are only beginning to be elu-
cidated and suggest that the cell wall may play a
role in stress perception/response. For example,
arabinogalactan proteins are modulated by ABA
(Johnson et al. 2003), and a monoclonal antibody
(JIM19) antagonizes ABA-inducible gene expres-
sion and recognizes an arabinogalactan epitope at
the plasma-membrane/cell-wall interface (Desikan
et al. 1999). ABA-dependent callose accumulation
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is required for P-amino-butyric acid-induced
resistance to the pathogens A. brassicola and
P. cumumerina (Ton et al. 2005). A xyloglucan
endotransglycosylase associated with hypocotyl
elongation is down-regulated by ABA in mung
bean (Yun et al. 2005). The cloning of ABSCISIC
ACID (ABA)-INSENSITIVE-8, which is allelic to
ELONGATION DEFECTIVE-1 and KOBITO-1,
establishes a link between ABA and the cell wall
because mutations in this locus disrupt ABA-
regulated gene expression, sugar sensitivity, cell
elongation, cellulose synthesis, vascular differ-
entiation, and root meristem maintenance (Bro-
card-Gifford et al. 2004). Similarly, the HIGH
SUGAR RESPONSES (HSRS) gene is allelic to
the MURUS4 (MUR4) gene involved in arabinose
synthesis and the Asr8 mutant phenotype can be
rescued by boric acid, suggesting that alterations
in the cell wall cause hypersensitive sugar-respon-
sivephenotypes(Lietal.2007). Mutation ofthe cel-
lulose synthase CESAS/ISOXABEN-RESISTANT1/
LEAF-WILTING?2 gene results in drought-, salt-
and osmotic-stress resistance and elevated ABA-
inducible gene expression (Chen et al. 2005).

Recently, Lue et al. (2007) demonstrated by
immunoblotting and immunofluorescence a protein
in Zea mays roots that is similar to the integrin pro-
teins of animals and mainly localized in the plasma
membrane. Treatment with GRGDS, a synthetic
pentapeptide containing a RGD domain, which
interacts specifically with the integrin protein and
thus blocks the cell wall-plasma membrane interac-
tion, significantly inhibits osmotic stress-induced
ABA biosynthesis in cells. Characterization of
mutants that have morphological phenotypes that
affect stress tolerance will allow further dissection
of how the perception of the stress and these cell
wall/cytosol components interact.

Il ABA Receptors

A G Protein-Coupled Receptor-Like
Protein

Several reports of ABA receptors have appeared
recently (Finkelstein 2006; Grill and Christ-
mann 2007; Razem and Hill 2007; Verslues and
Zhu 2007; McCourt and Creelman 2008; Wang
and Zhang 2008; Jones and Sussman 2009), but
the apparent incongruence of their molecular
identities with the rich literature on ABA physiology
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and ensuing controversies have further compli-
cated the already bewildering network of ABA
responses. A G protein-coupled receptor-like pro-
tein (GCR2) was reported to genetically and phys-
ically interact with the G protein o subunit GPA1
to mediate all known ABA responses in Arabi-
dopsis (Liu et al. 2007¢). Overexpressed GCR2
resulted in an ABA-hypersensitive phenotype and
the purified protein bound ABA with high affin-
ity at physiological concentrations with expected
kinetics and stereospecificity. The binding of ABA
to the protein led to the dissociation of the GCR2-
GPAT1 complex in yeast, providing direct evidence
for a hypothesized ABA receptor previously based
on evidences for extracellular perception of ABA
(reviewed in Rock 2000). However, contradictory
results to Liu et al. (2007c) were subsequently
reported that loss-of-function mutations in three
gcr2 mutant alleles and a GCR2-Like homolog
gcll had no ABA phenotypes or altered ABA-
inducible marker gene expression in seedlings,
even in gcr2/gcll double and ger2/gell/gcl? triple
mutants (Gao et al. 2007; Guo et al. 2008). The
authors challenging the GCR2 receptor hypoth-
esis provided additional evidence that GCR2 is
not genetically coupled to the sole heterotrimeric
Ga subunit GPA1, which along with REGULA-
TOR OF G-PROTEIN RESPONSE (RGS) medi-
ates ABA-inducible gene expression, germination
responses and glucose signaling (Chen et al. 2006;
Pandey et al. 2006; Johnston etal. 2007). Gao et al.
go on to argue against GCR2 being an integral
membrane protein based on computational predic-
tions, and point out that the hypothesized positive
ABA effector GCR2 does not fit logically with
the consistent evidences for other heterotrimeric
G protein B and y subunits AGB1 and AGG1/2
and the RGS and Atpirinl (PRN1) effectors being
negative regulators of ABA responses (Lapik
and Kaufman 2003; Trusov et al. 2007; Fan et al.
2008). Furthermore, the gene expression patterns
of GCR2 do not correlate with other established
ABA effectors or reporters. A technical comment
on the Liu et al. (2007¢) paper was also subse-
quently published arguing against GCR2 being a
G-protein-coupled receptor (Johnston et al. 2007)
based on structural and computational predictions
that GCR2 is a plant homolog of bacterial lan-
thionine synthetases, a superfamily of genes that
produce cyclized antimicrobial peptides. There is
evidence for peripheral association of mammalian
LanC orthologs with membranes, and Johnston
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et al. reinterpret the protein-protein interaction
and biochemical data of Liu et al. as inconsistent
with GCR2 being an integral membrane protein or
interacting physically with GPA1.

Liu et al. (2007d) rebutted by presenting bio-
chemical and cell biological evidence to support
their claims that GCR2 is a novel non-classical
G protein-coupled receptor. Given the subtle
phenotypes of the gcr2 and gcll loss-of-function
mutants and the contradictory reports, it is unclear
at present whether GCR2 and its two homologs
GCL1/2 are bona fide novel G protein modulators
or ABA receptors. The situation is further com-
plicated by genetic and biochemical evidence that
GCR1, GPA1, PRNI1 and nuclear factor Y heter-
otrimer affect ABA inhibition of germination and
blue light signaling (Warpeha et al. 2007). The
recent report showing that HY5 mediates light-
dependent ABA responses in seeds and seedlings
by binding the ABIS promoter in an ABA-depend-
ent manner sheds some light at least on the clas-
sical experiments on light requirements for seed
germination in many species (Chen et al. 2008).
Additional complexity comes from the characteri-
zation of three GPAIl-homologous Extra-Large
G proteins (XLGs) of Arabidopsis that affect
ABA responses in roots and seeds (Ding et al.
2008). Like the (unconfirmed) landmark report
of a plasma membrane-associated ABA receptor
(Hornberg and Weiler 1984), and a later report of
the perception of ABA at the cell surface (Schultz
and Quatrano 1997), time will tell whether these
G-proteins and effectors are at the nexus of ABA
responses. The most recent ABA receptors to be
reported, novel G-protein-coupled receptor-like
(GPCR) proteins GTG1 and GTG2, were identi-
fied using bioinformatic approaches (Pandey et al.
2009), a method which is value-added but based
on numerous assumptions. Taken in the context of
ongoing controversies and a recent report show-
ing that GCR2 does not bind ABA (Risk et al.
2009), these recent reports on G-protein-associated
ABA activities underscore the need for improved
methods for measuring ABA binding and appli-
cation of strict biochemical criteria for receptor
functionality.

B Genomes Uncoupled 5/Mg Chelatase H
(GUN5/CHLH)

GUNS/CHLH has been reported as an intracel-
lular ABA receptor (Shen et al. 2006; Wang and
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Zhang 2008), but it was originally isolated as a
mutant that uncouples LHCBI transcription in
the nucleus from plastid development (Mochi-
zuki et al. 2001). There is a significant body of
indirect evidence for intracellular ABA receptors
and for ABA-binding proteins (reviewed in Rock
2000). In this case there is consistent genetic and
physiological evidence supporting the saturable
ABA binding results: reducing GUNS5/CHLH
levels through RNAi technology results in classic
ABA phenotypes such as reduced seed dormancy
and impaired leaf stomatal closure, and overex-
pression results in whole plant ABA- hypersen-
sitive phenotypes (Shen et al. 2006; Wang and
Zhang 2008). ABA down-regulates transcription
of RBCS and CAB genes (Bartholomew et al.
1991; Chang and Walling 1991), consistent with
a link between ABA perception and chloroplast
development. ABA biosynthetic precursor xan-
thophylls are required for skotomorphogenesis
(dark-grown “etiolation”) (Barrero etal. 2008) and
ABA biosynthesis negatively controls plastid cell
division in tomato (Galpaz et al. 2008). Tomato
high pigmentl (hpl) is ABA-inducible, and /hpl
and Ap2 genes of tomato encode UV-DAMAGED
DNA BINDING PROTEIN-1 (DDB1) and DE-
ETIOLATED-1 (DET1) homologs, respectively,
which are essential components of the recently
identified CUL4-based E3 ligase complex. The
APETELAZ2-Like transcription factor ABI4 has
been implicated in retrograde signaling from
chloroplast to nucleus (Koussevitzky et al. 2007).
These recent findings are intriguing in the context
of understanding the role of ABA in mechanisms
of action of gun5/chlf and gunl genes. GUNI1
is a chloroplast-localized pentatricopeptide-
repeat protein that acts downstream of ABI4,
which itself binds the promoter of a retrograde
signaling-repressed gene through a conserved
motif found in close proximity to a light-reg-
ulatory element (Koussevitzky et al. 2007).
VARIEGATED?3 is a part of a protein complex
including the ABA biosynthetic enzyme NCED4
required for normal chloroplast and palisade cell
development (Naested et al. 2004). Other genes
(Mg protoporphyrin IX methyltransferase, chlm
early light-induced protein2, ¢) that effect CHLH
expression have been characterized as mediating
plastid and chlorophyll biogenesis, but no other
pleiotropic effects of knockouts of these genes
on ABA responses have been described (Pontier
et al. 2007; Tzvetkova-Chevolleau et al. 2007).
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The apparent bifunctional role of CHLH in
photosynthetic pigment biosynthesis and ABA
responses remains a paradox, since ABA does
not appear to change the enzymatic activity of
the chelatase. Miiller and Hansson (2009) have
recently provided biochemical evidence arguing
against CHLH as an ABA receptor.

C Flowering Control Locus A (FCA)

A variety of ABA synthesis or response loci have
been implicated in controlling meristem function
or flowering time (Rock 2000; Finkelstein and
Rock 2002). An ABA binding protein from bar-
ley aleurone ABAP1 (Razem et al. 2004 ) has sig-
nificant homology to FLOWERING CONTROL
LOCUS A (FCA) and homologs in Arabidopsis.
Razem et al. (2006) claimed that saturable, ster-
eospecific ABA binding by FCA exerted direct
control on self-splicing of FCA pre-mRNA and
downstream effects on the autonomous floral
pathway mediated by the MADS box repressor
protein FLOWERING LOCUS C (FLC). FCA
downregulation of FLC expression requires FY,
a homolog of the yeast RNA 3’ processing fac-
tor Pfs2p, where FCA/FY physically interact and
alter polyadenylation/3’ processing to autoregu-
late FCA. It has recently been shown that FCA
requires FLOWERING LOCUS D (FLD), a
homolog of the human lysine-specific demethy-
lase 1 (LSD1) and DICER-LIKE 3, involved in
chromatin/transcriptional silencing by produc-
tion of siRNAs (Liu et al. 2007a). Mutations in
fca increase levels of unspliced sense FLC tran-
script, alter processing of antisense FLC tran-
scripts and increase histone H3K4 dimethylation
in the central region of FLC. The ABA hypersen-
sitive mutants hyponastic leaves1 (hyll) and ABA
hypersensitivel (abhl) are involved in miRNA
metabolism (for 4y/1) and mRNA 5'cap process-
ing as well as miRNA and siRNA accumulation
(Gregory et al. 2008) and exhibit altered flower-
ing times (Lu and Fedoroff 2000; Bezerra et al.
2004; Kuhn et al. 2007), consistent with a role of
ABA in the floral transition. Lateral root effects
in the fca-1I mutant (Macknight et al. 2002)
are also consistent with a link between ABI3-,
ABI1- and ABI2-related interactions with FCA
(De Smet et al. 2006; Zhang et al. 2007b). How-
ever, negative results with abi2 reported by
Razem et al. 2006. contradicted the reported
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phenotypes of early flowering observed in abil,
abi2 and other ABA mutants (Martinez-Zapater
1994). It was interesting that Liu et al. (2007a),
Béurle et al. (2007) and a recent paper on the role
of leucine-rich repeat receptor kinases in ABA
signaling (Wang et al. 2008a) did not cite Razem
etal. (2006). In contrast to the case of GCR2, the
controversy over FCA as ABA receptor has been
formally resolved with the very recent publica-
tion of negative results on ABA binding activity
of FCA (Jang et al. 2008; Risk et al., 2008) and
retraction of the original article (Razem et al.
2008). A ‘knock-on’ consequence noted by Risk
etal. (2008) is GCR2-as-ABA-receptor has been
cast further in doubt because Liu et al. (2007c)
used FCA as a positive control in ABA-binding
assays of GCR2. How ABA functions in these
(Papp et al. 2004; Xiong et al. 2004; Gy et al.
2007; Zhao et al. 2007; Li et al. 2008c; Zhang
et al. 2008) examples of post-transcriptional
processing in stress and developmental pathways
is not yet clear.

Another aspect of the ABA receptor odyssey is
the incogruence of observed cellular concentra-
tions of ABA (on the order of micromolar), which
increase an order of magnitude during stress or
development (Okamoto et al. 2006; McCourt and
Creelman 2008), with the reported binding affini-
ties of these putative receptors (low nanomolar).
If GCR2 and CHLH are true ABA receptors,
then ABA must have functions and mechanisms
of action beyond the scope originally defined by
traditional plant physiological and genetic stud-
ies. A sound theoretical framework is needed to
guide hypothesis-driven experiments. A systems
approach that holds promise is chemical genet-
ics (Bassel et al. 2008) and exciting complemen-
tary biochemical and genetic results have been
recently published that identify an ABA-agonist
(pyrabactin, for pyridyl-containing ABA acti-
vators) and a new 14-member family of candi-
date ABA receptor proteins (PYRI/PYL, also
named Regulatory Components of ABA Recep-
tor [RCARs]) that physically interact with
ABA INSENSITIVE1/ABI2/HABI homologs to
antagonize protein phosphatase (PP2C) activities
in a ligand-dependent and stereospecific process
(Ma et al. 2009; Park et al. 2009). Significantly,
the activities in vitro on PP2Cs and in planta for
ABA effects on gene expression, seed germination,
stomatal aperature, and root growth of different
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PYL/RCAR homologs are consistent with physi-
ological concentrations of ABA (~100 nM) and
impact some longstanding questions on subcel-
lular perception sites of ABA, PP2C localization
(Moes et al. 2008), and physiological effects of
the unnatural (-) ABA isomer, as well as suggest-
ing possible molecular mechanisms for PP2C
roles in ABA-mediated chromatin remodeling
(Saez et al. 2008) and Sucrose Non-fermenting-
related Protein Kinase (SnRK) activities (Fujii
et al. 2007; Mustilli et al. 2002; Yoshida et al.
2002). It appears that finally ABA may no longer
be an orphan hormone.

D ABA Receptors in Animals

Recent reports have confirmed older (and skep-
tically received) works that ABA has physi-
ological (e.g., anti-inflammatory, phagocytosis)
effects in animals and is synthesized in protozoan
parasites, cnidarians (hydroids, sponges and cor-
als) and even mammalian brains (‘Le Page de
Givry et al. 1986). These advances suggest that
interkingdom ABA and/or stress signaling may
be evolutionarily conserved or laterally acquired
and is biologically significant (Puce et al. 2004;
Technau et al. 2005; Bruzzone et al. 2007; Guri
et al. 2007; Nagamune et al. 2008). For exam-
ple, an apparent plant-like ABA biosynthetic
pathway in Toxoplasma gondii is targeted by a
specific inhibitor of ABA synthesis which can
prevent toxoplasmosis in a mouse model (Naga-
mune et al. 2008). More recently, ABA has been
reported as an endogenous stimulator of insulin
secretion in human and murine pancreatic beta
cells (Bruzzone et al. 2008). These amazing find-
ings open a whole new field of ABA metabolism/
signaling in animals that may have significance
for human health.

IV Transduction of the Stress Signal

Abiotic stresses cause many changes in cellular
signaling components. Various studies suggest
that there are ABA-dependent and ABA-inde-
pendent pathways in abiotic stress responses.
ABA plays a major role in hyperosmotic stresses
caused by high salinity and drought (Finkelstein
et al. 2002). Hyperosmotic stress triggers ABA
biosynthesis, which leads to changes in gene
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expression through signaling networks. Similar
to ABA receptors, understanding of signaling
cascades downstream of ABA is still fragmentary
but gaps are closing and new vistas opening.

A Second Messengers

Stomatal closure induced by ABA has been used as a
model system for studying rapid (millisecond to sec-
ond time frame) responses to ABA. Hyperosmotic
stresses as well as ABA induce increases in phos-
pholipids, reactive oxygen species (ROS), calcium
and nitric oxide (NO) (Miller et al. 2008; Neill et al.
2008). These molecules act as “second messengers”
in signaling networks for stomatal closure.

An increase in inositol 1,4,5-triphosphate
(IP,) that is catalyzed by phospholipase C (PLC)
induces an increase in cytosolic Ca** concentra-
tion, a key step in stomatal closure (Takahashi
etal. 2001). IP, is known to activate vacuolar cal-
cium channels (Allen et al. 1995). Recently, chlo-
roplast-localized Ca*" sensing receptor (CAS) has
been shown to play an important role in the gener-
ation of extracellular Ca*'-induced cytosolic Ca**
transients and stomatal closure in Arabidopsis by
regulating concentrations of IP,, which in turn
directs release of Ca*" from internal stores (Han
et al. 2003; Tang et al. 2007; Nomura et al. 2008).
However, cas knockout mutant lines showed
normal ABA-induced stomatal closure, suggest-
ing that CAS is not downstream of ABA sign-
aling. Another phospholipid, phosphatidic acid
(PA), which is produced by the action of phos-
pholipase D (PLD), also has an important role in
ABA signaling. Both PLC-DGK (diacylglycerol
kinase) and PLD pathways have been implicated
in plant stress responses (Testerink and Munnik
2005; Hong et al. 2008). Among PLDs, PLDa,
seems to play a role in ABA signaling because
its production is induced by ABA, and inhibition
of PLDa,, diminished stomatal closure induced
by ABA (Zhang et al. 2004), whereas PLDo,
is primarily involved in salt- and water deficit
stress (Hong et al. 2008). A molecular function
of PA has been shown for the regulation of ABA-
induced stomatal closure. PLDa -produced PA
binds to ABII1, a protein phosphatase acting
as a negative regulator of ABA signaling, and
inhibits its activity, thus promoting ABA signaling
(Mishra et al. 2006). Recent results on RNAi
knockdown lines for the Arabidopsis vacuolar
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sorting receptor3 (Atvsr3) implicate the targeting
of soluble cargo proteins in guard cells to ele-
vated accumulation of NO and hydrogen perox-
ide (H,0,) and decreased responsiveness of guard
cells to ABA (Avila et al. 2008).

ABA is known to trigger the production of H,0,
that activates ROS signaling processes which can
be viewed as a node in a network linking vari-
ous stresses. ABA-induced production of H,O,
requires NAD(P)H, suggesting the involvement
of NAD(P)H oxidases (Murata et al. 2001; Neill
et al. 2008). Two catalytic subunit genes encoding
NAD(P)H oxidases (AtrbohD and AtrbohF) are
highly expressed in guard cells and expression of
both mRNAs is upregulated by ABA. atrbohD/F
double mutations impair ABA-induced stomatal
closing and ABA promotion of ROS production
(Kwak et al. 2003). This ROS signaling activates
plasma membrane Ca®" channels in guard cells,
which promotes stomatal closure (Fig. 1). The
ABA-induced ROS can also activate the antioxi-
dant defense genes in leaves of maize (Guan et al.
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2000). An increasing body of evidence indicates
that NO is an endogenous signal in plants that
mediates responses to environmental stimuli (Bes-
son-Bard et al. 2008). The HOTY (sensitive to hot
temperatures) gene is required for thermotoler-
ance and encodes S-NITROSOGLUTATHIONE
REDUCTASE (GSNOR), which metabolizes the
NO adduct S-nitrosoglutathione (Lee et al. 2008b).
Exogenous NO induces stomatal closure (Garcia-
Mata and Lamattina 2002), and ABA triggers NO
production that is dependent on H,O, production
(Bright et al. 2006). This scheme (Fig. 1) has been
recently extended to the induction of antioxidant
defense in maize mesophyll cells (Zhang et al.
2007a, b). Insertion mutations inactivating a mito-
chondrial pentatricopeptide repeat (PPR) domain
protein PPR40 associated with Complex III of the
electron transport chain result in semidwarf growth
habit and enhanced sensitivity to salt, ABA and
oxidative stress, suggesting a close link between
regulation of oxidative respiration and environ-
mental adaptation (Zsigmond et al. 2008).

Fig. 1. Schematic illustration of ABA signaling in stomatal closure. Arrows indicate positive or negative interactions between
the factors. Dashed arrows indicate possible regulation [See Color Plate 2, Fig. 3].
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B MAPK Signaling Components

Several lines of evidence from biochemical and
genetic studies support the involvement of revers-
ible protein phosphorylation in the regulation of
plant stress responses to various environmental
stimuli. Application of ABA induces activation
of mitogen-activated protein kinases (MAPKSs)
within a few minutes in barley aleurone protoplasts
(Knetsch et al. 1996), and of calcium-dependent
protein kinases (CDPKs) in wheat (Li et al. 2008a).
In Arabidopsis, 20 MAPKs have been identified
and classified into four major groups (Group et al.
2002; Colcombet and Hirt 2008). ABA activates
AtMPK1, AtMPK2 (Ortiz-Masia et al. 2007; Hwa
and Yang 2008) and AtMPK3 (Lu et al. 2002).
Overexpression of AtMPK3 increases ABA sen-
sitivity and inhibition of MAPK signaling by
application of a MAPK kinase (MAPKK)-specific
inhibitor (PD98059) decreases ABA sensitivity in
the postgermination stage of seedling growth (Lu
et al. 2002). Consistent with these results, plants
overexpressing AtMKK3 exhibit an enhanced
tolerance to salt and are more sensitive to ABA,
suggesting that the ABA signal is transmitted to
the transcriptional apparatus through MAPK sig-
naling (Hwa and Yang 2008). ABA is known to
induce antioxidant defense through ROS produc-
tion (Guan et al. 2000), and MAPK signaling acts
downstream of ROS in maize (Zhang et al. 2000).
In Arabidopsis, oxidative stress activates AtMPK3
and AtMPK6, and an mpk6 mutant blocks, whereas
AtMPK6- overexpressing transgenics enhance, the
ABA-dependent expression of CAT1 and H,0,
production in an AtMKKI-dependent manner
(Kovtun et al. 2000; Moon et al. 2003; Xing et al.
2008). The mkkl mutant reduces both the sensi-
tivity to ABA during germination and the drought
tolerance of seedlings, whereas an AtMKK1 over-
expression line shows the opposite responses (Xing
et al. 2008). Upon oxidative stress, catalase plays
an important role in scavenging H,O, (Mittler et al.
2004). In contrast to the case in maize, the MAPK
signaling acts upstream of H,O, production in 4ra-
bidopsis (Ichimura et al. 2000; Xing et al. 2007,
2008). The Ku heterodimer has been found in many
eukaryotes and is involved in many cellular meta-
bolic processes such as transcriptional regulation,
cell cycle regulation and DNA repair (Downs and
Jackson 2004). Liu et al. (2008a, b) reported that
down regulation of Arabidopsis Ku genes by ABA
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involves p38-MAPK and AtMPK6 upstream of
the transcription factors ABI3, ABIS and ATHB6,
and downstream of Ca?* and PLDa.. Another link
to Ca*" is the finding that a negative regulator of
MAPKSs, MAPK phosphatase 1 (AtMKP1), is acti-
vated by calmodulin in a Ca?-dependent manner
in Arabidopsis (Lee et al. 2008a).

C Sucrose Non-fermenting-Related
Protein Kinase 2 (SnRK2) Proteins

Involvement of SnRK2 proteins in ABA signal-
ing was first reported in wheat. PKABA1 was
identified as an ABA- and dehydration-induced
transcript (Anderberg and Walker-Simmons
1992). AAPK was cloned from Vicia faba as a
guard cell-specific ABA-activated serine-threo-
nine protein kinase (Li and Assmann 1996; Li
et al. 2000). In-gel kinase assays also revealed
the presence of 42- and 44-kDa protein kinases
that were rapidly activated by ABA but showed
different substrate specificities from MAPKSs
in Arabidopsis cultured T87 cells. Subse-
quent analyses revealed that p44 is encoded
by SnRK2.6 (Yoshida et al. 2002). Arabidop-
sis mutants of OPEN STOMATAI (ostl) have
defects in stomatal closure upon drought stress.
Positional cloning of OSTI revealed it is identi-
cal to SnRK2.6 (Mustilli et al. 2002). The ost1/
snrk2.6 mutation affects stomatal closure in an
ABA-dependent- and ABA-independent manner,
and the ABA-dependent pathway seems to be
regulated by direct interaction of a protein phos-
phatase ABI1 with SnRK2.6 (Mustilli et al. 2002;
Yoshida et al. 2006 b). On the other hand, seed
dormancy and germination were not affected in
ostl/snrk2.6 mutants (Allen et al. 1999; Mustilli
et al. 2002; Yoshida et al. 2002). SnRK?2.6-like
genes are plant-specific SnRKs.6 and the Arabi-
dopsis genome has ten SnRK2.6 genes. Except
SnRK2.6, all SnRK2.6 genes are activated by
osmostresses, suggesting the importance of this
SnRK kinase group in the stress adaptation of
plants. Among other SnRK2 genes, three (SnRK2.2,
SnRK2.3 and SnRK2.6) are highly homologous
and also strongly activated by ABA (Boudsocq
and Lauriere 2005). A snrk2.2 snrk2.3 double
mutant, but not snrk2.2 or snrk2.3 single mutants,
showed strong ABA insensitivity in seed germi-
nation and root growth inhibition, but little effect
on stomatal control (Fujii et al. 2007), suggesting
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that SnRK2.2 and SnRK2.3 have redundant func-
tions but distinct from SnRK2.6 in the regulation
of ABA signaling.

The ABA responsive element (ABRE) found
in promoter of ABA-inducible genes is recog-
nized by basic leucine zipper (bZIP/ABF) type
transcription factors. Several studies have shown
that ABFs require activation by ABA through
phosphorylation (Uno et al. 2000; Lopez-Molina
et al. 2001; Furihata et al. 2006), and SnRK2.2
and SnRK2.3 are the key kinases mediating this
post-translational modification (Furihata et al.
2006; Fujii et al. 2007). ABIS/ABF-binding pro-
teins (AFPs) are highly conserved novel plant-
specific proteins that function to antagonize
ABF activities in seedlings, possibly by prote-
olysis (Lopez-Molina et al. 2003; Garcia et al.
2008; Ohnishi et al. 2008). The wheat SnRK2
(PKABAL1) phosphorylates ABRE-binding bZIP
proteins (Johnson et al. 2002), and a rice SnRK?2
(SAPK10) phosphorylates a rice ABF (TRABI)
(Kobayashi et al. 2005), indicating a conserved
ABA signaling pathway through phosphoryla-
tion of ABFs by SnRK2s in angiosperms. Wheat
TaABF]1 also functions downstream of PKABA1
in ABA-suppression of GA-induced gene expres-
sion (Johnson et al. 2008). Over-expression of
the rice SnRK2 homologue SAPK4 under control
of the CaMV-35S promoter results in improved
germination, growth and development under
salt stress, both in seedlings and mature plants
(Diedhiou et al. 2008).

D Phosphatases

Involvement of reversible protein phosphor-
ylation in ABA signaling has been long known
from molecular genetics, and more recently from
reverse genetics approaches. The first identified
molecular components of ABA were the ortholo-
gous transcription factors VIVIPAROUS1/ABI3,
and the second were 4BI] and ABI2 that encode
homologous type 2C (Mg™ dependent) protein
phosphatses (PP2Cs) (Leung et al. 1994, 1997;
Meyer et al. 1994). The abil-1 and abi2-1 muta-
tions (Koornneef et al. 1984) occur in the highly
conserved catalytic domains that cause substi-
tution of the same amino acid (Gly to Asp) and
cause pleiotropic effects on most physiological
processes mediated by ABA. The ABII-1 and
ABI2-1 proteins act as strong negative regulators
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of ABA signaling in various processes, suggesting
that ABIl and ABI2 are located upstream in
ABA-signaling pathways. Nuclear localization is
an essential aspect of 4B/ function; disruption
of the NLS in abil-1 rescued ABA-controlled
gene transcription and attenuated abil-1 insen-
sitivity to the hormone during seed germination,
root growth and stomatal movement (Moes et al.
2008). Because the abil-I dominant mutation
results in a preferential accumulation of the pro-
tein in the nucleus, it is now becoming clear that
it is a hypermorphic allele and ABI1 reprograms
sensitivity towards ABA in the nucleus.

The Arabidopsis genome has 76 genes encod-
ing PP2Cs, seven of which are closely related
to ABII/ABI2 based on sequence homology
(Schweighofer et al. 2004). Genetic analysis of
germination processes in Arabidopsis resulted
in map-based cloning of ABA HYPERSENITIVE
TO GERMINATION (AHG) genes which encode
PP2Cs in the ABII1 clade (Gosti et al. 1999;
Tahtiharju and Palva 2001; Saez et al. 2004,
2006; Kuhn et al. 2006; Yoshida et al. 2006a, b;
Nishimura et al. 2007). Intragenic revertants of
abil-1 and antisense repression of, or T-DNA
insertions in, these homologs lead to hypersen-
sitive ABA phenotypes, confirming the role of
ABIl-related PP2Cs in the negative regulation
of ABA signaling (Gosti et al. 1999; Tahtiharju
and Palva 2001; Saez et al. 2004; Kuhn et al.
2006; Saez et al. 2006; Yoshida et al. 2006a;
Nishimura et al. 2007). These studies and other
genomic approaches, such as overexpression
of MYB TFs that confer stress tolerance (Jung
et al. 2008) or high-throughput transient expres-
sion assays demonstrate the distinct but partially
redundant functions of ABIl-related PP2Cs in
the regulation of ABA signaling. A PP2C from
beech (FsPP2C2), whose expression is induced
by ABA, was shown to act as a positive regula-
tor of ABA signaling when expressed in Arabi-
dopsis (Lorenzo et al. 2002; Reyes et al. 20006).
Similarly, Jia et al. (2009) identified AP2C1 and
AP2C2 as positive candidate effectors of ABA
sensitivity in maize protoplasts, suggesting that
PP2Cs do not act solely as negative regulators
of stress responses. In this context the results of
de Torres-Zabala et al. (2007) are interesting.
They demonstrated that virulence of the plant
pathogen Pseudomonas syringae is dependent
on modulating host ABA- and stress response
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pathways through ABI1-Like PP2C expression
and increased ABA biosynthesis. Their results
raise questions about how hypothetical nega-
tive ABA regulators in the ABI1 clade can work.
The existence of positive PP2C effectors (Reyes
et al. 2006; Jia et al. 2009) provide a compelling
molecular mechanism (induced positive effec-
tors of ABA) for increased ABA sensitivities
required for pathogen infection.

Since the target proteins of the PP2Cs are likely
the substrates of kinases involved in ABA signal-
ing, many studies have investigated the interact-
ing molecules of ABI1-related PP2Cs. So far, the
substrates of the PP2Cs are unknown, however
these studies suggest the variety of processes with
which the PP2Cs may be associated. ABI1 has
been shown to interact with PA, an important sec-
ond messenger in ABA-induced stomatal closure.
PA decreases ABI1 phosphatase activity and also
promotes the translocation of ABI1 to the plasma
membrane (Zhang et al. 2004), suggesting that
sequestering of ABII to the plasma membrane
would inactivate it. This model is consistent with
the recent finding of ABA-induced nuclear locali-
zation of ABII is required for ABA sensitivity
(Moesetal. 2008). Arg-73 in the N-terminal region
of ABI1 is required for ABI1 binding to PA. Since
the N-terminal regions of the conserved catalytic
domain in ABI-related PP2Cs are variable, it is
possible the N-terminal regions confer specificity.
ABI1 but not ABI2 interacts with SnRK2.6/0ST1
through the conserved C-terminal region of ABA-
activated SnRK2s and this interaction is affected
by the abil-1 mutation (Yoshida et al. 2006a, b).
Other studies also found interactions between
ABI1/ABI2 and SnRK3s, another plant-specific
group of SnRKSs. Arabidopsis SALT OVERLY
SENSITIVE?2 (SOS2) encodes SnRK3.11/CIPK24
responsible for sodium and potassium ion home-
ostasis and salt tolerance. SOS3 calcium-bind-
ing protein (CBL4) activates SOS2. ABI2 and
to a lesser extent ABII bind directly to SOS2,
and the abi2-1 mutation disrupts the interaction
(Ohta et al. 2003). ABI2 also interacts physi-
cally with GLUTATHIONE PEROXIDASE3
(GPX3) and atgpx3 mutants are wilty, have ele-
vated peroxide in guard cells and disrupt ABA
activation of calcium channels and the expres-
sion of ABA- and stress-responsive genes (Miao
et al. 2006). Another ABIl1-related PP2C, AtP-
P2CA was shown to interact with an Arabidopsis
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inward-rectifying K* channel AKT2/3, and the
interaction controlled the channel activity through
the phosphatase activity of AtPP2CA, suggesting
a role for AtPP2CA in the regulation of K* trans-
port and membrane polarization during stress con-
ditions (Vranova et al. 2001; Cherel et al. 2002).

Recent studies have highlighted the significant
role of another protein phosphatase group, PP2A.
Loss-of-function and gain-of-function analyses
of a PP2A catalytic subunit gene (PP2A4c-2) in
Arabidopsis demonstrated the negative role of
this phosphatase in ABA signaling (Pernas et al.
2007). ABA sensitivity is partially restored in the
abil-1/pp2ac-2 double mutant, suggesting that
both PPs act in the same ABA signaling pathway.
ROOTS CURL IN NPAI1 (RCNI) encodes a scaf-
fold subunit of PP2A (PP2A-Aq) and the rcnl
mutant has defects in auxin transport (Deruere
et al. 1999), however disruption of RCNI also
confers ABA insensitivity (Kwak et al. 2002).
An A subunit of PP2A is ubiquitylated by Ara-
bidopsis E3 ubiquitin ligase AtCHIP, and over-
expression of AtCHIP increases the phosphatase
activity of PP2A, leading to increased ABA
sensitivity (Luo et al. 2006).

E Protein Modification

Ubiquitination is a regulatory mechanism of
targeted proteolysis necessary for all aspects of
development and survival of eukaryotes. Recent
genomic and genetic analysis in Arabidop-
sis suggests that ubiquitination and the related
sumoylation pathways play important roles in
plant responses to ABA (Lois et al. 2003; Miura
et al. 2007; Stone and Callis 2007; Zhang and
Xie 2007). Many components of the ubiquiti-
nation pathway, such as ubiquitin-conjugating
enzyme E2, ubiquitin ligase E3, zinc-finger and
F-box proteins and components of the protea-
some, have been identified or predicted to be
essential in ABA metabolism and/or stress sig-
naling (Lai et al. 2004; Cho et al. 2008; Huang
et al. 2008b; Kanneganti and Gupta 2008; van
den Burg et al. 2008; Xu et al. 2008). AtPUB9
(Plant U-Box9 E3 ligase) is redistributed to the
plasma membrane of tobacco BY-2 cells after
treatment with ABA or when coexpressed with
the active kinase domain of self-incompatiblity-
like receptor kinase ARK1. T- DNA insertion
mutants for ARK] and AtPUBY lines are altered
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in their ABA sensitivity during germination and
act at or upstream of 4BI3, indicating potential
involvement of these proteins in ABA responses
(Samuel et al. 2008).

Recent biochemical and genetic analyses have
revealed that secretory peptides like CLAVATA3
and TRACHEARY ELEMENT DIFFEREN-
TIATION INHIBITORY FACTOR (TDIF),
which regulate meristem formation and vascular
development respectively, are also responsible
for various events including wound response,
cell division control, self-incompatibility and
host-parasite interactions (Sawa et al. 2006).
A genome-wide screen of Arabidopsis T-DNA
insertion lines for 57 receptor-like protein (RLP)
genes identified TOO MANY MOUTHS (TMM)
and AtRLP41 (At3g25010) that mediate ABA
sensitivity to chlorosis in leaves (Wang et al.
2008a). A plasma membrane leucine-rich-repeat
receptor kinase (RPK1) has also been found to
act early in ABA signaling (Osakabe et al. 2005)
and might interact with these RLPs, analogous
to RLK CLAVATA1 and RLP CLAVATAZ2.

PLURIPETALA (PLP) encodes the a-subunit
shared between protein farnesyltransferase and
protein geranylgeranyltransferase-1 and was
genetically selected based on dramatically larger
meristems and increased floral organ number
(Running et al. 2004). Mutants of PLP have altered
ABA responses, slower growth rates, and syner-
gistic interactions with the clavata3 mutant, and
are epistatic to mutations in the ENHANCED
RESPONSE TO ABA (ERA1) B-subunit of far-
nesyltransferase. Downregulation of either the .-
or 3-subunit of farnesyltransferase enhances plant
responses to ABA and drought tolerance (Johnson
et al. 2005; Wang et al. 2005). Mutant eral plants
display enhanced susceptibility to virulent bac-
terial and oomycete pathogens, implying a role
for farnesylation in basal defense (Goritschnig
et al. 2008). Isoprenyl cysteine methyltransferase
(ICMT) is involved in prenylation and RNAi
knockdown mutants of Arabidopsis AtICMTA
have a similar phenotype as ERA1 (Bracha-
Drori et al. 2008). The plp mutant suggests a link
between prenylation, ABA responses and peptide
signaling. In this context it is also interesting to
note that a putative secretory peptidase, VIVIPA-
ROUSS, affects ABA signaling during embryo
and endosperm development upstream of B3
domain- and LEC1 transcription factors (Suzuki

C.D. Rock et al.

etal. 2008a). Another recently discovered pathway
interacting with ABA is N-acylethanolamines,
bioactive acylamide metabolites found in plants
and animals whose functions are poorly under-
stood (Teaster et al. 2007).

V Regulation of Abiotic Stresses at the
Level of Gene Expression

A Cis-Acting Elements for ABA-
dependent Gene Expression

Many genes induced by osmotic stresses such as
drought, salinity and cold are also ABA-respon-
sive (Seki et al. 2002a, b). The majority of these
genes are classified into two groups: one function-
ing in protection of cells from stresses, such as
LATE EMBRYOGENESIS ABUNDANT (LEA)
proteins, enzymes for osmolyte biosynthesis and
detoxification enzymes; the other functioning in
signal transduction pathways such as enzyme-
generated second messengers, phosphorylation,
chromatin remodeling and transcription factors.
Early work in ABA signaling and gene regulation
was focused on the identification of cis-acting ele-
ments in promoters of these dehydration-respon-
sive genes (Marcotte et al. 1988, 1989; Guiltinan
etal. 1990). These studies identified cis-elements
required for ABA-induction, including the ABA
Responsive Element (ABRE; PyACGTGGC),
the MYB-responsive element TGGTTAG, and
the MY C-responsive element CACATG (Finkel-
stein et al. 2002). Among them, ABRE is con-
sidered as a major cis-element in ABA-induced
gene expression. However, a single ABRE is not
sufficient for ABA response, and either an addi-
tional ABRE (Marcotte et al. 1989) or coupling
elements (CE) are required (Shen and Ho 1995).
Recently, a novel motif overrepresented in
genes up-regulated within 5 min of wounding
was identified (Rapid Stress Response Element,
RSRE) (Walley et al. 2007). Transgenic plants
with multimerized RSREs have a rapid response
to biotic and abiotic stresses in vivo, thereby
establishing the functional involvement of this
motif in primary transcriptional stress responses.
Forward genetic screens of mutagenized trans-
genic ProRSRE:reporter Arabidopsis may facili-
tate identification of the signaling components of
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mechanical stress including the presumed trigger
for ABA responses, namely turgor changes.

ABIS and related bZIP transcription factors
(AREBs/ABFs)bind to ACGT-containing ABREs
(Uno et al. 2000) and Ethylene Response Factor/
APETELA2 (ERF/AP2)-type transcription factor
ABI4 binds to one of the CEs (CE1) (Niu et al.
2002). ABI4 was originally isolated as an ABA-
insensitive mutant but has been demonstrated to
act also in sugar and retrograde signaling from
chloroplast to nucleus (Rook et al. 2006a, b;
Koussevitzky et al. 2007; Ramon et al. 2007). The
recent finding that ABI4 overexpression cannot
rescue the glucose-insensitive phenotype of aba?2,
and that abi3, eral and abi2 mutants are also glu-
cose insensitive, extends the cross-talk network
between sugar and ABA (Dekkers et al. 2008).
An alternative ABA-dependent pathway exists
for the drought-inducible RD22 gene, which can
be activated by transcription factors AtMYB2
and AtMYC2 (Abe et al. 1997). Overexpression
of AtMYB2 and AtMYC2 results in ABA hyper-
sensitivity and enhanced osmotic stress tolerance
(Abe et al. 2003), but MY C2 has also been impli-
cated in biotic stress responses and light signal-
ing (Anderson et al. 2004; Lorenzo et al. 2004;
Yadav et al. 2005; Dombrecht et al. 2007; Bu
et al. 2008).

Recent studies have shown that some ABA-
inducible members of a plant-specific transcrip-
tion factor family that have a DNA binding NAC
domain (NO APICAL MERISTEM, ATAF, and
CUP-SHAPED COTYLEDONS) are also respon-
sible for ABA signal transduction and osmostress
responses. An Arabidopsis drought-inducible
gene RD26 encodes a NAC protein that recog-
nizes a sequence ACACGCATGT responsible
for ABA- and osmostic stress-induced expres-
sion of ERDI1 (Fujita et al. 2004). Overexpres-
sion of ANACs (ABA-responsive NACs) confers
increased ABA sensitivity and osmotic stress
tolerance in Arabidopsis and rice (Fujita et al.
2004; He et al. 2005; Hu et al. 2006, 2008). How-
ever, sets of genes up- or down-regulated in these
overexpressing plants were different from each
other, suggesting that different stress-responsive
ANAC transcription factors may activate the dif-
ferent set of target genes to confer various stress
resistances. For example, a salt-inducible mem-
brane-bound NAC (NTL8) down-regulates GA
biosynthesis to confer salt tolerance by inhibiting
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Arabidopsis seed germination independent of
ABA (Kim et al. 2008b).

Microarray analyses have revealed the pres-
ence of genes that are controlled by abiotic
stresses but not ABA, indicating the presence of
ABA-dependent and ABA-independent pathways
in the regulation of dehydration-responsive genes
(Seki et al. 2002a, b, 2004; Huang et al. 2008a;
Matsui et al. 2008). The drought-responsive ele-
ment (DRE); also referred as to C-repeat element
(CRT), mediates both cold- and osmotic stress-
inducible ABA-independent gene expression
(Shinozaki and Yamaguchi-Shinozaki 2000). The
DRE is recognized by two families of plant-spe-
cific ERF/AP2s:CBF (C-repeat binding factors,
also known as dehydration-responsive element-
binding protein 1s or DREB1s) and DREB2s
(Shinozaki and Yamaguchi-Shinozaki 2000). The
CBF family consists of cold-inducible CBF1/
DREBI1B, CBF2/DREBI1C and CBF3/DREBIA
(Stockinger et al. 1997; Liu et al. 1998), and non-
cold-inducible CBF4/DREB1D, DREBIE and
DREBIF (Stockinger et al. 1997; Haake et al.
2002). Over-expression of CBF/DREBI family
members can confer enhanced freezing tolerance
of plants, suggesting that the transcription fac-
tors are responsible for cold-specific responses
(Chinnusamy et al. 2007). The DREB2 family
consists of cognates DREB2A and DREB2B
( Liu et al. 1998), but >50 DREB-like homolo-
gous transcription factors are found in Arabi-
dopsis. Expression of DREB2 genes is induced
by drought and salinity but not cold, suggesting
that DREB2 family are involved in drought/salin-
ity stress, a notion supported by transgenic stud-
ies with tobacco (Kobayashi et al. 2008a). These
CBF and DREB2 transcription factors have been
considered to act in ABA-independent manner,
however studies have demonstrated that tran-
scription of Arabidopsis CBF1-4 is also inducible
by ABA (Knight et al. 2004). Two CBF/DREBI
like genes isolated from grape are also responsive
to cold, drought and ABA (Xiao et al. 2006). The
finding that TINY, an ERF/AP2-like transcription
factor, is induced by drought, cold, ethylene, and
methyl jasmonate and binds to both DREs and
the ethylene responsive elements (EREs) with
similar affinity to transactivate the expression of
reporter genes suggests it may function in cross-
talk between abiotic- and biotic-stress responsive
gene expression (Sun et al. 2008).
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Box 3.1 Systems Approaches to Stress Tolerance

The development of genomics and microarray technologies enables researchers to mine datasets
for metabolic or hierarchical “clusters” characteristic of physiological or pathological states and to
screen for subtle changes in response to effector treatments. New tools are creating exciting oppor-
tunities to address many of the important unanswered questions in plant science in a way that was
not possible previously. Genomic signatures can be used to classify the plant abiotic stress pheno-
type according to the architecture of the transcriptome, and then linked with gene coexpression
network analysis to determine the underlying genes governing the phenotypic response (Weston
et al. 2008; Khandelwal et al. 2008). For example, hierarchical clustering techniques have been
used to compare whole-genome expression levels in Arabidopsis PP2Cs (Jia et al. 2009) and athkl
osmosensor mutants (Wohlbach et al. 2008). A molecular and metabolic systems approach has been
applied to ABA regulatory and marker genes involved in cold tolerance (Benedict et al. 2006).

The application of proteomics and protein microarrays will be critical to future understanding of
physiological processes not accounted for at the genomic level (Jorrin et al. 2007). For example,
combining protein microarray technology with fluorescent sensors of phosphorylation status allows
for screening of protein kinase and phosphatase inhibitors and the identification of physiologically
relevant substrates for protein kinases and phosphatases. Recently a peptide array was screened to
define the phosphorylation preferences of four kinases from Arabidopsis and a conserved motif
identified in the stress-related dehydrin protein family targeted by SnRK2.10 (Vlad et al. 2008).

Another example of future directions is analysis of salt- and ABA-regulated proteomes (Chitteti
and Peng 2007; He and Li 2008). Approximately 205 proteins extracted from nuclei of drought-
stressed chick pea were found by 2D-SDS PAGE to be differentially expressed; 147 of these were
identified by mass spectrometry and predicted to function in gene transcription, replication, molec-
ular chaperones, cell signaling and chromatin remodeling (Pandey et al. 2008). 2D-PAGE and mass
spectrometry allowed the identification of 85 cold-stress modulated proteins in rice, including well
known (e.g., Rubiscol) and novel cold-responsive proteins implicated in a variety of pathways.
An “interactome” of proteins associated with abiotic stress response and development in wheat
was generated using a yeast two-hybrid system (Tardif et al. 2007).

Responses to Temperature Stresses

to cell suspension cultures of hardy plants such as

A Cold Stress Responses

Most temperate plants acquire freezing tolerance
after exposure to low non-freezing temperatures
(below 10°C), a process called cold acclimation.
Numerous physiological and molecular changes
occur during cold acclimation, leading to pro-
tection of cells from irreversible damage due
to mechanical forces generated by growth of
ice crystals, as well as cellular dehydration and
increased concentrations of intracellular salts.
Compared to the established role of ABA signal-
ing in drought and salinity, studies on the physi-
ological role of ABA in freezing stress tolerance
are conflicting. Application of exogenous ABA

rye and bromegrass dramatically increases freez-
ing tolerance comparable to cold acclimation, but
enhanced freezing tolerance is not observed in
non-hardy plants species (Chen and Gusta 1983).
On the other hand, application of exogenous ABA
to whole plants via roots, stem cuttings or spray-
ing results in significant but limited increases in
freezing tolerance compared to cold acclimation
(Irving and Lanphear 1968; Gusta et al. 1982;
Lalk and Dorftling 1985; Churchill et al. 1998).
Recent studies on molecular mechanisms of low
temperature response have been carried out in
Arabidopsis, which has a limited capacity for cold
acclimation. In this model plant, ABA accumula-
tion upon low temperature treatment occurs tran-
siently and markedly less than during water stress
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(Lang et al. 1994), thus a major pathway for cold
response is considered to be ABA-independent
and mediated through CBF/DREBI transcription
factors. However, some ABA-related mutants
such as abil (Lang et al. 1994), los5 (low osmotic
responseS)/aba3 (ABA deficient3) (Xiong et al.
2001), and los6/abal (Lang et al. 1994; Xiong
et al. 2002) appear to be impaired in their ability
to cold acclimate. Antisense repression of ABI1-
like PP2C (4tPP2CA) increases ABA sensitivity
and accelerates cold acclimation of transgenic
Arabidopsis plants (Tahtiharju and Palva 2001).
These findings suggest that ABA signaling also
plays a role in cold acclimation in Arabidopsis.
Recently, the wheat ABA-hypersensitive mutant
ABA27 has been reported to show enhanced
freezing tolerance before or after low temperature
treatment and to accumulate ABA-responsive tran-
scripts in response to cold (Kobayashi et al. 2008c).
Cereal lip19 genes encode bZIP-type transcrip-
tion factors that belong to a different clade from
ABIS/AREB/ABF and their expression is strongly
induced by low temperatures. Ectopic expression
of Wiipl9 in tobacco plants induces expression of
COR (cold-responsive)/LEA genes and increases
freezing tolerance and ABA sensitivity (Koba-
yashi et al. 2008b). These data suggest that ABA
sensitivity plays a positive role in the regulation
of freezing tolerance in wheat. However, dominant
wheat mutant EH47-1 shows reduced ABA sensi-
tivity and higher freezing tolerance despite higher
basal expression of ABA-responsive COR genes
and no changes of COR expression during cold
acclimation. The authors interpret these results to
suggest that the basal level of freezing tolerance
is under control of ABA sensitivity (Kobayashi
et al. 2006). When each of three bZIP transcrip-
tion factors from soybean (GmbZIP44, 62 and 78)
were ectopically expressed in Arabidopsis, the
transgenic plants showed decreased ABA sensi-
tivity but increased freezing tolerance correlated
with enhanced expression of ABI1, ABI2 and COR
genes (Liao et al. 2008).

The interaction between freezing tolerance and
ABA in plants other than angiosperms is poorly
understood. Several studies of the cold acclima-
tion capacity of green algae have been reported.
Unicellular green algae, such as Chlamydomonas
spp. and Cladophora sauteri, cannot cold accli-
mate (Terumoto 1959; Leeson et al. 1984). In
contrast, Chlorella spp. increase freezing tolerance
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after cold treatment, although Chlorella is not
closely related to land plants (Hatano et al. 1976).
Recently, cold acclimation of Klebsormidium
flaccidum, a charophycean green alga and a sister
group of land plants, has been reported. Although
low temperature treatment increases the freezing
tolerance in a manner comparable to that of Ara-
bidopsis, ABA treatment does not (Nagao et al.
2008), suggesting that ABA does not play a role
in cold acclimation of K. flaccidum. The model
basal plant Physcomitrella patens has the capac-
ity to increase freezing tolerance during low tem-
perature treatment. Application of exogenous
ABA, even as low as 0.1 uM, for 24 h is effec-
tive to develop freezing tolerance of protonemata
comparable to low temperature treatment (0°C)
for a week. However, ABA accumulation does
not change significantly during low temperature
treatment (Minami et al. 2003, 2005).

These studies clearly demonstrate that land
plants are capable of increasing freezing tol-
erance by cold acclimation as well as by ABA
acclimation. Because ABA accumulation is not
always observed with low temperatures, we need
to consider that these experiments were carried
out under controlled environments, an artificial
situation compared to the natural environment
where temperatures decrease more gradually
and are accompanied by changing photoperiods
(Gusta et al. 2005). Recently, a novel plant-spe-
cific protein ESKIMO1 (ESK1) has been cloned
that affects freezing tolerance. In esk/ mutants,
very few genes that are under the control of
CBFs or their upstream regulator ICE1 are up-
regulated. Instead, the genes up-regulated in esk!/
show extensive overlap with genes reported to
be induced by salt and osmotic stresses as well
as by ABA, including PP2Cs (Xin and Browse
1998; Xin et al. 2007). ESK1 is a negative regu-
lator of a yet-unknown cold acclimation process
where ESK1 levels do not change during cold
acclimation. These results demonstrate a CBF/
DREBI1-independent pathway for cold acclima-
tion in Arabidopsis. Forward genetic screens for
drought-stress modulation of lateral root forma-
tion and non-CBF cold-inducible gene expres-
sion also identified ABA response mutants that
should provide insights into drought- and cold
tolerance machineries (Medina et al. 2005; Xiong
et al. 2006). An exciting development is the
recent report that expression in plants of bacterial
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Cold-Stress-inducible Proteins (CSPs) that func-
tion as RNA chaperones (for which there are
homologs in plants) confers improved cold, heat
and water-deficit tolerance in multiple plant spe-
cies and without costs to productivity under well-
watered conditions (Castiglioni et al. 2008).

B Heat Stress Responses

ABA is also known to be involved in heat stress
response (Penfield 2008). ABA and gibberellins
(GAs) act antagonistically to regulate seed germi-
nation, with ABA inhibiting it and GA promoting
it. Seed responsiveness to temperatures plays an
ecologically important role in the detection of
the appropriate seasonal timing for germination.
Suppression of germination at supraoptimal high
temperatures is called thermoinhibition (Rey-
nolds and Thompson 1971) and involvement of
ABA and GA has been implicated in this process
(Yoshioka et al. 1998; Gonai et al. 2004). Arabi-
dopsis germinates completely at 22°C, whereas
more than 90% of seed germination is suppressed
by incubation at 34°C. The ABA-deficient mutant
abal-1 and ABA-insensitive mutant abil-1 are
highly tolerant to thermoinhibition, suggesting
that ABA also plays an important role (Tamura
et al. 2006). Toh et al. (2008) showed that high
temperatures activate the ABA biosynthesis genes
ABAI, NCED2, NCED5 and NCED9 and also
enhance expression of a GA negative-regulator
gene (SPY) which suppresses expression of GA
biosynthesis genes. This scheme is quite similar
to that of dormant seeds imbibed at room tempera-
ture. A common genetic mechanism may regulate
the inhibition of germination in dormant seeds and
after-ripened seeds exposed to high temperature.
Transition of the active growth phase to the rest-
ing stage observed in many herbaceous species in
Mediterranean habitats occurs after induction of
summer dormancy (Ofir and Kerem 1982). This
transition involves major developmental changes
including production of bulbs, corms, and tuber-
ous roots, formation of dormant buds and arrest
of meristematic activity followed by senescence
of above-ground parts. The summer dormancy of
Poa bulbosa is induced by long days and water
deficits. Exogenous ABA can also induce sum-
mer dormancy, suggesting that increased levels
of endogenous ABA are likely involved in these
pathways (Ofir and Kigel 1998, 2007).
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Exogenous ABA, heavy metals or dehydration
stress induce heat tolerance in maize seedlings
(Bonham-Smith et al. 1987). Overexpression
of the seed-specific HSFA9 transcription factor
from sunflower is sufficient to confer tolerance
to severe dehydration to vegetative tissues of
transgenic tobacco (Prieto-Dapena et al. 2008).
ABA also induces heat tolerance of cell-suspen-
sion culture prepared from bromegrass (Bro-
mus inermis), suggesting that ABA confers heat
tolerance at the cellular level (Robertson et al.
1994). It is noteworthy that ABA application
also confers freezing tolerance of these cells at
nonacclimating temperatures (Chen and Gusta
1983), suggesting that ABA confers simultane-
ously more than one temperature stress tolerance.
Transient accumulation of endogenous ABA was
observed after heat treatment in pea (Liu et al.
2006). Larkindale et al. (2005) investigated 45
Arabidopsis mutants for heat stress tolerance and
found that ABA signaling mutants abil/-/ and
abi2-1 showed the strongest defects in acquired
thermotolerance, but the accumulation of heat
shock proteins (HSPs) was not affected in these
mutants, suggesting that ABA function in heat
stress response is different from HSP-pathway
(Kotak et al. 2007). However, a genetic screen
with an Arabidopsis cDNA expression library
for ABA insensitivity during germination identi-
fied HSP17.6A as a negative regulator of ABA
response (Papdi et al. 2008). A dominant mutant
that shows high tolerance to hot and dry air (har-
mattan tolerant 1, hatl) is also ABA hypersen-
sitive (Yan et al. 2006a). Brassinolide treatment
can enhance the thermotolerance of Brassica
napus leaves by elevating ABA levels (Kurepin
et al. 2008).

ABA appears to function in preventing dena-
turation and coagulation of cellular proteins or
membranes under heat stress condition by induc-
tion of heat-stable polypeptides in combination
with sucrose (Robertson et al. 1994), and also
to protect cells from heat stress-induced oxida-
tive stress (Larkindale and Knight 2002; Lar-
kindale and Huang 2004). Recently Zimmerli
et al. (2008) reported that B-aminobutyric acid
(BABA)-induced thermotolerance of Arabidop-
sis requires HSP101, suggesting that ABA might
also function in an HSP-dependent pathway. Heat
tolerance also involves calcium, IP, and H,O, that
are known second messengers of ABA signaling,



3 The Role of Abscisic Acid

as well as other plant hormones salicylic acid (SA)
and ethylene (Kotak et al. 2007). A highly con-
served transcriptional coactivator, MBF1c¢ (multi-
protein bridging factor 1c), is a key regulator of
thermotolerance in Arabidopsis, possibly by inter-
action with TPSS5 (trehalose phosphate synthases5),
which is heat-inducible and #s5 mutants are ther-
mosensitive. Interactions between SA, ethylene
and ABA signaling in heat stress response are
unclear but this is not different than other hormone
cross-talk in stress responses.

VIl Cross-Talk Between Abiotic
and Biotic Stress Responses

A large body of evidence indicates cross talk
between abiotic and biotic stress responses is
mediated by stress hormones. SA, jasmonic acid
(JA) and ethylene form a complex network that
plays major roles in disease resistance (Thomma
etal. 2001; Lopez et al. 2008). ABA itself mainly
plays a negative role in disease resistance, prob-
ably by an antagonistic effect on SA/JA/ethyl-
ene-mediated defense signaling (Mauch-Mani
and Mauch 2005; Korolev et al. 2008; Yasuda
et al. 2008). Effectors/elicitors secreted by Pseu-
domonas syringae pv. tomato activate ABA bio-
synthesis and ABA signaling, which leads to the
suppression of defense responses (de Torres-
Zabalaetal. 2007). However, several studies have
reported the positive effect of ABA on disease
resistance. Plant stomata serve as passive port of
bacterial entry during infection. Pathogen-asso-
ciated molecular patterns (PAMPs) of P. syrin-
gae pv. tomato induce stomatal closure, which
requires the flagellin receptor FLS2, ABA bio-
synthesis, NO production, and OST1, suggesting
the integration of abiotic and biotic signaling in
stomatal regulation (Melotto et al. 2006). Expres-
sion of the type III effector HopAM1/AvrPpiB
makes transgenic Arabidopsis hypersensitive to
ABA for stomatal closure and germination arrest
(Goel et al. 2008). A link between thermotoler-
ance, ABA and biotic stress has been uncovered
with the non-protein amino acid BABA. Treat-
ment of plants with BABA results in resistance to
biotic as well as abiotic stresses such as drought,
high salt (Conrath et al. 2002), and heat (Zimmerli
etal. 2008). A mutant impaired in BABA-induced
sterility (ibs3) is affected in the regulation of the

49

ABAI gene and BABA-induced pathogen and
salt resistance (Ton et al. 2005). BABA prevents
pathogen-induced suppression of ABA accumu-
lation and sensitizes the tissue to ABA (Flors
et al. 2008). ABA-insensitive and biosynthetic
mutants show defects in BABA-acquired thermo-
and salt tolerance (Jakab et al. 2005; Larkindale
et al. 2005), suggesting that the BABA-induced
resistance (BABA-IR) requires ABA biosynthe-
sis and ABA signaling (Ton and Mauch-Mani
2004; Ton et al. 2005). Further evidence of a
link between ABA-mediated abiotic and biotic
signaling was also shown by isolation of an acti-
vation-tagged mutant of adr (activated disease
resistancel) that exhibits both broad-spectrum
disease resistance and drought tolerance. ADRI
encodes a CC (coiled-coil domain)-NBS (nucle-
otide-binding site)-LRR (leucine-rich repeat)
protein with putative Ser/Thr kinase domains.
A large proportion of the genes up-regulated
in adrl overlapped with genes for dehydration
stress responses. The drought tolerance requires
SA, EDS (ENHANCED DISEASE SUSCEPTI-
BILITYI), and ABII. Interestingly, adrl plants
are more sensitive to heat and salt stresses, sug-
gesting an antagonism between abiotic stresses
and biotic stresses (Chini et al. 2004).

HrpN, a protein elicitor produced by the plant
pathogenic bacterium Erwinia amylovora, stimu-
lates growth and resistance to insect and bacte-
rial infection when applied to Arabidopsis. HrpN
application increases endogenous ABA levels and
activates ABA signaling, and results in increased
drought tolerance. HrpN application fails to acti-
vate ABA signaling in the abi2-1 mutant, which
are resistant to P. syringae pv. tomato (Dong et al.
2005). These results suggest that HrpN stimu-
lates ABA accumulation and ABA signaling in
an ABI2-dependent manner to develop drought
tolerance, which is distinct from the mechanism
of resistance to bacterial infection. These results
indicate that ABA should be added to the complex
network of SA/JA/ethylene to regulate biotic and
abiotic stress responses positively or negatively.
Figure 2 and Table 1 summarize some of these
interactions in terms of key mutants that have
proved instrumental in providing insight into com-
plex physiological processes during germination
and seedling growth. Figure 3 also illustrates the
interactions between abiotic- and biotic stresses
that are mediated by ABA.



Fig. 2. Schematic of signaling pathways that interact with
ABA regulation of germination. Arrows represent promotion
of processes or expression of the regulators. Bars represent
inhibitors of the indicated processes. Positions of loci do not

imply order of gene action. Note that PKRABA1, GAMyb and

SLN are barley genes (Reprinted from Finkelstein et al. 2002.

With permission).
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Table 1. Select mutants defective in ABA synthesis or responses that laid the groundwork for insights into the roles of ABA in
growth, development and hormone crosstalk.

Mutation/ Alleles or
Species AGI ABA phenotype orthologs Gene product References (mostly prior to 2002)
Arabidopsis  abal ABA-deficient los6 Zeaxanthin epoxidase Koornneef et al. (1982); Xiong
thaliana et al. (2001b)
AT5G67030 npq2 Niyogi et al. (1998)
aba2 ABA-deficient ginl Xanthoxin oxidase; Leon-Kloosterziel et al. (1996);
isi4 short-chain dehydroge- Laby et al. (2000); Rook et al.
AT1G52340 sisd nase/reductase (2001)
aba3 ABA-deficient frsl Aldehyde oxidase- Leon-Kloosterziel et al. (1996);
AT1G16540 los5 molybdenum cofactor Llorente et al. (2000); Rook et al.
AT2G27150 sulfurase (2001); Xiong et al. (2001b);
AT1G04580 Wollers et al. (2008)
aao3, aao4  ABA-deficient ABA aldehyde oxidase Seo et al. (2000, 2006)
aba4 ABA-deficient, Intramolecular caro-  Dall’Osto et al. (2007); North et al.
AT1G67080 reduced tenoid oxidoreductase (2007)
photoprotection activity
abil-1 ABA-resistant Protein phosphatase ~ Koornneef et al. (1984); Leung
AT4G26080  (pleiotropic) 2C et al. (1994); Meyer et al. (1994);
Moes et al. (2008)
abi2-1 ABA-resistant Protein phosphatase ~ Koornneef et al. (1984); Leung et al.
AT5G57050 (pleiotropic) 2C (1997); Rodriguez et al. (1998)
abi3 ABA-resistant Cereal B3 domain Koornneef et al. (1984); Giraudat
AT3G24650 VPI transcription factor et al. (1992)
abi4 ABA-resistant gin6 APETALA2-domain  Finkelstein (1994); Finkelstein
isi3 transcription factor et al. (1998); Arenas-Huertero et al.
sans (2000); Huijser et al. (2000); Laby
sis5 et al. (2000); Rook et al. (2001);
AT2G40220 suné Dekkers et al. (2008)
abi5 ABA-resistant AtDPBF1 bZIP domain Finkelstein, (1994); Finkelstein
AT2G36270 gial transcription factor and Lynch (2000); Lopez-Molina
and Chua (2000); Garcia et al.
(2008)
afpl,2,4 ABI5/ABF- TMAC2 Molecular function Lopez-Molina et al. (2003); Huang
AT1G69260 binding protein; unknown and Wu (2007); Garcia et al. (2008)
AT1G13740 ABA-hypersensitive
AT3G02140
myb44 Drought/salt MYB transcription Huang et al. (2007); Jung et al.
AT5G67300 sensitivity; factor (2008)

ABA-induced

(continued)
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Table 1. (continued)
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Mutation/ Alleles or
Species AGI ABA phenotype orthologs Gene product References (mostly prior to 2002)
abi8 ABA-resistant eldl] Molecular function Brocard-Gifford et al. (2004)
unknown; cellulose
AT3G08550 kob1 biosynthesis
abhl ABA-hypersensitive CBP80 mRNA CAP-binding  Hugouvieux et al. (2001); Gregory
AT2G13540 (pleiotropic) protein subunit et al. (2008)
cbp20 ABA-hypersensitive mRNA CAP-binding  Papp et al. (2004)
AT5G44200 (pleiotropic) protein subunit
eral ABA-hypersensitive wiggum Farnesyl transferase,  Cutler et al. (1996); Dekkers et al.
AT5G40280 (pleiotropic) suppressor subunit (2008); Johnson et al. (2005);
of nprl Wang et al. (2005);; Goritschnig
et al. (2008)
eral ABA-hypersensitive ein2 Membrane-bound Alonso et al. (1999); Ghassemian
(pleiotropic) ckrl metal sensor?; Auxin et al. (2000); Adie et al. (2007);
AT5G03280 pir2 polar transport Negi et al. (2008); Wang et al.
(2007)
tmm Too many mouths; AtRLP17 LRR-receptor-like Wang et al. (2008a)
At1g80080 ABA insensitive to protein
chlorosis
AtRLP41 ABA hypersensitive LRR-receptor-like Wang et al. (2008a)
At3g25010  to chlorosis; protein
senescence-induced
icmta ABA-hypersensitive Isoprenyl cysteine Bracha-Drori et al. (2008)
AT5G23320 (pleiotropic) Methyltransferase
hos1 Deregulated reporter RING finger protein ~ Lee et al. (2001); Dong et al.
AT2G39810 expression (20006)
hos?2 Deregulated reporter fieryl 3°.2’,5’-bisphosphate  Quintero et al. (1996); Xiong et al.
AT5G63980 expression sall nucleotidase; Inositol  (2004); Gy et al. (2007)
polyphosphate
1-phosphatase
hos10 Deregulated reporter MYBS8 R2R3-MYB Zhu et al. (2005)
AT1G35515 expression transcription factor
Hspl7.64 ABA insensitivity of Heat shock protein Papdi et al. (2008)
AT5G12030 seeds when overex-
pressed;
ostl Open stomata SNRK2-6 Calcium-independent Li and Assmann (1996); Li et al.
AT4G33950 V. faba AAPK ABA-activated (2000); Mustilli et al. (2002)
protein kinase
mkkl ABA-insensitive Mitogen-activated Qiu et al. (2008); Xing et al. (2008)
AT4G26070 in germination kinase kinase
sadl Deregulated reporter U6-related Sm Xiong et al. (2001)
AT5G48870 expression, Reduced like small
ABA biosynthesis, ribonucleoprotein
hypersensitive to ABA
clal ABA-deficient; albino 1-deoxy-D-xylulose-  Estévez et al. (2000)
AT4G15560 S-phosphate synthase
hyll Hypersensitive dsRNA-binding Lu and Fedoroff (2000); Song et al.
AT1G09700 to ABA; pleiotropic protein; miRNA (2007)
biogenesis
axr2 Resistant to ABA, 1AA7 Transcription Wilson et al. (1990); Nagpal et al.
AT3G23050 auxin and ethylene; regulator (2000); Nakamura et al. (2006)
dominant neg.
bril ABA hypersensitive, binl S/T-protein kinase Li and Chory, (1997); Steber and
BR-insensitive chb2 McCourt (2001)
AT4G39400 dwf2

(continued)
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Table 1. (continued)

Mutation/ Alleles or
Species AGI ABA phenotype orthologs Gene product References (mostly prior to 2002)
ibrs INDOLE-3-BUTYRIC Tyr/ser/thr protein Strader et al. (2008)
AT2G04550 ACID RESPONSES; phosphatase
ABA insensitive
det2 ABA hypersensitive, awft Steroid reductase Steber and McCourt (2001)
AT2G38050 de-etiolated
jarl Hypersensitive to ABA, Staswick et al. (1992); Berger et al.
AT2G46370 JA-resistant (1996)
lecl slightly ABA resistant  emb212 CCAAT-box binding, Meinke et al. (1994); Parcy et al.
AT1G21970 HAP3 homolog (1997); Lotan et al. (1998)
los1 Deregulated reporter Translation elongation Guo et al. (2002)
AT1G56070 expression factor 2-like
pril Hypersensitive to ABA Nuclear WD40- Nemeth et al. (1998); Bhalerao
AT4G15900 (also to cytokinin, ethyl- domain protein et al. (1999); Li et al. (2007); Lee
ene, auxin, & sugars) et al. (2008c)
pdr3 pleiotropic drug resist- Transporter Galbiati et al. (2008)
ance 3
AT2G29940 ABA-insensitive
stomata
hatl ABA hypersensitive harmattan Yan et al. (2006a)
tolerant 1
sax1 ABA- and auxin-hyper- Ephritikhine et al. (1999)
sensitive, BR-deficient
gecal, gca?  ABA-resistant (pleio- Pei et al. (2000);
tropic) Chung and Parish (2008)
gca3—gca8  ABA-resistant root Himmelbach et al. (1998)
growth
adel Deregulated reporter Foster and Chua (1999)
expression
hlg, sbr Deregulated reporter Subramanian et al. (2002)
expression
Craterostigma cdt-1 Constitutive ABA Regulatory siRNA Furini et al. (1997); Phillips et al.
plantagineum response in callus (2007); Hilbricht et al. (2008a)
cultures
Triticum ABA27 ABA hypersensitive Kobayashi et al. (2008a, b, c)
aestivum
Hordeum cool ABA-insensitivity in Raskin and Ladyman (1988)
vulgare guard cells
Zea mays vpl Viviparous, ABA- AtABI3 B3-domain Robertson, (1955); McCarty et al.
insensitive seeds transcription factor (1991)
vpl4 Viviparous, ABA- AtNCED3 9-cis-neoxanthin Neill et al. (1986); Schwartz et al.
deficient AT3G 14440 epoxycarotenoid (1997)
dioxygenase
vp8 Viviparous; altered AtAMP1 Peptidase Suzuki et al. (2008a)
anthocyanin AT3G54720
and aleurone cell
differentiation
rea ABA-resistant Sturaro et al. (1996)

Oryza sativa  phs

germination, occasional
vivipary, red embryos
Pre-harvest sprouting,
ABA-deficient

Phytoene desatu-

rase, Zeta-carotene
desaturase, Carotenoid
isomerase, Lycopene
beta-cyclase

Fang et al. (2008)
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Fig. 3. Overview of signaling pathways between abiotic and biotic stresses. The figure shows signaling components involved
in the response to abiotic and biotic factors. ABA-dependent and ABA-independent pathways are indicated by black lines and
dashed lines, respectively.

Box 3.2 Comparative Genomics Approaches to Stress Tolerance

With an increasing number of gene sequences becoming available, insights into genome and gene
sequence evolution as well as the ancestral pathways of ABA biosynthesis and stress responses
across the plant kingdom will further our understanding of these processes in seed plants. For
example, poplar is a model organism for comparative plant genomics, forestry, and the seasonal
cycling between growth, flowering, and dormancy. An unusual case of linkage disequilibrium for
two ABII orthologue haplotypes in poplar suggests that balancing selection may occur for ABA
signaling (Garcia and Ingvarsson 2007). Several studies have shown natural variation in poplar
ecotypes for various stress responses including drought and UV-B radiation tolerance (Ren et al.
2007). These genetic resources in combination with deep genomics such as stress-induced ESTs
(Nanjo et al. 2004) can provide insight into evolution of stress tolerance.

ABA is ubiquitous in non-vascular plants and its signaling pathways are deeply conserved. The
existence of phylogenetic footprints for ABI3 and FUS3 binding to spore-specific promoters of
fern (Schallau et al. 2008) and the full or partial complementation of abi3 phenotypes with a gym-
nosperm (Zeng and Kermode 2004) or moss (Marella et al. 2006) homologue suggests conserva-
tion of regulatory pathways controlling gene expression from bryophytes to angiosperm seeds.
Availability of the P. patens genome sequence (Rensing et al. 2008) along with technologies such
as RNAi (Harries et al. 2005), microarrays (Cuming et al. 2007), mapping (McDaniel 2009) and an
inventory of microRNAs (Axtell and Bowman 2008) allows kingdom-wide comparative analysis
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Box 3.2 (continued)

of ABA signaling pathways (Quatrano et al. 2007). For example, the P. patens drought-responsive
element binding (DREB) factor DBF1 transcripts from P. patens accumulate under various abi-
otic stresses and phytohormone treatments, and transgenic tobacco plants over-expressing PpDBF1
gained higher tolerance to salt, drought and cold stresses (Liu et al. 2007b). Interestingly, a wheat
ABA-responsive Em gene promoter that has two copies of the ABRE is sufficient to confer ABA-
inducible gene expression in the moss P. patens (Knight et al. 1995). DNasel footprinting was used
by Knight et al. (1995) to confirm that a moss nuclear factor bound specifically to the Emla site. In
fact, they showed that a 10 bp region of DNA overlapped with part of the Emla site, defined in cere-
als by methylation interference (Guiltinan et al. 1990). The abil-1 allele of Arabidopsis was shown
to functionally repress the ABA-dependent activation of a wheat Em gene promoter in the moss
(Marella et al. 2006). Moreover, an ABA-responsive gene encoding a LEA protein (PpLEA1) was
found to have an ACGT-containing ABRE similar to seed plants, and disruption of the ABRE-like
motif diminished the ABA induction. Surprisingly, the PpLEA 1 promoter failed to respond to ABA
when introduced into barley aleurone cells (Kamisugi and Cuming 2005), suggesting a conserved
but partly distinct ABA signaling pathway between the moss and angiosperms. Taken together,
these results show the P. patens system is valuable for comparative structural and functional studies

of ABA-response pathways.

VIl Regulation of ABA Metabolism

The rates of ABA biosynthesis and catabolism
within a tissue in response to abiotic stresses, as
well as the mobility of ABA metabolites between
cells and tissues, will determine the concentrations
ofthe hormone and hence its impact in the response.
ABA is a potential signal for cold-induced pollen
sterility in rice by differential regulation of ABA
biosynthesis and catabolism genes (Oliver et al.
2007). The phytoene synthase paralogue PSY3
is a rate-limiting enzyme for ABA biosynthesis
in drought-stressed maize and rice roots (Li et al.
2008b; Welsch et al. 2008). A noninvasive, cell-
autonomous reporter system has been developed
which can monitor the generation and distribution
of physiologically active pools of ABA (Christ-
mann et al. 2005). The subject of ABA biosynthe-
sis and catabolism, as well as regulation of ABA
metabolism in relation to its physiological roles and
tissue-specificity have been previously reviewed
and is updated briefly here (Finkelstein and Rock
2002; Nambara and Marion-Poll 2005). With the
recent cloning of ABA4, a single-copy gene in Ara-
bidopsis that affects neoxanthin isomer produc-
tion, the near complete pathway of stress-induced
ABA biosynthesis from carotenoids has been
elucidated genetically (Dall’Osto et al. 2007;

North et al. 2007) (Fig. 4). The viviparous15 (vp)
and vpl0 loci of maize encode molybdopterin
synthase small subunit and CNX1, respectively,
which act at the final common step of molyb-
denum cofactor (MoCo) synthesis required for
ABA-aldehyde oxidation similar to ABA3 in Ara-
bidopsis (Fig. 4) (Porch et al. 2006; Suzuki et al.
2006). The C-terminal domain of ABA3 might
act as a scaffold protein where prebound desulfo-
molybdenum cofactor is converted into sulfurated
cofactor prior to activation of aldehyde oxidase
(Wollers et al. 2008).

Several genes involved in ABA catabolism
have recently been elucidated. A novel pathway
of ABA hydroxylation at the 9’ position to give
neophaseic acid in fruits, seeds and seedlings has
been uncovered (Zhou et al. 2004), but the genes
that catalyze this reaction are not yet known. The
metabolites 7'- and 9'-hydroxy ABA and to a
lesser extent 8'-ABA have hormonal activity in
lipid synthesis in microspore-derived embryos
of Brassica napus (Jadhav et al. 2008), suggest-
ing that these ABA metabolites also have hor-
monal functions in ABA-regulated processes in
plants. Genome-wide expression analyses of over
280 P450 monoxygenase genes in Arabidopsis
revealed that CYP707A2 transcript abundance
correlates with the rapid decrease in ABA level
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during seed imbibition (Kushiro et al. 2004).
During drought stress conditions, all four
CYP707A homologs are up-regulated, and upon
rehydration a significant increase in mRNA levels
is observed. Insect cells expressing CYP707A3
efficiently metabolize (+)-ABA to yield phaseic
acid, the isomerized form of 8'-hydroxy-ABA
(Saito et al. 2004), thereby establishing that
CYP707As are responsible for the major path-
way of ABA catabolism by 8'-hydroxylation
of (+)-ABA (Fig. 4). Similar results have been
obtained with bean and barley homologs (Millar
et al. 2006; Yang and Zeevaart 2006). Cyp707al
and cyp707A42 knockout mutants of Arabidop-
sis exhibit ABA hyperdormancy in seeds and
accumulate more ABA than wild type; expres-
sion patterns suggest Al is involved in the mid-
maturation phase of ABA decline and A2 in late
maturation (Kushiro et al. 2004; Okamoto et al.
2006). Knockout mutants of cyp707a3 contain
higher ABA levels in turgid plants, reduced tran-
spiration rates and hypersensitivity to exogenous
ABA during early seedling growth, measured by
ABA-inducible gene expression and enhanced
drought tolerance (Umezawa et al. 2006). The
finding that phytochrome controls CYP707A
and NCED expression inversely to gibberel-
lin biosynthetic genes provides insight into the
molecular mechanism of photoreversibility of
seed germination (Seo et al. 2006; Donohue
et al. 2008; Sawada et al. 2008), and possibly
leaf inclination (Mullen et al. 2006). PHYTO-
CHROME-INTERACTING FACTOR3-LIKES
(PILS) is a light-labile basic helix-loop-helix
protein that increases ABA levels by activating
ABA biosynthetic genes and repressing an ABA
catabolic gene (Oh et al. 2007) via trans-acti-
vation of SOMNUS, a CCCH-type zinc finger
protein important for light-regulation of germina-
tion (Kim et al. 2008a). Crosstalk between light
and ABA responses in seed germination, early
seedling growth and root development has been
demonstrated recently by ABA-dependent HY'S
transactivation of ABIS and LEAs (Chen et al.
2008). Blue light promotes dormancy in freshly
harvested cereal grains by promoting the expres-
sion HYNCED], whereas dark or after-ripening
promotes expression of ABA catabolic gene
HvABAS'-OH (Gubler et al. 2008).

The flooding- and ethylene-induced cell elon-
gation of deepwater rice has been extensively
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studied as a model for vegetative ABA and
gibberellin physiological activities. The rapid
decrease in ABA levels in submerged rice shoots
is controlled partly by ethylene-induced expres-
sion of OsABAS8ox1 and partly by suppression
of genes involved in the biosynthesis of ABA
(Choi 2007; Saika et al. 2007). ABA antagonizes
cytokinin and promotes senescence, which can be
viewed as a type of cell death program activated
during drought stress. Recent results showing that
overexpression of cytokinin biosynthetic genes
can promote drought tolerance (Rivero et al.
2007) suggesting that a complementary approach
of modulating ABA metabolism in senescing
leaves may also promote stress tolerance.

Uniconazole-P is a strong competitive inhibitor
(K, = 8.0 nm) of ABA &'-hydroxylase (Saito et al.
2006). ABA analogues have been synthesized that
are competitive inhibitors of ABA-8'-hydroxylase
and 9-cis-epoxycarotenoid dioxygenase, which
provides new leads for non-azole plant growth regu-
lators for stress adaptation, and reagents for ABA
receptor and enzyme structure—function studies (Han
et al. 2004; Araki et al. 2006; Kitahata et al. 2006;
Nyangulu et al. 2006; Smith et al. 2006; Huang et al.
2007; 2008a; Ueno et al. 2007). Biotin-labeled ABA
has been used to specifically probe binding sites on
plasma membranes (Kitahata et al. 2005).

An ABA-specific UDP-glucosyl transferase
(UGT71B6) has been characterized that when
overexpressed leads to massive accumulation
of ABA-GE and reduced levels of the oxidative
metabolites PA and DPA (Priest et al. 2006). The
recent discovery of a stress-inducible AtBETA
GLUCOSIDASE!1 (AtBG1) has challenged the
long-held belief that conjugation of ABA to its
biologically inactive glucose-ester is irreversible
(Lee et al. 2006; Jiang and Hartung 2008), refo-
cusing attention on the importance of catabolism
underlying ABA accumulation, redistribution and
sites of perception. Knockout mutants of AtBG1
exhibit defective stomatal movement, early ger-
mination, abiotic stress-sensitive phenotypes and
lower ABA levels, whereas plants with ectopic
AtBG1 accumulate higher ABA levels and display
enhanced tolerance to abiotic stress. Dehydration
rapidly induces polymerization of AtBGI and
increases its enzymatic activity (Lee et al. 20006).

NCED3 (VIVIPAROUS 14 orthologue in maize)
is one of a family of epoxycarotenoid dioxygen-
ases that catalyze the rate-limiting step of ABA
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biosynthesis (reviewed in Nambara and Marion-Poll
2005). AINCED6 and AtNCED9 are required for
ABA biosynthesis during seed development (Lefe-
bvre et al. 2006). A MYB transcription factor,
HIGH OSMOTIC STRESS10 (HOS10) is a posi-
tive effector of NCED3 expression in response to
cold, salt and ABA (Zhu et al. 2005). The NCED3
maize orthologue VP14 is down-regulated in a
vp8 background, whereas the ZmABA 8'-hydrox-
ylase gene is strongly up-regulated. VP8 encodes
a putative peptidase closely related to Arabidop-
sis ALTERED MERISTEM PROGRAMI, sug-
gesting that VP8 is required for synthesis of an
unidentified signal that may integrate meristem
formation and ABA-mediated embryo maturation
(Suzuki et al. 2008a). The XERICO gene encodes
a protein with an N-terminal trans-membrane
domain and a RING-H2 zinc-finger motif that
positively regulates the AtNCED3 gene (Ko et al.
2006). The downstream biosynthetic enzymes
AtABA2 and AAQO3 are localized constitutively
in Arabidopsis vascular parenchyma cells at the
boundary between xylem and phloem bundles,
whereas the AtNCED3 protein is undetectable
in these tissues except in water-stressed plants
where it accumulates rapidly within 1 h and more
broadly in mesophyll cells after several hours
(Endo et al. 2008). There is evidence for an ABA-
independent induction pathway for NCED3 that
is NaCl-dependent (Barrero et al. 2006). Overex-
pression of NCEDs in tomato increases transpi-
ration efficiency, root hydraulic conductivity and
net assimilation (Thompson et al. 2007).

An ABA-deficient mutant has been identified
that encodes a zeta-carotene desaturase (Dong et al.
2007). Dissociation of neoxanthin from the major
light-harvesting chlorophyll-a/b complex upon
temperature increase is thought to provide a readily
available substrate pool for synthesis of ABA dur-
ing stress responses (Hobe et al. 2006). There are
several carotenoid cleavage dioxygenases (CCDs)
in Arabidopsis that do not participate in ABA bio-
synthesis. Interestingly, two of these (AtCCD7
and AtCCDS) have been shown to encode genes
for MAX3 and MAX4 that produce a novel signal-
ing molecule necessary for the regulation of lateral
shoot branching (Schwartz et al. 2004; Auldridge
etal. 2006). These genes may have applications for
altering the growth habit of crops.

The ABAI locus encodes zeaxanthin epoxidase,
the transcription of which in germinating seeds
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is modulated by a putative glutamate receptor
(AtGLRI1.1) that functions with hexokinase
HXK1 asaregulator of C and N metabolism (Kang
et al. 2004). ABA2 promoter activity is enhanced
by multiple prolonged stresses such as drought,
salinity, cold and flooding, but not by short-term
stress treatments, suggesting a fine-tuning func-
tion of ABA2 in ABA biosynthesis (Lin et al.
2007). The AAO3 gene catalyzes the last step of
ABA biosynthesis and thus study of its tissue-
specific expression can provide insight into ABA
physiology. A transgenic ProAAO3:AAQO3::GFP
construct restores the wilty phenotype of the
aao3 mutant and GFP-fluorescence is detected in
the root tips, vascular bundles of roots, hypoco-
tyls and inflorescence stems, and most strongly in
phloem companion cells as well as xylem paren-
chyma cells. These results indicate that the ABA
synthesized in vascular systems is transported
to various target tissues and cells, and also that
the guard cells themselves are able to synthesize
ABA (Koiwai et al. 2004).
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Summary

Calcium is an essential second messenger in plant signaling networks. Many environmental
and developmental stimuli induce an increase in cytosolic calcium to trigger different physiological
responses. The specificity of Ca*" signaling is achieved by a combination of distinct calcium signatures
that are generated by specific calcium channels, pumps and transporters, and diverse calcium sensors
that differ by their expression pattern, sub-cellular localization, substrate specificities and calcium sensi-
tivities. Calcium binding modifies the structural conformation or enzymatic activity of the calcium sensors,
which subsequently regulate downstream targets. Calmodulin is the most important Ca*" transducer in
eukaryotes and regulates numerous proteins with diverse cellular functions, including protein kinases.
Plants also possess specific multigene families of protein kinases that play crucial roles in mediating
calcium signaling. The multiplicity and diversity of plant calcium sensors, as well as the interconnec-
tions between various signal transduction pathways, constitute a tightly regulated signaling network that
induces specific stress responses to improve plant survival.
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I Introduction

Calcium is an essential plant nutrient that plays
structural roles in the cell wall and membranes,
and regulates plant growth and development
(Hepler 2005). However, to avoid toxicity, cal-
cium is maintained at low levels in the cytosol
through the activation of calcium pumps and
storage in multiple intracellular compartments
as well as extracellular spaces (Fig. 1) (Sanders
et al. 2002). While the role of calcium seems to be
limited in prokaryotes (Dominguez 2004), it has
evolved to be a ubiquitous second messenger in
plants that mediates complex responses to devel-
opmental and environmental cues. Many exter-
nal and internal signals can strongly, rapidly and
transiently increase cytosolic calcium [Caz*]cyt,
through the regulation of diverse calcium trans-
port systems (Fig. 1). The abundance of buffering
calcium binding proteins in the cytosol can reduce
calcium mobility and facilitate the localized and
spatially distinct elevations in calcium concentra-
tions (White and Broadley 2003). These calcium
signals can be decoded by protein sensors which
display an altered conformation and/or activity
upon calcium binding. Understanding the specifi-
city of calcium signaling has been a major chal-
lenge in plant biology for decades, since many
diverse stimuli generate Ca®" signals to trigger
totally different responses. This signaling spe-
cificity can be achieved by different features of
calcium signatures, distinct calcium sensitivities,
expression and localization of calcium sensors
and their downstream relay partners, as well as
interactions with other signaling cascades. This
review provides an overview of plant calcium sig-
naling in response to abiotic stresses.

Abbreviations ABA —abscisic acid; ACA —auto-inhibited Ca*'-
ATPase; cADPR—cyclic ADP Ribose; CaM-—calmodulin;
CaMBP—calmodulin-binding protein; CAMTA —calmodulin-
binding transcription activator; CBK-calmodulin-binding
protein kinase; CBL—calcineurin B-like; CCaMK—calcium
and calmodulin-dependent protein kinase; CDPK—calcium-
dependent protein kinase; CIPK-CBL-interacting protein
kinase; CML-calmodulin-like; CNGC--cyclic-nucleotide
gated channel; cNMP—cyclic nucleotide monophosphate;
CRK-CDPK-related protein kinase; DGK-—diacylglycerol
kinase; GABA —y-aminobutyric acid; GAD—glutamate decar-
boxylase; IP,~inositoltriphosphate; MAPK —mitogen-activated
protein kinase; PA — phosphatidic acid; PI-PLC—phosphoi-
nositide-specific phospholipase C; PLD—phospholipase D;
SOS—salt-overly sensitive
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Fig. 1. Schematic representation of Ca**-permeable channels,
pumps and transporters that are proposed to be involved
in calcium signaling in response to abiotic stresses. Ca**-
permeable channels (cylinders) can be regulated by volt-
age, either hyperpolarization (HAC) or depolarization
(DAC) or ligands. The ligand-gated channels include IP,
receptors (IP,-R), cADPR receptors (cADPR-R), gluta-
mate receptors (GLR) and cyclic nucleotide-gated chan-
nels (CNGC). Genes encoding HAC, DAC, IP,-R and
cADPR-R have not been identified in plants. Ca**-pumps
and transporters (ovals) comprise ACA and ECA Ca*-
ATPases, and the CAX Ca*/H"-antiporters. Biochemical
and electrophysiological evidence indicate the presence
of Ca?" transport systems involved in stress responses in
the mitochondria (MT) and the nucleus, but their molecu-
lar identity is not clear yet. Currently, there is no evidence
for the involvement of plastids (PL) in regulating abiotic
stress Ca?" signals. The estimated calcium concentration
is indicated for each cellular compartment (Pauly et al.
2001; Reddy and Reddy 2004) (Adapted from Reddy and
Reddy 2004).

Il Calcium Signals
A Calcium Signatures

Valuable tools have been developed to monitor
[Ca*], " Fluorescent dyes, like fluo-4, fura-2 and
indo-1, allow single-cell calcium imaging, whereas
the calcium-sensitive luminescent protein aequorin
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can be expressed in different cellular compartments
(Knight et al. 1991; Reddy and Reddy 2004). The
cameleon probe, which is based on green fluores-
cent protein, has been adapted for plant systems
to provide non-invasive features and high calcium
sensitivity (Allen et al. 1999). Using these tools,
increase in [Ca2+]Cyt has been monitored in response
to many abiotic stresses in plants (Scrase-Field and
Knight 2003; White and Broadley 2003). Calcium
signals are defined by kinetic parameters (ampli-
tude, duration, frequency, lag time) and spatial
features (calcium origin and localization), and a
particular combination of these factors appears to
be specific to each stimulus (Table 1). The cal-
cium response also depends on the strength of the
stimulus, allowing a tight regulation of subsequent
responses (Pauly et al. 2001). The use of calcium
chelators or inhibitors of calcium channels indi-
cates that different calcium sources are involved,
depending on the stimuli (White and Broadley
2003). For example, similar calcium kinetics
induced by cold and touch result from different
calcium sources and locations (Knight et al. 1991;
Wood et al. 2000), which eventually contributes
to response specificity. Furthermore, refractory
periods, during which seedlings can still respond
to other stimuli, have been described (Price et al.
1994), further demonstrating that distinct signals
mobilize calcium from different stores. In addition
to the cytosol, abiotic stresses also induce calcium
elevation in other cellular compartments, includ-
ing the nucleus and mitochondria (Subbaiah et al.
1998; van der Luit et al. 1999; Pauly et al. 2001).
Interestingly, the Ca®" signatures of organelles are
independent of the cytosolic Ca?* signals (Pauly
et al. 2000; Logan and Knight 2003). Calcium
signatures are also cell type and organ-specific in

response to various abiotic stresses (Kiegle et al.
2000; White and Broadley 2003).

B Role of Calcium Signatures

Because calcium changes have been associ-
ated with various downstream physiological
responses to abiotic stresses (Reddy and Reddy
2004), calcium signatures may be relevant for
encoding specific information for proper adapta-
tion to distinct conditions. For example, impair-
ing calcium signals with chelators or channel
inhibitors reduces plant tolerance to freezing
(Monroy et al. 1993) and heat shock (Gong et al.
1998), whereas calcium treatment increases plant
survival. Although calcium has been proposed
to act simply as a chemical switch (Scrase-Field
and Knight 2003), several lines of evidence sug-
gest that calcium signals can also carry specific
information that distinguishes the various abiotic
stresses. For example, in tobacco seedlings, wind
and cold induce the expression of NpCaM-1 in
a Ca?*-dependent manner. Although both stresses
increase Ca?" level in cytosol and nucleus,
cytosolic calcium triggers NpCaM-1 induction by
cold, whereas nuclear calcium is responsible for
NpCaM-1 induction by wind (van der Luit et al.
1999). Thus, calcium elevation in the same cellu-
lar compartment may display different functions,
depending on the stimulus. Recently, artificial
cytosolic calcium transients have been shown to
induce rapid transcriptome changes resembling
abscisic acid (ABA) responses in Arabidopsis
seedlings, further demonstrating that a particular
calcium signal can induce specific gene expression
patterns (Kaplan et al. 2006). Studies on stomatal
regulation in guard cells also support a specific

Table. 1. Calcium signatures in response to abiotic stresses.

Stimulus

Features of the cytosolic calcium signal

Calcium stores

Cold shock
Slow cooling

Hyperosmotic

and salt stress
Hypoosmotic stress
Mechanical stress
Oxidative stress
Anoxia

Heat shock

Single Ca?* peak (minutes)

Rapid and transient Ca?* peak (seconds)
Bimodal Ca** elevation (minutes)

Single or biphasic Ca** elevation (20-60 s)

Rapid and bimodal Ca*" elevation (minutes)
Rapid and transient Ca?* peak (seconds)

Rapid and sustained Ca®" elevation (hours)
Sustained Ca*" increase (15-30 min)

Mainly external

External and internal (vacuole,
IP,-dependent)

External and internal (vacuole,
IP,-dependent)

External and internal (ER)
Internal

External and internal

Internal (mitochondria)
External and internal

References: See review Scrase-Field and Knight (2003), White and Broadley (2003).
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role of calcium signatures. In the det3 mutant,
the altered calcium signal, induced by oxidative
stress, fails to trigger stomatal closure, while cal-
cium responses to cold and ABA are maintained.
Artificially imposing the calcium oscillations,
observed in wild-type plants, restores stomatal
closure in det3, indicating that the calcium signal
itself carries the information that induces specific
responses (Allen et al. 2000). In addition, pre-
treatment of seedlings with a stimulus modifies
calcium signals induced by other stresses, sug-
gesting that calcium may act as a memory signal
to help adjust better to subsequent unfavorable
conditions (White and Broadley 2003).

C Calcium Channels, Pumps
and Transporters

Increase in [Caz*]Cyt results from a combination of
calcium influx into the cytosol via Ca**-permeable
channels, according to the electrochemical
potential, and calcium efflux out of the cytosol
through energy-dependent calcium ATPases
and transporters (Fig. 1) (Sanders et al. 2002).
Ca’-permeable channels, which can be acti-
vated by hyper-polarization, depolarization or
ligand binding, such as glutamate, inositol tri-
phosphate (IP,), cyclic ADP ribose (cADPR)
and cyclic nucleotide monophosphate (cNMPs),
have been found in many different plant mem-
branes (White and Broadley 2003; Hetherington
and Brownlee 2004). Although the molecular
identity of these channels is mostly unknown,
their activities in response to abiotic stresses
and the ability of the ligands to elicit calcium
signals have been well documented (White and
Broadley 2003; Reddy and Reddy 2004; Peiter
et al. 2005; Carpaneto et al. 2007). For exam-
ple, IP, and cADPR can induce calcium release
from the vacuole and trigger the induction of
stress-responsive genes such as RD294 (Wu
etal. 1997; Xiong et al. 2002). The recent anno-
tation and cloning of genes encoding putative
calcium channels provides important tools to
study their involvement in generating calcium
signals (Sanders et al. 2002). The glutamate
receptor GLR3.3 mediates calcium entry into
the cytosol (Qi et al. 2006) and over-expression
of AtGluR2/GLR3.2 confers hypersensitivity
to Na® and K™ ions, but not to mannitol (Kim
et al. 2001). Thus, AtGluR2/GLR3.2 may play
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a specific role in Ca*-mediated adaptation to
ionic stresses. Recently, the Ca**-sensing recep-
tor CAS has been shown to control the Ca**-
resting level and to regulate IP, concentrations in
Arabidopsis (Tangetal.2007). Cyclic-nucleotide
gated channels (CNGCs), that are activated
by cNMPs, can conduct several types of cati-
ons, including calcium (Sanders et al. 2002;
Lemtiri-Chlieh and Berkowitz 2004). However,
the functional role of CAS and CNGCs in medi-
ating abiotic stress signaling requires further
investigation.

Calcium efflux from the cytosol allows replen-
ishment of internal and external stores (Fig. 1),
and a return to resting calcium levels, which may
contribute to shaping the specific and distinct cal-
cium signatures. Ca?* pumps, whose expression
is induced by salt stress, include the endoplasmic
reticulum (ER)-type Ca*-ATPases (ECA or type
ITA) and the auto-inhibited Ca**-ATPases (ACA or
type 1IB) (Fig. 1) (Geisler et al. 2000; Sze et al.
2000). Interestingly, the Arabidopsis vacuolar
ACAA4 restores growth on NaCl and mannitol in
a mutant yeast strain, suggesting a positive role
of ACA4 in plant stress tolerance (Geisler et al.
2000). Among the transporters, the vacuolar
Ca?"/H" antiporter CAX1, which is induced by
cold, has been shown to negatively regulate the
cold-acclimation response in Arabidopsis by
repressing the expression of CBF/DREBI genes
and their downstream targets (Hirschi 1999;
Catala et al. 2003).

Il Calcium Sensing and Signaling

Any modification in the concentration of calcium
must subsequently be decoded in the targeted
cells and organs to induce appropriate responses
depending on the stimulus. Calcium sensors have
been divided into two groups: the sensor relays,
including calmodulin (CaMs) and calcineurin
B-like (CBLs) proteins, and the sensor protein
kinases, such as calcium-dependent protein kinases
(CDPKs) as well as calcium and calmodulin-
dependent protein kinases (CCaMKs). CaMs
and CBLs do not possess any intrinsic activity
and have to transmit the calcium-induced modi-
fication to target proteins, whereas CDPKs and
CCaMKs are directly activated upon calcium
binding (Fig. 2).
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Fig. 2. Domain structure of plant calcium sensors. (a) Sensor
relays and protein kinase partners. CaM and CBL are sen-
sor relays that bind calcium through EF-hand motifs. CaM
subsequently regulates many different target proteins includ-
ing protein kinases (CRKs), whereas CBLs mainly activate
CIPKs by interacting with the FISL/NAF domain (CBL bind-
ing) to release auto-inhibition; (b) Sensor protein kinases: In
contrast to CRKs and CIPKs, the kinases CDPK and CCaMK
can directly bind calcium through their EF-hand motifs. As a
result, CDPKs function independently of other Ca*" sensors
whereas CCaMK activity can be further modulated by CaM
(Adapted from Harper et al. 2004).

A Sensor Relays

1 Calmodulin and Calmodulin-Like
Sensors

1.1 Biochemical Functions and Regulation

of Calmodulin

Calmodulin is a small protein composed of two
pairs of Ca?* binding sites named EF-hands (Luan
et al. 2002). Calcium binding modifies the CaM
globular structure into an open conformation
that allows interaction with proteins (Yamniuk
and Vogel 2005). This interaction subsequently
activates (Lee et al. 2000) or inhibits (Choi et al.
2005b; Yoo et al. 2005) CaM targets, translating
a calcium signal into a biochemical response.
The Arabidopsis genome contains seven CaM
genes encoding four isoforms that differ by only
one to four amino acids. In addition, Arabidopsis
contains 50 genes encoding CaM-like (CMLs)
proteins with more divergent sequences and
sometimes extra-domains that confer additional
properties (McCormack and Braam 2003).
Specificity of CaM-mediated responses results

from different expression patterns, specific targets,
calcium affinities, sub-cellular localization and
methylation (Luan et al. 2002; McCormack and
Braam 2003). CaM isoforms differ in their ability
to regulate target proteins (Lee et al., 2000; Yoo
et al. 2005), possibly due to different structural
interactions of the targets with CaM (Yamniuk
and Vogel 2005). A recent protein array study
has identified 173 protein targets of seven CaMs/
CMLs in Arabidopsis. Among them, about 25%
interact with all CaMs/CMLs tested, 50% with at
least two of them, and 25% are specific to one
CaM/CML (Popescu et al. 2007). CaMs sharing
the same targets can compete for binding (Lee
et al. 1999), indicating that target proteins are
tightly regulated depending on the amount of each
CaM isoform. Interestingly, a mutation converting
three amino acids of rice OsCaM1 into those of
OsCaM61, confers an ability to activate OsCBK
almost as efficiently as OsCaM61 (Li et al. 2006).
Thus, CaMs exhibit outstanding target specifici-
ties despite high levels of sequence identity. Dif-
ferent Ca?* sensitivities were observed depending
on CaM and target proteins, adding another layer
of regulation (Lee et al. 2000; Luoni et al. 2006).
CaMs also display multiple sub-cellular localiza-
tions (Yang and Poovaiah 2003). Interestingly,
the petunia CaM53 and rice OsCaM61 are tar-
geted to membranes or the nucleus depending
on their prenylation status (Luan et al. 2002).
Finally, CaM methylation may be a specific regu-
latory mechanism for a subset of target proteins
(Roberts et al. 1986).

1.2 Calmodulin and Calmodulin-Like in Abiotic
Stresses

The involvement of CaMs in abiotic stress
responses was suggested by the reduced stress
tolerance and gene expression observed after
treatment with CaM antagonists (Monroy et al.
1993; Liu et al. 2003). In addition, expression
of CaMs and CMLs is induced by touch, cold,
heat shock or salinity (Luan et al. 2002; Yang and
Poovaiah 2003). Also, it has been observed that
heat shock enhances CaM protein level (Liu et al.
2003). Interestingly, over-expression of Arabi-
dopsis CaM3 impairs cold induction of RD294,
KINI and KIN2 (Townley and Knight 2002),
whereas Arabidopsis plants over-expressing the
soybean GmCaM4 are more resistant to salinity
(Yoo et al. 2005). This suggests a negative role of
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CaM3 in cold signaling, while GmCaM4 positively
regulates salt tolerance.

1.3 Calmodulin-Binding Proteins

in Abiotic Stresses

As CaM has no enzymatic activity by itself,
studying CaM-regulated proteins provides fur-
ther evidence of CaM functions in abiotic stress
responses. A large biochemical screen combined
with computational analyses of homologs, iden-
tified about 100 putative CaM-binding protein
genes (CaMBPs) in Arabidopsis. Most of these
genes belong to multigene families, and some
of them are induced by salinity, drought or cold
(Reddy and Reddy 2004). In a recent protein array
analysis, only a few newly identified CaM targets
overlap with the previous study (Popescu et al.
2007), suggesting that the use of multiple strate-
gies should facilitate the uncovering of the full
spectrum of Ca*/CaM-regulated proteins. This
discrepancy is probably due to the use of distinct
expression libraries and methodologies. These
results also indicate that differential regulation by
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CaM occurs among members of the same protein
family. CaMBPs can be classified into two major
groups: transduction proteins, such as protein
kinases (CBKSs) and transcription factors (CBTs)
and effector proteins, including ion transporters
and enzymes that directly function in physiologi-
cal responses (Fig. 3).

Unlike in mammalian systems, CaM-regulated
protein kinases (CaMKs) are not well character-
ized in plants. Apart from the chimeric CCaMKs
(Fig. 2), only one protein kinase sharing similar
structural features with mammalian CaMKs has
been identified in apple (Harper et al. 2004).
Plants also possess several CDPK-related protein
kinases (CRKs) (Fig. 2), which are considered
to be calcium-independent (Hrabak et al. 2003).
However, new evidence suggests that some CRKs
are stimulated by CaM in a Ca**-dependent manner
(Harper et al. 2004). The specific up-regulation
of NtCBK?2 by salt stress suggests that CRKs may
function in salt tolerance (Hua et al. 2004).

It is intriguing that CaMs show both positive
and negative effects on transcription factors.

abiotic stresses

D

‘ Transduction proteins

Effector proteins ‘

Kinases

Transcription
factors
v

lon
transporters

Metabolic
enzymes

Hsf (heat shock) protein kinases NAD DGK Ca®-ATPases GAD glyoxylase | catalase
AtMYB2 (salinity) CRK, CBK, kinase (osmotic ACA (multiple  (salinity) Cat3

AtSR/CAMTA CCaMK (mechanical stress) (osmotic stress, stresses) {oxidative
(multiple stresses) (multiple stress) salinity) stress)
unknown (cold) stresses) i

v
phosphorylation H,0O, PA Ca?* GABA
cascade l l signals l
H,0,

| gene expression | | stress responses || detoxification

v

| Stress tolerance I

Fig. 3. CaM/CML functions in abiotic stress responses. The stress-activated CaMs/CMLs regulate multiple target proteins that are
involved in diverse cellular processes such as transcription, signaling, ion transport and metabolism. Different types of kinases
are responsible for initiating protein phosphorylation cascades, or inducing the direct (plain line) or indirect (dotted line) produc-

tion of second messengers (H,0,, PA) to trigger stress responses.

20

CaMs/CMLs also positively and negatively regulate transcrip-

tion factors to modulate gene expression. Some specific roles, like H,O, detoxification or generation of Ca** fluxes, have been
established for several effector proteins regulated by CaM/CML. The underlying mechanism that leads to stress tolerance by
modulating GAD and glyoxylase I is not clear. For each target protein, the activating stimuli are indicated in brackets.
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During the heat shock response, CaM induces the
expression of HSP genes (Liu et al. 2003) and
increases the DNA binding of heat shock tran-
scription factors (Li et al. 2004). GmCaM4
activates the transcription factor AtMYB2, and
over-expression of GmCaM4 confers salt toler-
ance, that correlates with the enhanced expression
of AtMYB2 target genes (Yoo et al. 2005). In con-
trast, CaM inhibits the transcriptional activation
mediated by OsCBT (Choietal. 2005b), which has
similar structural features as Arabidopsis tran-
scription activators AtSRs/CAMTAs (calmodu-
lin binding transcription activator), which are
induced by multiple stresses at the transcript level
(Yang and Poovaiah 2003; Bouché et al. 2005).
Emerging evidence also suggests an involve-
ment of Ca?/CaM in y-aminobutyric acid
(GABA) regulation, tolerance to oxidative stress,
heat shock, as well as osmotic and salt toler-
ance through the regulation of effector proteins
(Bouché et al. 2005). For example, glutamate
decarboxylase (GAD), that triggers GABA accu-
mulation in response to abiotic stresses, is acti-
vated by CaM in vitro (Lee et al. 2000). CaM has
been proposed to play a dual role in regulating
H,O, homeostasis. On one hand, CaM induces
H,O, production by activating NAD kinase
(Bouché et al. 2005). On the other hand, CaM
induces detoxification by activating the catalase
AtCat3 (Yang and Poovaiah 2002). Thus, CaM
can regulate both effects of H,O,, i.e. medi-
ate stress responses as a second messenger and
induce cellular damage at higher concentration.
CaM is also a major regulator in salt and
osmotic tolerance (Bouché et al. 2005). CaM
stimulates the activity of glyoxylase I, an enzyme
that positively functions in salt tolerance (Bouché
et al. 2005). AtCaMBP25 is a small nuclear
CaMBP, which plays a negative role in osmotic
and salt tolerance (Perruc et al. 2004). In addition
to regulation of protein activity, CaM also modi-
fies cellular localization of target proteins. CaM
recruits a tomato diacylglycerol kinase (LeDGK)
to membranes where its substrate is located (Yang
and Poovaiah 2003). As DGK produces phospha-
tidic acid (PA), involved in abiotic stress signal-
ing (Xiong et al. 2002; Bargmann and Munnik
2006), CaM may play a positive role in stress
responses by regulating PA signaling. Finally,
CaM stimulates the activity of Arabidopsis type
1B Ca**-ATPases, ACA2 and ACAS, by releasing

auto-inhibition (Hwang et al. 2000; Luoni et al.
2006). As ACA4 confers osmo-protection and
resistance to salinity when over-expressed in yeast
(Geisler et al. 2000), CaM may regulate calcium
flux in response to multiple abiotic stresses.

2 Calcineurin B-Like Sensors

2.1 Structure and Functions of Calcineurin
B-Like proteins in Abiotic Stresses

Like CaMs, CBLs are small proteins composed of
two globular domains connected by a short linker.
Each domain contains two EF-hand motifs harbor-
ing variable degrees of conservation compared to
canonical sequences in CaMs, suggesting different
Ca* capacities and affinities that most likely con-
tribute to response specificity (Nagae et al. 2003).
Crystal structure analysis has revealed that CBL2
binds two Ca®* ions, while CBL4/SOS3 (salt-overly
sensitive 3) binds four Ca** ions (Nagae et al. 2003;
Sanchez-Barrena et al. 2005). Upon calcium bind-
ing, CBLs undergo conformational changes that
allow hydrophobic interactions with other proteins
(Sanchez-Barrena et al. 2005). In addition, several
CBLs possess a putative myristoylation site that
may promote membrane association (Kolukisaoglu
et al. 2004). CBL4/SOS3 is myristoylated in vitro
and associated with microsomal membranes (Ishi-
tani et al. 2000), while CBL1 and CBL9 are tar-
geted to the plasma membrane (Cheong et al.
2007). Interestingly, calcium binding also induces
CBL4/SOS3 dimerization, which could reinforce
membrane association (Sanchez-Barrena et al.
2005). Thus, the CBLs, comprising ten members
in both Arabidopsis and rice (Kolukisaoglu et al.
2004), are calcium sensors that transmit the signal
through protein interactions and can regulate the
sub-cellular localization of their targets.

Exposure to cold, drought, salinity and ABA,
differentially regulates CBL gene expression, sug-
gesting a role for CBLs in abiotic stress responses
(Batistic and Kudla 2004). SOS3/CBL4 was the
first CBL identified by a genetic approach. The
loss-of-function mutant is hypersensitive to salin-
ity but displays the wild type response to osmotic
stress. The mutant protein exhibits reduced cal-
cium binding (Xiong et al. 2002). This indicates
a specific role for SOS3/CBL4 in salt tolerance
through calcium sensing. In addition, SOS3 myris-
toylation is required for salt tolerance, suggesting
the importance of membrane association (Ishitani
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et al. 2000). Recently, CBL10 has been shown to
have overlapping functions with SOS3 in salt toler-
ance (Quan et al. 2007). Interestingly, CBL1 plays
a broader role in regulating plant responses to sallt,
drought and cold (Albrecht et al. 2003; Cheong
et al. 2003). The alteration of gene expression and
the stress phenotypes of the mutant ch// and CBL1
over-expressing plants indicate that CBL1 is a pos-
itive regulator of drought and salt responses, but
a negative regulator of the cold response (Cheong
et al. 2003). While CBL1 exhibits ABA-inde-
pendent functions, the closest related CBL9 acts
as a negative regulator of ABA signaling, during
germination and early development (Pandey et al.
2004). Surprisingly, unlike the ¢b/l and cbl9 sin-
gle mutants, the chllchl9 double mutant displays
lower water loss under dehydration conditions
due to ABA hypersensitivity for stomata closure
(Cheong et al. 2007). Thus, CBLs exhibit complex
redundant and specific functions, probably due to
different expression patterns, interacting partners
and cellular or sub-cellular localizations.

2.2 Calcineurin B-Like-Interacting Protein
Kinases in Abiotic Stresses

CBLs share high sequence similarity to the regu-
latory subunit (CNB) of yeast calcineurin (CNA),
a protein phosphatase involved in salt tolerance.
However, yeast two-hybrid screens identified a
family of Ser/Thr protein kinases (CIPKs) as the
main plant CBL partner (Luan et al. 2002; Batistic
and Kudla 2004; Reddy and Reddy 2004). CIPKs
or PKS (SOS2-like protein kinases) belong to
the SNF1-related protein kinase 3 (SnRK3) fam-
ily, which possesses a unique C-terminal domain
(Hrabak et al. 2003; Harper et al. 2004). The FISL/
NAF domain in the C-terminus of CIPKs is suf-
ficient for interaction with CBLs (Fig. 2), but the
N-terminal domain contributes to the specificity of
this interaction (Batistic and Kudla 2004). There
are 25 and 30 CIPKs in Arabidopsis and rice,
respectively, and differential CBL-CIPK inter-
actions are detected even with closely related
members (Batistic and Kudla 2004; Kolukisaoglu
et al. 2004). Although these experiments were per-
formed in the yeast two-hybrid system, they may
reflect the formation of distinct CBL-CIPK
complexes in plants. Accordingly, CBL-CIPK com-
plexes exhibit different biochemical features
in vitro, such as Ca*-dependence of interaction,
cofactor and substrate specificity that may reflect
different regulatory mechanisms in vivo resulting in
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response specificity (Luan et al. 2002; Batistic and
Kudla 2004). CBL-CIPK interactions stimulate
kinase activity and target the complex to plasma
membrane, where CIPKs can phosphorylate spe-
cific substrates (Batistic and Kudla 2004; Gong
et al. 2004; D’ Angelo et al. 20006).

Differential stress induction of C/PK genes has
been reported in distinct plant species, suggesting
arole for these kinases in abiotic stress responses
(Batistic and Kudla 2004). The most studied
CIPK protein SOS2/CIPK24 was shown to be
specifically involved in salt tolerance. Genetic
analyses have demonstrated that the Na*/H" anti-
porter SOS1, SOS2/CIPK24 and SOS3/CBL4
function in the same pathway (Xiong et al. 2002).
SOS2/CIPK24 is inactivated by an intramolecu-
lar interaction, which is released upon binding
to SOS3/CBLA4 that senses salinity-induced cal-
cium increase. Subsequently, SOS3/CBL4 targets
the active kinase to the plasma membrane where
it phosphorylates and activates SOS1, leading
to Na” extrusion (Gong et al. 2004). Recently,
CBLI10 has also been shown to activate SOS2/
CIPK24 and its downstream target SOSI1 to trig-
ger salt tolerance. Analysis of mutant phenotypes
reveals that CBL10 mainly functions in shoot
response to salt toxicity, whereas SOS3 primarily
acts in roots (Quan et al. 2007).

The analysis of loss-of-function mutants indi-
cates that CIPK3 is involved in cold and ABA-
dependent salt stress responses, and positively
regulates the early phase of stress-induced gene
expression (Kim et al. 2003). CIPK1 mediates
plant responses to osmotic stress, but not cold
and salinity (D’ Angelo et al. 2006). Interestingly,
CIPK1 interacts with both CBL1 and CBL9, and
the three loss-of-function single mutants exhibit
hypersensitivity to osmotic stress. However, dis-
ruption of only CIPK1 or CBL9 impairs ABA
responsiveness (Cheong et al. 2003; Pandey et al.
2004; D’Angelo et al. 2006). Thus, CIPK1 may
regulate ABA-dependent and ABA-independ-
ent plant stress responses through alternative
complexes with CBL9 and CBLI1, respectively
(D’Angelo et al. 2006). As freezing and salt
tolerance are not affected in the cipkl mutant
(D’Angelo et al. 2006), the functions of CBL1
in cold and salt signaling must be mediated by
another CIPK. Considering the interactions
detected in yeast two-hybrid assays, CBL1 may
regulate CIPK24/SOS2 in response to salinity, but
the partner in cold signaling remains to be iden-
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Fig. 4. CBL-CIPK signaling network in abiotic stress
responses. Besides the well-studied SOS2/SOS3 pathway
required for salt tolerance, other CBLs and CIPKs mediate
regulation of gene expression and stomatal movements in
ABA-dependent and ABA-independent pathways. While
CBL4/SOS3 and CBL10 display overlapping functions to
regulate CIPK24/SOS2 in different organs, CBL1 and CBL9
compete for CIPK 1 regulation but act synergistically to mod-
ulate CIPK23. However, in some cases, only one partner has
been shown to be involved in stress responses and specific
CBL-CIPK complexes remain to be identified in vivo.

tified since CIPK3 does not interact with CBL1
(Kolukisaoglu et al. 2004). Recently, CBL1 and
CBL9 were shown to act synergistically to acti-
vate CIPK23 and to inhibit ABA-dependent sto-
matal closure (Cheong et al. 2007). Furthermore,
PKS3/CIPK15 was identified as a negative reg-
ulator of ABA signaling. In particular, the pks3
mutant displays ABA hypersensitivity towards
stomatal closure, leading to reduced water loss
during dehydration (Guo et al. 2002). PKS3/
CIPK15 also represses ABA-inducible genes
through activation of AtERF7, a transcriptional
repressor in ABA signaling (Song et al. 2005).
These studies demonstrate that CIPK-CBL com-
plexes form a highly regulated network through
competition for partners, allowing a subtle regu-
lation of calcium-dependent plant responses to
abiotic stresses (Fig. 4).

B Sensor Protein Kinases

1 Calcium-Dependent Protein Kinases
1.1 Structure and Regulation

of Calcium-Dependent Protein Kinases

CDPKs harbor a protein kinase domain linked
to a CaM-like domain through a junction

sequence that keeps the kinase inactive via a
pseudosubstrate-binding mechanism (Fig. 2).
The kinase activation results from intramolecu-
lar interaction between the CaM-like domain
and the auto-inhibitory junction due to a Ca*-
induced conformational change (Cheng et al.
2002; Harper et al. 2004). CDPKs are encoded
by multigene families of 34 and 29 members in
Arabidopsis and rice, respectively (Cheng et al.
2002; Asano et al. 2005). The significance of this
multiplicity can be explained by the differences
in Ca?" activation thresholds, substrate recogni-
tion, expression patterns and sub-cellular locali-
zation (Cheng et al. 2002; Harper et al. 2004).
It is likely that distinct CDPKs can sense and
respond to different Ca?* signatures. CDPKSs dis-
play specificities on artificial substrates in vitro
(Lee et al. 1998) that may reflect substrate spe-
cificities in vivo (Choi et al. 2005a; Rodriguez
Milla et al. 2006).

Apart from Ca?* activation, CDPK activity can
be further modulated depending on isoforms. The
identification of CDPK auto-phosphorylation
sites in either the N-terminal variable domain,
kinase domain or CaM-like domain suggests that
they may differentially affect CDPK localiza-
tion, activity, Ca*" binding or protein interaction
(Hegeman et al. 2006). Interestingly, 14-3-3 pro-
teins that regulate enzymes after binding to phos-
phorylated sites can stimulate AtCPK1 activity
(Camoni et al. 1998). Considering the variations
in CDPK auto-phosphorylation sites, the 14-3-3
stimulation may represent a specific regulatory
mechanism for a subset of CDPKs. CDPK activ-
ity is also modulated by phospholipids (Harper
et al. 2004). Some of these phospholipids, like
PA, act as second messengers (Xiong et al. 2002),
which may play their signaling role through
CDPK regulation. Generally, these phospholipids
function as structural component of membrane
and stimulate activity of CDPKs that are more
active when associated with a membrane (Li et al.
1998). Importantly, CDPKs have been shown to
localize in many different cellular compartments,
including the nucleus, cytosol, chloroplast, per-
oxisome, ER and plasma membrane (Dammann
et al. 2003; Harper et al. 2004). Myristoylation,
an irreversible protein modification, is required
for membrane targeting and insertion of CDPKs
(Martin and Busconi 2000). Membrane associa-
tion can be maintained by additional interactions,
either via a cluster of positively charged amino
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acids (Chehab et al. 2004) or by reversible
palmitoylation (Martin and Busconi 2000). Thus,
the unique structure of CDPKs provides an effi-
cient co-targeting of a kinase and its Ca** regulator
to coordinate Ca?* sensing with cellular responses.
It also allowed the co-evolution of kinases with
divergent Ca?*-binding domains to acquire the
ability to respond to different Ca** signals.

1.2 Calcium-Dependent Protein Kinases

in Abiotic Stress Signaling

Currently, only a few members of the CDPK pro-
tein family have been analyzed and shown to be
specifically involved in stress responses. Progress
has been slow because of the extensive functional
redundancy of these proteins (Sheen 1996; Choi
et al. 2005a). Expression of many CDPKs can be
increased by abiotic stresses (Cheng et al. 2002).
Transcriptional induction is consistent with the
presence of stress-responsive cis-element in rice
CDPK promoters (Wan et al. 2007) and correlates
with enhanced protein levels (Abbasi et al. 2004;
Yu et al. 2006). Furthermore, changes in intracel-
lular localization of CDPKs have been observed
in response to abiotic stresses. The groundnut
AhCPK2 is translocated to the nucleus under
hyper-osmotic conditions through an interaction
with importins (Raichaudhuri et al. 2006). In the
ice plant, McCPK1 moves from the plasma mem-
brane to the nucleus after exposure to low humid-
ity and salt stress (Patharkar and Cushman 2000;
Chehab et al. 2004). Interestingly, the pseudo-
response regulator transcription factor CSPI,
which constitutes an in vitro substrate of McCPK 1,
is able to bind promoters of stress-inducible genes
(Patharkar and Cushman 2000). In a maize pro-
toplast transient expression assay, Arabidopsis
CPK10 and CPK30, among several tested protein
kinases, can specifically activate the promoter of
the HVAI barley gene that is responsive to ABA,
cold and salinity (Sheen 1996). Thus, CDPKs play
positive roles in abiotic stress responses by induc-
ing the expression of stress-responsive genes in
both monocots and dicots.

Using a recombinant peptide substrate of
CDPK (LCSP), an increase in a Ca*'-dependent
kinase activity was reported after oxidative stress
in tobacco (Shao and Harmon 2003). Moreover,
phosphorylation by a CDPK releases the feedback
inhibition of an enzyme (serine acetyltransferase
2;1) involved in the biosynthesis of cysteine. Since
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the phosphorylation is induced by oxidative
stress in vivo, CDPK may play a positive role in
an anti-oxidative stress response by providing
cysteine for glutathione production (Liu et al.
2006). CDPKs are also involved in cold signaling.
In rice, a membrane-associated CDPK is acti-
vated after 18-24 h exposure to cold, suggesting
a role in an adaptive process rather than in early
responses (Martin and Busconi 2001). Similarly,
OsCPK7/0sCDPK13 is activated by a 3 h cold
treatment (Abbasi et al. 2004) and over-expres-
sion of either OsCPK7/0OsCDPK13 or OsCPK13/
OsCDPK?7 confers cold tolerance in transgenic
rice (Saijo et al. 2000; Abbasi et al. 2004).
Several lines of evidence indicate the involve-
ment of CDPKs in drought responses. First, the
dehydration-inducible gene AzDil9 encodes a
nuclear zinc finger protein that is a specific sub-
strate of AtCPK4, 11 and 12 (Rodriguez Milla
et al. 2006). Moreover, CDPK may reduce water
loss under dehydration conditions by regulating
diverse channel activities, such as the spinach
aquaporin PM28A (Johansson et al. 1996). In
faba bean guard cells, a CDPK phosphorylates the
K" inward channel KAT1 in vitro (Li et al. 1998),
which results in inhibition of the channel activ-
ity and contributes to stomatal closure (Berkow-
itz et al. 2000). In contrast, AtCPK1 activates a
vacuolar Cl channel, resulting in CI- uptake into
the vacuole and stomatal opening (Pei et al. 1996).
Drought responses and stomatal movements are
regulated by ABA. In the Arabidopsis cpk3cpk6
double mutant, ABA-induced stomatal closure is
reduced, concomitant with an impaired ABA acti-
vation of slow-type anion channels and calcium
permeable channels (Mori et al. 2006). Thus,
AtCPK3 and AtCPKG6 are both positive regulators
of stomatal ABA signaling. However, their func-
tions may not be redundant since they belong to
distinct CDPK subfamilies (Cheng et al. 2002).
Significantly, ABA stimulates the activity of the
grape berry ACPK1 (Yu et al. 2006), which posi-
tively regulates ABA-induced stomatal closure
and the expression of stress-responsive genes (Yu
et al. 2007). In Arabidopsis, AtCPK32 phosphor-
ylates and activates the ABA-responsive transcrip-
tion factor ABF4, leading to enhanced expression
of ABF4 target genes (Choi et al. 2005a). It is
likely that multiple CDPKs act through ABF4 and
related transcription factors to activate ABA and
stress signaling (Sheen 1996; Choi et al. 2005a).
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Fig. 5. CDPK signaling network in abiotic stress responses.
CDPKs from different plant species regulate physiological
responses to abiotic stresses, such as K" uptake, gene expres-
sion and stomatal aperture. While some transcription factors
(CSP1, ABF4) and channels (KAT1) have been identified as
CDPK substrates, most of the downstream components in
CDPK signaling pathways are still unknown.

In rice, plants over-expressing OsCPK13/0OsCDPK7
exhibit enhanced resistance to drought and salin-
ity, correlated with increased expression of stress-
responsive genes (Saijo etal. 2000). A recent study
has shown that AtCPK23, distinct from AtCPK10,
30 and 32 (Cheng et al. 2002), appears to have a
negative function in drought and salt responses
(Ma and Wu 2007). In addition, CDPK also regu-
lates Ca?* signatures by inhibiting the Ca’" pump
ACA2 located in the ER (Hwang et al. 2000).
Thus, CDPKs mediate abiotic stress responses by
regulating stomatal aperture, channel activities
and gene expression (Fig. 5).

2 Calcium and Calmodulin-Dependent
Protein Kinases

CCaMKs have been identified in different plant
species, but there is no evidence for their presence
in Arabidopsis (Harper et al. 2004). CCaMKs pos-
sess an N-terminal kinase domain followed by two
regulatory domains: a CaM-binding domain which
overlaps with an auto-inhibitory region and a visi-
nin-like domain containing 3 EF-hands (Fig. 2)
(Sathyanarayanan and Poovaiah 2004). This leads
to a complex regulatory mechanism involving both
Ca*" and Ca?*/CaM binding. In this model, the auto-
phosphorylation induced by Ca?* binding to the
visinin-like domain increases CaM affinity, whose
subsequent binding releases auto-inhibition and

activates the kinase (Sathyanarayanan and Poovaiah
2004). Moreover, CCaMK activity is differentially
modulated by CaM isoforms, adding another layer
of regulation (Sathyanarayanan and Poovaiah 2004).
In legume plants, CCaMKs play a critical role in
Nod factor signaling and gene regulation essential
for N, fixation (Gleason et al. 2006). So far, only
one study reported the involvement of CCaMKs
in stress responses. In pea roots, PsCCaMK local-
izes to the nucleus and its protein level increases
after cold and salt stress (Pandey et al. 2002). The
dephosphorylated form of the protein p40 binds to
the promoter of the stress-induced AtCaM5, which
may blocks AtCaM5 expression. As PsCCaMK
phosphorylates p40 in vitro, PsCCaMK may release
the repression of AtCaM5 under stress conditions
(Pandey et al. 2002).

3 Other Calcium-Binding Proteins

Three different types of Ca*-regulatory motifs
have been characterized: EF-hands, C2 domain
and annexin fold. Bioinformatics analysis iden-
tified 250 EF-hand-containing proteins in Ara-
bidopsis, including some that are known to be
involved in abiotic stress responses (Reddy and
Reddy 2004). Ca** binding has been confirmed
for the bHLH transcription factor AtNIG1, which
localizes to the nucleus, and specifically binds
to E-box sequences that are present in the pro-
moter region of many salt stress-inducible genes.
Although the effect of Ca*" binding is unknown,
the Arabidopsis knockout mutant atnigl-1 exhib-
its hypersensitivity to salinity stress, suggesting
that AtNIG1 plays a positive role in salt tolerance
(Kim and Kim 2006). Phosphoinositide-specific
phospholipase C (PI-PLC) contains a C2 domain
and an EF-hand motif, that is required for PLC
activity (Otterhag et al. 2001). PI-PLCs are Ca**-
dependent enzymes that trigger IP,-dependent
calcium release to modulate stress responses,
including gene expression (Xiong et al. 2002;
Reddy and Reddy 2004). As AtPLC2 is pre-
dominantly localized in the plasma membrane
(Otterhag et al. 2001), PI-PLCs may sense early
increases in cytosolic calcium and enhance the
signal by inducing further calcium release.
Phospholipase D (PLD) a., B, v, 6 and &, which
require different calcium concentrations for activity,
contain a C2 domain involved in Ca**-dependent
phospholipid binding (Reddy and Reddy 2004).
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PLDs are implicated in ABA signaling and
stress tolerance, through the generation of PA,
which acts as an important second messenger in
plant stress responses or by inducing membrane
remodeling (Bargmann and Munnik 2006). Inter-
estingly, PLDal has been shown to mediate sto-
matal ABA signaling via a bifurcating pathway.
On one hand, PA binding to ABII inhibits its
phosphatase activity and leads to its sequestration
to the plasma membrane, which then promotes
stomatal closure. On the other hand, PLDal can
also interact with the heterotrimeric G protein
GPA1, while PA acts upstream of GPA1, lead-
ing to activation of the G protein and inhibition
of stomatal opening (Mishra et al. 2006). The C2
domain is present in many other proteins whose
biological function awaits future investigations
(Reddy and Reddy 2004).

Annexins are small proteins that bind phos-
pholipids in a Ca?*-dependent manner (Sathy-
anarayanan and Poovaiah 2004). Arabidopsis
genome contains eight annexin genes (4AnnAt),
that display differential induction by salinity,
dehydration, cold and heat shock (Cantero et al.
2006). The protein levels of AnnAtl and its asso-
ciation with the plasma membrane are increased
by salt stress, and knockout mutants of AnnAtl
and AnnAt4 are hypersensitive to osmotic stress
and ABA (Lee et al. 2004). This suggests that
annexins may regulate target proteins at the
plasma membrane to promote stress tolerance.

IV Conclusions

Calcium has emerged as an essential second mes-
senger that mediates responses to developmental
and stress stimuli in plants. Different signals have
been proposed to elicit specific calcium signatures.
Although several calcium channels and transport-
ers have been identified at the molecular level,
their specific roles in generating calcium signals in
cytosol and sub-cellular compartments in response
to stress remain to be elucidated. Understanding
how these calcium signals are deciphered and
relayed constitutes another challenge. Diverse plant
calcium sensors are encoded by large multigene
families, which provide robust redundant or unique
functions to enhance plant’s ability to adapt them-
selves to constantly changing environmental con-
ditions. Response specificity is believed to occur
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through different calcium sensitivities, expression,
cellular localizations and substrate regulation. It
will be interesting to determine whether CDPKs
and CIPKs have distinct or overlapping roles in
stress signaling. In addition, cross-talk between
Ca*-mediated transduction pathways contribute
to highly modulated plant responses. For example,
a subset of CDPK and CIPK proteins may also
be regulated by CaM (Popescu et al. 2007), and
AtCPK1 and CaM have opposite effects in regulat-
ing Ca**-ATPase activity of ACA2 (Hwang et al.
2000). Although some protein targets of calcium
sensors have been identified, the molecular mech-
anisms underlying calcium signaling remain to be
fully explored. As plant mitogen-activated protein
kinase (MAPK) cascades are also key components
in stress signaling, the interplays between calcium
and MAPK signaling pathways require future
investigation (details on some of these aspects have
also been presented in Chapter 7 of this book). The
interaction observed between the MAPK phos-
phatase NtMKP1 and a CaM suggests cross-talks
between Ca?-dependent and Ca*-independent
transduction pathways (Yamakawa et al. 2004).
Thus, calcium and its sensors appear to be cru-
cial nodes in the stress signaling networks that are
essential in cross-tolerance, which increases plant
survival under unfavorable conditions.
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Summary

Previously regarded merely as damaging agents, reactive oxygen species (ROS) are now understood as
important signal molecules vital to normal plant growth. This tutorial review covers the emerging view
of ROS signaling networks from ROS production to specific outputs. The chemical nature of individual
reactive oxygen species, their site of the production, control of ROS accumulation via scavenging and
detoxification, and the signaling components that interact with ROS are all inputs that are integrated
to produce a specific response. ROS perception in plants remains largely undefined. However, a few
mechanisms known in plants or suggested in other organisms are discussed. Using genetic and genomic
tools, some of the components involved in ROS signal transduction have begun to be delineated.
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Transcript profiling in the model plant Arabidopsis thaliana has revealed that ROS has a large impact on
the transcriptome, and that different ROS species can have common, distinct or even negative interference

with each other in regulating gene expression.

Keywords Hydrogen peroxide ¢ ozone  perception ¢ redox regulation * ROS crosstalk ¢ signal transduction

| Introduction

The production of reactive oxygen species (ROS)
is a unifying commonality in a large number of
abiotic stresses. For example, the air pollutant
ozone reacts with cellular components in the leaf
apoplast to produce ROS, which in turn induce
the active production of ROS by the plant cell
itself, termed as an “oxidative burst”. Plants con-
stantly encounter variations in environmental
conditions leading to variations in the availability
of nutrients and water, which may lead to forma-
tion of ROS in different cellular compartments.
For example, a combination of high light and
cold may imbalance photosynthetic processes
and induce ROS formation in chloroplasts.

ROS include superoxide (‘O,"), hydrogen per-
oxide (H,0,), hydroxyl radical (OH), singlet oxy-
gen ('0,) and the air pollutant ozone (O,). One
type of ROS can be converted into another type,
for example, O, breaks down to H,O,, "O,, and
'0, "0, is either spontaneously or enzymatically
dismutated to H,0O, via SOD activity (Foyer et al.
1997) rapidly, which may further react with Fe** to
form highly reactive “OH. The co-accumulation

Abbreviations: '0,singlet oxygen; ABA — abscisic acid;
AOX — alternative oxidase; APX — ascorbate peroxidase;
AsA —ascorbic acid; CAT — catalase; CRY 1 — cryptochrome
1; DHA - dehydroascorbic acid; GPX — glutathione per-
oxidase; GR — glutathione reductase; GSH — glutathione
(reduced); GSSG — glutathione (oxidized); H,0, — hydro-
gen peroxide; HSP — heat shock protein; JA —jasmonic acid;
LOX — lipoxygenase; MV — methyl viologen (paraquat);
MAPK — mitogen-activated protein kinase; MDHA — mono-
dehydroascorbic acid; OH — hydroxyl radical; O, — super-
oxide; O, — ozone; PCD — programmed cell death; PM
— plasma membrane; PP2C — protein phosphatase 2C; PRX
— peroxiredoxin; PS I — Photosystem I; PS II — Photosys-
tem II; RBOHs — respiratory burst oxidase homologs; ROS
— reactive oxygen species; Rubisco — ribulose-1,5-bisphos-
phate carboxylase /oxygenase; SAsalicylic acid; SAR — sys-
temic acquired resistance; SOD — superoxide dismutase;
TRXthioredoxin

of H,0, and "O," also promotes ‘OH production
(Apel and Hirt 2004; Mittler et al. 2004).

The chemical properties and the location of
ROS production are important with respect to
cellular responses to ROS accumulation (Apel
and Hirt 2004). Indeed, not all ROS are equal and
each ROS leaves a unique “oxidative footprint”
in the cell. The chemical nature of individual
reactive oxygen species, their site of production,
control of ROS accumulation via scavenging and
detoxification, and the signaling components that
interact with ROS are all inputs that are integrated
to produce a specific response. For example, ‘OH
readily reacts with all types of cellular compo-
nents, ‘O, reacts primarily with protein Fe-S
centers, and 'O, is particularly reactive with dou-
ble bonds of polyunsaturated fatty acids (Moller
et al. 2007).

Given their highly reactive nature, most ROS
do not move very far and are likely to react where
they are produced. Thus, in most cases the site
of production will determine the site of action.
Exceptionally, H,O, is more stable and capable
of long distance diffusion and, in contrast to other
types of ROS, capable of crossing membranes.
Previously thought to be purely damaging agents
due to their presence during stress, ROS are now
understood rather as important signaling mol-
ecules vital for plant growth and development.
Indeed, with this understanding a new concept of
oxidative signaling in plants has emerged (Bucha-
nan and Balmer 2005; Foyer and Noctor 2005).
The emerging picture of how plants accomplish
this is explored in the following pages.

I ROS Production and Control
A The Cytosol and ROS Movement

In contrast to copious information concerning
ROS production in other sub-cellular compart-
ments, a survey of literature reveals a surprising
lack of information on cytosolic ROS production.
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It seems that there is no major direct source of
ROS production in the cytosol. However, there
is H,0, movement between the cytosol and other
compartments, where they are produced (Fig. 1).
This movement, previously assumed to be passive
diffusion, is facilitated by H,O, specific aquapor-
ins (Bienert et al. 2007). Also, the cytosol is the
site of signals regulating apoplastic ROS produc-
tion on the PM. Thus, the cytosol integrates and
transmits ROS signals emanating to and from
other compartments.

B Chloroplasts and Photosynthesis

Photosynthetic electron transfer reactions com-
prise a significant source of ROS due to formation
of highly oxidizing intermediates in light-exposed
green tissues. Light stress occurs when photo-
synthetic light harvesting exceeds the capacity of
photosynthetic carbon metabolism, and the photo-
synthetic electron transfer chain becomes reduced.
This in turn promotes enhanced ROS formation and
photo-oxidative stress in chloroplasts. In the reac-
tion center of photosystem II (PS II), 'O, is formed
via energy transfer reactions between excited triplet

chlorophylls and O,. This inevitable property of PS
II redox chemistry occurs constantly even under
relatively low illumination levels and is substan-
tially enhanced under high irradiance levels (Aro
et al. 2005; Hideg et al. 2002). Molecular oxygen
may also act as an alternative electron acceptor for
Photosystem I (PSI), which results in formation of
‘0, and H,0, on the stromal side of the thylakoid
membrane (Asada 1999).

Accumulation of phototoxic chlorophyll bio-
synthesis intermediates or degradation products
may lead to the generation of ROS in chloroplasts,
for example, in the Arabidopsis mutant fluorescent
(flu). Also, deficiency in chlorophyllase-1 caused
enhanced H,O, production and high-light sensi-
tivity in Arabidopsis (Kariola et al. 2005).

C Peroxisomes and Photorespiration

Photorespiration consumes excess photosynthetic
reducing energy and thus alleviates chloroplastic
ROS production, at the expense of producing ROS
in peroxisomes (Corpas et al. 2001). When carbon
metabolism becomes limiting for photosynthe-
sis, the oxygenase activity of Rubisco increases

H,0,

RBOH

SOD APX MDAR
PRX TRX GSH
DHAR

=
- —

[Peroxidas{'—[ Aquaporin ]\
\ 4

H,0,

SOD APX
MDAR DHAR
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MDAR DHAR

_/

@ Mitochondria
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Fig. 1. Sites of reactive oxygen species (ROS) production and enzymatic ROS scavengers. Scavengers are indicated by grey
letters. Abbreviations: SOD — superoxide dismutase; APX — ascorbate peroxidase; MDAR — monodehydroascorbate reductase;
DHAR - dehydroascorbate reductase; GR — glutathione reductase; CAT — catalase; AOX — alternative oxidase; PRX —

peroxiredoxin; TRX — thioredoxin [See Color Plate 2, Fig. 4].
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and the resulting glycolate is translocated into
peroxisomes and oxidized by glycolate oxidase,
producing H O,.

D Mitochondrial Respiration

Mitochondria, a major source of ROS in mamma-
lian, yeast and plant cells (Noctor et al. 2007), pro-
duce ROS by transfer of electrons to O, at several
steps of the electron transport chain. Mitochondria
are particularly sensitive to damage by oxidative
stress (Bartoli et al. 2004), which can trigger fur-
ther ROS production and amplify ROS signals.
Plant mitochondrial respiration is tightly connected
with photosynthetic processes. During photo-oxi-
dative stress and photorespiration, a higher flux of
electrons traverses the mitochondrial respiratory
chain. This enhances the risk of ROS production
and necessitates a bypass of the electron transport
chain. Several plant-specific alternative electron or
proton transfer components perform this function;
such as NADPH dehydrogenases, the uncoupling
protein complex (Sweetlove et al. 2006) and alter-
native oxidase (AOX). These mechanisms bypass
in part the electron transport chain, uncoupling
electron flow from ATP synthesis while allowing
the reduction of ‘O, to water (Maxwell et al. 1999;
Sweetlove et al. 20006).

E Apoplastic ROS Production

Many mechanisms have been suggested as a source
of extracellular ROS. However, the PM-associated
NADPH oxidases, or respiratory burst oxidase
homologs (RBOHSs), are the most-studied ROS
source during stress. Plant NADPH oxidases are
multi-protein complexes composed of regulatory
subunits and a membrane associated catalytic subu-
nit, which is responsible for the synthesis of ‘O, in
the apoplast. Several studies have shown a role of
small GTPases in the regulation of ROS produc-
tion via RBOHs. Expression of a dominant nega-
tive mutant of rice RACI in tobacco compromised
ROS accumulation and multiple forms of pathogen
resistance. The related rho family of GTPases, in
plants termed ROPs (rho of plants), are also posi-
tive regulators of RBOH derived ROS in patho-
gen responses (Agrawal et al. 2003). Significantly,
Arabidopsis RopGAP4, a regulator of ROPs, is
involved in regulation of H,O, production and
defenses in anoxia (Baxter-Burrell et al. 2002).
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Although first discovered for their role in
immunity and cell death, plant RBOHs are involved
in abiotic stresses as well (Torres and Dangl 2005).
Arabidopsis RbohD and -F have been implicated
in ABA signal transduction especially in stomatal
closure (Kwak et al. 2003). Reducing RBOH
activity with inhibitors in transgenic plants (or
mutants) has shown their contribution to ROS pro-
duction and resulting defense responses, for exam-
ple, in tomato, RBOH-derived ROS are required
for wound responsive gene-expression (Sagi et al.
2004); while in Arabidopsis the atrbohB and -D
mutants exhibited increased sensitivity to heat
stress (Larkindale et al. 2005) and exposure to
UV-B radiation induced NADPH oxidase activ-
ity (Rao and Ormrod 1995). Inhibitor experiments
suggested that RBOHs were a source of O, induced
ROS (Overmyer et al. 2003), which was con-
firmed genetically as rboh mutants show reduced
O,-induced ROS accumulation and, in some cases

reduced O,-induced cell death (Joo et al. 2005).

F Antioxidant Regulation

In addition to production, ROS scavenging and
detoxification are critical to the control of ROS
accumulation and thus the perpetuation or atten-
uation of ROS signals. Plants have evolved
versatile antioxidant systems to ensure tightly
regulated ROS levels (Fig. 1). The details of
this system are only incompletely handled here,
as required to illustrate some of the complexity
of ROS signaling control. For more information
on these systems consult these excellent reviews
(Apel and Hirt 2004; Foyer and Noctor 2005).
Components of this system include enzymatic
antioxidants (SOD, APX, PRX, GPX, CAT, GRX
and TRX) and non-enzymatic scavengers (AsA,
GSH, tocopherols, carotenoids and phenolic
compounds). GSH, which is oxidized to GSSG,
and AsA, which is oxidized to MDHA and DHA
constitute the main cellular redox buffers. The
various antioxidant agents possess partially over-
lapping functions, and can functionally compen-
sate for each other. Such functional redundancy
was demonstrated, for example, by the upregula-
tion of AsA and GSH levels in tocopherol defi-
cient plants (Kanwischer et al. 2005).

SODs are classified according to their metal
co-factor: Cu/ZnSOD, FeSOD and MnSOD and
reside in specific sub-cellular compartments
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(Mittler et al. 2004). SOD dismutates "O," into
H,0O,, which is in turn detoxified by APX, PRX,
GPX or CAT. APX is dependent on the AsA/
GSH cycle, known as the Halliwell-Asada-Foyer
cycle which shuttles reducing equivalents from
NADPH via GSH to regenerate reduced AsA
(Foyer and Noctor 2005). APX isoforms are tar-
geted to cytoplasm, chloroplasts, mitochondria,
peroxisomes, glyoxisomes and the ER.

PRXs detoxify peroxides through a thiol-based
mechanism and are also involved in signaling.
Regeneration of oxidized PRX occurs via the
action of various thioredoxins, glutaredoxins
and thioredoxin-like proteins (Dietz et al. 2006).
Also GPXs, a functionally related group of H,O,-
detoxifying enzymes, utilize thioredoxins as
reducmg agents (Igbal et al. 2006). CAT, a tetra-
meric iron porphyrin protein located mainly in
the peroxisomes, detoxifies H O, into water and
O, (Apel and Hirt 2004).

lll The Perception of ROS

A Redox Regulation and ROS
Perception

ROS perception in plants remains largely unde-
fined. However, the fact that plant cells sense ROS
with regard to type, location and amount indicates
that sophisticated mechanisms exist that gather
and process information about the current ROS
and/or antioxidant status and initiate the required
changes in transcription, protein expression and
metabolism (Table 1). In most cases the direct
biochemical means of ROS-perception remain

Table 1. Reactive oxygen species (ROS) perception mechanisms.
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unknown. However, a few mechanisms are known
or suggested, in some cases in other systems.

H,O, is a mild oxidant, and may thus exert
its signaling effects via oxidation of regulatory
dithiol groups in signaling proteins (Moller et al.
2007). In mammals, for example, the o-subunit
of heterotrimeric G-proteins Ga, and Go, can
be directly modified by ROS. The modification
of cysteine residues appears to be a requirement
of the activation mechanism (Feng et al. 2000).
The examples of H,O,-mediated modulation of
regulatory enzymes in plants include restora-
tion of LHCII kinase activity in vitro (Martinsuo
et al. 2003), and H,O,-induced conformational
changes in small HSPs (Harndahl et al. 1999) in
chloroplasts. Similarly, the reversible modulation
of ABI2, a protein phosphatase 2C, activity by
H,0O, appears to be important in ABA signaling
in guard cells (Meinhard et al. 2002).

In yeast, the Yapl oxidative stress pathway is
an example of redox regulation of a transcription
factor (Mason et al. 2006). In plants, an example
of ROS perception where transcription factors
are involved is the Arabidopsis SA signaling pro-
tein NPR1 (Despres et al. 2003) which confers
redox regulation of DNA binding activity to the
transcription factor TGA1l. SA promotes ROS
accumulation and indirectly induces the reduc-
tion of cysteine residues in TGA1. The redox sta-
tus change does not directly influence the DNA
binding activity of TGA1, but interaction with
NPR1 enhances the DNA binding of the reduced
form of TGA1. NPR1 itself forms cytosolic aggre-
gates held together by intermolecular disulphide
bridges. SA enhanced ROS causes relocation of
active NPR1 monomers to the nucleus (Fig. 2a).

Perception Component

Evidence

Mechanism

Protein oxidation
factors)
Lipid peroxidation Experimental evidence

Interaction of proteins with ROS
scavengers TRX)
Sensing of the cellular REDOX
status

Experimental evidence (e.g., NPR1, TGA1,
phosphatases, proteasome, transcription

Experimental evidence (NDK1 - CAT,

Indirect experimental evidence

Protein oxidation could lead to changes
in protein localization, stability,
enzymatic activity and protein-protein
interaction

Oxylipins could be directly toxic or
could function as signals

Activation or inactivation of ROS
scavengers may amplify or reduce the
ROS signal

Some mutants with altered REDOX
balance display constitutive expression
of defense genes
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Fig. 2. Examples of reactive oxygen species (ROS) signal-
ling. (a) PR1/TGAL signalling. ROS-induced SA production
causes the reduction of NPR1 and TGAL1 to allow complex
formation and DNA binding of the proteins. The encircled
P indicates phosphorylation events; (b) MAPK signaling
pathway. Phosphorylation cascade leads to transcriptional
change and subsequently to stress response.

Paradoxically, the reduction of TGA1 and NPR1
occur under oxidative conditions. The TGA1/
NPR1 system might be similar to the yeast
YAPI system, which shows a similar mechanism
(Despres et al. 2003).

Recently an intriguing idea has emerged; heat
shock transcription factors (HSF) could function as
H,O, sensors. A promoter element found in many
H,O, responsive promoters is the heat shock ele-
ment (Miller and Mittler 2006). Significantly, sev-
eral genes in Arabidopsis are coregulated by heat
stress and H,0O, (Vanderauwera et al. 2005). One
interpretation of these results is that heat shock
induces H,O, as a signaling intermediate. How-
ever, in yeast, ‘O, directly causes a conformational
change in the HSFs to the high-activity trimeric
form. Similarly, human HSF1 and Drosophila HSF
sense H,O, and form active trimers in a reversible
and redox dependent manner (Miller and Mittler
2006). In planta evidence for this hypothesis
comes from over-expression of a dominant
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negative Arabidopsis HSF21 which blocked
the expression of some H,O, regulated genes
(Davletova et al. 2005a; Miller and Mittler 2006).

In addition to direct ROS mechanisms, indirect
alterations in the levels of the antioxidant GSH
relay signals lead to outputs such as changes in
defense gene expression, as well. The Arabidop-
sis rax] mutant was identified due to its constitu-
tive expression of APX2. It bears a mutation in
the chloroplastic y-glutamylcysteine synthetase,
which results in lowered GSH levels (Ball et al.
2004). In non-stressed rax! plants, several
defense genes have increased expression levels.
This indicates that in wild type plants, level of
GSH or the ratio of GSH to GSSH, known as the
cellular redox balance, acts as a signal modulat-
ing the expression of defense genes.

Perception of ROS could also be mediated
via the interaction of signaling components with
elements in ROS detoxification. The nucleoside
diphosphate kinase 1 from Arabidopsis thaliana,
NDK1, interacts with three catalases (Fukamatsu
etal. 2003) and its over-expression increases plant
tolerance to paraquat and also to exogenous H,O,.

TRXs are important ROS detoxification mecha-
nisms which can also be involved in ROS sensing.
Several TRX isoforms are present in the chloro-
plast and the cytosol. They can reduce disulphide
bonds in proteins and act as a hydrogen donor
to reduce peroxiredoxin, which in turn reduces
H,0,, lipid peroxides and peroxinitrite (Rouhier
and Jacquot 2002). Thioredoxins interact with
numerous proteins (Marchand et al. 20006).
The modification of enzymatic activities of target
proteins suggests novel ROS-sensing functions
for the TRX-system beyond mere detoxifica-
tion. Animal Ca®* channels of the IP.R type 1 are
regulated via interaction with a TRX-type protein
ERp44. The interaction is dependent on pH, Ca**
and redox status (Higo et al. 2005). Intriguingly,
one of the earliest events upon perception of
extracellular ROS in plants is a distinct calcium
response (Evans et al. 2005). This Ca?" finger-
print is specific for different ROS. However, the
identities and the regulation of the Ca?*-channels
involved remain unknown.

Both enzymatic and non-enzymatic lipid per-
oxidation have been previously implicated in
ROS perception. Oxylipins resulting from enzy-
matic oxidation via lipoxygenases (LOX) might
function in leaf senescence (Berger et al. 2001).
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Oxylipins accumulate during the hypersensitive
response after infection with avirulent strains
of Pseudomonas syringae, while the accumula-
tion in response to disease-causing strains is far
less pronounced (Vollenweider et al. 2000). The
delivery of typical lipid oxidation molecules
induces the expression of GST1 but also causes
severe damage of plant cells. This indicates that
these resulting oxylipins are not simply toxic
substances but are more likely to have additional
functions in signaling.

B ROS Downstream Signaling
Networks

MAPKSs (Fig. 2b) are well characterized in many
cellular responses including disease, abiotic
stress and development. Silencing of Arabidopsis
MPK6 makes plants more susceptible to patho-
gen infection. Both pathogen infection and O,
exposure induce the formation of ROS in the
apoplastic space. MAPKSs are also activated early
during the response to O, in tobacco and Arabi-
dopsis (Samuel et al. 2000; Ahlfors et al. 2004).
Evidence from transient over-expression in pro-
toplasts suggests that MAPK kinase kinases
(MAPKKKS) can channel oxidative stress for
MAP kinase activation in alfalfa (Nakagami
et al. 2006). Upon activation by H,O, the Medi-
cago sativa MAPKKK OMTKI interacts with,
and activates the Medicago MAPK 3 (MMK3)
functioning in the activation of H,O -induced cell
death. In Arabidopsis, the H,O,-activated kinase
oxidative-inducible 1 (OX-I1) is required for the
full activation of MPK3 and MPK6 (Rentel et al.
2004). This pathway affects two very different
ROS-influenced processes, the resistance to Per-
onospora parasitica and root hair growth.

MAPKs are regulated by protein phosphatases.
Phosphatases can be targets of modification by
ROS (as exemplified earlier with ABI2). There-
fore it is not surprising that alterations in pro-
tein phosphatase activity affect ROS-associated
MAPK signaling. Silencing of the Arabidopsis
thaliana dual-specificity MAPK phosphatase
MKP?2 renders plants hypersensitive to oxidative
stress through prolonged activation of AtMPK3
and 6 (Lee and Ellis 2007).

The MAPK module function is not only down-
stream of ROS. The Arabidopsis thaliana MAP-
KKK and MEKKI1 is essential in the regulation

of ROS homeostasis (Nakagami et al. 2006).
MPKA4 is a likely downstream target of MEKKI.
Both integrate ROS homeostasis with hormone
signaling and development. A recent report
shows DNA binding and the direct interaction
of MEKK 1 with a transcription factor WRKY53
(Miao et al. 2007), which is involved in the regu-
lation of genes encoding proteins of antioxidative
function (Miao et al. 2004). This shortcut could
potentially change the view on MAPK signaling.

IV Insights from Genetic and Genomic
Strategies

A Genomics and Microarrays

The site and type of ROS produced have a criti-
cal influence on which changes and the selectiv-
ity in gene expression can be detected (Gadjev
etal. 2006). During the last few years, several full
genome array experiments have been performed
using ROS-treatments or plants with altered lev-
els of ROS scavenging enzymes (e.g., O,, MV,
anti-sense CAT and cytosolic ascorbate peroxi-
dase-knock out plants), and other stresses (Gad-
jev et al. 2006). From these experiments, it can
be shown that ROS induce both a common set of
genes independent of the nature of ROS and, in
addition, each ROS induces its own set of genes
(Gadjev et al. 2006). Furthermore, different treat-
ments leading to the same reactive species in the
same location, for example, increased H,O, in
the peroxisome, give similar expression patterns
(Gadjev et al. 2000).

Two large scale analyses have recently been
performed on ROS and abiotic stress-related
full genome array data. One (Kilian et al. 2007)
focused mainly on drought, cold and UV-B irra-
diation stress, while the other (Ma and Bohnert
2007) analyzed more than 30 treatments includ-
ing abiotic-, oxidative-, biotic- stresses along with
hormone and chemical treatments. Both identi-
fied a set of genes that might encompass the plant
“universal stress response transcriptome” with
important functions in various stress responses,
analogous to yeast and mammals. The study by
Kilian et al. (2007) focused on a very early time-
point (30 min after treatment) which explains why
their list of up-regulated genes is small ( nine vs.
197 genes in Ma and Bohnert 2007); however four
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of these nine genes were common with both
datasets. The majority of the genes identified in
both datasets are also activated by ROS, which
points to a role for ROS as an important initial
signal for both early abiotic stress defenses and, in
general, as aninducer of universal stress responses.
However, ROS are not only a general inducer of
stress responses, there is also specificity involved
in ROS regulation of abiotic stress, for example,
different ROS are generated in cells during vari-
ous abiotic stresses (Gadjev et al. 2006).

In contrast to the wealth of data on gene expres-
sion, comparably little is known about transcrip-
tion factors or the promoter elements they bind
which regulate ROS induced genes. ROS respon-
sive promoter elements can be divided into two
classes, that is, elements experimentally verified
by methods such as gel shift assays or promoter-
reporter gene deletions, and elements enriched in
promoters of ROS regulated genes, usually iden-
tified through full genome array analysis.

There are few experimentally verified ROS pro-
moter elements: the Arabidopsis NRXe2 element
(TGACGTCA) which responds to H,O, (Geisler
et al. 2006); the rice co-ordinate regulatory ele-
ment for antioxidant defense (CORE) which is
activated by MV treatment (Tsukamoto et al.
2005); the tobacco activation sequence-1 (as-1)-
like element activated by MV treatment (Apel and
Hirt 2004); the antioxidant-responsive element in
maize [ARE; TGACTCA; (Scandalios 2005)];
and an O,-responsive region of grapevine stil-
bene synthase (Schubert et al. 1997). Dissection
of the HSP70A promoter in Chlamydomonas
reinhardtii indicated that 'O, and H,O, use distinct
cis-elements (Shao et al. 2007).

In contrast to these verified promoter elements,
many array studies have identified elements
enriched in promoters of genes induced by ROS
treatments and are likely candidates for regula-
tion of ROS induced genes. This computational
approach to find elements involves statistical
analyses of promoters from co-regulated genes
identified through full genome array analysis
using one or more ROS treatments. The analysis
can be limited to search for known elements or
use a prediction algorithm to find novel elements
(Geisler et al. 2006; Tosti et al. 2006). Using
this approach, more than 15 promoter elements
were significantly enriched in promoters of O,-
induced genes, for example, the ABRE, ERF and

M. Brosché et al.

LS-7-motifs as well as the W-box (Mahalingam
et al. 2005; Tosti et al. 2006). Several of these
were also regulated by hormones, which sup-
ports the role of SA, ABA, and ET in plant ROS
responses (Overmyer et al. 2003). One potential
problem with this in silico approach is the ques-
tion of their biological significance. However,
the availability of improved algorithms with
increased accuracy has allowed for selection of
elements directly for experimental confirmation
(Geisler et al. 20006).

As with promoter elements, there is a lack of
experimental verification for transcription factors
that regulate ROS induced genes. The expression
of more than 500 transcription factors in Arabi-
dopsis is altered by ROS treatment (Gadjev et al.
2006) indicating a large impact of ROS on tran-
scriptional regulation. However, only a few tran-
scription factors have an experimentally verified
role in ROS-related gene expression regulation.
Two Arabidopsis transcription factors, C.H,-EAR
zine finger proteins Zat10 and Zat12, were iden-
tified by over-expression in planta. These over-
expressors displayed constitutively high levels
of transcripts for ROS antioxidant enzymes and
other defense genes (Davletova et al. 2005b; Mit-
tler et al. 2006). The mutant phenotypes of Ara-
bidopsis ocp3 include constitutive high H,O, and
expression of H,O, regulated genes suggesting
that OCP3, a homeodomain protein, could be a
negative regulator of H,O, signaling (Coego et al.
2005).

However, direct promoter binding has been
shown for only one ROS related transcription
factor. The H,O, inducible Arabidopsis WRKY53
binds to the CAT 1, 2 and 3 promoters and pro-
moters of other transcription factors and signal-
ing proteins (Miao et al. 2004). Using genomics
tools, such as chromatin immuno-precipitation-
DNA microarray, (ChIP-Chip) would be a way
to identify and verify both the promoter elements
and transcription factors involved in ROS signaling.

B Transgenic Approaches

Transcriptional analysis of plants deficient in
individual antioxidant enzymes has revealed dis-
tinct stress responses to accumulation of O, and
H,O, in chloroplasts and peroxisomes. Tobacco
and Arabidopsis plants deficient in the per-
oxisomal CAT 2, which are unable to detoxify
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photorespiratory H,O,, show distinct sensitivity
and cell death upon illumination under high light
intensity (Willekens et al. 1997; Vandenabeele
et al. 2004). Microarray analysis of Arabidopsis
CAT?2 silenced plants revealed distinct rearrange-
ments in the global pattern of gene expression,
demonstrating a central role for peroxisomal
H,O, in cellular stress signaling (Vandenabeele
et al. 2004). Intriguingly, high-light-illuminated
plants with 20% residual CAT activity (denoted
as CAT2HP1) exhibited distinct down-regulation
of a cluster of genes involved in anthocyanin
biosynthesis (Vanderauwera et al. 2005). The
opposite effect was observed in knock-down Cu/
Zn SOD plants, which showed up-regulation of
genes related to anthocyanin biosynthesis already
under quite optimal growth conditions (Rizh-
sky et al. 2003). Thus, anthocyanin biosynthesis
transcripts are transcriptionally up-regulated in
response to ‘O, while H O, negatively interferes
in the expression of these transcripts (Gadjev
etal. 2006). This indicates cross-talk and specificity
in signaling between different ROS.

C 0, Signal Transduction

The conditional flu mutant can generate 'O, in a
controlled and non-invasive manner providing
an excellent tool to explore 'O, signaling. The
flu mutant accumulates a chlorophyll biosynthe-
sis intermediate in the dark, which results in the
release of 'O, upon re-illumination. The accu-
mulation of 'O, leads to rapid and selective tran-
scriptional reprogramming, and finally induces
PCD in flu plants (op den Camp et al. 2003).
Notably, the light-dependent release of 'O, alone
is not sufficient to induce the PCD response in
flu seedlings: the EXECUTERI gene was found
to be required for cell death in re-illuminated f7u
plants (Wagner et al. 2004). Further characteri-
zation revealed that activity of the cytoplasmic
blue light receptor cryptochrome CRY1 and blue
light is also required to trigger cell death. Expres-
sion profiling in the flu single and flu cryl double
mutant indicated a subset of 'O,-induced genes
which required CRY1 to be activated (Danon
et al. 2006). Thus, blue light has the ability to
influence 'O, signaling.

The vast majority of genes activated by 'O,
in flu were different from those induced by
treating plants with MV, a herbicide that induces
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generation of "0, in chloroplasts (op den Camp
etal., 2003). Nevertheless, H,O, signaling seems
to interact with signals that originate from 'O, in
chloroplasts. Over-expression of thylakoid APX
(tAPX), a scavenger for H O, in fIlu background
led to enhanced 'O,-dependent cell death as com-
pared to the parental flu plants (Laloi et al. 2007).
Moreover, the expression of 'O,-induced genes
was enhanced in the flu tapx-ox plants. Alto-
gether, these findings lead to a conclusion that
'0, signaling is fine-tuned by antagonistic effects
of H,O, in chloroplasts.

V Conclusions

The controlled production and action of ROS is
critical to act as an “alarm” signal in the recogni-
tion and response to stress. Multiple intracellular
sites of ROS formation differ in their capacity for
production and chemical identity of ROS. The
involvement of ROS in several developmental
and inducible processes imply that there must be
coordinated function of signaling network(s) that
govern ROS-responses and subsequent processes,
although detailed descriptions of the mechanisms
of such interactions are lacking. The perception
of ROS is still almost completely unknown. The
subsequent signaling affects several downstream
processes, which in turn lead to the induction of
stress responsive genes. This ubiquity explains
why the role of ROS as second messenger has
raised considerable interest in diverse models and
processes. Understanding the integration of ROS
signaling can provide powerful tools for improving
plant growth, productivity and product quality.
The future challenge of this central area of plant
biology is to elucidate pathway cross-talk and
to understand the interaction mechanisms in the
whole signal network.
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Summary

Throughout their lifespan plants are exposed to numerous biotic and abiotic stresses that may affect their
normal growth, development and reproduction. In order to survive, they have evolved elaborate mecha-
nisms to perceive and respond to each type of stress. A complex and still obscure network of interactions
between hormones and genes expression allows the plant to fine tune the appropriate response. Each type
of stress has received a great deal of attention and many important discoveries allow researchers to begin
to unravel each signaling pathway. However, more and more evidence suggest that studying each response
in isolation is an oversimplification. Indeed, plants are able to integrate multiple signals and respond to
different stresses in a specific manner. Moreover, evidence indicates that each stress/pathway interacts
with each other. Recent progress in transcriptome analysis and the construction of large databases central-
izing microarray data from different laboratories, allows researchers to carry out comparative approaches.
These types of approaches, revealed interesting and important networks. These give us the opportunity to
understand the plant responses in a more comprehensive, integrative manner. In this chapter, we describe
the role of different phyto-hormones in mediating various biotic and abiotic stress responses and also
discuss the possible mechanisms by which they can provide tolerance to those stresses.
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I Introduction

Due to their sessile nature, plants need to adapt
to changes in the environment. This plasticity in
developmental response allows the plant to survive
and cope with changing conditions and the different
attacks itmay encounter. Such changes in the growth
conditions are often referred as stresses. They can
be of two types: abiotic and biotic stresses. Abiotic
stresses are caused by heat, cold or salt conditions
whereas biotic stresses are caused by living organ-
isms. Interestingly, upon any type of stress the plant
slows its normal growth rate. Moreover, using
genetic screens, researchers identified numer-
ous mutants affected in stress responses and also
showing abnormal growth phenotypes. These data
indicate that growth and stress are regulated in a
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concerted manner and therefore it is difficult to
define one without the other. The plant therefore
needs to integrate a multitude of positive and nega-
tive growth stimuli and induce the correct response.
Much progress has been made recently to under-
stand how plants respond to each type of stress
and how it affects their development. At the same
time, genome wide analysis such as microarrays,
next generation sequencing and other large scale
analysis, in combination with bioinformatics tech-
niques, allow researchers to unravel more and more
complex regulatory networks, to ask questions in a
more integrative manner and give an opportunity
to compare the plant response not to one stress but
to a variety of different stresses. In doing so, we are
in a position to begin to understand how the plant
integrates responses to stresses (Fig. ).

STRESS

Stress Responses

Biotrophic
Pathogen
Responses

[ S, Abiotic
Stress
® Responses

Necrotrophic
Pathogen
Responses

Fig. 1. Scheme indicating the general interaction between growth and stress. Stress responses and growth are antagonistic.
Upon stress, the plant suppress/pauses (=) the growth. So far, it is not clear where the pathways promoting growth and stress
responses interact. The negative interaction between growth and stress (=) could be at the stress response level or at the per-
ception level. Similarly, it is not known if the growth promoting pathways have direct effect on the stress responses. The interac-
tion between biotrophic and necrotrophic pathogens is clearly negative. Finally, the interaction between biotic and abiotic stress
seem more complex than previously thought. Both positive and negative interaction (—®) have been reported. =: induction;
=—1: repression.=—: hypothetical repression; —@: both positive and negative interaction have been reported.

Abbreviations: ABRE — abscisic acid responsive elements;
AUX — auxin; BAP — 6-benzylaminopurine; BR — brassi-
nosteroid; BXN — bromoxynil; CC-NBS-LRR — coiled-coil-
nucleotide-binding site-leucine-rich repeats; ET — ethylene;
ET-ACC - ethylene precursor aminocyclopropane-1-car-
boxylic acid; GA — gibberellic acid; GAI — gibberellic acid

insensitive; GID1gibberellin-insensitive dwarfl; GSH —
glutathione; HR — hypersensitive response; IAA — indole-3-
acetic acid; JA — jasmonic Acid; MeJA — methyl-jasmonate;
PCD — programmed cell death; JAZ — proteins jasmonate
ZIM-domain proteins; PRproteins pathogenesis-related pro-
teins; ROS — reactive oxygen species; SA — salicylic acid
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Il Biotic Stress Versus Abiotic Stress

Biotic stress is described as a stress produced by a
living organism that can harm plants. These living
organisms, also known as pathogens, are bacteria,
virus, fungi and oomycetes. They can be broadly
categorized in two classes depending on their life
style: biotrophs and necrotrophs. Biotroph patho-
gens keep the plant cell alive and absorb nutri-
ents from living tissues. To control these types of
pathogens, the plant often induces a programmed
cell death that kills the cell in the direct proxim-
ity of the microbe, limiting its spread. In contrast,
necrotroph pathogens grow on dead tissues, often
after inducing cell death. To respond to these two
different types of invasion, plants have developed
two distinct pathways. Resistance against bio-
troph pathogens is mediated by a salicylic acid
(SA)-dependent pathway. Large genetic screens
for either over-producers or mutants in this path-
way demonstrated the role of this hormone in
controlling the resistance to biotroph pathogens
(Alvarez 2000; Kunkel and Brooks 2002; Halim
et al. 2006; Robert-Seilaniantz et al. 2007). Inter-
estingly, constant production of SA induces cell
death and decreases the stature of the plant in
many plants including Arabidopsis. Resistance
to necrotroph pathogens is mediated by jasmonic
acid (JA) and ethylene (ET)-dependent pathways.
These two hormones have also a role in plant
development. The interaction of JA and ET is not
straight forward since both synergistic and antag-
onistic interactions have been reported (Kunkel
and Brooks 2002; Robert-Seilaniantz et al. 2007).
However, in the case of biotic stress, these two
hormones have a synergistic interaction.

Abiotic stresses are caused by environmental
factors such as drought, UV, elevated or depleted
salt level. Although the stresses do not seem to be
related between each other, the main pathway con-
trolling the response to these stresses is control-
led by one single hormone: abscisic acid (ABA).
The level of this hormone increases during abi-
otic stress, especially during drought. Moreover,
the change in ABA level is strongly correlated
with metabolic change and gene expression.
Both types of stresses impact the normal develop-
ment of the plant. Interestingly, exogenous treatment
of ABA results in an increased susceptibility to
many pathogens (Koga et al. 2004; Mauch-Mani
and Mauch 2005; Robert-Seilaniantz et al. 2007;
de Torres-Zabala et al. 2007; Adie et al. 2007).
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In a similar manner, application of an abiotic stress
before a biotic stress makes the plant more sus-
ceptible to the pathogen (Koga and Mori 2004).
Therefore, it is currently envisaged that the abiotic
stress response is prioritized by the plant over the
biotic stress response. However, recent studies
demonstrated that the interaction between ABA
and biotic stress response is more complex than just
negative.

lll General Stress Response

The availability of large microarray datasets
allows researchers to do comparative transcrip-
tomics. Recently, Ma and Bohnert (2007, 2008)
compared microarray data after different stress
treatments. They included both biotic and abiotic
stresses, as well as chemical stress. Interestingly,
they found that a group of genes are induced in all
type of stress. More specifically, it appears that
80% of those genes are regulated under each of the
stress they tested. Therefore, they proposed that
these genes represent a “universal stress response
transcriptome”. Interestingly, it appears that the
majority of these genes is conserved and is part
of a stress response shared between plants and
animals. Gene ontology analysis of this cluster
revealed that responses to biotic or abiotic stress
are over-represented. Nevertheless, this compara-
tive approach demonstrated that plants respond to
stress by regulating a general stress response and
later on or at the same time induce a more specific
answer to the problem they face. To this extent it
would be interesting to understand how the plant
reorganizes the transcription of stress-responsive
genes towards a specific challenge. Moreover, it
would be interesting to see if this general stress
cluster is always turned on during the stress or if
part of the specific response is to down-regulate
the “unnecessary” part of the response. In a dif-
ferent study, Narusaka et al. (2004) investigated
the role of Cytochrome P450 enzymes in different
biotic and abiotic stresses. Cytochrome P450 are
heme-containing enzyme involved in numerous
biosynthetic reactions resulting in a wide range
of lipophilic molecules, hormones and defense
compounds for examples (Donaldson and Lus-
ter 1991). Despite their important role, little is
known on their regulation during stresses. Naru-
saka et al. (2004) used a full length cDNA library
containing 7,000 independent genes that included
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49 cytochrome P450 genes. Their analysis
revealed both specific and non-specific expression
of P450 genes. Indeed they showed that some of
the P450s are induced by both biotic and abiotic
stresses. However, none of the genes is induced
under every condition. These two studies are
quite complementary since the types of stresses
they chose are different. Ma and Bohnert (2007)
use biotrophic pathogens as their biotic stress,
whereas Narusaka et al. (2004) chose Alternaria
brassicicola and Alternaria alternata, two necro-
trophic pathogens. It is commonly accepted that
necrotrophic pathogens induce abiotic stress
during the interaction with the host. Nevertheless,
the ability of the two studies to detect genes
induced over a large number of stresses argue in
favor of a set of genes involved in the general
stress response. The two studies presented only
one gene in common CYP707A3, a major enzyme
for the regulation of ABA level in Arabidopsis
under dehydration and rehydration. The expres-
sion of this gene showed a discrepancy between
the two papers. Whereas, Ma and Bohnert (2007)
included this gene in the “universal stress cluster”
(N12), Narusaka et al. (2004) showed that this
gene is induced only by ethylene, abscisic acid,
drought, salt and water soaking. Glombitza et al.
(2004) used a similar approach to identify second-
ary metabolism as a point of interaction between
biotic and abiotic stress responses. In addition to
CYP450, they included in their array glutathione-
utilizing enzymes and ABC transporters. Secondary
metabolites are induced upon biotic and abi-
otic stress and their roles have been discussed
(Glombitza et al. 2004). The large variation of
compounds produced by the plant allowed for a
certain plasticity of the responses. Using princi-
pal component analysis, the authors clustered the
gene responses according to their expression pattern
after stress. Their analysis reveals two groups of
genes differentially regulated upon every stress
they applied. However, the comparison of the two
groups revealed that one group is induced by all
the stresses and repressed by methyl-jasmonate
(MeJA) and ET, whereas the other group is
repressed by UV-B and bromoxynil (BXN) treat-
ment. These studies demonstrated thatif'secondary
metabolism is part of the general stress response,
the type of metabolite active during each stress
may differ. One example is camalexin, which is
synthesized through indole-3-acetaldoximide and

A. Robert-Seilaniantz et al.

requires different CYP450 (Glawischnig 2006;
Nafisi et al. 2007). This metabolite is the main
phytoalexin in Arabidopsis. This molecule is part
of the resistance reaction against many fungal
pathogens (Nafisi et al. 2007; Ren et al. 2008),
but has no effect against the biotroph patho-
gen Pseudomonas syringae pv. tomato DC3000
(Nafisi et al. 2007). In addition to its role in biotic
stress response, camalexin is induced by abiotic
stress such as oxidative stress and chemical stress
(Zhao et al. 1998). Despite consensus approaches
and despite the fact that most of the studies claim
the isolation of a common stress response, the
overlap seems rather limited. One possible expla-
nation for the observed difference is the timing.
Stress responses induce a large transcriptional
reprogramming of the cell. As for any process,
the observed response is partly dependent on the
design of the experiment and the time of sam-
pling. This could be in contrast with the previ-
ously named “general stress response”. However,
the observed response is always a combination of
both the general and the specific stress response.
The mechanism by which the plant produces a
specific response is still unclear. One possibil-
ity could be to suppress part of a general stress
response and induce other genes/components of
a stress pathway. Therefore, the timing would
dictate, not the induction of the general stress
response but the output of the response.

Another response shared between biotic and
abiotic stress is reactive oxygen species (ROS).
These are important molecules that can be a sec-
ondary messenger in many cellular processes,
effector of plant defense or byproduct of aerobic
metabolism. In every case, cells need to fight the
highly toxic nature of these molecules. To con-
trol the damage induced by those versatile and
important molecules, cells have a tightly con-
trolled detoxifying systems that can balance the
level of ROS. Microarray experiments revealed
that induction of both production and detoxifica-
tion is a common response after both biotic and
abiotic stresses (Schenk et al. 2000; Kwak et al.
2003; Apel and Hirt 2004; Fujita et al. 20006;
Torres et al. 2006; Achard et al. 2008). How-
ever, many differences exist in the production
and regulation of these ROS. In biotic stress, the
pathogen attack will trigger the production of
ROS, mostly superoxide and hydrogen peroxide.
This production occurs in the apoplast and is
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dependent on two NADPH oxidases Atrboh D
and AtrbohF (Torres et al. 2006). ROS are also
tightly linked with SA. Both molecules are part
of a positive feedback loop (Overmyer et al.
2003; Torres et al. 2006). Their role in defense
against pathogens is similar and very important.
The induction of ROS and the suppression of the
detoxifying pathway potentiates the programmed
cell death (PCD), making the plant more resistant
to biotrophic pathogens. The role of ROS during
this stress is not restricted to PCD and/or defense
against biotrophs. ROS induces damages directly
to the pathogen, reinforces the plant cell wall and
plays the role of secondary messenger to prime
the neighboring cells (Apel and Hirt 2004; Torres
et al. 2000). Recently, Mateo et al. (2006) demon-
strated another connection between SA and ROS.
Using SA over-producer and mutants, the authors
could correlate the level of SA with the level of
glutathione (GSH) in leaves. High levels of SA
are correlated with high levels of GSH. If GSH
is part of the detoxifying mechanism, it is also
a marker of oxidative stress. In line with these
data, the authors could also observe an increase
of ROS in plants with a high level of SA. This
relationship between ROS, SA and GSH dem-
onstrates that, more than the level of any single
component, the ratio between the components is
crucial for the plant response to stress. During
abiotic stress, ROS can be the result of perturba-
tion induced by the stress (Apel and Hirt 2004).
During aerobic metabolism in leaves, oxygen is
constantly produced and detoxified by tightly reg-
ulated mechanisms. Any perturbation of the bal-
ance between production and detoxification will
result in production of ROS. For example, during
high light stress, the cell is not able to produce
sufficient acceptor for the electrons generated by
the photosystems, resulting in an increase in ROS
levels (Asada 1999; Bechtold et al. 2008). However,
this production is not always a passive process.
Active production of ROS by AtrbohD and
AtrbohF is required for stomatal closure under
drought condition (Kwak et al. 2003; Apel and
Hirt 2004; Fujita et al. 2006). In both biotic and
abiotic stress, ROS have a role in signal transduc-
tion. For example, Takahashi et al. (2004) dem-
onstrated an important overlap between genes
induced or repressed by ABA and ROS. In addi-
tion, ABA induces production of ROS (Yan et al.
2007). Similarly, correlation between SA and ROS
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levels is indicative of a crosstalk (Mateo et al.
2006). More importantly, treatment of plants with
SA induces production of ROS (Draper 1997).
The reverse is also true since exposure of plants
to ozone resulted in an increase of SA (Overmyer
et al. 2003). Moreover, the regulation of NPR1, a
key component in the SA pathway relies on the
redox status of the cell (Mou et al. 2003). The
place of ROS in a pathway is therefore difficult
to estimate. The consequence of ROS production
is different depending on the type of stress. In
abiotic stress, production of ROS damages plant
cells and its removal is essential for the survival
of the plant. However, during biotic stress, ROS
not only damages the plant cells but also damages
the pathogen and reinforces the passive defense
such as the cell wall. Therefore, it is not surprising
to see an antagonistic effect of the modification
of the ROS production/detoxification on biotic
and abiotic stress (Apel and Hirt 2004; Torres
et al. 2006). One counter example of this antago-
nistic effect of ROS on biotic and abiotic stress
comes from a more developmental role of these
molecules. In the stomata, ROS production is an
important inducer of stomatal closure. Closure of
stomata is an important response during drought
stress (Apel and Hirt 2004; Yan et al. 2007). At
the same time stomata are believed to be the point
of entry of bacterial pathogens like Pseudomonas
spp. Melotto et al. (2006) demonstrated that path-
ogen recognition induced stomatal closure. This
closure is dependent on production of ROS (NO).
Moreover, the re-opening of this gate is actively
induced by the pathogen.

IV ABA and Jasmonic Acid:
Usual Suspects for Interaction

ABA is a well studied hormone that has roles in
both development and stress responses. From a
developmental point of view, ABA is required
for seed dormancy, fruit abscission, stomatal
closure and leaf senescence (Fedoroff 2002;
Barrero etal. 2005, 2008). At the same time, ABA
is essential for plant responses to abiotic stress
such as drought, salt and cold (Verslues and Zhu
2005; Yamaguchi-Shinozaki and Shinozaki 2005;
Agarwal etal. 2006; Kariola et al. 2006). Elevated
levels of this hormone are required for the stress
response. Therefore, mutation or over-expression of
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components of the ABA pathway often results in
an alteration of abiotic stress tolerance of the plant
(Verslues and Zhu 2005; Yamaguchi-Shinozaki
and Shinozaki 2005; Agarwal et al. 2006; Kariola
etal. 2006). Recently, three different proteins have
been proposed to be receptors of ABA (Razem
et al. 2006; Shen et al. 2006, Hirayama and
Shinozaki 2007; Liu et al. 2007), but the true
ABA receptor is still controversial. The mecha-
nism of induction of the signaling pathway is
still not clear. ABA has also been involved in
the response to biotic stress (Audenaert et al.
2002; Mohr and Cahill 2003, 2006; O’Donnell
et al. 2003a, b; Schmelz et al. 2003; Anderson
et al. 2004; Koga and Mori 2004; Mauch-Mani
and Mauch 2005; Melotto et al. 2006; de Torres-
Zabalaetal. 2007; Robert-Seilaniantz et al. 2007).
PstDC3000 enhances the production of ABA dur-
ing disease (Truman et al. 2006) suggesting that
ABA is a susceptibility factor for this bacterium.
In addition, some effectors from this bacterium
specifically target this pathway (de Torres-Zabala
et al. 2007; Goel et al. 2008). This finding ech-
oes older studies where application of ABA or
abiotic stress treatment enhances the susceptibility
of rice toward Magnaporthe grisea (Koga and
Mori 2004) and where the level of ABA was corre-
lated with the susceptibility toward PstDC3000
(Schmelz et al. 2003; O’Donnell et al. 2003a, b)
and Hyaloperonospora arabidopsidis (Mohr and
Cahill 2003). Therefore, ABA seems to act as a
negative regulator of the SA pathway. Indeed, the
ABA insensitive tomato mutant sitiens shows an
increase in SA-mediated responses and shows
higher resistance toward PstDC3000 and B. cin-
erea (Audenaert et al. 2002). It is important to
note that in tomato, B. cinerea is controlled by
SA-mediated resistance and not ethylene as in
Arabidopsis. Conceivably, B. cinerea has a very
short biotrophic phase during which it is suscep-
tible to SA-mediated defense mechanisms. More
recently, Mohr and Cahill (2006) demonstrated
that ABA suppresses SA and lignin accumulation.
Interestingly, ABA can also interfere with the
JA/ET pathway. Mutations in EIN2 confer eth-
ylene insensitivity and show higher susceptibil-
ity against a necrotrophic pathogen. In addition
to this ethylene phenotype, ein2 mutants over-
produce ABA (Wang et al. 2007b). Interestingly,
ein2 mutants are hypersensitive to both salt and
osmotic stress. This increase in susceptibility is
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ABA dependent (Wang et al. 2007b). Moreover,
ein? mutants are resistant to ABA treatment
(Beaudoin et al. 2000), indicating that ABA
triggered-inhibition requires a functional ein2
protein. Taken together, these data indicate that
EIN2 is at a node between ABA and ethylene.
Another example of the negative interaction
between ABA and JA/ET signaling is revealed
by mutation of Atmyc2/JIN2. This transcription
factor was originally identified as regulating
the ABA signaling pathway. Mutations in this
gene also result in elevated induction of JA con-
trolled defense genes such as PDF1.2, causing
an elevated resistance toward necrotrophs, and
an inhibition of JA controlled wound response
genes. This study shows that ABA acts as a
negative regulator of JA/ET controlled patho-
gen responses. Anderson et al. (2004) confirmed
these data showing that exogenous application
of ABA suppressed JA/ET induction of defense
genes. Taken together, these data show that ABA
can negatively regulate the plant defense path-
way against both necrotrophic and biotrophic
pathogens. It raises the possibility that ABA
allows the plant to prioritize resistance toward
abiotic stress over biotic stress.

JA has also a broad effect on plant physiology.
This hormone has been involved in pollen devel-
opment, root growth, tuberization, pathogen
response, wound response, o0zone response,
and water deficit (Devoto and Turner 2003).
Recently, our understanding of the JA signaling
pathway has been greatly improved. Jasmonate-
isoleucine is now believed to be the active signal
and COI1 is the receptor of this signal (Melotto
et al. 2008). This discovery explains the impor-
tant role of JAR1 that conjugates isoleucine on
jasmonic acid (Staswick et al. 2002), thus mak-
ing it active. More importantly, JAZ proteins
that negatively regulate JA signaling have been
discovered. The mechanism of induction of the
JA pathway by JA-isoleucine is similar to the
AUX/TAA mechanism (Quint and Gray 2006;
Parry and Estelle 2006). JA-isoleucine acts as
molecular glue between JAZ protein and COI1.
Interaction with COIl targets the JAZ protein
for degradation, allowing the induction of the
pathway (Thines et al. 2007; Chini et al. 2007;
Staswick 2008). The role of JA in abiotic stress
response is largely based on its induction of the
antioxidant pathway (Porta et al. 1999; Devoto



6 Biotic and Abiotic Stress Interaction

and Turner 2003; Sasaki-Sekimoto et al. 2005).
A mutation of a JA biosynthetic gene (opr3)
renders the plant more susceptible to ozone
exposure because of the lack of antioxidant gene
induction (Sasaki-Sekimoto et al. 2005). Simi-
larly, water stress can increase ROS level in the
cell. Therefore, the induction of antioxidants is
a necessary response. However, water stress also
induces membrane damage. JA also induces lipox-
ygenases. These enzymes could have a functional
role in the response against membrane alteration
(Porta et al. 1999). The role of JA in both wound-
ing and pathogen responses are linked. Wounds
are induced by wind and herbivores. Increase in
JA levels result in induction of multiple toxic
secondary metabolites and attraction of herbivore
predators (Gols et al. 2003). JA has also a well
studied role in plant responses against necro-
trophic pathogens. The ability of this hormone to
induce ROS detoxifying enzymes allows the plant
to create ROS that damage the pathogen without
affecting the plant cell. In addition, application of
high levels of JA increases the transcription of a
number of genes with antimicrobial activity such
as PDF1.2 (Penninckx et al. 1996).

ABA and JA have a broad effect throughout
plant development. During stress responses,
the two signals can be antagonistic (review in
Robert-Seilaniantz et al. 2007). One point of
interaction is MYC2. In this case, the negative
interaction allows the specialization of the JA
response towards wound responses over patho-
gen responses (Anderson et al. 2004). Interest-
ingly, MY C2 is also required for the suppression
of SA pathway by JA (Laurie-Berry et al. 2006).
This indicates a complex regulation of MYC2
since it has been involved in both negative and
positive effects on the JA mediated pathogen
response. Recently, Adie et al. (2007) demon-
strated another interaction between these two
hormones. Using a Pythium irregulare and Ara-
bidopsis patho-system, they showed that ABA is
an essential signal for JA biosynthesis. P, irregu-
lare is a necrotrophic pathogen upon whose attack,
the plant induces JA pathways. By analysis of
the cis-elements of the genes induced during
the interaction, they observed an enrichment of
abscisic acid responsive elements (ABRE). To
test this hypothesis, they challenged different
ABA mutants and could show that lack of pro-
duction or perception of ABA resulted in increased
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susceptibility against this pathogen. Interestingly,
this observation is not true for every necrotroph
pathogen since they tested two other pathogens,
Alternaria brassicicola and Botrytis cinerea. 1f
A. brassicicola behaved in a similar manner as
P. irregulare, ABA mutants were more resistant
to B. cinerea. These data indicated that each
pathogen has specificity in their ability to subdue
the plant defenses. At the same time, these data
are not surprising since ABA has already been
reported to play a role in B. cinerea susceptibility
(Audenaert et al. 2002). Moreover, B. cinerea is
able to produce ABA by itself (Hirai et al. 2000;
Inomata et al. 2004). Finally, they quantified JA
and JA precursor (OPDA) in an ABA biosyn-
thetic mutant (aba2-12) and discovered that after
infection with P. irregulare, no increase of JA or
its precursor could be observed in the mutant.
ABA and JA are attractive candidates for hor-
mones that influence responses to biotic and
abiotic stresses. Both hormones have important
roles in response to the two types of stresses.
It is widely accepted that necrotrophic patho-
gens induce damage which is related to abiotic
stress. Nevertheless, recent studies demonstrated
an active role, possibly in the fine tuning of the
response, of these two hormones in general stress
responses.

V New Points of Interaction

A Auxin, Cytokinin and Brassinosteroids:
New Stress Hormones?

1 Auxin

Recent work from our laboratory provided new
insights into the involvement of auxin in plant
pathogen interaction. Navarro et al. (2004, 2006)
discovered that treatment of the plant with the
surrogate PAMP flg22 triggered the induction of
microRNA, miR393. Flg22 is a synthetic peptide
derived from the flagellum of bacteria. This pep-
tide is recognized by the plant through a direct
interaction with a LRR-RLK (FLS2). The interac-
tion of f1g22 and FLS2 triggers a resistant reaction
and limits the spread of the pathogen (Gomez-
Gomez and Boller 2000; Gomez-Gomez et al.
2001; Zipfel et al. 2004). Interestingly, miR393
targets mRNAs for the auxin receptor TIR1 and



110

several of its paralogs, down-regulating the auxin
signaling pathway. In this study, Navarro et al.
(2006) demonstrated that inability of the plant
to down-regulate the auxin pathway increases
the plant susceptibility toward PSTDC3000. In
contrast, over-expression of miR393 increased
the plant resistance against the same pathogen.
Using microarray analysis, Wang et al. (2007a)
demonstrated that SA represses auxin signaling.
The mechanism they inferred is that by suppress-
ing TIR1 expression, SA stabilized the AUX/
IAA proteins that act as negative regulators of the
auxin pathway. Indeed, they could demonstrate
that treatment of the plants with SA stabilized at
least AXR2, one of the AUX/IAA proteins with-
out affecting TIRI protein stability. Consistent
with these data, Llorente et al. (2008) challenged
different auxin signaling mutants with Botry-
tis cinerea and Plectosphaerella cucumerina. In
both cases, they observed an increase in suscep-
tibility. The role of auxin in plant pathogen inter-
actions is not limited to Arabidopsis or to dicots.
Using the rice Xanthomonas oryzae pv. oryzae
(Xo0) pathosystems, Ding et al. (2008) demon-
strated that overexpression of GH3-8 rendered
the plant more resistant to Xoo. GH3 proteins are
adenylate-forming enzymes that conjugate amino
acids to different molecules such as auxin in this
case. In Arabidopsis, the addition of amino-acid
to auxin inactivates the hormone. Therefore, this
study showed that as in Arabidopsis, low auxin
rendered the plant more resistant to a biotrophic
bacterial pathogen. Interestingly, the authors sug-
gested a different mechanism. In this case, the
increased resistance observed is independent of
SA or JA.

The role of the same hormone in abiotic stress
tolerance is less understood, but some papers
point out that auxin might have a role in abiotic
stress responses too. The microRNA miR393
is also induced during abiotic stresses. In 2004,
(Sunkar and Zhu 2004) isolated 43 microRNAs
and investigated their expression pattern. MiR393
is induced by cold, dehydration, high NaCl and
ABA. However, its role in abiotic stress response
is still unclear. AtNAC2 is a transcription factor
involved in salt stress response and lateral root
development (He et al. 2005). This gene is highly
induced after salt treatment, ABA, ET (ACC) and
auxin. Interestingly, mutations in the ABA sign-
aling pathway did not affect the salt induction of
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AtNAC2. However, amutation in TIR1, one of the
auxin receptors, and in ein2 and etr/, two compo-
nents of the ethylene signaling pathway, reduced
this induction. This result indicated that the salt
response of AtNAC2 required a functional auxin
and/or ethylene signaling pathway. Moreover,
this result suggests a positive role of auxin in
the induction of this gene in salt stress response.
Unfortunately, over-expression or knock out of
AtNAC?2 does not seem to have any effect on the
survival of the plant under high salt conditions.
The only phenotype the authors reported was an
increase in lateral root production when AtNAC2
is over-expressed, which is consistent with the
increase of lateral roots during salt stress in WT
plants. AtNAC?2 is part of a plant specific gene
family. The absence of phenotype observed in the
mutant could be explained by redundancy. The
role of auxin during abiotic stress is not always
positive. Park et al. (2007) recently reported the
isolation of WES1-D, a GH3 protein that can
conjugate aspartate onto IAA and therefore inac-
tivated the hormone. WES1-D is over-expressed
in the mutant due to the presence of a T-DNA
containing a 35S enhancer in the vicinity of the
gene. The authors could show that in WESI1-D
plants, the SA pathway was constantly induced
and the plant was more resistant to the virulent
pathogen PST DC3000. This result echoed previ-
ous published results demonstrating that the auxin
pathway is a negative regulator of plant defense
against biotrophs. Importantly, they also showed
that WES1-D is more resistant to many abiotic
stresses such as cold, heat and drought.

Ifthe role of auxin as a stress hormone in plants
is becoming clearer, it is worth noting that auxin
plays a role in stress response in microbes. Many
bacteria are able to produce IAA through a tryp-
tophan pathway (Brandl and Lindow 1996, 1998;
Glickmann et al. 1998; Valls et al. 2006; Robert-
Seilaniantz et al. 2007). The role and the reasons
of this production are still poorly understood.
However, many bacteria use IAA in pathogenic
interactions (Mazzola and White 1994; Glickmann
et al. 1998; Schmelz et al. 2003; O’Donnell et al.
2003a; Maor et al. 2004; Robert-Seilaniantz
et al. 2007) and induce tumors or hairy roots
(Palm et al. 1989; Robinette and Matthysse 1990;
Robert-Seilaniantz et al. 2007). One possible
explanation is given by Robinette and Matthysse
(1990) where they demonstrated that the presence
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of auxin production genes in the T-DNA was
correlated with inhibition of the hypersensitive
response (HR) induced by a non-host pathogen.
Similarly, Park et al. (2007) demonstrated that
addition of auxin down-regulated the SA sig-
naling pathway. In addition to direct effects on
the host physiology, auxin helps the bacteria to
survive under stress conditions. On plant leaves,
many epiphytic bacteria are able to produce auxin
(Brandl and Lindow 1996, 1998; Brandl et al.
2001; Manulis et al. 1998). For Erwinia herbi-
cola pv. gypsophilae, the production of auxin has
been correlated with both disease severity and
epiphytic fitness (Manulis et al. 1998). Interest-
ingly, this bacterium has two different pathways
for auxin production. Manulis et al. (1998) could
demonstrate that one pathway is important for
disease severity whereas the other is involved in
epiphytic fitness of the bacteria on the leaf sur-
face. Bianco et al. (2006a, b) demonstrated the
effect of [AA on Escherichia coli. Using in vitro
culture, they tested the survival rate of this bac-
terium after different abiotic stresses. After treat-
ment with IAA, E. coli increased its survival rate
under heat shock, cold shock, UV irradiation,
osmotic shock, acid shock, and oxidative stress,
treatment with antibiotics, detergents and dyes.
Microarray experiments suggest that a third of
the genes with altered expression after IAA treat-
ment are related to cell envelope or adaptation to
stress conditions. Furthermore, cells treated with
IAA showed an increase in trehalose, lipopoly-
saccharides and exopolysaccharides.

Work from our laboratory as well as other labo-
ratories demonstrates that auxin plays a negative
role in plant defense against biotroph pathogens.
At the same time, microbial studies demonstrated
that auxin treatment of many microbes result in
gene induction and increased stress tolerance.
Consistent with this, Brandl et al. (2001) could
demonstrate that in Erwinia herbicola the induc-
tion of the auxin pathway is dependent on the
microenvironment at the direct proximity of the
bacteria. In this bacterium, the auxin pathway
is induced during epiphytic phase on the plant
surface and under low water availability. Impor-
tantly, mutation of this pathway reduces the epi-
phytic fitness of Erwinia herbicola (Brandl and
Lindow 1998). These data raised the hypothesis
that the down-regulation of the auxin pathways
during plant pathogen interaction could be an
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attempt from the plant to decrease the survival
rate of the pathogen under the stress condition of
the apoplast. Unfortunately, to our knowledge no
bacteria affected in the auxin biosynthetic path-
way have been isolated so far in the numerous
screens performed to isolate less virulent bacte-
ria. One possible explanation is that in addition
to producing auxin, many pathogens induce the
production of auxin from its host (Schmelz et al.
2003; O’Donnell et al. 2003a; Robert-Seilaniantz
et al. 2007).

2 Cytokinin and Brassinosteroids

As with auxin, the role of cytokinin in stress
responses is not well studied. Nevertheless, some
reports implicate this hormone during certain
stress. Cytokinin can be produced by microbes
(Lichter et al. 1995; Murphy et al. 1997; Walters
and McRoberts 2006). Gall-forming bacteria
like Agrobacterium tumefaciens and Rhodococ-
cus fascians produce both auxin and cytokinin
(Robinette and Matthysse 1990; Goethals et al.
2001). In addition, many biotrophic but not
necrotrophic pathogenic fungi produce cytokinin
(Lichter et al. 1995; Murphy et al. 1997; Walters
and McRoberts 2006). These data suggest a nega-
tive role for cytokinin in resistance against bio-
troph pathogens. Consistent with this, cytokinin
has been involved in suppression of HR in a similar
manner to auxin (Robinette and Matthysse 1990).
Cytokinin has also been involved in the produc-
tion of “green islands” in cereals and retardation of
senescence after rust fungi infection (Walters et al.
2006, 2008). More recently and surprisingly, Igari
et al. (2008) isolated a gain of function mutant of
Arabidopsis that showed high accumulation of
cytokinin. This mutant called UNI-1D carried a
mutation in a CC-NBS-LRR protein that rendered
this protein constitutively active. In addition to the
high accumulation of cytokinin, this mutant has
high accumulation of SA and up-regulation of PR
proteins. Because high SA makes the plant more
resistant to biotroph pathogens, these data are quite
unexpected. Therefore, the regulation of interaction
between cytokinin and SA seems to be more com-
plex and as for other hormones, positive and nega-
tive regulation may characterize their functions.

A common feature of different stresses is that they
impair normal growth of the plant. Therefore, one
could expect that developmental hormones decrease
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during stress. Indeed, the level of cytokinin decreases
during water stress as shown in tobacco W38 and
in maize (Havlova et al. 2008; Alvarez et al. 2008).
According to these two papers, the decrease in
cytokinin level is mainly due to the activity of one
enzyme: cytokinin oxidase. In maize, this enzyme
is induced by cytokinin, ABA and abiotic stress
(Alvarez et al. 2008) making a direct link between
cytokinin down-regulation and abiotic stress toler-
ance. Importantly, the negative role of cytokinin on
drought stress seems to be limited to the aerial part.
In tobacco, Havlova et al. (2008) demonstrated that
if a decrease in bioactive cytokinin is observed in
leaves during drought stress, under severe drought
stress conditions an increase of bioactive cytoki-
nin could be observed in the roots. In addition to
the tissue, the type of cytokinin can make a differ-
ence. Using maize xylem sap, Alvarez et al. (2008)
measured the metabolic and proteomic change
during drought stress. As previously described,
they observed a decrease in both zeatin and zeatin
riboside. However, they also showed that another
cytokinin: 6-benzylaminopurine (BAP) increases
over the same period. One possible explanation lies
in the different effects reported for these two com-
pounds. Zeatin is a positive regulator of stomatal
opening. BAP does not have any reported effect on
stomata (Pospisilova 2004). The role of BAP may
be to delay senescence of the upper leaves. Moreo-
ver, high concentrations of BAP also induce proline
accumulation which helps to maintain the osmotic
pressure during water stress. Consistent with this
result, the authors also found an increase in proline.

Brassinosteroids (BR) are naturally occur-
ring steroid hormones with an essential role in
plant growth. Their effect on stress tolerance has
been observed (review in Krishna 2003) but few
reports are available. BR treatment increases plant
tolerance to abiotic stress such as high and low
temperature, high salt level and drought stress.
Kagale et al. (2007) demonstrated that pre-treat-
ment of seedling with BR increased expression of
some cold- and drought-responsive genes in Ara-
bidopsis and Brassica napus. The effect of BR
on heat stress is more complex. Dhaubhadel et al.
(2002) found that in Brassica napus, treatment of
the plant with BR increased the transcription of
heat shock protein genes. However, Kagale et al.
(2007) found that it is not the case in Arabidopsis.

The role of BR on biotic stress is also mostly
unknown. Treatment of plant with this hormone
results in an increased resistance towards a large
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variety of biotrophic and hemibiotrophic patho-
gens (Nakashita et al. 2003; Krishna 2003; Rob-
ert-Seilaniantz et al. 2007). Interestingly, this
effect seemed to be independent of SA (Nakas-
hita et al. 2003).

The mechanism by which BR promotes stress
tolerance is mostly unknown. Most of the reports
currently available are based on exogenous appli-
cation of BR. Jager et al. (2008) investigated
the effect of water stress on endogenous BR in
pea. They observed a large increase of ABA, as
expected, but no significant change in the level
of castasterone (an active BR) could be observed.
Moreover, mutations in either the perception or
biosynthesis of BR did not affect the plant’s abil-
ity to respond to water stress. Observed effects of
BR treatment on stress responses seem to indi-
cate an indirect involvement. The ability of BR
to interact with other hormones (Haubrick and
Assmann 2006) may be the reason of this effect.
More experiments are necessary in order to draw
conclusions about the exact role and more impor-
tantly by which mechanism BR treatment and/or
BR affect plant response to stress.

B Salicylic Acid

The role of SA in plant pathogen interaction is
well studied and many reviews are available
(Kunkel and Brooks 2002). Its role in abiotic
stress is less studied but not ignored (Metwally
et al. 2003; Chini et al. 2004; Gunes et al. 2007;
Chen et al. 2007; Seo et al. 2008; Catinot et al.
2008). Work in rice (Chen et al. 2007) and in bar-
ley (Metwally et al. 2003) demonstrated a positive
role of SA on heavy metal tolerance. However,
the mechanism by which SA increases metal tol-
erance in these two cereals seems to differ. In bar-
ley, Metwally et al. (2003) tested cadmium (Cd)
stress. In rice, Chen et al. (2007) tested lead (Pb)
stress. In both cases, pretreatment of seedlings
with SA increased the tolerance of these plants
against each metal stress. However, if Chen et al.
(2007) could correlate this increased tolerance to
the induction of H,O, detoxifying enzymes, Met-
wally et al. (2003) found that the SA pretreatment
lowered the Cd-dependent increase of antioxidant
enzymes. Production of SA is also part of the
response to UV (Glombitza et al. 2004). Moreo-
ver, Catinot et al. (2008) demonstrated recently in
tobacco that this production is dependent on iso-
chorismate synthase as for biotic stress response.
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C DELLA Proteins as Central
Integrators?

DELLAs are highly conserved protein members
of the GRAS family (Harberd 2003). They are
postulated to be negative regulators of growth.
Therefore, a high level of DELLA protein is cor-
related with a small plant size whereas suppres-
sion of these proteins is correlated with a larger
plant size. More specifically, DELLAs act as
repressors of the gibberellic acid (GA) signaling
pathway. In fact, they are the key regulators of
GA signaling. The repressor activity of DELLA
proteins is relieved upon GA treatment. GA is
perceived by its receptor GID1 (gibberellin insen-
sitive dwarf 1). DELLA proteins interact with
GIDI1 in a GA dependent manner. The interaction
of GID1 and DELLA proteins triggers the ubiqui-
tination of DELLASs and their degradation by the
proteasome (Harberd 2003; Jiang and Fu 2007,
Schwechheimer 2008). If the repressor activity
of DELLA is known, the mechanism by which
DELLA proteins repressed genes was unclear
until recently. Two back to back papers, by De
Lucas et al. (2008) and Feng et al. (2008), gave
important insights into this mechanism. These two
studies isolated DELLA interacting proteins and
both teams isolated related proteins, two bHLH
transcription factors involved in phytochrome-
mediated light signaling: PIF3 and PIF4. De
Lucas et al. (2008) found that PIF4 interact with
DELLAs, and Feng et al. (2008) found that PIF3
interacts with DELLAs. Importantly, they found
that these interactions are dependent on GA. In
the absence of hormone, DELLA proteins are in
the nucleus and interact with either PIF3 or PIF4.
These interactions prevent the proteins from pro-
moting the expression of their target genes. Once
GA is present, DELLA proteins are degraded,
releasing PIF3/PIF4 from their restraint. Then the
phytochrome-mediated light signaling pathway
can be induced. Interestingly, PIF4 is proposed
to be a negative regulator of the phytochrome
pathway (Huq and Quail 2002). The role of PIF3
seems to be more complex (Kim et al. 2003).
Both positive and negative regulations have been
observed depending on the quality of light. One
possible explanation is that once relieved from
the DELLA restraint, PIF3 or/and PIF4 induce
negative regulator of the phytochrome pathway.
At the same time, both transcription factors could
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bind cis-acting elements, such as G-Box for PIF4,
and repress or activate the expression of the
targeted genes. It is worth noticing that the mech-
anism of de-repression of a hormonal pathway
by degradation of a repressor seems conserved
between different hormone pathways (Quint and
Gray 2006; Katsir et al. 2008).

Growth and stress are often opposed. When
the plant is undergoing biotic or abiotic stress, a
retardation of development is observed. Similarly,
deregulation of the stress responsive pathways
often results in dwarfism (e.g., SA pathway).
Because DELLA proteins are well studied nega-
tive regulators of growth, they are very attractive
candidates for a putative integrator of growth and
stress signals. Interestingly, a large amount of
data demonstrated that these proteins lie at a node
of many hormones. The role of GA on DELLA is
probably the most important and the most direct.
However, auxin, ethylene, cytokinin and ABA
(Zentella et al. 2002, 2007; Achard et al. 2003,
2006, 2007b; Fu and Harberd 2003; Weiss and Ori
2007), at least have an effect on these proteins
directly or indirectly by acting on GA signaling
and/or biosynthesis.

Auxin directly affects the stability of DELLA
proteins. Fu and Harberd (2003) demonstrated
that auxin is required for the promotion of root
elongation by GA. Using genetic and molecu-
lar biology tools, they clearly showed that auxin
transport is important for the destabilization of
DELLA proteins by GA in roots. In addition,
they could demonstrate that the negative regu-
lator of auxin signaling pathways, AUX/IAA
proteins, promoted the stabilization of DELLAs.
All together, these experiments demonstrated
an intimate relationship between GA and auxin
pathways in roots. Moreover, this crosstalk is
mediated through two functionally related
proteins in the two pathways (AUX/IAA and
DELLASs). In addition to this direct effect, auxin
has an indirect effect on DELLA proteins. Auxin
treatment induces GA biosynthetic pathways and
down-regulates GA20x, an enzyme involved in
the GA deactivation pathway (O’Neill and Ross
2002; Frigerio et al. 2006; Weiss and Ori 2007).

In seedlings, ET stabilized DELLA pro-
teins, having a negative effect on GA signaling
(Saibo et al. 2003; Achard et al. 2003; Vriezen
et al. 2004). This negative effect is mediated by
two important components of the ET signaling
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pathway EIN3 and CTR1 (Achard et al. 2003;
Vriezen et al. 2004). An antagonistic effect of
ET on GA can also be found in mature plants.
However, these effects seem to be mediated in a
DELLA- independent manner. In mature plants,
ET affects the level of bioactive GA (Achard
et al. 2007a). Therefore, the effect of ET on
DELLA in mature plants is rather indirect. Inter-
estingly, positive effects between ET and GA
have also been found. Apical hook formation in
dark grown seedlings required both ET and GA.
The biosynthetic mutant ga/-3 was not able to
form an apical hook after ET treatment. Addition
of GA or mutation of DELLA proteins (RGA or
GAI) could restore this phenotype (Achard et al.
2003; Vriezen et al. 2004). Similarly, Saibo et al.
(2003) demonstrated a synergistic effect between
GA and ET. However, the role of DELLA pro-
teins in this positive interaction between GA and
ET is still unclear.

Cytokinins and GA are antagonistic (Jasin-
ski et al. 2005; Greenboim-Wainberg et al. 2005;
Brenner et al. 2005). This negative interaction has
a biological meaning since function of GA and
cytokinins are often opposite. The effect of cyto-

STRESS

(biotic or abiotic)

l +
Stress
responses

DELLA
- +
+

Stabilization

Reduce the
ROS >
detoxifying toxic effect of
= enzymes the ROS

Growth

Fig. 2. Role of DELLA proteins during stress response. Dur-
ing stress, the plant cell induces the production of ROS. At
the same time stresses stabilized DELLA proteins. Stabi-
lization of DELLA proteins will repress the growth of the
plant (=) and induce the expression of ROS detoxifying
machinery. ROS have a double role during stress response.
They act as signalling molecule and therefore promote stress
responses. In addition, their toxicity damages the pathogen
and the plant cell. The induction of the detoxifying machin-
ery is required for the plant cell survival.+: induction; —:
repression.
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kinins on DELLA proteins is more indirect. This
hormone inhibits the expression of two biosyn-
thetic genes (GA20ox and GA30x) and promotes
the expression of negative regulators (GA2ox that
deactivates GA and RGA and GAI that are two of
the five DELLA proteins in Arabidopsis) (Brenner
et al. 2005). Another point of interaction between
cytokinins and GA signaling is given by KNOX1.
KNOXI1 is a transcription factor that promotes
meristem function. This protein has a positive role
in cytokinin biosynthesis and a negative role in
GA biosynthesis (Jasinski et al. 2005).

As for cytokinins, developmental roles of ABA
and GA are often antagonistic. Not surprisingly,
Achard et al. (2006) demonstrated that ABA
treatment stabilized DELLA protein even in the
presence of GA. This experiment demonstrated
a direct effect of ABA on DELLA proteins.
Recently, Zentella et al. (2007) isolated putative
DELLA direct targets. One of these targets is
XERICO. XERICO is an H2-type RING E3 that
controls ABA accumulation. The mechanism by
which XERICO controls ABA accumulation is
still not clear. If over-expression of this protein
induced high level of ABA, no induction of ABA
biosynthetic genes could be detected (Zentella
et al. 2002, 2007; Ko et al. 2006). Neverthe-
less, this data demonstrated that ABA antago-
nized the GA pathway by stabilizing DELLA
proteins. Moreover, DELLA proteins seem to
induce the expression of a positive regulator of
ABA accumulation XERICO. ABA could also
act downstream of DELLA in barley aleurone
(Gomez-Cadenas et al. 2001; Gubler et al. 2002).
Finally, genetic evidence of the antagonistic
effect between GA and ABA have been found.
The ABA biosynthetic mutant aba? show an
increase level of GA (Seo et al. 2006) and the GA
biosynthetic mutant accumulates higher level of
ABA (Oh et al. 2007).

Although the effects of different hormones on
DELLA proteins have been tested, the role of
DELLA proteins in response to stress is still not
well studied. In 2006, Achard et al. (2006) dem-
onstrated that in addition of ABA, NaCl treatment
can stabilize DELLA proteins even in the presence
of GA. Similarly, using either deletion mutants
belonging to four out of the five DELLA proteins
in Arabidopsis or gain of function mutants, they
demonstrated that high level of DELLA proteins
1s correlated with salt stress tolerance; whereas
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low levels of DELLA protein increase the plant
susceptibility to the same stress.

The role of DELLA proteins in plant pathogen
interactions is still not understood. However, an
indirect effect on DELLA has been observed. Gib-
berella fujikuroi, the causal agent of the ‘bakanae’
disease of rice, produces GA. The GA produced
by plant and pathogen is chemically similar and
has similar effects on plant physiology. Because
pathogens that are deficient in hormone synthe-
sis (e.g., G. fujikuroi lacking GA-biosynthetic
genes) do not display significant developmental
alteration, it is probable that pathogens produce
‘phytohormones’ mainly to modulate the hormo-
nal balance of their host, leading to the suppres-
sion of defense responses. Moreover, using GA
mutants and over-expressor, Yang et al. (2008)
showed that this hormone also affects the out-
come of the plant pathogen interaction in rice. In
this paper, the authors used elongated uppermost
internode (eui) mutant and over-expressor plants.
EUI encode a P450 protein that inactivated GA.
Mutation of this gene results in an accumulation
of bioactive GA and an elongation of the upper-
most internode. In contrast, over-expression of
the same gene results in GA deficiency, dwarfism
and male sterility (Zhu et al. 2006). When they
challenged eui rice mutants with either Xoo or
Magnaporthe grisae, they observed an increase
in susceptibility toward these two pathogens. As
expected, the over-expression lines on the same
gene showed an enhanced resistance against the
same pathogens. Importantly, direct treatment
of the plant with GA3 enhanced the disease sus-
ceptibility, whereas treatment with an inhibitor
of GA biosynthesis increased resistance toward
Xoo0. The quantification of SA and JA revealed
a decrease of JA in eui mutant and a decrease of
SA in over-expressor lines. If the decrease of JA
could partially explain the increased resistance
against biotroph pathogens, the increased resist-
ance observed in an eui over-expressor is inde-
pendent of the SA.

DELLAs are the key regulators of the GA sign-
aling pathway. Therefore, it is difficult to separate
the direct effect of these proteins from the role of
GA. Nevertheless, using mutants in four out of the
five Arabidopsis DELLA proteins, Navarro et al.
(2008) and Achard et al. (2008) further unravelled
the role of DELLA in stress responses. Navarro
etal. (2008) demonstrated thata DELLA quadruple
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mutant is more susceptible to the necrotroph path-
ogen Alternaria brassicicola and more resistant to
the biotroph pathogen PSTDC3000. Interestingly,
Navarro et al. (2008) could correlate the differen-
tial response to pathogen with a mis-regulation
of both SA and JA. In other words, they showed
that in DELLA mutants, the induction of SA is
stronger and faster than in the wild type plant. At
the same time, the induction of JA is decreased.
It is important to mention that no SA responsive
genes are constitutively expressed. Therefore, it
seems that the role of DELLAs in plant/patho-
gen interactions is to avoid an over-accumulation
of stress-related compounds. In line with this
hypothesis, Navarro et al. (2008) showed that
infiltration of the virulent pathogen PSTDC3000
induced cell death only in DELLA mutants. Ach-
ard et al. (2008) took a different approach and
examined microarray data after abiotic stress treat-
ment (NaCl). Their analysis showed mutations
of four out of five DELLA proteins decreased
anti-oxidant gene induction, allowing the plant to
accumulate more ROS. Therefore, Achard et al.
(2008) also tested a necrotroph pathogen: Botry-
tis cinerea. As in the study published by Navarro
et al. (2008) for Alternaria brassicicola, muta-
tion of four DELLA proteins rendered the plant
more susceptible to Botrytis cinerea. This data is
in contradiction with the data published by Yang
et al. (2008). In case of Navarro et al. (2008) and
Achard et al. (2008), lack of DELLA increased
the susceptibility against necrotroph pathogen
and increases the resistance against a biotroph
pathogen. In case of Yang et al. (2008), high GA
promotes DELLA destabilization resulting in an
increased susceptibility against biotroph patho-
gen. Therefore, the role of DELLA and of GA in
general in disease resistance is still unclear. One
possible explanation is that in rice endogenous
SA is a positive regulator of ROS detoxification
(Yang et al. 2004).

Altogether, these studies demonstrated that
DELLA plays a central role in the “decision
process”. These proteins are important negative
regulators of plant growth and many stresses
are able to stabilize them. In addition, virtually
all hormones have direct or indirect impacts on
their stability. Finally, DELLAs seems also to be
important positive regulator of ROS detoxify-
ing enzymes (Fig. 2). Perhaps, PIF or other HLH
proteins are negative regulators of ROS detoxi-
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fying enzymes. Their exact role in stress is still
not clear but it seems that DELLA proteins have
an important role in balancing the stress response
of the plant in both biotic and abiotic stress. The
absence of these proteins results in the production
of excess of stress signal (ROS) by the plant.

VI Conclusions

Historically, the stress response was believed
to be governed only by the so-called stress hor-
mones (SA, JA, Ethylene and ABA). Even though
these hormones have probably the most important
effect on the response to stress, other hormones,
previously described as developmental hormones
(Auxin, GA, BR and Cytokinin), impact the stress
response as well. The stress response is integrated
and occurs in the entire organism. For exam-
ple, drought stress is perceived in the roots and
results in the closure of the stomata, a reduction
of the photosynthesis in the leaves and in a gen-
eral increase of the root to shoot ratio (Shao et al.
2008). The integration of the response requires the
involvement of multiple hormones. Indeed, the
plant could be seen as a complex machine where
mis-function or alteration of one of its components
results in broad set of consequences. Consistent
with this view, Nemhauser et al. (2006) demon-
strated that virtually all hormones have effects on
each other’s signalling outputs. Therefore, it is not
surprising to see that interference with particular
signalling pathways impacts the stress response.

Biotic and abiotic stress responses also inter-
act and these two responses were believed to be
antagonistic (Xiong and Yang 2003; Koga and
Mori 2004; Mauch-Mani and Mauch 2005; Fujita
etal. 2006; Robert-Seilaniantz et al. 2007). More-
over, much evidence shows that abiotic stress is
prioritized over biotic stress response. However,
the development of transcriptomics and bioin-
formatics tools demonstrated that the interac-
tion between these two stress responses is more
complex than just antagonistic. One possible
hypothesis to explain stress responses is that the
induction of any particular pathway is the conse-
quence of the integration of different signals.

In contrast, following the conclusion of Nem-
hauser et al. (2006), stress responses seem to
involve induction of a common set of genes by
both types of stresses. In addition, specific genes
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to each stress are induced either by the same sig-
nal or other signals. The combination of general
and specific sets of genes could fine tune the
response and lead to an appropriate response. It is
worth noting that the inputs of different hormones
are important to respond to stress in the most
effective way. Consistent with that, all the stress
hormones (ABA, JA and, to a lesser extent, SA)
have a role in both biotic and abiotic stresses. The
exact role or mechanism by which each hormone
affects each type of stress is still under debate.
The occasionally opposing role of hormones on
stresses argues in favor of the integration of more
than one signal. More than one signal or a sum
of positive and negative signals would be a more
appropriate view of the stress response.

Finally, the response observed, in any given
experiment, often depends on both the timing and
the type of tissue used. The complex crosstalk,
between biotic and abiotic stresses and/or between
hormones that researchers have begun to unravel,
should be carefully evaluated over detailed time
courses on a well-defined tissue. Plant-pathogen
interactions are generally studied in leaves, yet
the majority of hormone studies have been car-
ried out on seedlings, roots, internodes or mer-
istems. There is a shortage of information on the
effects of most hormones on leaves. Develop-
ment of techniques allowing a more homogenous
tissue testing will probably give the community a
clearer picture of the network of interactions.

Box 6.1 Biotic Stress Pathways

Plant pathogens can be divided into two main
categories depending on their lifestyles: bio-
troph (or hemibiotroph) and necrotroph patho-
gens. Biotrophic or hemibiotrophic pathogens
keep their host alive and uptake nutrient from
living tissues. This type of pathogens include
Pseudomonas syringae and Hyaloperonospora
arabidopsidis for example. On the other hand,
necrotrophic pathogens kill their host plants
and uptake nutrient from dead tissues. This
type of pathogens include Alternaria brassici-
cola and Botrytis cinerea, for example.

To respond to these pathogens, plants have
evolved two distinct pathways. The defense
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Box 6.1 (continued)

responses agamst biotrophic pathogens are
controlled by SA dependent pathway whereas
the defense responses against necrotrophic
pathogens are controlled by ET and JA depend-
ent pathways. Importantly, those two pathways
are antagonistic. Therefore, high resistance to
biotrophic pathogen is correlated with high
susceptibility to necrotrophic pathogens. Simi-
larly, high resistance to necrophic pathogens is
correlated with high susceptibility to biotrophic
pathogens. This opposition between SA and
JA/ET pathways is not only seen on their effect
on pathogen responses, but also observed at the
expression level of the genes regulated by these
hormones.
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Summary

Adverse environmental conditions that threaten plant growth and development are known as environmental
stresses. To survive stress, plants employ a complex set of distinct signaling pathways that trigger stress-
specific tolerance or avoidance in the organism as a whole. An important biochemical mechanism for
regulating such pathways is reversible protein phosphorylation. In this process, the activity of a pathway
is modulated through either the addition or removal of phosphate groups to individual pathway compo-
nents. Protein kinases and protein phosphatases often act in tandem to perform the phosphorylation and
de-phosphorylation process. Here, we’ll review recent progress made in understanding several of the
large gene families that encode protein kinases and phosphatases involved in stress signaling in plants.
In particular, we discuss the receptor-like kinase, mitogen-activated protein kinases, and calcium-regulated
protein kinase gene families, as well as the three major phosphatase-related gene families: protein phos-
phatase P, protein phosphatase M, and protein tyrosine phosphatases.

Keywords: development ¢ hormone signaling * kinase * MAPK ¢ phosphatase

Abbreviations:  AtPTP — tryosine specific PTP; BR — nodule autoregulator receptor kinase; HAR —hypernodulation

brassinosteroids; BRI — brassinosteroid insensitive; CaM
— calmodulin; CaMKs — CaM-dependent protein kinases;
CBLs — calcineurin B-like proteins; CCaMKs — calcium and
calmodulin dependent kinase; CDPKs — calcium dependent
protein kinases; CHRK1 — chitinase receptor kinase 1; CIPKs
— CBL-interacting protein kinases; CLV — 1 clavata 1; dsPTPs
— dual specificity phosphatases; EDR1 — enhanced disease
resistance; EGF — epidermal growth factor; EMS1 — excess
micro-sporocytes; ERK —extracellular signal regulated kinase;
EREBPs — ethylene responsive element binding proteins;
EXS — extra sporogenous cells; FHA — forkhead-associated
domain; FLS-2 — flagellin-sensitive 2; GmNARK — soybean

abberrant root; HR — hypersensitive response; JA — jasmonic
acid; KAPP — kinase associated protein phosphatase; LRR
— leucine-rich repeat; MAPK — mitogen-activated protein
kinase; NORK — nodulation receptor kinase; OMTK — 1 oxi-
dative stress-activated MAP triple kinase 1; PP2C — 2C-pro-
tein phosphatases; POL — poltergeist phosphatase gene;
PPM - protein phosphatase M; PPP — protein phosphatase P;
PR — pathogen related; PTP — protein tyrosine phosphatase;
RLKSs — plant receptor-like kinases; ROS — reactive oxygen
species; RTKs —receptor tyrosine kinases; SA —salicylic acid;
SYMRK - symbiosis receptor-like kinase; TNFR — tumor
necrosis factor receptor; WAK — wall associated kinase
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I Introduction

Plants rely on environmental cues to guide their
developmental and physiological programs. For
example, light quality and duration, ambient
temperature, water status, and nutrient availabil-
ity are just a few of the many signals plants must
interpret accurately in order to prosper (Wang
et al. 2003). Extreme changes in environmental
conditions often threaten plant viability. Such
adverse conditions are known as environmental
stresses and fall into one of two categories: abi-
otic stress or biotic stress. Abiotic stresses are
chemically or physically derived, and include
such conditions as drought, excessive salinity,
mineral deficiencies, and heavy metal contamina-
tion (Vinocur and Altman 2005). Biotic stresses,
such as disease and wounding, are wrought by
other organisms, including bacteria, viruses,
insects and nematodes (Peck 2003).

As a whole, environmental stresses are a major
cause of crop loss worldwide, as well as a fun-
damental threat to the natural plant life that sup-
port so many of the world’s ecosystems. For this
reason, a critical goal in plant science is to under-
stand how plants sense and combat environmental
stresses. On a cellular level, the response to stress
involves perceiving the stress signal, relaying
the information to the appropriate intracellular
targets, and triggering the necessary biophysical
and molecular adaptations that result in stress tol-
erance and avoidance in the organism as a whole.
The molecules involved in this process comprise
a signal transduction pathway, and research to
date has made it clear that plants employ a com-
plex array of such pathways to handle the envi-
ronmental stresses they encounter.

An important biochemical event involved in
many of these pathways is protein phosphoryla-
tion. During protein phosphorylation, a protein
kinase either activates or de-activates a sub-
strate through the addition of a phosphate group,
thereby propagating or regulating a signal. Pro-
tein phosphatases reverse the effect by removing
the phosphate from the substrate. In this chapter,
we focus on the families of protein kinases and
phosphatases that provide this core functional-
ity in many stress-related signal transduction
pathways in plants. We review the major gene
and protein families that encode protein kinases
and phosphatases in plants, and how they differ

from other eukaryotic systems. Also, we discuss
the results of ongoing research efforts to under-
stand the functionality of these families, as well
as the signal transduction pathways in which they
participate and their overall involvement in plant
stress perception and response.

Il Receptor-Like Kinases

Plant receptor-like kinases (RLKs) are a class of
single-pass transmembrane proteins with N-terminal
extracellular domains and C-terminal cytoplasmic
kinase domains. The configuration of these domains
is similar to the domain organization found in mam-
malian receptor tyrosine kinases (RTKs), which act
as cell surface receptors for a wide variety of ligands,
including growth factors, hormones and cytokines
(Walker and Zhang 1990; Morris and Walker 2003;
Johnson and Ingram 2005). Likewise, plant RLKSs are
speculated to act as cell surface receptors for many
plant signaling pathways. However, plant RLKSs are
serine/threonine kinases, as opposed to the tyrosine-
specific kinases found in the mammalian RTKs.
Collectively, RLKs comprise the largest family
of receptors in plants. More than 1,100 RLKSs
have been identified in the rice genome, while
the Arabidopsis genome contains more than
610 RLK genes. Of the Arabidopsis RLKs, 417
appear to encode full-length RLKs consisting of
extracellular domains, a transmembrane domain,
and a cytoplasmic kinase domain (Fig. 1). The
remaining Arabidopsis RLKs, the receptor-like
cytoplasmic kinases (RLCKs), consist of truncated
variants containing a cytoplasmic kinase domain,
with some of the variants also harboring a trans-
membrane region (Shiu and Bleecker 2001; Shiu
et al. 2004; Morillo and Tax 2006). The breadth
ofinteresting extracellular sequence motifs found
among the RLKs suggests their participation in
a host of plant physiological processes, ranging
from pathogenesis to development (Shiu and
Bleecker 2001; Morris and Walker 2003; John-
son and Ingram 2005; Morillo and Tax 2006).

A Gene Families

The large number of plant RLKs can be classi-
fied into multiple sub-families based on the type
of sequence motif found in their extracellular
regions, as well as a phylogeny of their kinase
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Fig. 1. Three major forms of receptor-like kinases. (a) The majority of identified RLKs consist of an intracellular kinase
domain, a short, membrane-spanning region, and a putative extracellular domain. Several types of ligand-interaction-related
motifs have been found in the sequences encoding the putative extracellular domain; (b) truncated forms of RLKs lacking
extracellular regions are likely to be tethered to the cytoplasmic side of the plasma membrane by N-terminal transmembrane
domains; (c) several sub-families of RLKs appear to be cytoplasmic kinases.

domains (Table 1) (Shiu and Bleecker 2001; Shiu
et al. 2004). The extracellular motif present in
the largest number of RLKs is the leucine-rich
repeat (LRR) (Shiu and Bleecker 2001; Dievart
and Clark 2004). The plant-specific LRR motif'is
composed of 2325 amino acids with a conserved
consensus sequence of LxxLxxLxLxxNxLt/sgx-
IpxxLGx. The LRR-RLKSs in Arabidopsis have
been further classified into 14 sub-families, and
the number of LRR domain found in a given
member can range from two to 32 (Shiu and
Bleecker 2001; Morris and Walker 2003).

While little is known about the function of LRR
domains in most of the LRR-RLKSs, these domains
have been shown to be involved in protein—
protein interactions in a number of organisms
(Kobe and Deisenhofer 1995; Kobe and Kajava
2001; Kajava and Kobe 2002). Similarly, the
LRR domains of plant RLKs may participate
in the binding of peptide-based ligands, as seen
with the CLAVATA1 (CLV1) RLK, which has
been shown to interact with the receptor-like
protein CLAVATA2 (CLV2) (Brand et al. 2000;
Trotochaud et al. 2000). However, another set of
LRR-RLKSs, the BRI1-related RLKs, have been
shown to bind brassinosteroid (Wang et al. 2001).

Table 1. The receptor-like kinases comprise a large, diverse
superfamily of proteins in Arabidopsis.

Extracellular

Subfamily motif* SP/TM®  Members
C-Lectin C-Lec 1 1
CR4L TNF 6 8
CRPKIL-1 Unknown® 15 15
CRPKI1L-2 Unknown 2 2
DUF26 DUF26 40 45
Extensin Unknown 4 5
L-Lectin LegB, LegA 31 32
LRKI10L-1 Unknown 4 5
LRKI10L-2 Unknown 8 8
LRR 1 LRR (2-4) 48 50
LRR II LRR (2-4) 13 14
LRR III LRR (4-19) 47 47
LRRV LRR (5-6) 8 9
LRR VI LRR (2-10) 11 11
LRR VII LRR (7-25) 10 10
LRR VIII-1 LRR (9-11) 7 8
LRR VIII-2 LRR (8-10) 13 15
LRR IX LRR (9-10) 4 4
LRR X LRR (4-30) 15 16
LRR XI LRR (4-32) 28 28
LRR XII LRR (19-27) 10 10
LRR XIII LRR (4-20) 6 7
LRR XIV LRR (10-18) 3 3

(continued)
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Table 1. (continued)

Extracellular

Subfamily motif* SP/TM® Members
LysM LysM (1-2) 4 4
PERKL Unknown 16 19
RKF3L Unknown 2 2
RLCK I NA 1 3
RLCK II NA 0 7
RLCK IIT NA 0 5
RLCK IV NA 0 3
RLCK V NA 11 11
RLCK VI NA 4 14
RLCK VII NA 2 46
RLCK VIII NA 0 11
RLCK IX Coil, U-Box! 1 21
RLCK X Unknown 2 4
RLCK XI NA 3 4
SD-1 B-Lec, EGF 31 32
SD-2 B-Lec, EGF 7 7
SD-3 B-Lec 1 1
Thaumatin Thn 3 3
URK I Unknown 2 2
WAKL EGF (1-2) 24 25
uce Unknown 11 14

* Sequence motifs found in members of this subfamily, although not
all members may have the motif.

® Members containing a signal peptide sequence and/or a transmem-
brane domain. Note that some members encode truncated proteins
with only a transmembrane domain and intracellular kinase domain.
Some members consist only of an intracellular domain.

¢ No known sequence motifs have been identified.

4 U-Box motifs have been found in the intracellular, C-terminus
region that trails the kinase domain.

¢ Sequences that do not appear to belong to any known subfamily are
designated as “Unclassified”.

Source: Shiu et al. 2004.

These results are part of a growing body of
experimental evidence that implicate the func-
tion of LRR-RLKSs in diverse processes, ranging
from hormone signaling to plant pathogen recog-
nition to the establishment of symbiotic interac-
tions (Morris and Walker 2003; Tichtinsky et al.
2003; Johnson and Ingram 2005; Belkhadir and
Chory 2006). Some well-known examples of
LRR-RLKSs include brassinosteroid-insensitivel
(BRI1) (Li and Chory 1997), BRIl-associated
receptor (BAK1/AtSERK3) (Li et al. 2002; Nam
and Li 2002), systemin receptorl60 (SR160)/
CURLS3 (Montoya et al. 2002; Scheer and Ryan
2002), clavatal (CLV1) (Clark et al. 1993),
flagellin-sensitive2 (FLS2) (Gomez-Gomez and
Boller 2000), XA21 (Song et al. 1995), erecta

(ER) (Torii et al. 1996), INRPK1 (Bassett et al.
2000), HAESA (Jinn et al. 2000), excess micro-
sporocytes] (EMS1)/extra sporogenous cells
(EXS) (Zhao et al. 2002), AtSERK1 (Hecht et al.
2001), hypernodulation aberrant rootl (HAR1)/
soybean nodule autoregulation receptor kinase
(GmNARK) (Nishimura et al. 2002; Krusell et al.
2002; Searle et al. 2003) and symbiosis receptor-
like kinase (SYMRK)/ nodulation receptor kinase
(NORK) (Endre et al. 2002; Stracke et al. 2002).

Sugar-binding motifs are also highly prevalent
among the plant RLKs. For example, the lectin
motif is the second most numerous type of extra-
cellular motif after the LRRs. Among the plant
RLKs, three classes of lectin motif have been
identified: the legume lectin motif, the agglutinin
motif and the C-type lectin motif. Legume lectins
were originally found in the seeds of leguminous
plants and have been shown to bind complex
sugars, including glucose-mannose, galactose-
N-acetylgalactosamine, fucose and chitobiose
(Sharon and Lis 1990; Herve et al. 1996; Loris
et al. 1998). The agglutinin motif is known to
bind o-D-mannose and is found in S-domain-
containing RLKs such as SRK (Stein et al. 1991;
Hester et al. 1995; Schopfer et al. 1999). Proteins
containing C-type lectin motifs are known to bind
sugar moieties found on the surfaces of non-self
cells (Epstein et al. 1996; Weis and Drickamer
1996; Hawgood and Poulain 2001). However, the
specific binding properties of the agglutinin and
C-type lectin motifs found in plant RLKs have
yet to be fully characterized.

Plant RLKs also contain several other types of
sugar-binding motifs. For example, the LysM sub-
family of RLKs in Arabidopsis contains a lysin
motif. From studies of other proteins, the lysin
motif has been show to bind peptidoglycans, such
as those found in bacterial cell walls, suggesting
the possibility that the lysin motifs in plant RLKs
may be involved in bacterial pathogen defense
(Bateman and Bycroft 2000). The extracellular
domain of tobacco chitinase receptor kinasel
(CHRK1) contains a chitin-binding motif. How-
ever, amino acid sequence analysis of CHRKI
reveals the absence of a glutamic acid residue
needed for chitinase function and experiments
with CHRK1 have yet to reveal any chitin-related
biochemical activity (Kim et al. 2000b). Finally,
thaumatin domains, such as those involved in
antifungal and chitinase processes, have been
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found in the thaumatin sub-family of Arabidopsis
RLKSs (Wang et al. 1996; Pan et al. 1999).

Other notable extracellular motifs include
the pectin-binding motif, epidermal growth fac-
tor (EGF) repeats, and the tumor necrosis factor
receptor (TNFR) motif. Pectin-binding motifs
have been found in the extracellular domains of
cell wall-associated kinase (WAK)-type RLKs,
which may allow them to bind the pectin found in
the middle lamella and primary cell wall (Wagner
and Kohorn 2001). EGF repeats, which are also
found in animal RTKs, are present in WAK-type
and SRK-type RLKs (He et al. 1999b; Handford
et al. 1995). The TNFR motif, which is known to
be involved in programmed cell death (PCD) in
animals, is found in the CRINKLY4-type RLKs
(Becraft et al. 1996; Naismith and Sprang 1998).

In contrast to the extracellular domain, the
intracellular serine/threonine kinase domains
of the plant RLKSs are highly conserved with 11
known sub-domains (Walker 1994). Flanking
the conserved kinase domain are a juxtamem-
brane domain and a C-terminal tail domain, both
of which display diverse sequence composition
among the RLKs. For several RLKs, it has been
shown that phosphorylation of the kinase cata-
lytic domain leads to enzymatic activation and
receptor kinase activity (Johnson et al. 1996;
Huse and Kuriyan 2002). However, phosphor-
ylation of the flanking domains is also a known
phenomenon. For example, BRI1 can autophos-
phorylate at least 12 cytoplasmic residues, five of
which are located in the juxtamembrane domain
and at least two are found in the C-terminal tail
(He et al. 2000; Oh et al. 2000). One explanation
for this result is that phosphorylation of the non-
catalytic flanking domains may be necessary for
RLK autoregulation or to provide phosphorylated
residues for the docking of downstream cytoplas-
mic targets (Pawson 2002).

B Functions
1 Disease Resistance

Plant disease resistance is a complex response
that involves two main events. The first event is
the recognition of signals from the pathogen. The
second event is the activation of defense-related
processes, including production of reactive oxy-
gen species (ROS), modifications of the cell
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wall, the hypersensitive response (HR) and the
synthesis of pathogen-related (PR) proteins and
phytoalexins (Yang et al. 1997). Several studies
have shown that specific RLKs play an impor-
tant role in defense-related signal transduction,
including Xa21 from rice, LRK10 from wheat
and FLS2 and PBS1 from Arabidopsis, among
others (Morillo and Tax 2006; Niirnberger and
Kemmerling 2006).

The rice Xa21 gene is an LRR XII RLK that
confers gene-for-gene resistance to specific races
of the causal agent of bacterial blight disease,
Xanthomonas oryzae pv. oryzae (Song et al.
1995; Wang et al. 1996; Lee et al. 2006). The dis-
covery of an E3 ubiquitin ligase known as XB3
(XA21-binding protein 3) has shed more light
on the role of Xa21 in disease resistance (Wang
et al. 2006). XB3 acts as a substrate for the Xa21
kinase domain and contains an ankyrin repeat
domain and a RING finger motif. The ankyrin
repeat domain appears to be required for the
interaction of XB3 with the kinase domain of
Xa21, while the RING finger motif is essential
for the E3 ubiquitin ligase activity of XB3.
Furthermore, transgenic plants with reduced
expression of the XB3 gene are compromised in
resistance to the avirulent race of Xanthomonas
oryzae pv. oryzae (Wang et al. 2000).

In addition to Xa21, a number of other RLKs
appear to provide the ability to detect specific
pathogenic signals. For example, the LRR-RLK
EF-Tu (EFR) has been identified as a receptor for
the bacterial protein EF-Tu, a known elicitor of
innate immunity responses in Arabidopsis (Zipfel
et al. 2006). The LRR-RLK flagellin sensitive
2 (FLS2) has been shown to be involved in the
recognition of flagellin, another known bacterial
elicitor of plant defense responses (Fig. 2)
(Gomez-Gomez and Boller 2000; Gomez-Gomez
etal. 2001).

In the case of FLS2, mutations in both the LRR
and the kinase domains affected the binding activ-
ity to the flagellin peptide flg22 (Gomez-Gomez
et al. 2001; Chinchilla et al. 2006). It appears
that FLS2-mediated responses may involve a
mitogen-activated protein kinase (MAPK) cas-
cade. Asai et al. (2002) showed that FLS2 could
both directly and indirectly activate a MAPK
cascade involving MEKK 1, MKK4/MKKS5, and
MPK3/MPK6. The activation of the pathway led
to the induction of a number of defense genes,
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Fig. 2. Examples of RLK activiation. RLKs are thought to exist in monomeric state and in the presence of the appropriate ligand,
the RLK monomers may homo- or hetero-dimerize to intiate a signaling cascade. (a) The BRI1 RLK interacts with the BAK1
RLK to transduce the signal from the plant steroid known as brassinosteroid; (b) flagellin can act as a signal for a pathogen
defense-related pathway involving the RLKs BAK1 and FLS2; (¢) CLV, an RLK, interacts with the receptor-like protein CLV2

during processes involved in meristem regulation.

including PAL1, GSTI1, PRI, and PRS, as well
as the transcription factors WRKY22/WRKY29
and another LRR-RLK receptor, FRK1 (FLG22-
induced receptor-like kinase 1). Furthermore, the
kinase domain of FLS2 interacts with the Ara-
bidopsis kinase-associated protein phosphatase
known as KAPP. Over-expression of KAPP led
to flagellin-insensitivity in transgenic plants, sug-
gesting that KAPP is a negative regulator of the
FLS2 signaling pathway (Gomez-Gomez et al.
1999).

In tomato, the LRR RLKs Pto, Pti and PBS
are involved in mediating the defense response
to bacterial pathogens (Martin et al. 1993; Zhou
et al. 1995, 1997; Swiderski and Innes 2001).

Pto directly interacts with avrPto, a small peptide
secreted by the pathogen Pseudomonas syringae
pv. tomato, thereby triggering defense resistance
(Martin et al. 1993; Scofield et al. 1996; Tang
etal. 1996). Ptil, Pti4, Pti5, and Pti6 were identi-
fied to interact specifically with Pto through yeast
two-hybrid screens and are capable of conferring
disease resistance (Zhou et al. 1995, 1997). Ptil
is a serine-threonine kinase that is phosphorylated
by Pto and is required for the avrPto-Pto medi-
ated hypersensitive response (Zhou et al. 1995).
Pti4-6 encodes ethylene responsive element bind-
ing proteins (EREBPs) and binds to the promoter
regions of genes encoding a large number of
pathogenesis-related proteins (Zhou et al. 1997).
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In addition to bacterial pathogens, RLKs have

been shown to be important in recognizing and
responding to fungal pathogens. For example,
LRK10 in wheat has been implicated in mediat-
ing wheat rust fungal resistance (Feuillet et al.
1997). The rice B-lectin receptor kinase (Pi-d2),
which represents a new class of plant resistance
gene, confers race-specific resistance to the rice
blast fungal pathogen Magnaporthe grisea (Chen
et al. 20006). It was also reported that an RLK
gene in barley, Rpgl, confers resistance to the
barley stem rust fungus Puccinia graminis sp.
tritici (Nirmala et al. 2006). Transgenic barley
expressing a version of Rpgl that had a mutated
kinase domain was fully susceptible to Puccinia
graminis sp. tritici (Nirmala et al. 2006).
Finally, research into the WAK-like RLKs has
revealed that several members of this subfamily
may be involved in defense responses (He et al.
1996, 1998). For example, a WAK antisense line
showed increased sensitivity to the salicylic acid
analog 2,2-dichloro-isonicotinic acid (INA), sug-
gesting that WAK1 is involved in disease resist-
ance in Arabidopsis (He et al. 1998).

2 Hormone Signaling

Brassinosteroids (BR) are a class of plant steroid
hormoneinvolved inmany signaling events related
to plant growth, development and environmental
responses (Clouse and Sasse 1998; Belkhadir
and Chory 2006; Haubrick and Assmann 2006).
The Arabidopsis BRI1 gene, an LRR X RLK,
was identified to encode a transmembrane BR
receptor using a genetic screen for BR sensitivity
(Clouse et al. 1996; Li and Chory 1997; Wang
et al. 2001). Phenotypes for hri/ mutants include
dwarfed height, male sterility, and de-etiolation in
the dark (Clouse et al. 1996). BAK1 (also known
as AtSERK3), an LRR II RLK, is a genetic and
physical interactor with BRI1 (Fig. 2) (Li et al.
2002; Nam and Li 2002). Experimental results
suggest that BRIl phosphorylates BAK1 upon
BR binding (Wang et al. 2005). The BRI1-like
RLKs BRL1 and BRL3 are so named because of
the similarity of their protein sequences to that
of BRII. Each has been shown to be capable of
binding BR. In addition, expression of BRL1 and
BRL3 using a constitutive promoter or the pro-
moter from BRI results in the rescue of weak
bril mutant phenotypes. Both BRL1 and BRL3
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appear to localize to the plasma membrane and
have a role in vascular differentiation (Cano-
Delgado et al. 2004; Zhou et al. 2004).

Orthologs of BRI1 have been found in a number
of plant species, including tomato (Curl3/SR160/
tBRI1), pea (LKA/PsBRIl), cotton (GhBRI1),
grape (VvBRI1), rice (OsBRI1) and barley
(HvBRI1) (Yamamuro et al. 2000; Montoya et al.
2002; Chono et al. 2003; Nomura et al. 2003; Sun
et al. 2004; Nakamura et al. 2006; Symons et al.
2006). Mutations in the barley and rice BRI1
orthologs give classic bril mutant phenotypes, such
as dwarfism, BR insensitivity and BR accumula-
tion (Yamamuro et al. 2000; Chono et al. 2003;
Nakamura et al. 2006). Interestingly, it has been
discovered that the tomato BRI1 homolog, Curl3/
SR160/tBRI1, acts as the receptor for systemin, an
18-22 amino acid signaling peptide involved in
plant wounding responses and other defense mech-
anisms (Montoya et al. 2002; Narvaez-Vasquez
and Ryan 2002; Scheer and Ryan 2002). Orthologs
of the BRIl-like genes have been studied in rice
(OsBRL1, OsBRL2, and OsBRL3), with OsBRL1
and OsBRL3 displaying a root-specific expression
pattern not observed in Arabidopsis (Cano-Delgado
et al. 2004; Nakamura et al. 2006).

More recent results provide an emerging pic-
ture of BRI1-mediated BR signaling in plants.
For example, the genes BRI1-EMS-suppressor
1 (BES1) and brassinazole resistant 1 (BRZ1)
appear to act downstream of the BRI receptor.
BES1 and BRZ1 gene products have N-terminal
nuclear localization signals and positively regu-
late BR signaling (He et al. 2002; Wang et al.
2002; Yin et al. 2002; Vert and Chory 2006).
Gain-of-function bes/-D mutants display con-
stitutive BR response phenotypes, including the
extensive elongation of leaves and stems under
light conditions. However, gain-of-function brz/-
D mutants exhibit a semi-dwarf phenotype due
to inhibition of the normal BR signaling pathway
(Wang et al. 2002; Yin et al. 2002).

Several studies have reported that brassinoster-
oid-insensitive2 (BIN2), which encodes a GSK3/
Shaggy-like protein kinase, is an upstream repres-
sor of BES1 and BRZI1 (He et al. 2002; Wang
et al. 2002; Yin et al. 2002). Gain-of-function
bin2 mutants have a BR-deficient phenotype sup-
pressed by besI-D, indicating that BIN2 may act
upstream of BES1 (Yin et al. 2002). Furthermore,
both BRZ1 and BES1 contain multiple consensus
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phosphorylation sequences (S/TxxxS/T) known
to be phosphorylated by GSK3/SHAGGY kinases.
BIN2 also directly interacts with BES1 and
BRZ1, phosphorylating both proteins in vitro. In
the absence of BR, constitutively activated BIN2
phosphorylates BES1 and BRZ1, which leads to
their degradation. In the presence of BR, activa-
tion of the BRI1 complex at the plasma membrane
leads to the inhibition of BIN2 kinase activity
(Wang et al. 2002; Yin et al. 2002).

3 Plant Development

RLKs have been shown to have roles in number of
plant developmental processes, including symbi-
ont recognition, cell differentiation, and the regu-
lation of cell division and expansion. For example,
an important symbiotic interaction in root nod-
ule development is the infection of legumes by
rhizobia. Some LRR-RLK families, including
alfalfanodulation receptor kinase (NORK) (Endre
et al. 2002) and symbiosis receptor-like kinase
(SYMRK) (Stracke et al. 2002), were shown to
be receptors involved in the establishment of
rhizobial symbiosis. In addition to these RLKs,
LysM motif-containing RLKs are also shown to
be required for recognition of rhizobial signals in
lotus (Madsen et al. 2003; Radutoiu et al. 2003).
The LysM motif is also found in bacterial pepti-
doglycan-binding proteins and chitinases.

Several RLKs have been identified to regulate
growth processes in plant development. The afore-
mentioned BRI1 RLK, the receptor for brassinoster-
oids in Arabidopsis, is an important factor in plant
photomorphogenesis (Li and Chory 1997). The
carrot RLK known as PSKR binds pentapeptide
phytosulfokine, which has ademonstrated role in cell
de-differentiation and proliferation (Matsubayashi
et al. 2002). The RPK1 gene in Arabidopsis has
been shown to be transcriptionally induced by
abscisic acid (ABA), and rpkl mutants display an
ABA-insensitive phenotype (Osakabe et al. 2005).
The EXS/EMSI gene, an LRR X RLK, is required
for the development of the tapetal cell layer, one of
the four layers of support cells required for pollen
development (Canales et al. 2002; Zhao et al. 2002).
Mutations in EXS/EMS1 result in male sterility and
a lack of cell expansion in embryos (Canales et al.
2002). Another Arabidopsis RLK, SCM/SUB, is
necessary for cell patterning during the formation of
root hairs in the root epidermis (Kwak et al. 2005).

Several members of the cell wall-associated
kinase (WAK) sub-family have been demonstrated
to be involved in cell expansion, while many of
the WAK genes appear to be induced by patho-
gens, wounding and other stresses (Anderson
et al. 2001; Zhang et al. 2005a; Kohorn et al.
2006). Experiments with the WAK2 gene indi-
cate that this Arabidopsis RLK may provide an
important link between solute metabolism, turgor
pressure and cell expansion. T-DNA-based wak?2
mutants display a growth arrest phenotype that
can be suppressed by the expression of a con-
stitutive form of sucrose phosphate synthase.
This suppression is also correlated with reduced
levels of vacuolar invertase. It is hypothesized
that WAK2 may regulate solute metabolism in a
way that affects cell turgor and consequently, cell
expansion (Kohorn et al. 2006). The WAK-like
gene WAKLA4 also has a cell expansion-related
mutant phenotype. Additionally, Hou et al.
(2005) reported that WAKLA4 is involved in min-
eral responses in Arabidopsis. The WAKL4 RLK
appears to be required for the up-regulation of
zinc transporter genes during zinc deficiency and
WAKL4 T-DNA insertion lines display a reduc-
tion of zinc accumulation in shoots.

Clavatal (CLV1) is an LRR XI RLK in Arabi-
dopsis that regulates organ formation at shoot and
flower meristems by promoting the differentia-
tion of stem cells on the meristem flanks (Fig. 2)
(Clark et al. 1997). It was also reported that the
barley meristem 1-3 (BAMI1-3) genes, which are
closely related to CLV 1, are required for meristem
function in Arabidopsis (DeYoung et al. 2006).
The BAM genes are expressed in apical meris-
tems and are positive regulators of meristem size
(DeYoung et al. 2006). Several studies were per-
formed to determine the downstream components
of CLV1, revealing that CLV1 may be associated
in a complex with Rop, a plant-specific small
Rho-related GTPases (Trotochaud et al. 1999).

Two different type-2C protein phosphatases
(PP2C), including the kinase associated protein
phosphatase (KAPP) and the protein phosphatase
poltergeist (POL), negatively regulate the CLV1
pathway (Williams et al. 1997; Stone et al. 1998;
Yu et al. 2000, 2003). Over-expression of KAPP,
which can bind the kinase domain of several
RLKs with forkhead-associated domain (FHA)
depending on phosphorylation status, resulted
in a clvi-like mutant phenotype (Williams et al.
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1997; Stone et al. 1998; Shah et al. 2002). In con-
trast, suppression of KAPP expression reduced
the severity of the ¢/v/ mutation, indicating that
KAPP acts as a negative regulator of the CLV1
pathway (Williams et al. 1997; Stone et al. 1998).
POL, which is predicted to be nuclear-localized,
was also shown to regulate the CLV 1 pathway by
affecting the activity of WUS, a target protein of
the CLV1 pathway (Yu et al. 2000, 2003).

Il Mitogen Activated Protein (MAP)
Kinases and MAPK Cascades

Mitogen-activated protein kinases (MAPKs) are
serine/threonine-specific kinases that provide
fundamental signaling capacity in many signal
transduction pathways involved in cell growth,
differentiation, and stress response (Lewis et al.
1998; Chang and Karin 2001; Tena et al. 2001).
Signaling cascades composed of different types
of MAPKs can be found throughout the eukaryo-
tic domain, including animals, yeasts and plants
(Herskowitz 1995; Tena et al. 2001; Hamel et al.
2006). These so-called MAPK cascades link
upstream receptors to downstream targets via
interactions involving MAPKs, MAPK kinases
(MAPKKs) and MAPKK kinases (MAPKKKs).

In a typical MAPK cascade, MAPKKSs activate
MAPKs via dual phosphorylation of conserved
threonine and tyrosine residues in the TxY motif,
which is located in the activation loop (T-loop)
between kinase subdomains VII and VIII. MAP-
KKs are themselves activated by MAPKKKSs
through phosphorylation of conserved serine/
threonine residues in the S/T-X3-5-S/T motif, also
located in the T-loop (Jonak et al. 2002). Generally,
MAPKKKSs are activated by physically interact-
ing with a receptor and becoming phosphorylated
either by the receptor itself or an interlinking
upstream protein kinase (Chang and Karin 2001).

In plants, MAPK cascades are associated
with various physiological, developmental and
hormonal responses. For example, studies have
revealed that MAPK cascades are activated by
many types of treatments, including pathogen
infection, wounding, low temperature, drought,
hyper- and hypo-osmolarity, high salinity, touch
andreactive oxygen species (Morris 2001; Romeis
2001; Tena et al. 2001; Zhang and Klessig 2001;
Chang 2003; Nakagami et al. 2005; Mishra et al.
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2006; Zhang et al. 2006). Such cascades have
been found in large number throughout a variety
of plant species, including Arabidopsis, tobacco,
Medicago and rice (MAPK group 2002; Agrawal
etal. 2003; Hamel et al. 2006). In the Arabidopsis
genome alone, genes encoding 20 MAPKs, 10
MAPKKSs and 80 MAPKKKSs have been identi-
fied (MAPK group 2002; Nakagami et al. 2005;
Hamel et al. 20006).

A Gene Families
1 MAPKs

To date, all identified plant MAPKs appear to
belong to the ERK (extracellular signal-regulated
Kinase) sub-family of MAPKs, as no plant rep-
resentatives of the p38 or JNK (c-Jun N-terminal
kinase) sub-families have been found (Jonak
et al. 1994). Among the plant MAPKs, the amino
acid sequences of the 11 sub-domains com-
prising the serine/threonine kinase domain are
highly conserved (Hanks et al. 1998). However,
some plant MAPKs have additional N-terminal
and C-terminal domains, which appear to have
greater sequence divergence than the kinase cata-
lytic core. Based on their overall deduced amino
acid sequences, plant MAPKs can be divided into
four sub-families (I-1V) (MAPK group 2002;
Agrawal et al. 2003; Hamel et al. 2006).

Group I MAPKSs appear to be involved in a vari-
ety of environmental and hormonal responses.
For example, AtMPK3 and AtMPK6 in Arabi-
dopsis are activated by environmental stresses
such as pathogen infection, osmotic stress and
oxidative stress (Mizoguchi et al. 1996; Ichimura
etal. 2000; Kovtun etal. 2000; Nuhse et al. 2000;
Desikan et al. 2001; Yuasa et al. 2001; Asai et al.
2002). Similarly, experimental results strongly
indicate that tobacco SIPK, which is salicylic acid
(SA)-inducible, and alfalfa SIMK and SAMK are
involved in both biotic and abiotic stress responses
(Munnik et al. 1999; Zhang and Klessig 2001;
Zwerger and Hirt 2001). Tobacco WIPK, which
shares high sequence similarity with AtMPK3,
has been demonstrated to be involved in wound-
signal transduction and may directly phosphor-
ylate NtWIF, a transcription factor that activates
expression of a number of wound and pathogen
response genes (Seo et al. 1995; Yap et al. 2005).
Finally, bacterial and fungal pathogens appear to
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activate a MEKK 1-MKK4/MKKS5-MPK3/MPK6
signaling cascade that links the flagellin receptor
FLS2 to the transcription factors WRKY22 and
WRKY29 in Arabidopsis (Asai et al. 2002).

Group II MAPKs are less well-studied than
the group I MAPKSs, but appear to be involved
in both environmental stress responses as well as
cell division. For example, the Arabidopsis mpk4
mutant displays a constitutive systemic-acquired-
resistance phenotype (Petersen et al. 2000). Fur-
thermore, MPK4 protein is activated under both
biotic- and abiotic-stress related treatments,
including low temperature, hyper-osmolarity and
wounding (Desikan et al. 2001; Ichimura et al.
2000). In terms of cell division, alfalfa MMK3
and tobacco Ntf6 have been shown to be activated
in a cell-cycle-dependent manner and specifically
localized in the phragmoplast during telophase
(Calderini et al. 1998; Bogre et al. 1999).

Very little is known about the group I[Il MAPKs,
which like the group I and I MAPKs, contain a
TEY motif in their T-loop. Studies of the group
IIT MAPK known as MPK7 have shown it to be
regulated in a circadian-rhythm-dependent man-
ner in Arabidopsis (Schaffer et al. 2001).

Group IV MAPKSs differ from group’s I-I1I in
that they have a TDY motif instead of TEY motif
in their T-loop, as well as an extended C-terminal
region. Examples of group IV MAPKs include
Arabidopsis AtMPK8, AtMPK9 and AtMPK15,
BWMKI1 from rice and TDY1 from alfalfa.
Among these, experimental results indicate that
BWMKI1 and TDY1 are inducible by blast fun-
gus and wounding, respectively (He et al. 1999a;
Schoenbeck et al. 1999; Cheong et al. 2003b).
In particular, BWMKI1 can directly phosphorylate
the transcription factor OsEREBP1 (ethylene-
responsive element binding protein 1). Once
phosphorylated, OsEREBP1 can enhance the
binding of a factor to the GCC box element,
which is found in the promoters of several funda-
mental PR genes (Cheong et al. 2003b).

2 MAPKKs

Twenty-one MAPKK genes have been identified
in plants, including Arabidopsis MKK1 (renamed
from MEK1) and MKK2-5, alfalfa SIMKK and
PRKK, tobacco NtMEK1-2 and SIPKK, tomato
LeMEK1,andmaizeZmMEK 1 (MAPK group2002;
Hamel et al. 2006). Plant MAPKKs have a

phosphorylation site containing the motif S/T-
X5-S/T, which differs from their mammalian coun-
terparts. In addition, plant MAPKKs contains a
putative N-terminal MAPK-docking domain that is
characterized by a cluster of basic and hydrophobic
residues (K/R-K/R-K/R-X1-6-LX-L/V/I).

The Arabidopsis genome encodes ten MAPKK
genes that can be classified into four different
groups (A-D) (MAPK group 2002). The group
A MAPKKs, MKK1 and MKK2, are thought to
be upstream factors for MPK4, based on in vitro
kinase assays, yeast two-hybrid analysis and com-
plementation of yeast MAPK cascade mutants
(Ichimura et al. 1998; Mizoguchi et al. 1998;
Huang et al. 2000; Matsuoka et al. 2002; Meszaros
et al. 2006). Analysis of MKK1 using a specific
antibody revealed that it can be activated by mul-
tiple abiotic stresses (Matsuoka et al. 2002).

Arabidopsis MKK?2 acts as an upstream activa-
tor of MPK6 in addition to MPK4, and appears to
mediate cold and salt stress signaling (Teige et al.
2004). MKK2 has been shown to be activated by
the stress-inducible MAPK Kinase Kinase known
as MEKKI1. Plants over-expressing MKK2
exhibited constitutive MPK4 and MPK6 activity,
constitutively upregulated expression of stress-
induced marker genes, and increased freezing
and salt tolerance. In contrast, mkk2 null mutant
plants were impaired in MPK4 and MPK6 acti-
vation and were hypersensitive to salt and cold
stress (Teige et al. 2004).

Functional evidence has been produced for
two other group A MAPKKSs, alfalfa PRKK and
tobacco NtMEK1. PRKK (pathogen-responsive
MAPKK) was shown to transmit pathogen-elicited
signals to downstream MAPKs (Cardinale et al.
2002). NtMEK1, which is similar to Arabidopsis
MKKS®, is involved in cell division and in the
activation of the tobacco MAPK, known as Ntf6
(Calderini et al. 2001).

The group B MAPKKSs, which include Arabi-
dopsis MKK3 and tobacco NPK2, have an unusual
structural feature consisting of a nuclear transport
factor 2 (NTF2) domain in their extended C-ter-
minus region (Quimby et al. 2000). The group
C MAPKK, alfalfa SIMKK, has been shown
to activate SIMK and mediate both salt and
elicitor-induced signals with different substrate
specificities (Kiegerl et al. 2000; Cardinale
et al. 2002). Transient overproduction of a
constitutively active form of tobacco NtMEK?2,
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another group C MAPKK, caused not only acti-
vation of the MAPKs SIPK and WIPK, but also
hypersensitive cell death in leaves (Yang et al.
2001). Moreover, stable transformation with Ara-
bidopsis MKK4 and MKKS, putative orthologs
of tobacco NtMEK?2, showed similar effects (Ren
et al. 2002). There is no information on the func-
tion and production of Group D MAPKKSs.

3 MAPKKKs

The MAPKKK family forms the largest group
of MAPK pathway components found in plants.
For example, the Arabidopsis genome encodes 80
putative MAPKKK genes. Plant MAPKKKSs can
be divided into two subfamilies: (1) the MEKK-
like protein kinases that are most similar to animal
MEKKKs, and (2) Raf-like protein kinases
(MAPK group 2002). Some prominent examples
of MEKK-like protein kinases include OMTK1
(oxidative stress-activated MAP triplekinase 1
from alfalfa; ANP1-3, YDA and AtMEKK1 from
Arabidopsis, and NPK1 from tobacco (Mizoguchi
et al. 1996; Kovtun et al. 2000; Nishihama et al.
2001; Lukowitz et al. 2004; Nakagami et al. 2004).
Members of the plant Raf-like protein kinases
include EDR1 (enhanced disease resistance 1) and
CTRI1 (constitutive triple response 1) from Arabi-
dopsis (Frye et al. 2001; Kieber et al. 1993).

In terms of functionality, the expression of
AtMEKK1 is activated by drought, high salinity
and touch (Mizoguchi et al. 1996). Further func-
tional analyses suggest that AtMEKK1 acts as
an upstream activator of MKK1, MKK2, MKK4
and MKKS5 during pathogen defense and under
abiotic stress conditions (Ichimura et al. 1998;
Mizoguchi et al. 1998; Asai et al. 2002; Teige
et al. 2004).

Tobacco NPK1, an ortholog of ANP1-3, has
been shown to be involved in cytokinesis (Nishi-
hama et al. 2001). NPK1 interacts and localizes
with its activators NACK1 and NACK2 (both
kinesin-like proteins), during M phase, which
is required for the intracellular events that lead
to cytokinesis (Nishihama et al. 2002). Moreo-
ver, a reverse-genetic approach using multiple-
knockout mutants of the ANP genes revealed
their function as a positive regulator of cyto-
kinesis and a possible negative regulator for
stress responses (Krysan et al. 2002). ANPs and
NPK1 also function in oxidative-stress-response
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signaling and as negative regulators of the auxin-
response pathway (Kovtun et al. 1998, 2000). In
contrast, Medicago OMTK 1 was shown to serve
as scaffold proteins, assembling specific MAPK
pathway components into particular modules
(Nakagami et al. 2004).

As for the Raf-like MAPKKKSs, EDRI1 func-
tions as a negative regulator in pathogen resist-
ance. Mutant edrl lines confer resistance to
Erysiphe cichoracearum, a fungus that causes
powdery mildew disease (Frye et al. 2001). Fur-
thermore, kinase-deficient EDR1 over-expression
enhances resistance to powdery mildew, indicat-
ing that EDR1 is a negative regulator of defense
(Tang and Innes 2002). The CTR1 Raf-like
MAPKKK acts as a negative regulator in ethyl-
ene signaling (Kieber et al. 1993). Mutant ctr/
plants display a constitutive triple response in the
absence of ethylene. It has been hypothesized that
in the absence of ethylene, the ethylene receptors
ETR1 and ETR2 constitutively activate CTRI1
(Kieber et al. 1993).

B Functions
1 Disease Resistance

As noted, a number of plant MAPK-related genes
appear to be involved in the defense response
against pathogens. Current research has started to
establish a more detailed picture of how these ele-
ments act together in coordinating such responses
(Nakagami et al. 2005; Asai et al. 2002). In Arabi-
dopsis, MPK3, MPK4 and MPKG6 are all activated
by bacterial and fungal PAMPs (pathogen-asso-
ciated molecular patterns) (Nuhse et al. 2000;
Desikan et al. 2001). Additionally, it was discov-
ered that the MEKK1-MKK4/MKK5-MPK3/
MPK6 module is a critical signaling pathway link-
ing the flagellin receptor FLS2 to the activation of
the WRKY22 and WRKY29 genes (Fig. 3). Fur-
thermore, transient overexpression of the kinase
domain from MEKKI1 resulted in resistance to
bacterial and fungal pathogens in leaves. Similar
results were obtained in lines with constitutively
active forms of MKK4, MKKS5, and WRKY29
(Asaietal. 2002). The MPK6 MAPK appears to be
involved specifically in fungal defense, as MPK6-
slienced Arabidopsis plants displayed resistance
to avirulent Peronospora parasitica strains and



7 Kinases and Phosphatases in Stress Signaling 135

a
Input Flg22
i N
MAPKKK MEKKA1 .
MAPKK O MKK4/MKK5
v N
MAPK MPK3/MPKé6 O
Output Defense response

O MKK2

Cold Drought

4 N

MEKK1 ?

¥ ¥

O MKK1

N N

MPK4 O MPK4 O

¥ ¥

PR gene expression Stress response

Fig. 3. Mitogen Activated Protein Kinase (MAPK) signaling cascades play pivotal intermediary roles in many plant responses
to environmental stress. (a) The MEKK1-MKK4/MKKS5-MPK3/MPK6 pathway is known to be involved in transducing the
pathogen-related signal initiated by the flagellin peptide, f1g22; (b) MEKK1 is also involved in the cold-activated expression of
pathogen-resistance genes, through the MEKK1-MKK?2-MPK4 pathway; (¢) during the response to drought, a MAPK cascade
involving MKK1 and MPK4 is constructed, although the identity of the upstream MAPKKK remains unknown [See Color Plate

3, Fig. 5].

both avirulent and virulent Pseudomonas syringae
strains (Menke et al. 2004).

AtMPK4 appears to function as a pivotal regula-
tor of pathogen defense responses. Experimental
evidence has shown MPK4 to negatively regulate
the accumulation of salicylic acid (SA) during
pathogenesis, but positively regulate the signaling
pathway involving jasmonic acid (JA) (Petersen
etal. 2000). Mutant mpk4 plants exhibit increased
resistance to virulent pathogens with downstream
effects that include elevated salicylic acid levels,
the activation of systemic acquired resistance, and
constitutive expression of pathogenesis-related
genes. MPK4 was also shown to be required
for jasmonic acid-mediated gene expression,
as the induction of the jasmonic acid-response
genes PDF1.2 and THI2.1 was not significantly
changed after treatment with methyl jasmonate in
mpk4 mutants (Petersen et al. 2000).

Furthermore, it was recently reported that
MP4K regulates SA-dependent and JA/ethylene
(ET)-dependent responses via EDS1 and PAD4
(Brodersen et al. 2006). Plant mpk4 mutants were
shown to be defective in defense gene induction
in response to ethylene, as well as being more
susceptible to Alternaria brassicicola, which
induces JA/ET defense pathways. Mutations in the
defense regulators EDS1 and PAD4 abolish
the de-repression of the SA pathway and sup-
press the inhibition of the JA/ET pathway in mpk4
mutants. Results indicate that MPK4 negatively

regulates both EDS1 and PAD4 (Brodersen et al.
2006). A downstream substrate of MPK4 has also
been identified. MKS1 (MAP kinase substrate 1)
was shown to couple MPK4 to the WRKY tran-
scription factors WRKY?25 and WRKY33. Over-
expression of MKS1 in wild-type plants enhanced
the activation of SA-dependent resistance, but
did not seem to affect the induction of JA-related
defense genes (Andreasson et al. 2005).

Analysis of plants carrying T-DNA knock-
out alleles indicated that MEKK1 is required for
flg22-induced activation of MPK4 but not MPK3
or MPK6 (Meszaros et al. 2006; Suarez-Rodriguez
et al. 2007). Interestingly, kinase-impaired ver-
sion of MEKK1 showed that the kinase activity
of MEKK1 may not be required for flg-22-induced
MPK4 activation or for other macroscopic FLS2-
mediated responses. Mutant mekk! lines display
a severe dwarf phenotype, constitutive callose
deposition and constitutive expression of patho-
gen response genes, indicating MEKKI1 acts
upstream of MPK4 as a negative regulator of
pathogen-response pathways (Suarez-Rodriguez
etal. 2007).

In tobacco, the MAPKs SIPK and WIPK are
activated in an N resistance gene-mediated man-
ner upon infection with TMV (tobacco mosaic
virus), resulting in HR-like cell death (Zhang and
Klessig; 1998, Zhang et al. 2000; Zhang and Liu
2001). Transient expression of SIPK was shown
to be sufficient to activate defense gene expression
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and to induce HR-like cell death upon activation
by its upstream kinase, NtMEK2 (Yang et al.
2001). The NtMEK2-SIPK/WIPK pathway also
plays an upstream role in N gene-mediated resist-
ance (Leeetal. 2001; Jinetal. 2003). The increase
of SIPK and WIPK activity induced the expres-
sion of 3-hydroxy-3-methyl-glutaryl CoA reduct-
ase (HMGR), a gene encoding a key enzyme in
the phytoalexin biosynthesis pathway (Zhang and
Liu 2001). WIPK accumulation and activity were
also induced by wounding of tobacco leaves (Seo
etal. 1999).

Additionally, Kim and Zhang (2004) reported
that the NtMEK2-SIPK/WIPK cascade in tobacco
can activate members of the WRKY family of
transcription factors, which transcribe a number
of disease resistance genes. In tobacco leaves pro-
ducing constitutively active NtMEK2 protein, the
Spm-induced HR marker genes were found to be
upregulated (Takahashi et al. 2004). Moreover, it
was shown that SIPK can phosphorylate and acti-
vate WRKY'1 and co-expression of WRKY1 and
SIPK showed more rapid cell death than overex-
pression of either alone (Menke et al. 2005). Fur-
thermore, WIPK may directly phosphorylate a
transcription factor, NtWIF, which is involved in
the transcription of wound and pathogen response
genes (Yap et al. 2005). These results suggest that
the NtMEK2-SIPK/WIPK module is specifically
involved in pathogen defense in tobacco and
controls multiple defense responses to pathogen
invasion. Finally, virus-induced gene silencing of
MEKI1 and NTF6 decreased N-mediated resist-
ance of tobacco to TMV, perhaps by affecting
the activity of downstream transcription factors
WRKY and MYB (Liu et al. 2003).

In Nicotiana benthamiana, a constitutively
active form of potato StMEK induces the activity
of SIPK and WIPK, enhances HR-like cell death,
and induces the expression of a ROS-related gene
known as respiratory burst oxidase homolog
(RBOH)(Yoshioka et al. 2003; Katou et al.
2005). Additionally, transgenic StMEK1 potato
plants were resistant to the early blight patho-
gen Alternaria solani, as well as Phytophthora
infestans, resulting in the induction of defense-
related gene expression in transgenic potato
leaves (Yamamizo et al. 2006). Furthermore,
StMEK1 activated StMPK1, a potato ortholog of
SIPK in vitro. Virus-induced gene silencing of
NbPPS3, a protein phosphorylated by StMPK1,
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significantly delayed StMEK 1-induced cell death,
suggesting that NbPPS3 is a physiological sub-
strate of StMPK 1 and is involved in the StMPK1-
mediated signaling pathway leading to HR cell
death (Katou et al. 2005).

Many MAPK pathway components also have
been identified and studied in rice (Agrawal et al.
2003). Rice OsMAPKS (alternatively called
MSRMK?2, MAPK2, MAP1 or BIMKI1), an
ortholog of MPK3 in Arabidopsis, was activated
by several biotic and abiotic stresses, as well as
by abscisic acid (Xiong and Yang 2003). RNA-
interference lines of OsMAPKS displayed consti-
tutive PR gene expression and enhanced resistance
to fungal and bacterial infection. In addition, the
same lines also showed tolerance to drought, salt
and cold stress (Xiong and Yang 2003).

Pathogenic signals also activate BWMKI1; rice
MAPK that interestingly contains a TDY T-loop
motifinstead of the more common TEY motif and
a long C-terminal domain necessary for kinase
activity (He et al. 1999a; Cheong et al. 2003b).
As mentioned earlier, BWMKI1 phosphorylates
ethylene-responsive element-binding protein 1
and enhances the binding of a factor to the GCC
box element found in the promotor regions of
several PR genes.

The production of reactive oxygen species is
known to occur upon pathogen attack and MAPKs
that appear to mediate oxidative stresses have
been identified (Apel and Hirt 2004; Pitzschke
and Hirt 2006). Tobacco SIPK and WIPK were
demonstrated to be activated by a variety of reac-
tive oxygen species (Kumar and Klessig 2000;
Samuel et al. 2000). Curiously, tobacco plants
either over-expressing SIPK or in which SIPK
expression had been suppressed both appeared
hypersenstive to ozone, a treatment that is known
to cause ROS accumulation in plants (Samuel
and Ellis 2002). Also, it was shown that ozone
activates MPK3 and MPK6 in Arabidopsis (Ahlfors
et al. 2004).

The MEK2 pathway in tobacco plants has
been linked to ROS generation via the activation
of RBOH (respiratory burst oxidase orthologue),
which produces ROS in response to fungal infec-
tion (Yoshiokaetal.2003). Furthermore, orthologs
of tobacco MEK2 in Arabidopsis, MKK4 and
MKKS5, enhanced generation of hydrogen perox-
ide and cell death when constitutively activated
(Ren et al. 2002). Relatedly, it was shown that
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the Arabidopsis protein kinase OXI1 is induced
by ROSs and the fungal pathogen Peronospora
parasitica, and is required for the activation of
both MPK3 and MPK6 (Rentel et al. 2004).

Finally, the Arabidopsis MAPKKK MEKKI1
has been shown to mediate redox homeostasis
and itself be regulated by hydrogen peroxide in
a proteasome-dependent manner (Nakagami et al.
2006). MEKK 1-deficient plants accumulate ROSs
and display aberrant regulation ofanumber of genes
involved in cellular redox control. Interestingly,
mpk4 mutant plants showed similar phenotypes as
mekkl mutant plants, and mekkl mutant lines were
compromised in ROS-induced MPK4 activation.
Thus, MEKK1 appears to be an upstream regula-
tor of MPK4 (Nakagami et al. 2006).

2 Hormone Signaling

The hormone abscisic acid (ABA) acts to inhibit
growth, promote dormancy and aid abiotic stress
tolerance in plants (Giraudat 1995). In Arabidop-
sis, two MAPKs appear to be involved in ABA
signaling in seedlings through the activation of
the ABA-related transcription factor ABIS (absci-
sic acid insensitive 5) (Lu et al. 2002). ABA also
appears to elevate transcript, protein, and kinase
activity levels of MAPKS in rice leaves (Xiong
and Yang 2003). MAPKS is known to act as a
positive regulator in abiotic stress tolerance and
as a negative regulator of PR gene expression and
broad-spectrum disease resistance in rice (Xiong
and Yang 2003). A MAPK in pea is activated in
guard cells by ABA, which is an important factor in
guard cell signaling (Burnett etal. 2000; Schroeder
et al. 2001). Furthermore, null mutations in
the MAPKKK YODA led to excess stomata
in Arabidopsis leaves, whereas constitutive acti-
vation of YODA eliminated stomata (Bergmann
et al. 2004). Interestingly, it was reported that
MPK4-silenced tobacco plants are hypersensitive
to ozone due to an ABA-independent misregula-
tion of stomatal closure, suggesting that MPK4
might function in the early stages of ROS signaling
by controlling the entrance gate for environmental
ozone uptake (Gomi et al. 2005).

Ethylene, a gaseous plant hormone, is involved
in a multitude of physiological and developmental
processes, such as the release from dormancy and
shoots and root growth and differentiation (Chang
2003). Asmentioned, the Raf-like MAPKKK CTR1

acts as a negative regulator of ethylene signaling
and may be activated by the ethylene receptors
ETR1 and ETR2 (Kieber et al. 1993). Further-
more, it was reported that CTR 1 activates a44 kDa
MAPKK in maize protoplast and that ethylene
also activates a 47 kDa MAPK protein in Arabi-
dopsis (Novikova et al. 2000; Kovtun et al. 1998).
Ouaked et al. (2003) also found that the ethylene
precursor ACC could activate the kinase activity
of SIMK and MMK3 in Medicago and MPK6 in
Arabidopsis via mediation by SIMKK. The over-
expression of SIMKK constitutively activated
MPK6 and induced the expression of a number of
cthylene-related target genes, indicating that the
SIMKK-MPK6 pathway is a positive regulator
of ethylene responses in Arabidopsis (Ouaked
et al. 2003).

Liu and Zhang (2004) revealed that the acti-
vation of MPK6 induces ethylene biosynthesis
in Arabidopsis by phosphorylating key enzymes
in that process. The activity of MPKG6 itself can
be induced by active forms of the MAPKKSs
MKK4 and MKKS5. The tobacco NtMEK2-SIPK/
WIPK cascade plays a role in the induction of
ethylene biosynthesis in response to wounding
and viral infection (Kim et al. 2003a). A consti-
tutively active form of NtMEK2 resulted in the
rapid activation of endogenous SIPK and a dra-
matic increase in ethylene production, suggest-
ing that the plant defense responses mediated by
the NtMEK2-SIPK/WIPK pathway may rely on
ethylene signaling rather than jasmonic acid or
methyl jasmonate (Kim et al. 2003a).

Auxin is an essential plant hormone that regu-
lates diverse processes, such as cell division and
expansion, embryogenesis, meristem formation,
root and leaf patterning, tropism and reproduction.
Several lines of evidence implicate the presence
of MAPK cascades in a variety of auxin-related
pathways. For example, over-expression of the
kinase domain from either NPK1 (a tobacco
MAPKKK) or ANPI1 (an Arabidopsis MAP-
KKK) results in both the suppression of auxin-
induced gene expression and the activation of a
number of specific stress-response genes (Kovtun
et al. 1998, 2000). A MAPK cascade, that plays
a role in auxin-induced adventitious rooting, has
also been discovered (Pagnussat et al. 2004).
Additionally, it was reported that increased
expression of the MAPKK MKK?7 in Arabidopsis
causes deficiency in polar auxin transport and
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leads to plant architectural abnormalities (Dai
et al. 2006). Molecular genetic analysis of the
budl (bushy and dwarfl) mutant revealed that
increased expression of MKK7 may be the cause
for its phenotype, which includes fewer lateral
roots, simpler venation patterns and a quicker
and greater curvature in its gravitropic response.
Over-expression and repression analyses indicate
that MKK7 is a negative regulator of polar auxin
transport in Arabidopsis (Dai et al. 20006).

3 Abiotic Stress Signaling

Many MAPKSs are activated by abiotic stresses,
including osmotic stress, cold, salt, drought, and
wounding (Nakagami et al. 2005). In Arabidopsis,
the MEKKI1-MKK2-MPK4/MPK6 module was
shown to be involved in cold and salt stress. MKK2
becomes activated by cold and salt stress, and mkk2
mutants are hypersensitive to these stresses (Fig. 3)
(Teige et al. 2004). MEKK1 is also induced by salt,
drought, cold and wounding, where its gene prod-
ucts may interact with MKK1, MKK?2, and MPK4
in forming a response to these stresses (Mizoguchi
etal. 1996; Ichimura et al. 1998). Although MEKK 1
can mediate pathogen-associated molecular pattern-
induced activation of MPK3 and MPK6 through
MKK4 and MKKS (Asai et al. 2002), it can also
activate MPK4 and MPK6 in an MKK2-dependent
manner during abiotic stress (Teige et al. 2004).
Furthermore, MKK1 appears to be involved in abi-
otic stress signaling as it is activated by wounding,
cold, drought, and salt stress, while also being able
to phosphorylate MPK4 (Fig. 3) (Matsuoka et al.
2002; Teige et al. 2004).

In alfalfa, MKK4 (a MAP kinase) gene expres-
sion and kinase activity are also activated by cold
stress, drought and wounding, but not by heat or
salt, in an apparently ABA-independent manner
(Jonak et al. 1996; Bogre et al. 1997). In con-
trast, two other alfalfa MAP kinases, MKK2 and
MKK3, were not activated under any of these
stresses (Bogre et al. 1997) (The involvement
of MAPKs in ABA pathway has been discussed
in details in Chapter 3). It was also reported that
SIMK (salt stress-inducible MAP kinase) can be
activated by high concentrations of NaCl, KCI
and sorbitol, and therefore may be involved in
hyper-osmotic signaling (Munnik et al. 1999).
SIMKK, which interacts with SIMK, was shown
to enhance the salt-induced activation of SIMK
in vivo, as well as in vitro (Kiegerl et al. 2000).
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Finally, SIPK in tobacco has enhanced kinase
activity after exposure to salt and osmotic stress,
and MPK3 and MPK6 in Arabidopsis are also
activated under hypo-osmolarity (Mikolajczyk
et al. 2000; Droillard et al. 2002).

Ozone, a direct precursor of ROS, is a common
response to virtually any biotic and abiotic stress.
Ozone triggers a programmed cell death routine
that is highly reminiscent of biotic defense pro-
grams, including the hyper-sensitive response and
the synthesis of PR proteins (Overmyer et al. 2000).
MAP kinases in plants have been shown to be acti-
vated by exposure to ozone (Samuel et al. 2000). In
Arabidopsis, ozone exposure activates both MPK3
and MPK6, and leads to their nuclear translocation.
RNA-interference lines of MPK3 and MPK6 both
displayed phenotypes that included hypersensitivity
to ozone (Miles et al. 2005). Additionally, MPK3
appears to be regulated by ozone at the transcrip-
tional and translational levels (Ahlfors et al. 2004).
Furthermore, ozone-exposed rcd! (radical-induced
cell death 1) mutants showed increased salicylic acid
levels and earlier activation of MPK6 compared to
wild-type plants (Overmyer et al. 2005). It has also
been demonstrated that the tobacco MAPKs SIPK
and WIPK are activated by ozone and nitric oxide,
although some oxidative stresses preferentially
activate SIPK (Kumar and Klessig 2000; Samuel
et al. 2000). Both over-expression and suppres-
sion of SIPK resulted in hypersensitivity to ozone
treatment, and transgenic plants transformed with
a constitutively active form of SIPKK, a SIPK-
interacting MAPKK, showed enhanced ozone
resistance (Samuel and Ellis 2002; Liu et al. 2000b;
Miles et al. 2005). The tobacco MAP kinase MPK4
also appears to be involved in ozone response, as
MPK4-silenced plants are hypersensitive to ozone.

IV Calcium-Activated Protein Kinases

Changes in the cytosolic concentration of free
calcium (Ca?") precede a wide range of cellular
and developmental processes in plants, including
responses to biotic and abiotic stresses (Evans
et al. 2001; Rudd and Franklin-Tong 2001; White
and Broadley 2003). It is intriguing how a simple
element like Ca?* can act as a second messenger in
so many different signal transduction pathways,
and yet maintain a stimulus-specific response.
A key to achieving this specificity appears to be
the deceptive complexity of the calcium signal
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itself, as well the diversity of proteins that bind
calcium in these pathways.

Recent work has shown that in addition to con-
centration, calcium signals can differ in a number of
temporal and spatial parameters including frequency,
duration, and the subcellular localization of transient
increases in concentration (Evans et al. 2001; Rudd
and Franklin-Tong 2001; Sanders et al. 2002). These
parameters allow plant cells to generate distinct Ca**
“signatures” in response to disparate stimuli. To
add further complexity to calcium-based signaling,
the proteins that bind calcium to propagate a signal
can also possess differential characteristics, such as
Ca**-binding affinity, expression pattern, and subcel-
lular localization. In this way, different Ca**-binding
proteins can sense different stimulus-specific Ca**
signatures and transduce the signal to distinct tar-
get proteins, thereby giving rise to the appropriate
response.

To date, three major families of Ca?* sensors
in plants have been studied extensively: calcium-
dependent protein kinases (CDPKs), calmodulin
(CaM), and calcineurin B-Like proteins (CBLs).
This section focuses on these families, as well as
CDPK-related protein kinases (CRKs), Ca*" and
calmodulin-activated kinases (CCaMKs), and
CBL-interacting protein kinases (CIPKs) (Fig. 4).
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Fig. 4. Schematic diagrams of the protein kinase families
regulated by Ca™. The gray and black boxes indicate kinase
domains and cannonical EF-hand motifs, respectively. The
degenerated EF-hand motifs present in the C-terminal region
of CRK are represented with the spotted boxes. The CDPK
junction sequence carrying the autoinhibitory activity is
shown with the hatched box. The CRK domain analogous
to the CDPK junction is displayed with the box hatched with
thinner lines. The hatched diamond and cross indicate the
junction present in CCaMK/CaMK and CIPK, respectively.

A Gene Families
1 CDPKs

Calcium-dependent protein kinases (CDPKs) can
be classified as sensor-responders, because they
consist of the C-terminal CaM-like Ca?* sensor
and the N-terminal kinase responder, which are
connected by a junction sequence (Sanders et al.
2002). In the resting state, an autoinhibitory motif
residing in the junction sequence inhibits CDPK
serine/threonine kinase activity by the pseudo-
substrate mechanism (Harmon et al. 1994). Upon
Ca?" binding, however, a CaM-like domain with
four EF-hand motifs appears to disrupt the inter-
action between the autoinhibitor and the kinase
region, which results in activation of the
kinase activity (Cheng et al. 2002; Hrabak et al.
2003; Harper et al. 2004; Chandran et al. 2006).
Although CDPKs have been found in plants and
some protozoans, they have not been identified
in animals.

A large number of genes constitute the CDPK
family in higher plants, with 34 predicted CDPK
genes in Arabidopsis and 29 in rice (Hrabak et al.
2003; Asano et al. 2005). A comparison of their
genomic organization revealed that CDPK gene
structure is highly conserved between the two
higher plants (Asano et al. 2005). Among the
34 Arabidopsis CDPKs, 28 are known to carry
the potential N-terminal myristoylation motif
(MGXXXS/T) in which a 14-carbon saturated
fatty acid, myristate, is covalently attached to a
glycine residue (Cheng et al. 2002; Xiong et al.
2002; Hrabak et al. 2003). In addition, these
CDPKs also possess a putative palmitoyation site,
another type of lipid modification which adds a
16-carbon fatty acid, palmitate, to a cysteine resi-
due through a thioester bond. In the case of rice
CDPKs, 15 and 12 genes were respectively pre-
dicted to contain potential N-myristoylation and
palmitoylation sites, which may mediate the mem-
brane association of their proteins (Asano et al.
2005). In fact, some of the CDPK members from
various plants such as potato, rice and Arabidopsis
were empirically determined to be associated
with membranes, including the plasma mem-
brane, endoplasmic reticulum, and mitochondrial
outer membrane (Pical et al. 1993; Martin and
Busconi 2000; Lu and Hrabak 2002; Dammann
et al. 2003). Meanwhile, other CDPK members
have been found in various sub-cellular locations
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such as the cytosol, nucleus, peroxisomes and oil
bodies, among others (Patharkar and Cushman
2000; Yoo et al. 2002; Anil et al. 2003; Dammann
et al. 2003; T. Zhang et al. 2005b).

In addition to the differences in sub-cellular
localization, individual CDPK members appear
to have distinct properties in terms of expression
patterns, Ca*-binding affinities, and substrate
specificities (Lee et al. 1998; White and Broad-
ley 2003; Harper et al. 2004; Hernandez Sebastia
et al. 2004; Rodriguez Milla et al. 2006). These
features make it possible for CDPKs to mediate
a number of disparate signal transduction path-
ways, including carbon and nitrogen metabo-
lism, ion and water transport, ethylene synthesis,
nodulation, developmental processes, and biotic
and abiotic stress responses (Guenther et al.
2003; Hardin et al. 2003; Lee et al. 2003; Hern-
andez Sebastia et al. 2004; Ludwig et al. 2004;
Harper and Harmon 2005; Leclercq et al. 2005;
Gargantini et al. 2006). Recently, it has been
also demonstrated that one of the CDPK family
members phosphorylates NADPH oxidase,
thereby regulating the production of reactive
oxygen species (Kobayashi et al. 2007).

2 CRKs

Plants belonging to angiosperms contain another
family of protein kinases called CRK, which
stands for CDPK-related protein kinase. The Ara-
bidopsis genome was predicted to contain eight
CRK genes (Hrabak et al. 2003). Although the
kinase domains of the CRK family members are
most similar to those of CDPKs, their C-terminal
domains differ from each other. CRKs, unlike
CDPKs, have degenerated EF-hand motifs in
their C-terminal regions, which lack Ca**-binding
affinity (Lindzen and Choi 1995; Furumoto et al.
1996; Farmer and Choi 1999). Because CRKs
cannot bind with Ca?*, it is reasonable to speculate
that the kinase activity of CRKs is not regulated
directly by Ca*. In fact, in vitro kinase assays
using CRKSs from carrot and maize have demon-
strated that the CRK isoforms are active regard-
less of Ca*", suggesting that an auto-inhibitory
domain is not present in these CRK isoforms
(Furumoto et al. 1996; Farmer and Choi 1999).
However, it should be noted that some CRK fam-
ily members can be modulated indirectly by Ca*".
For example, two CRK isoforms of tobacco were
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activated by association with Ca*-bound CaM
(Hua et al. 2003). Interestingly, it appears that
not all CaM-binding CRKs are activated by the
interaction with Ca?*-bound CaM. For example,
the kinase activity of rice CRK, OsCBK, was not
altered upon binding with Ca?/CaM (Zhang et al.
2002). Further investigation is required to reveal
the role and function of the CRK family in plant
stress response and development.

3 CCaMKs and CaMKs

Another protein kinase family that can bind
Ca?" is Ca*" and calmodulin-activated kinases
(CCaMKs). Their structural features contain
an N-terminal serine/threonine protein kinase
domain and a C-terminal regulatory region har-
boring a CaM-binding domain and three EF-hand
Ca?'-binding motifs (Patil et al. 1995; Liu et al.
1998). CCaMKs appear to require both Ca®*
and CaM for the activation of the kinase activ-
ity needed to phosphorylate substrates (Liu et al.
1998). Interestingly, CCaMKs, which have been
identified from lily and tobacco, are not found in
the Arabidopsis genome (Zhang and Lu 2003).

Animal and yeast cells are known to pos-
sess CaM-dependent protein kinases (CaMKs),
which are activated by their interaction with
CaM. In these cases, it appears that Ca?*-bound
CaM associates with an autoinhibitory domain
of CaMK located at the C-terminal end of the
kinase domain, which allows for the activation of
kinase activity. However, plants do not appear to
possess CaMKs, although there is a report that a
CaMK-like protein kinase, CB1, was identified
from apple (Watillon et al. 1993, 1995). Recent
amino acid sequence analysis indicated that CB1,
in fact, fits better in the CCaMK group rather than
in the CaMK family (Hrabak et al. 2003).

4 CIPKs and CBLs

CBL-interacting protein kinases (CIPKs) are a
novel family of serine/threonine protein kinases
present only in plants. Although CIPKs them-
selves do not have the ability to directly bind
with Ca*", their kinase activity can be modulated
by Ca?* through the interaction with calcineruin
B-like Ca?*-binding proteins (CBLs) (Shi et al.
1999; Halfter et al. 2000; Kim et al. 2000a;
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Fig. 5. Hypothetical model for the activation of CIPKs by the Ca*-bound CBLs. Upon Ca*" binding, CBL1 (pentagon) undergoes
conformational change and can interact with the NAF motif (cross) of CIPK 1. The interaction disrupts the autoinhibition of CIPK1,

resulting in activation of the kinase activity.

Albrecht et al. 2001; Kolukisaoglu et al. 2004;
Jeong et al. 2005). Together, the CIPKs and CBLs
appear to comprise a versatile mechanism for
sensing and transducing calcium signals in plants
(Fig. 5).

CBLs are a family of Ca** sensors that are most
similar to the regulatory B subunit of the protein
phosphatase calcineurins found in animals (Liu
and Zhu 1998; Kudla et al. 1999). As with CaM,
CBLs do not harbor intrinsic enzymatic activity
of their own. Both Arabidopsis and rice appear
to contain ten CBL genes each (Luan et al. 2002;
Kolukisaoglu et al. 2004; Hwang et al. 2005).
Although CBLs were originally predicted to con-
tain three typical EF-hand motifs (Kudla et al.
1999), a non-conventional EF-hand motif present
in the N-terminus (EF-1) was later shown to have
Ca?"-binding activity (Nagae et al. 2003). Since,
the amino acid composition of the EF-hand motifs
differs among the CBL family members, it is con-
ceivable that each CBL may have a distinct Ca?*-
binding affinity (Nagae et al. 2003). Along with
distinct Ca?*-binding affinity, differential expres-
sion patterns and sub-cellular localizations of the
CBL family members seem to determine which
CBL members perceive a specific Ca?" signal and
relay it to interacting CIPK family members.

The Arabidopsis and rice genomes are pre-
dicted to encode 25 and 30 CIPK genes, respec-
tively (Kolukisaoglu et al. 2004). Although the
kinase domains of CIPKs are most related to
those of the yeast SNF1 (sucrose non-ferment-
ing 1) protein kinase and the mammalian AMP-
dependent protein kinase, they contain a unique
regulatory domain in their C-terminal regions
(Shi et al. 1999). Due to this structural feature,
the CIPK family has been also assigned to sub-
group 3 of the SNF1-related kinase (SnRK3) in
plants (Hrabak et al. 2003). The C-terminal regu-
latory region contains the NAF (or FISL) motif,

a stretch of about 21 amino acids conserved in
the CIPK family members, and is both required
and sufficient for interaction with CBL family
members (Halfter et al. 2000; Kim et al. 2000a;
Albrecht et al. 2001).

In vitro interaction assays demonstrated that
CBLI interacts with CIPK1 in a Ca*-dependent
manner (Shi et al. 1999). In contrast, the complex
formation between CBL4/SOS3 and CIPK24
(also known as SOS2) does not require Ca?', and
yet Ca?" is still necessary for the CBL4-CIPK24
complex to phosphorylate the synthetic peptide
substrate p3 (Halfter et al. 2000). The different
Ca?" dependencies exhibited by the two CIPK-
CBL pairs may be due to the difference in Ca**-
binding affinities between CBL1 and CBLA4.
Regardless, it appears that CIPKs require Ca?*-
bound CBLs in order to phosphorylate substrates.
The crystal structure of CBL2 showed that con-
formation of Ca*-bound CBL2 is markedly dif-
ferent from the unbound form (Nagae et al. 2003).
Taken together, these findings suggest that Ca?*-
bound CBL undergoes a conformational change
that subsequently elicits the structural alteration
of the target CIPK, thereby activating the latter’s
kinase activity.

Studies with CIPK24 indicated that the
C-terminal region covering the NAF motif binds
to the N-terminal kinase region. Removal of the
NAF motif and its downstream sequence resulted
in the constitutive activation of its kinase activity
(Guo et al. 2001). These findings suggest that the
interaction between the kinase domain and the
NAF-carrying regulatory domain may prevent
the active site from binding with the substrate,
and therefore the CIPK kinase is maintained in an
inactive form. However, upon interaction with a
Ca?*-bound CBL partner, the CIPK undergoes
a conformational change in which the NAF
motif no longer exerts its inhibitory function,
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thereby allowing the kinase domain to pursue
its phosphorylation activity.

The kinase domain of the CIPK family con-
tains a typical activation loop, a stretch of 30
amino acids bordered with conserved DFG and
APA residues, which serves as a phosphorylation
target for other protein kinases (Guo et al. 2001).
In fact, changing the Ser156, Thr168 or Tyrl75
residues to Asp within the activation loop resulted
in constitutive activation of the CIPK protein
kinase (Gong et al. 2002). It is also noteworthy
that a superactive form of CIPK can be created by
combining the substitution mutation in the acti-
vation loop with the deletion of the C-terminal
regulatory domain (Guo et al. 2001). These find-
ings strongly suggest that CIPK enzyme activity
is modulated by at least two different molecular
mechanisms: Ca?*-bound CBL and an as yet uni-
dentified protein kinase.

Judging from the number of genes in the CBL
and CIPK families, it is likely that some CBLs
would have more than a single interacting CIPK
partner. In fact, extensive studies using yeast
two-hybrid assays have demonstrated that each
of'the CBL family members can interact specifi-
cally with only a subset of four to five CIPKs at
different affinities (Kim et al. 2000a; Luan et al.
2002; Batistic and Kudla 2004; Kolukisaoglu
etal. 2004; Jeong et al. 2005). Deletion analyses
have provided structural basis for the interac-
tion specificity. CBLs interacted more strongly
with the N-terminal deleted CIPK mutants than
with their full-length forms, suggesting that
the N-terminal sequences upstream of the NAF
motif carries inhibitory information to hinder
interaction between the C-terminal region and
CBL members (Shietal. 1999; Kim et al. 2000a;
Jeong et al. 2005). Further analyses with a series
of CIPKS deletion mutants have determined
that the inhibitory information mainly resides
in the 99-amino acid region located between the
ninth sub-domain and the NAF motif (Kim et al.
2000a). As this region covers the most vari-
able junction sequences in the CIPK family, it
may explain why each CIPK member possesses
distinct interaction affinities towards differ-
ent CBL members. Taken together, it seems
that the CIPK C-terminal domain carrying the
NAF motif provides the structural platform for
the actual binding with CBLs, and the vari-
able junction sequence exhibits an inhibitory
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effect which dictates the final interaction
affinity towards particular CBLs. Such interac-
tion specificity allows selective complex for-
mation between CBLs and CIPKs even if they
are present simultaneously in the same space.
Thus, it is possible for plant cells to generate a
number of distinct CBL-CIPK complexes at the
same time, which can respectively play a role in
different signaling pathways.

B Functions of the CBL—CIPK Complexes

The CBL-CIPK Ca*-signaling pathway is cur-
rently known to be involved in the response to a
variety of external stimuli such as cold, drought,
salinity, ABA, gibberellic acid, low K* concen-
tration and high pH (Liu and Zhu 1998; Liu et al.
2000a; Cheong et al. 2003a; Kim et al. 2003b;
Guo et al. 2004; Pandey et al. 2004; Hwang et al.
2005; Lietal. 2006; Xu et al. 2006; Fuglsang et al.
2007; Quan et al. 2007). Studies with Arabidopsis
mutants have demonstrated that each pair of the
CBL-CIPK complexes appears to execute a spe-
cific role in relaying different signals (Fig. 6).

1 Osmotic Stress

Several lines of evidence indicate that CIPK1
can form a complex with either CBL1 or its most
closely related isoform CBL9, which are local-
ized on the plasma membrane (Shi et al. 1999;
Kim et al. 2000a; Albrecht et al. 2001; D’ Angelo
et al. 2006). In addition, loss-of-function
Arabidopsis mutants lacking CBL1, CBL9
or CIPK1 exhibited hypersensitivity to high
osmotic stress conditions (Pandey et al. 2004;
D’Angelo et al. 2006). These findings sug-
gest that the CBL1-CIPK1 and CBL9-CIPK1
complexes are involved in mediating osmotic
stress responses, which are known to involve
both ABA-dependent and ABA-independent
signaling pathways. Interestingly, both the cb/9
and cipkl mutants responded more sensitively
to exogenous ABA than did wild type plants,
whereas the c¢h/l mutant did not show signifi-
cant changes in ABA responsiveness (Pandey
et al. 2004; D’Angelo et al. 2006). Therefore,
it appears that CIPK1 can act as a convergence
point for ABA-dependent and ABA-independent
osmotic stress responses by forming a complex
with either CBL9 or CBL1, respectively.
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Fig. 6. The Calcineurin B-like protein (CBL) calcium sensor and CBL-interacting protein kinase (CIPK) signaling network is
involved in various abiotic stress responses. Based on the results of genetic and molecular analyses, the model depicted was
proposed. The different /ine colors indicate different stress signaling pathways [See Color Plate 3, Fig. 6].

2 Potassium Deficiency

In addition to osmotic stress, two research groups
independently have shown that CBL1 and CBL9
are involved in potassium (K*) sensing. Their
work has demonstrated that CBL1 and CBL9 can
form complexes with CIPK23 in response to low
concentrations of K in the soil (Li et al. 2006;
Xu et al. 2006). Based on their findings, they
proposed a model for the potassium-deficiency
response in plants: Low-K* conditions trigger
changes in the cytosolic concentration of Ca*',
which is then sensed by the plasma membrane-
localized calcium sensors CBL1 and CBL9. Ca?*-
bound CBL1 and CBL9 then recruit CIPK23 to
the plasma membrane and promote CIPK23 to
phosphorylate the C-terminal region of the K*
transporter AKT1, thereby enhancing its K-
transporting activity.

3 High pH

Recently, the CBL2-CIPK11 complex has
been demonstrated to be involved in regulating
the plasma membrane proton pump (PM H*-
ATPase) (Fuglsang et al. 2007). It appears that
CBL2 associates with and activates CIPK11 in
the presence of cytosolic Ca*" signals elicited

by high external pH conditions. The activated
CIPK11 then phosphorylates the Ser-931 residue
in the C-terminal regulatory domain of the PM
H*-ATPase AHA2, which inhibits AHA2 activ-
ity by preventing its interaction with an activat-
ing 14-3-3 protein.

4 Salt Stress

The CBL4—CIPK24 complex has been shown to
be specifically involved in mediating Ca?* signals
induced by salt stress (Halfter et al. 2000; Xiong
et al. 2002; Guo et al. 2004). CBL4 and CIPK24
were originally known as SOS3 and SOS2,
respectively. The term SOS stands for “salt overly
sensitive”, which describes the phenotype of the
Arabidopsis mutants with reduced salt tolerance
(Zhu et al. 1998, see Chapter 11). Later, it was
discovered that the genomic loci SOS3 and SOS2,
respectively, encode polypeptides belonging to the
CBL and CIPK families (Liu and Zhu 1998; Liu
et al. 2000a). Subsequent biochemical and genetic
analyses revealed that CBL4/SOS3 and CIPK24/
SOS2 acttogether to mediate Ca®* signals involved
in plant salt tolerance by modulating the phospho-
rylation activity of CIPK24/SOS2 with CBL4/
SOS3 in a Ca?’-dependent manner (Halfter et al.
2000). In fact, the CBL4/SOS3—-CIPK24/SOS2
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complex phosphorylates and activates SOSI, a
Na'/H" antiporter, in a Ca?’-dependent manner.
The activated SOS1 protein then functions to get
rid of excess Na' in plant cells, thereby confer-
ring salt tolerance (Qiu et al. 2002; Quintero
et al. 2002). Recently, Quan et al. (2007) have
shown that CBL10 can also interact with CIPK24
in response to the salt stress. Although both
CBL4 and CBL10 are involved in the same stress
response, they appear to carry out their missions
in different organs of Arabidopsis plants; CBL4
functions primarily in the root, whereas CBL10
activity is limited mainly to the shoot.

5 Novel Stress-Related Interactions

In order to gain further insight into the CBL-
CIPK signaling network, it is essential to identify
the in vivo substrate molecules that are phospho-
rylated by the CIPK family members. Only three
CIPK substrates have been identified from Ara-
bidopsis so far. As discussed, they are the mem-
brane-bound proteins SOS1, AKT1 and AHA2
(Qiu et al. 2002; Quintero et al. 2002; Li et al.
2006; J. Xu et al. 2006; Fuglsang et al. 2007).
However, according to mutant analyses, the CBL-
CIPK Ca?* signaling pathway has been shown to
regulate the expression of several stress genes,
including RD29A/B, Kinl/2, and DREB1A/B
(Albrecht et al. 2003; Cheong et al. 2003a;
Kim et al. 2003b; Pandey et al. 2004; D’ Angelo
et al. 20006). For example, cb/1 and chl9 mutants
exhibited altered expression patterns of the stress
genes RD29A, RD29B, and Kinl, in response
to drought (Albrecht et al. 2003; Cheong et al.
2003a; Pandey et al. 2004; D’ Angelo et al. 2006).
Because both CBL1 and CBL9 calcium sen-
sors are bound to the plasma membrane and can
recruit interacting CIPK partners, these results
suggest that the membrane-bound CBL—CIPK
complexes generated by cytosolic Ca*" signals
can communicate with the nucleus, where gene
regulation occurs. Although little is known about
how the CBL—CIPK complexes deliver cytoplas-
mic information into the nucleus, it seems rea-
sonable to speculate that CIPK substrates and/or
novel interactors might be the signal transducers
carrying out this role.

Recently, the protein ECT1 has been predicted
to be anovel interactor with CIPK 1 due to the pres-
ence of an evolutionarily conserved C-terminal
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domain, and is speculated to be involved in
relaying signals from the membrane-bound
CBL1-CIPK1 into the nucleus (Ok et al. 2005).
Several lines of evidence provided by Ok et al.
(2005) support this idea. First, both yeast two-
hybrid and pull-down assays have demonstrated
that ECT1 specifically interacts with CIPKI.
According to deletion analyses, the CIPK1-ECT1
complex is formed through the direct interac-
tion between the CIPK1 kinase domain and the
evolutionarily conserved C-terminal domain of
ECT1. However, ECT1 was not phosphorylated
by CIPK1 in vitro regardless of Ca* and CBLI.
Consequently, it seems that the CIPK1-ECT1
association itself would be an important factor
in the signal transfer, as in the case of MEKI-
MyoD (Perry et al. 2001). In the MEK1-MyoD
association, the MEK 1 protein kinase is known to
repress MyoD activity, not via phosphorylation,
but via physically binding to the N-terminal end
of MyoD. Currently, however, the possibility that
CIPK1 may phosphorylate ECT1 in vivo cannot
be completely ruled out.

Second, the ECT1 protein can be localized in
both the cytoplasm and the nucleus. The con-
served C-terminal domain of ECTI involved
in the physical interaction with CIPKI is also
responsible for nuclear localization. Therefore,
it is likely that interaction status between CIPK1
and ECT1, which can be affected by the CBL1-
CIPK1 association, could exert influence on the
subcellular localization of ECT1. Third, further
yeast two-hybrid assays have demonstrated that
ECT1 possesses auto-activation activity, suggest-
ing that the ECT1 protein lacking the apparent
DNA-binding motif may act as transcriptional
coactivator. Finally, ECT1-like proteins are found
only in eukaryotes such as yeasts, plants, and ani-
mals, but not in prokaryotes. Because Ca?" acts
as a ubiquitous signaling element in eukaryotic
cells, such evolutionary conservation suggests
that ECT1 may play a critical role in the CBL1-
CIPK1 Ca** signal transduction pathway.

At the present time, however, there is no solid
evidence demonstrating that ECT1 actually
receives the signal from the CBL1-CIPK1 com-
plex and delivers it into the nucleus to regulate
expression of the stress genes. Further molecular
genetic and biochemical analyses will provide
useful information necessary for unraveling the
biological function of the ECT1 protein, and it will
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certainly contribute to our understanding of how
the membrane-bound CBLI1-CIPK1 complex
controls gene expression. Furthermore, because
several specific CBL-CIPK complexes have been
shown to function in particular stress-signaling
pathways, fully elucidating the entire CBL-CIPK
interacting network may shed great light on the
mechanisms involved in a wide range of plant
stress responses (Zhu 2002; Cheong et al. 2003a;
Kim et al. 2003b; Guo et al. 2004; Pandey et al.
2004; Li et al. 2006; J. Xu et al. 2006).

V Protein Phosphatases

Reversible protein phosphorylation is a primary
regulatory mechanism in many prokaryotic and
eukaryotic signaling pathways, including those
involved in metabolism, the cell cycle, organis-
mal growth and development and hormonal and
environmental responses (Andreeva and Kutuzov
1999; Chernoff 1999; den Hertog 1999; Iten et al.
1999; Schillace and Scott 1999; Luan 2000, 2003).
During phosphorylation, a protein kinase adds a
phosphate group to a substrate. Protein phosphatases
reverse this process by removing the added phos-
phate. In many cases, the addition or substraction
of a phosphate group to an enzyme will effectively
either activate or deactivate the enzyme. In this
manner, protein kinases and phosphatases play a
critical role in controlling the activity of an enzyme
and as a result, regulating the biochemical process
in which the enzyme participates.

Traditionally, kinases are classified by the resi-
dues they phosphorylate. Some kinases phospho-
rylate serine or threonine residues, while others
phosphorylate only tyrosine residues. A third class
of kinases, known as dual-specificity kinases, can
phosphorylate both serine/threonine and tyrosine
residues. Despite the differences in the residues
they target, most kinases share conserved struc-
tural features in their primary sequence (Hanks
and Hunter 1995).

Similarly, phosphatases are classified into at least
three distinct families. The protein phosphatase
P (PPP) family and protein phosphatase M (PPM)
family consist of serine/threonine phosphatases.
The protein tyrosine phosphatase (PTP) family
consists of both tyrosine-specific phosphatases,
as well as dual-specificity phosphatases (dsPTPs)
(Denu et al. 1996; Tonks and Neel 1996). How-

ever, even within the same family, significant struc-
tural diversity can be generated by the presence of
unique regulatory and targeting domains or by the
attachment of a regulatory subunit to the catalytic
subunit. These additional features may localize the
protein complex to a specific subcellular compart-
ment, modulate the substrate specificity, or alter
catalytic activity. While protein kinases and their
functions have a long history of investigation, the
number, diversity, and functions of protein phos-
phatases have become more appreciated in recent
years (Luan 2000; Kerk et al. 2002; Luan 2003;
Schweighofer et al. 2004; DeLong 2006).

A Gene Families
1 Protein Phosphatase P

The serine/threonine phosphatases initially were
categorized into two groups, PP1 and PP2, based
on their substrate specificity and pharmacologi-
cal properties. The PP2 phosphatases were then
further subdivided into three classes based on
their dependence on divalent cations. PP2A phos-
phatases do not require divalent cations, while
PP2B phosphatases require calcium, and PP2C
phosphatases require magnesium (Luan 2003).

Subsequent sequence and structural analyses of
the phosphatases revealed that PP1 phosphatases,
as well as the PP2 subgroups PP2A and PP2B,
are more closely related to each other than the
PP2C phosphatases (Cohen 1989). For this rea-
son, PP1, PP2A and PP2B are now referred to
as the protein phosphatase P (PPP) family. PP2C
and a few other serine/threonine phosphatases
that are magnesium-dependent comprise a sepa-
rate family of serine/threonine phosphatases,
known as the protein phosphatase M (PPM)
family (Fig. 7). Although PPP family members
share little sequence similarity with PPM family
members, the structural folds of the two families
are strikingly similar (Luan 2003).

Early work with plant phosphatases included
the identification of a multi-gene family in maize
encoding PP1.Recombinantmaize PP1 was shown
to be affected by inhibitors in a similar fashion as
its animal counterpart (Smith and Walker 1996).
In Nicotiana tabaccum, three PP1 cDNAs dis-
playing different tissue-specific expression pat-
terns were cloned (Suh et al. 1998). Additionally,
a PP1 gene inducible by biotic stress was reported
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Fig. 7. Domain configurations of the known plant phosphatases. The PPP family members all have a catalytic domain of about
280 amino acids. The sequence of this domain is highly conserved among the members (40-60% identity). The PPM family
(formerly PP2C) members have a catalytic domain that is less conserved (20-35% identity). The tyrosine phosphatase family
consists of intracellular, single domain phosphatases, such as PTP1, and dual-specificity phosphatases, such as DsPTP1, whose
catalytic domain, while shorter than the PTPs, still harbor the signature catalytic motif.

in Phaseolus vulgaris (Zimmerlin et al. 1995). In
Arabidopsis, a family of nine PP1 genes has been
identified (Smith and Walker 1993; Lin et al.
1998). Although functional evidence for these
PP1 phosphatases has been difficult to obtain,
work with a PP1 phosphatase in Vicia faba has
demonstrated its involvement in stomatal open-
ing during the response to blue light (Takemiya
et al. 2000).

Animal PP2A phosphatases usually exist as
a heterodimer composed of a catalytic C-subu-
nit and a regulatory A-subunit, or as a heterot-
rimer with the addition of a regulatory B-subunit
(Smith and Walker 1996). Genes encoding PP2A
catalytic and regulatory subunits have been iden-
tified in plants. For example, PP2A catalytic sub-
unit genes have been found in Brassica napus,
alfalfa, and Arabidopsis (Mackintosh et al. 1990;
Pirck et al. 1993; Arino et al. 1993; Casamayor
et al. 1994). The deduced amino acid sequences

for these subunits have approximately 80% iden-
tify with their animal homologs. In addition, both
regulatory A and B subunits have been found in
plants, and these subunits share approximately
70% similarity with the animal versions (Garbers
etal. 1996; Latorre et al. 1997; Rundle et al. 1995;
Slabas et al. 1994; White et al. 2002). Five genes
encoding the PP2A catalytic subunit have been
identified in rice. Interestingly, these genes are
expressed ubiquitously in all tissues, while three
of the genes also display differential expression
under abiotic stress (Yu et al. 2003, 2005).
Despite the fact that PP2B-like activity has
been reported in plants, genes encoding the cata-
lytic subunit of PP2B-type phosphatases have
yet to found in plants (Allen and Sanders 1995;
Bethke and Jones 1997; Luan et al. 1993; Pardo
et al. 1998). However, a multigene family found
in Arabidopsis and rice appears to encode a set
of proteins that resemble animal PP2B regulatory
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B-subunits (Kudla et al. 1999; Luan et al. 2002;
Kolukisaoglu et al. 2004). In contrast to phos-
phatases, these calcineurin B-like proteins (CBLs)
target a set of kinases known as CBL-interacting
protein kinases (CIPKs) to form a unique plant
signaling system involved in abscisic acid and
abiotic stress signaling (Kudla et al. 1999; Shi
et al. 1999; Luan et al. 2002; Cheong et al. 2003a;
Kim et al. 2003b; Kolukisaoglu et al. 2004; Pan-
dey et al. 2004).

2 Protein Phosphatase M

The protein phosphatase M family of serine/
threonine phosphatases includes the PP2C phos-
phatases, as well as several serine/threonine
phosphatases that depend on magnesium binding
for activation. PP2C is the largest group of pro-
tein phosphatases in plants, with 76 PP2C genes
in Arabidopsis alone (Kerk et al. 2002). In con-
trast, only a few PP2C isoforms have been found
in animals. An analysis of the Arabidopsis PP2C
genes show that the majority of them cluster into
ten classes, denoted as groups A through J, with
a few singleton genes that did not fall into any
distinct class (Schweighofer et al. 2004). Little
functional information is available for many of
the genes in most of the PP2C groups. Experi-
mental results so far have shown that most of the
ABA-associated PP2C genes appear to fall into
group A. Members of group B are homologs of
an alfalfa PP2C known as MP2C, which has been
shown to regulate MAPK signaling. The polter-
geist phosphatase gene (POL) in Arabidopsis
clusters into group C. POL has been shown to
be involved in flower development via the CLA-
VATA pathway. CLAVATALI is a receptor-like
kinase that regulates meristem activity. As men-
tioned, the functionality found in the remaining
PP2C groups remains elusive.

3 Protein Tyrosine Phosphatases

As indicated by their name, protein tyrosine phos-
phatases have the capacity to dephosphorylate
tyrosine residues. In animals, reversible tyrosine
phosphorylation serves as a common mechanism
by which growth factors and cytokines regulate
cellular proliferation and differentiation (Darnell
1997; Hunter 2000). Based on phosphoamino-
acid specificity, PTPs fall into one of two groups:

tyrosine-specific PTPs and dual-specificity PTPs
(DsPTPs) (Fig. 7). The difference between the two
groups is that the latter can dephosphorylate phos-
phoserine/threonine, as well as phosphotyrosine
(Stone and Dixon 1994; Tonks and Neel 1996).

The tyrosine-specific PTPs can be further
categorized into receptor-like PTPs and intra-
cellular PTPs. The receptor-like PTPs gener-
ally have a putative extracellular ligand-binding
domain, a single transmembrane region, and one
or two cytoplasmic PTP domains. Intracellular
PTPs such as PTP1B and SHP1 contain a single
catalytic domain and various amino or carboxyl
terminal extensions, including SH2 domains that
have targeting or regulatory functions. Exam-
ples of dual-specificity phosphatases include the
MAP kinase phosphatases, the cell cycle regula-
tor cdc25 phosphatases (Dunphy 1994) and the
tumor suppressor PTEN (Maechama et al. 2001).
All PTPs are characterized by their sensitivity
to vanadate, ability to hydrolyze p-nitrophenyl
phosphate, insensitivity to okadaic acid, and lack
of a metal ion requirement for catalysis.

While it was well established that PTPs play
critical signaling roles in animals, a typical tyro-
sine kinase had not been identified in plants or
fungi until relatively recently. The first tyrosine
phosphatase, AtPTP1, was characterized in Ara-
bidopsis in 1998, and PTPs similar to AtPTP1
subsequently have been found in other plants
(Xu et al. 1998; Fordham-Skelton et al. 1999).
Similarly, the first dual-specificity phosphatase,
AtDsPTP1, was also identified in Arabidopsis
(Gupta et al. 1998). After the sequencing of the
Arabidopsis genome, initial sequence searches
identified a number of genes that encode proteins
with a typical PTP catalytic core motif, although
the enzymatic properties of their products must
still be determined (Kerk et al. 2002). Compared
to the 100 or more PTPs encoded in the human
genome, there are only about a half'a dozen found
in yeast and approximately 20 putative PTPs in
Arabidopsis. Among these 20 genes, only one
encodes a tyrosine-specific PTP (AtPTP1), while
the remaining appear to encode DsPTPs (Kerk
et al. 2002; http://nature.berkeley.edu/luanlab/
PTPs/List.html).

Sequence analysis suggests that AtPTP1 is a
member of the cytoplasmic PTPs. AtPTP1 con-
tains a typical catalytic core motif'in its C-terminal
and an N-terminal extension of unknown identity.
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It was demonstrated that recombinant AtPTP1
protein specifically dephosphorylates phosphoty-
rosine but not phosphoserine/threonine in a protein
substrate. Like other PTPs, the cysteinyl residue
in the signature motif is essential for the catalytic
activity of recombinant AtPTP1. Furthermore,
specific inhibitors for PTPs, such as vanadate,
inhibit AtPTP1 activity (Xu et al. 1998).

The dual-specificity PTP from Arabidopsis,
AtDsPTP1, is similar to the animal MKPs and
is capable of dephosphorylating both phosphoty-
rosine and phosphoserine/threonine (Gupta et al.
1998). Other than the signature motif in their
catalytic core, AtPTP1 and AtDsPTP1 share little
sequence similarity.

B Functions
1 Hormone Signaling and Development

A number of plant phosphatases are involved in
hormone signaling and developmental processes
in plants, including PP2A-, PP2C-, and DsPTP-
type phosphatases. In Arabidopsis, the RCN1
gene encodes a 65 kDa regulatory A subunit of
PP2A, which appears to play a role in the regula-
tion of auxin transport (Garbers et al. 1996). Muta-
tions in RCN1 resulted in a number of alterations,
including defects in root curling, hypocotyl hook
formation, differential cell elongation, gravitropic
response, and basipetal auxin transport (Deruere
et al. 1999; Rashotte et al. 2001). Also, auxin
transport in the r7cnl mutant is more sensitive to
the polar transport inhibitor naphthylphthalamic
acid (Garbers et al. 1996). Assays of protein
extracts from rcnl mutants link the mutations
to reduced PP2A activity (Deruere et al. 1999).
Another development-related PP2A phosphatase
is encoded by the TON2 gene in Arabidopsis.
Mutant versions of TON2 display abnormalities
in cell shape that result in changes in overall plant
morphology (Camilleri et al. 2002).

Several Arabidopsis genes encode homologs
of the animal DsPTPs known as PTENSs (phos-
phatase and tensin homologs), which have the
capacity to act as tumor supressors (Fruman
et al. 1998; Maehama et al. 2001). In contrast
to its animal counterparts, Arabidopsis PTEN1
appears to be essential for pollen development
(Gupta et al. 2002). Experimental results show
that AtPTENI1 is specifically expressed in pollen

Lee Chae et al.

grains and is required for pollen maturation
after cell division (Gupta et al. 2002). Further
efforts to identify the physiological substrate
of plant PTENs hopefully will shed light on
the mechanism underlying PTEN function in
plant cells.

Extensive work with several PP2C-type phos-
phatases has demonstrated their clear involve-
ment in ABA signaling. Two members of the
Group A PP2C phosphatases, ABI1 and ABI2,
have been identified as negative regulators of the
ABA signal transduction pathway (Rodriguez
1998; Sheen 1998; Gosti et al. 1999; Merlot et al.
2001). ABI1 and ABI2 mutants display a number
of defects in ABA-related processes, including
stomatal regulation, seed dormancy and germina-
tion, and drought stress response. Plants in which
ABII1 was ectopically expressed displayed ABA-
insensitivity while studies of loss-of-function
revertants of abil-1, a dominant ABA-insensitive
mutant, resulted in ABA-hypersensitive plants
(Sheen 1998; Merlot et al. 2001). Additionally,
work with ABI1 and ABI2 mutants showed dis-
ruptions in ABA-elicited ROS production, as well
as ABA-induced calcium channel activation, in
guard cells (Allen et al. 1999; Murata et al. 2001).
Possible mechanisms by which ABI1 and ABI2
participate in ABA-related signaling have been
uncovered through the discovery of their interac-
tions with other proteins. For instance, it appears
that ABI2 and to a lesser degree, ABI1, are com-
ponents of a protein complex that negatively
regulates ABA-signaling. The proposed complex
involves the protein kinase PKS3/CIPK15 and a
Ca?"-binding protein known as SCaBP5/CBL1
(Guo et al. 2002). Mutant lines of PKS3/CIPK15
and SCaBP5/CBLI1 display an ABA hypersen-
sitive phenotype during seed germination and
seedling growth, while mutant ABI1 and ABI2
lines suppress this phenotype. ABIl has also
been shown to interact with an ABA-inducible
transcription factor known as ATHB6 and phos-
pholipase D alpha 1-derivative phosphatidic acid
(PLD-derived PA), which appears to tether ABI1
to the plasma membrane (Himmelbach et al.
2002; Zhang et al. 2004). One possible model for
this interaction is that ABI1 negatively regulates
ABA signaling by translocating to the nucleus and
activating ATHB6. To prevent this effect, PLD-
derived PA restricts the nuclear translocation of
ABI1 by binding it to the plasma membrane.
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HABI1 (AtP2C-HABI) is another PP2C-type
phosphatase that is involved in ABA signaling.
A homolog of ABI1 and ABI2, HABI is strongly
inducible by ABA and is expressed broadly
throughout the plant (Rodriguez 1998; Leonhardt
et al. 2004; Saez et al. 2004). Mutant HABI lines
display an ABA hypersensitive phenotype during
seed germination and enhanced ABA-mediated
stomatal closure. Overexpression of HABI
caused ABA insensitivity in both seeds and veg-
etative tissues, in addition to impaired stomatal
closure, enhanced ABA-resistant root growth,
and reduced expression of ABA-induced genes.
Based on these lines of evidence, HABI is a
likely negative regulator of ABA signaling. Inter-
estingly, HAB1 and ABI1 double mutant lines
had increased responsiveness to ABA, suggest-
ing that the two phosphatases may cooperate in
the negative regulation of ABA signaling (Saez
et al. 2000).

Another A-type PP2C, AtPP2CA, also appears
to regulate ABA signaling. When transiently
expressed in protoplasts, AtPP2CA blocks
ABA signal transduction (Sheen 1998). In addi-
tion, ABA, as well as cold, drought, and salt,
induce AtPP2CA expression. Of these, cold and
drought-induced expression appears to be ABA
dependent, and the drought-induced expression
also appears to be ABI1 dependent. Via its cata-
lytic domain, AtPP2CA interacts with the AKT2/
AKTS3 potassium channel and has been shown
to modulate the activity of the channel in mam-
malian cells and Xenopus oocytes (Vranova et al.
2001; Cherel et al. 2002). Like AtPP2CA, AKT2
gene expression is regulated by ABA, and AKT2
and AtPP2CA display similar tissue-specific
expression patterns.

Finally, a mutant allele of the dual-specificity
phosphatase PHS1, results in a 50% reduction in
PHSI transcript. Analysis of this line has shown
phenotypic evidence of the involvement of PHS1
in ABA signaling, including ABA hypersensitiv-
ity during germination, reduced stomatal aper-
ture, and inhibition of light-regulated stomatal
opening (Quettier et al. 2006).

2 MAPK Interactions
In mammals and yeast, phosphatases have been

shown to be important components of MAPK-
related signaling pathways. Generally, MAP

kinases are activated by the phosphorylation of
threonine and tyrosine residues in their kinase
activation domains (Ahn et al. 1992). Activated
MAP kinases can then propagate a signal through
the phosphorylation of downstream signaling
components. In many cases, the signaling cascade
is deactivated by the dephosphorylation of MAP
kinases. Studies have shown that both tyrosine-
specific and dual-specificity phosphatases serve
to dephosphorylate MAPKSs, and thereby act as
important regulators of MAPK-based pathways
(Keyse 1995, 1998; Wurgler-Murphy and Saito
1997; Zhan et al. 1997).

Experiments in Arabidopsis and alfalfa have
revealed that a similar relationship between
MAPKSs and phosphatases exists in plants. Ear-
lier, it had been shown that tyrosine-specific
phosphorylation is associated with plant MAPKs
(Suzuki and Shinshi 1995). Work with the Ara-
bidopsis MAPK known as MPK4 and a protein
tyrosine phosphatase, PTP1, provided evidence
that the phosphorylated, active form of MPK4
can be reversed through the PTP1-dependent
dephosphorylation of MPK4 (Huang et al. 2000).
Furthermore, it appears that the activation of
several MAPK isoforms is significantly more
robust in a pfpl knockout mutant than in wild-
type plants, whereas overexpression of PTP1
results in delayed activation of these kinases
in the transgenic plants (R. Gupta and S. Luan,
unpublished data). In alfalfa, a PP2C in known
as MP2C was shown to inactivate stress-induced
MAPK (SIMK) through the dephosphorylation
of the threonine residue of the pTEpY motif
of SIMK (Bogre et al. 1997; Meskiene et al.
1998a, b, 2003). Finally, screens for UV-sensitive
mutants in Arabidopsis led to the identification
of a putative DsPTP, named MKP1, as essential
for UV resistance. The mutant plants appear to
have higher MAPK activity under UV illumina-
tion, implicating MKP1 as a negative regulator of
MAPKSs in UV response (Ulm et al. 2001).

3 Novel Interactions

The involvement of tyrosine-specific and dual-
specificity phosphatases in plant physiological
processes extends beyond MAPK-related sig-
naling cascades. For example, one study found
that PTP activity is essential for stomatal closure
induced by ABA, external calcium, darkness or
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H,0, (MacRobbie 2002). These inducers most
likely regulate stomatal closure by changing intra-
cellular calcium concentrations, which then trig-
gers the activity of potassium channels located in
the tonoplast and plasma membrane (Ward et al.
1995; Pei et al. 2000; Sai and Johnson 2002).
Several PTP-specific inhibitors were shown to
alter potassium efflux from guard cell vacuoles,
although plasma membrane fluxes were left
unchanged. Interestingly, MAPKs do not appear
to be involved in this process, as MAP kinase
inhibitors did not alter ABA-induced potassium
efflux from the vacuole (MacRobbie 2002).
DSP4, a dual-specificity phosphatase in Arabi-
dopsis, has been shown to bind starch and inter-
act with AKIN11, a SNF 1-related kinase (SnRK)
(Fordham-Skelton et al. 2002; Kerk et al. 2006).
A detailed analysis of a loss-of-function DSP4
mutant provided evidence that it regulates starch
degradation in the chloroplast, while itself being
regulated by light, pH and redox state (Sokolov
et al. 2000). Dual-specificity phosphatases may
also be involved in plant cell division. It was
shown that a yeast DsPTP known as CDC25 can
activate cell division in plant cells, most likely
via a plant CDC2 kinase (Zhang et al. 1996).
While no plant homologue of yeast CDC25 has
been found to date, it may well be that another
DsPTP family member provides CDC25 func-
tionality in plants. Another remaining mystery
revolves around actin and pro-filin, both of which
are non-MAPK targets of tyrosine phosphoryla-
tion in plants (Guillen et al. 1999; Kameyama
et al. 2000). While it is likely that either tyro-
sine-specific or dual-specificity phosphatases are
involved in regulating phosphorylated actin and
pro-filin, specific phosphatases that provide this
functionality have yet to be identified.

VI Conclusions

By controlling the phosphorylation status of other
proteins, protein kinases and phosphatases play
a fundamental role in coordinating the activity
of many known signal transduction pathways in
both prokaryotic and eukaryotic organisms. Here,
we have reviewed the major gene families known
to encode protein kinases and phosphatases
involved in stress-related signal transduction in
plants. While recent progress has started to link
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individual kinases and phosphatases to particular
stress pathways, several broad challenges await.
Of course, an immediate goal is to map each
kinase and phosphatase to individual signaling
pathways. Next, it will be important to under-
stand which kinases and phosphatases work
together in controlling pathway activity. In order
to do so, we need to identify the substrates upon
which these enzymes act. To fully understand the
biological role of these kinases and phosphates
in a given pathway, we also need to investigate
the effects that each phosphorylation event has on
signal strength, duration, and specificity. Finally,
the ultimate challenge is to fully detail how each
network of kinases and phosphatases, substrates,
phosphorylation states, and phosphorylation-
dependent activity culminate in the ability of a
plant to cope with a particular environmental
stress.
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Summary

The translocation of chemical signals within plants is important for plant adaptation to stress, espe-
cially abiotic stresses such as drought. As soils become dry, root-sourced signals are transported via the
xylem to leaves. Nitrate is thought to play a role in modifying root to shoot signaling under drought. We
present new data on experiments that used nitrate and ammonium nutrition to modify xylem sap pH.
The changes in xylem sap composition in maize grown under either nitrate or ammonium nutrition were
comprehensively measured. Our analysis of these results suggests a new hypothesis in which many of
the changes in xylem sap composition are due to charge balance needing to be achieved when different
types of solutes are transported into the xylem. These results provide new insight into some of the factors
that influence root to shoot signaling under drought.
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I Introduction

Plant roots are highly specialized organs that have
numerous functions, most of which facilitate a
direct interaction between a plant and its envi-
ronment via the rhizosphere. The most obvious
and well-studied functions of roots are anchorage
and the acquisition of water and minerals from
the soil. The functional relationship between
plant roots and the rhizosphere, however, is much
more complex; a fact that has often been under-
appreciated by plant scientists. This complexity
is largely due to the highly heterogeneous and
dynamic nature of the soil environment in which
plant roots function. Consequently, roots have
evolved specialized functions to respond to many
different environmental stresses, thus enabling
them to maintain the supply of required nutrients
and water under many conditions. Soil stresses
may be abiotic factors such as water deficit, salin-
ity, compaction, hypoxia due to flooding, soil
temperature changes and mineral nutrient defi-
ciencies or biotic factors such as herbivory by
rhizophages, parasitization by nematodes and
infection by fungi and other pathogens. Plant roots
have therefore evolved to act as sensors of the
soil environment and early warning detectors of
the many potential soil stresses. In fact, the iden-
tity and mode of action of root-sourced chemical
signals in general, is still not fully understood.
Root to shoot signaling under conditions of
both mild and severe drought is an important area
of research because of its implications for agri-
cultural production and the water use efficiency
(WUE) of plants (Davies et al. 2002; Schachtman
and Goodger 2008). There have been a number of
factors in the xylem sap that have been implicated
in root signaling including ABA, pH, nitrate and
other unidentified substances. The form of inor-
ganic nitrogen (i.e., nitrate or ammonium) absorbed
directly from the rhizosphere can influence plant
performance in general and in particular, the sus-
ceptibility of a plant to abiotic stress. Nevertheless,

Abbreviations: ABA — abscisic acid; ABA-GE — abscisic
acid-glucose ester; ACO — ACC oxidase; ACC — 1-amino-
cyclopropane-1-carboxylic acid; BAP — 6-benzylaminopu-
rine; DAS — days after sowing; LER — leaf elongation rate;
ORC — outward rectifying channel; PRD — partial rootzone
drying; WUE — water-use efficiency; Z — zeatin; ZN — zeatin
nuleotide; ZR — zeatin riboside
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the effects of nitrogen source on root-sourced
chemical signals and drought responses have not
been studied systematically, despite their poten-
tial importance. Therefore we conducted a study
varying the form of nitrogen nutrition available
to plants whilst subjected to drought stress and
assessed their responses by quantifying whole
plant physiological parameters and xylem sap
composition.

Il Nitrogen Source and Availability
Influences Signaling Under Drought

The availability of nitrogen and other minerals is
reduced as the soil dries, therefore drought and
nutrient deficiency act synergistically in root to
shoot signaling and ultimately on plant growth.
Nitrogen, a key macronutrient for plants, is
obtained via roots from the rhizosphere. Not only
is the amount of nitrogen available to plants of
critical importance, but the form in which nitro-
gen is obtained from the rhizosphere is very
important as well. The source of inorganic nitro-
gen supply, whether ammonium or nitrate, influ-
ences proton fluxes, ion balance, carbohydrate
metabolism and nitrogen assimilation in plants
(Chaillou et al. 1991; Taylor and Bloom 1998).
The species of nitrogen-containing molecules
transported within the xylem stream from roots
to shoots is largely determined by the source of
inorganic nitrogen nutrition and can alter the
xylem and in turn the apoplastic pH (Wilkinson
and Davies 2002), thereby influencing nutrient
uptake and plant growth (Kosegarten et al. 1999).
Ammonium obtained from the soil is assimilated
in the roots and is translocated to the shoots in
the xylem as amino-nitrogen-compounds such
as glutamine, asparagine or both (Arnozis and
Findenegg 1986; Allen et al. 1988; van Beusichem
et al. 1988; Schobert and Komor 1990). Nitrate
obtained from the soil can be assimilated either
in the roots or shoots depending on the plant spe-
cies and environmental conditions (Engels and
Marschner 1993). In many species, at least some
of the total nitrogen in nitrate-fed plants is trans-
ported to the shoot in the form of NO,", result-
ing in a greater demand for charge balance in
the xylem sap (Engels and Marschner 1993) as
compared to the uncharged amino acids resulting
from ammonium assimilation.
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When the water content of the soil decreases so
does nitrate availability. Nitrate has also been
suggested to be an important component in root
to shoot signaling under drought and it is often
associated with the alkalinization of xylem sap.
The absence of any effect of nitrate and ammo-
nium ions on stomata in isolated epidermis con-
trasts with the significant effects of these same
concentrations of ions when applied to whole
leaves. These findings suggest an indirect effect
of nitrate and ammonium on stomata rather than
a direct effect on guard cells. The effect of nitrate
or ammonium on apparent stomatal sensitivity to
ABA could possibly be due to their effects on the
modification of leaf apoplastic pH and the distri-
bution of ABA in the leaf (Jia and Davies 2007).

The role of nitrate in modifying xylem sap pH
has been studied and some authors suggest that
it is a universal feature in root to shoot signaling
of drought stress. Some examples of the effects
of nitrate come from recent studies of detached
leaves of Commelina communis fed with ammo-
nium. These ammonium-fed leaves had increased
transpiration rates whereas leaves fed with nitrate
had decreased transpiration rates (Jia and Davies
2007). In maize, comparisons were made between
plants grown with sufficient and deficient con-
centrations of nitrate. In water-stressed plants
grown with potassium nitrate, transpiration rates
were lower than in plants grown only with water
(Wilkinson et al. 2007).

In our studies, we used ammonium or nitrate as
the sole inorganic nitrogen source to modify sap
pH in order to better understand the importance of
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sap pH under drought, while at the same time
shedding light on the changes occurring in the
solute fluxes in xylem sap. A comprehensive
approach to quantifying changes in sap solute
concentrations was also attempted so as to thor-
oughly interpret the impact of nitrogen source on
root to shoot signaling. Sap was collected at flow
rates equivalent to whole plant transpiration in
order to avoid dilution effects and data presented
as flux rates. Previous studies have mainly shown
that nitrate enhances the effects of drought. In our
experiments, we also show how sap constituents
change and suggest how this may alter sap proton
flux and thereby influence the efficacy of ABA
signaling. We used different nitrogen sources to
change the apoplastic pH instead of comparing
nitrogen deficiency to sufficient conditions. This
minimized the differences in growth that occur
when plants are nitrogen deficient. We found
slightly higher growth rates in corn under con-
ditions of ammonium nutrition as compared to
nitrate nutrition as well as size variations within
each treatment (Table 1). As suggested by Jackson
(1997), when marked differences in size exist
between plants, sap delivery rates can be refined
to take account of the relative plant sizes. We
therefore generated shoot dry weight specific
delivery rates (e.g., nanomoles solute g! s7!) to
account for size variability at the time of sap and
biomass harvest. Similar refinements have been
performed relating xylem sap flow rates to plant
shoot fresh weights (Peuke and Jeschke 1993;
Peuke et al. 1996, 2002) and plant root fresh
weights (Engels and Marschner 1993).

Table 1. Plant and soil parameters for maize plants grown with ammonium (A) or nitrate (N) and subjected to well-watered (W)
or water-stressed (S) conditions. Mean and SE of the parameters are presented along with 2-way ANOVA p values, where N
and W represent nitrogen and water treatment, respectively. Leaf conductance to water is abbreviated as g, leaf extension rate as
LER, and dry weight based root to shoot ratio as R:S. Soil water content in three different regions in the pots is shown. Data are
from the day of sap and biomass harvest, 6 days after withholding water from the water-stress treatments (23 DAS).

Plant and Soil AW AS NW NS ANOVA p values
Parameters Mean SE Mean SE Mean SE Mean SE N w NxW
g, (mmolm2s™) 116 3.4 97 5.5 103 2.5 83 7.3 0.01 0.00 -
LER (mm d™) 73 3.1 54 38 65 4.5 45 4.4 0.04 0.00 -
Shoot (gdw) 2.5 0.2 1.9 0.14 1.7 0.20 1.6 0.2 0.00 - -
root (g,.) 0.8 0.04 1.0 0.04 0.7 0.03 0.8 0.05 0.00 0.00 -
R:S 0.4 0.02 0.5 0.03 0.4 0.03 0.6 0.04 - 0.00 -
Soil H,0 (v/v ):

0-100 mm 24 0.8 19 0.60 22 1.0 19 0.6 - 0.00 -
100-200 mm 30 0.8 29 0.92 31 0.7 28 0.5 - 0.02 -
200-300 mm 47 1.5 40 1.13 44 1.4 40 0.8 - 0.00 -
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A Ammonium and Nitrate Nutrition
Methods

We used the following methods in these experiments.
Seeds of corn (Zea mays L. cv Fr697) were sown
into large pots and grown as previously described
(Goodger et al. 2005). Plants were randomly
assigned to one of two nitrogen (N) fertiliza-
tion groups, with one group supplied daily with
ammonium-only (NH,) solution and the other
group with nitrate-only (NO,) nutrient solution.
The macronutrient composition of the solutions
(mol m™) was as follows: ‘NO.’ solution: KNO,
2.0; Ca(NO,), 0.25; KH,PO, 0.2; MgSO, 0.25;
‘NH,’ solution: (NH,),SO, 0.25; CO(NH,), 1.0;
CaCl, 0.25; KH,PO, 0.2; MgCl, 0.25; KCI 2.0.
The micronutrient composition of both solutions
(mol m™) was the same: MnCl, 0.5; H.BO, 1.0;
Na,MoO, 0.005; CoCl, 0.005; ZnS0O, 0.3; CuSO,
0.1; FeNaEDTA 100. The nitrification inhibitor
Dicyandiamide (Sigma, St. Louis, USA; 80
mol m™®) was also added to both N solutions
and the pH of each solution was adjusted to 5.8
with HCI.

Water was withheld from half of the pots in
each N group from 17 days after sowing (DAS)
thereby producing four experimental groups: NH,
well-watered, NO, well-watered, NH, water-
stressed, and NO, water-stressed. Soil moisture
content (v/v) was monitored daily on plants from
each group using a PR-1 profile probe (Delta-
T Devices, Cambridge, UK) as described by
Goodger et al. (2005).

Twelve plants from each of the four groups
were randomly selected for daily leaf measure-
ments and were also used for pressurized sap
extraction and biomass determinations. The
length of the expanding sixth leaf from each
plant was measured at the same time every day
from 17 DAS and used to determine leaf elonga-
tion rate (LER; mm d™!). Daily leaf conductance
(g) from 20 DAS was measured on the abaxial
surface of fourth leaf (avoiding major veins) for
the same plants using an AP4 steady-state porom-
eter (Delta-T Devices, Cambridge, UK). Imme-
diately after sap extraction, roots were removed
from the pots and cleaned of soil, and both roots
and shoots were dried at 60°C for 96 h before dry
weight (dw) determinations.

Sap was extracted from plants in all four
groups 6 days after water was withheld (23 DAS)
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as described in Goodger et al. (2005). The rate
of exudation from the cut mesocotyl stumps was
increased by application of pressure to the roots
(ranging from 0.28 to 0.32 MPa) to produce sap
exudation rates that were comparable with the
rates of sap flow determined by whole plant
transpiration measures prior to the harvest. The
duration of sap collection was recorded and all
sap samples were frozen immediately and stored
at —80°C until analyzed. The pH of sap samples
and the concentration of ABA, cations, anions
and organic acids were analyzed as described in
Goodger et al. (2005).

B Ammonium and Nitrate Fertilization
Alters Response to Drought

Table 1. highlights the differences observed in
leaf conductance, leaf elongation rate and over-
all biomass accumulation under different treat-
ments. Overall leaf conductance and leaf growth
were significantly affected by both water stress
and nitrogen treatment. The plants grown on
nitrate transpired and grew less than the plants
grown under ammonium only conditions. Plants
in both treatments responded to drought in terms
of decreased conductance and growth as well
as by a classical increase in root to shoot ratios.
These data provide a framework for interpreting
the changes in xylem sap constituents that we
observed in Table 2.

The measurement of leaf conductance over
time confirmed the endpoint measurements
shown in Table 1. The transpiration of plants
grown under nitrate nutrition was lower than in
plants grown with ammonium (Fig. 1). The lower
transpiration and growth under nitrate nutrition
confirms results shown by others that nitrate
plays a role in sensitization of stomata to ABA
(Bahrun et al. 2002; Wilkinson and Davies 2002;
Jia and Davies 2007). Maize did not exhibit large
differences in the pH of the xylem sap from roots
under nitrate or ammonium nutrition, although
the sap was slightly more acidic under drought
conditions when plants were grown with ammo-
nium. However, when the data were expressed
as sap flux per gram shoot biomass, large differ-
ences in proton fluxes were detected (Table 2).
A multiple regression analysis was performed in
order to determine the relationship between sap
protons, sap ABA and leaf transpiration in maize
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Table 2. Flux of xylem sap constituents for maize plants grown with ammonium (A) or nitrate (N) and subjected to well-watered
(W) or water-stressed (S) conditions. Mean and SE of the constituents are presented as sap flux per g, = shoot mass, except for
pH which is presented simply as pH units. The units are nmol s—1 g—1 for all constituents except for proton (pM s—1 g—1), ABA
(fmol s—1 g—1). Significant 2-way ANOVA p values are also presented with N, W and N x W representing the nitrogen treatment,

water treatment and interaction, respectively.

Sap AW AS NW NS ANOVA p values
parameters Mean SE Mean SE Mean SE Mean SE N w NxW
Proton 6.26 0.55 5.24 0.40 4.65 0.22 2.85 0.23 0.00 0.00 -
ABA 0.59 0.07 2.38 0.48 0.62 0.08 2.16 0.69 - 0.00 -
Malate 1.60 0.22 2.87 0.31 1.64 0.26 4.55 0.65 - 0.00 -
Citrate 0.20 0.03 0.21 0.02 0.28 0.04 0.23 0.04 - - -
Succinate 0.16 0.02 0.16 0.02 0.16 0.02 0.22 0.02 - - -
Nitrate 0.26 0.03 0.25 0.03 5.04 0.84 0.59 0.18 0.00 0.00 0.00
Chloride 9.93 0.71 10.81 0.78 8.79 1.01 7.43 1.30 0.03 - -
Phosphate 3.11 0.35 5.11 0.51 3.79 0.45 7.33 0.86 0.02 0.00 -
Sulfate 1.12 0.14 1.35 0.15 2.19 0.10 1.93 0.37 0.00 - —
Ammonium 0.07 0.01 0.12 0.02 0.09 0.02 0.04 0.01 0.03 — 0.00
Potassium 8.45 0.65 10.55 0.81 11.67 1.12 12.34 1.11 0.01 - -
Magnesium 0.65 0.07 0.95 0.10 0.94 0.11 1.20 0.16 0.02 0.02 -
Calcium 0.47 0.05 0.65 0.06 0.67 0.07 0.78 0.09 0.02 0.04 -
Sodium 0.02 0.00 0.03 0.01 0.03 0.01 0.06 0.03 — - —
140 contribute to the changes in proton flux and
stomatal responses to drought?
120 | % % % -
~ 100 | z :
" i E Il Charge Balance in the Xylem
c 80} E Accounts for Changes Induced
S5 by Nutrition and Drought
E 60 r
- 40 | Onehypothesisintheliteratureis thatnitrate reduc-
tion shifts from shoots to the roots when drought
20 ¢ causes a decrease in nitrate availability (Lips 1997,
0 , ‘ ‘ , , ‘ Liu et al. 2005). The switch in nitrate reductase

0 1 2 3 4 5 6
Days since water was withheld

Fig. 1. Leaf conductance of plants grown with ammonium
(triangle symbols) or nitrate (circle symbols). Water was
withheld on day 0 in these experiments from half the plants
(filled symbols — water stressed) and the other half remained
well watered (open symbols — well watered).

(Fig. 2). This analysis clearly showed that there
is a highly significant relationship between pH,
leaf conductance and ABA in all the treatments
(water stress and nitrogen nutrition).

The ammonium versus nitrate treatments suc-
cessfully allowed us to manipulate xylem sap
proton flux which clearly resulted in changes of
stomatal conductance and leaf growth. The next
question is how then does nitrogen nutrition

activity would lead to increased hydroxyl ion
production and alkalinization. In addition, one
feature that has been noted for xylem sap, but for
which the mechanism is not understood, is that
the balance between cations and anions is gen-
erally maintained, providing “charge balance”
(Jeschke and Hartung 2001). This has been quan-
tified and confirmed in at least one study (Gollan
et al. 1992). Using a comprehensive analysis of
xylem sap (Goodger et al. 2005), we also found
that the relationship between cations and ani-
ons in the xylem sap is constant in well-watered
and water-stressed plants grown under different
nitrogen treatments. Therefore, we put forward
the hypothesis that charge balance is a key fac-
tor in determining the changes in the xylem sap
composition when plants are water stressed or
deprived of nitrate. The mechanism behind the
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Fig. 2. Maize leaf conductance (g,) decreases as the proton delivery rate per unit shoot biomass decreases per unit ABA. Symbols
represent sap collected from 40 maize plants grown under ammonium or nitrate-only fertilization and well-watered or water-
stressed conditions to induce a range of sap pH and leaf conductances. Proton and ABA data were linearised using a box-cox
transformation to enable a plane regression to be performed. The regression is significant (F=23.01, P <0.0001; r*=0.51).

maintenance of charge balance could possibly be
due to the requirement for charge balance of ion
efflux from xylem parenchyma cells but may also
involve other cells in the stele. In Fig. 3, the very
strong correlation between total anions and total
cations shows that in maize this balance is main-
tained in the face of sap changes induced by both
N form and water stress.

Therefore, we suggest that in order to maintain
charge balance, biochemical functions in maize
roots are redirected for adaptation to different
nutrient and moisture conditions and this redirec-
tion results in changes in the xylem sap pH or
proton flux.

IV Ammonium and Nitrate Grown
Plants: Changes in Xylem Sap
Composition

In this section we briefly outline the changes that
are caused by nitrogen source and drought and
that lead to changes in xylem sap composition.

A  Ammonium Nutrition

In plants grown under well-watered conditions
and ammonium nutrition, assimilation probably
occurs in roots, and nitrogen is transported to the
shoots as the electro-neutral amino acid glutamine
(Gollan et al. 1992). This is suggested in part by
the very low concentrations of ammonium and
nitrate even in the sap of plants that are grown
only on ammonium (Table 2). These plants have
the same levels of ammonium in xylem sap as
the nitrate-grown plants. It is also known that
glutamine is found in high concentrations in the
xylem sap of many plant species (Gollan et al.
1992). In this case, pH does not become more
alkaline and the flux of protons is at its highest,
and low levels of ABA are insufficient to reduce
stomatal conductance.

When ammonium-fed plants are subjected to
water stress, ammonium availability decreases
and ABA synthesis in the root increases (Sharp
et al. 2004). We speculate that increased proton
efflux from roots could acidify the rhizosphere
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Fig. 3. Sum of anion plotted against the sum of cation flux per shoot mass for ammonium-fed plants (closed symbols) and
nitrate-fed plants (open symbols). Anions are nitrate, chloride, sulfate and phosphate, and the major organic acids malate,
succinate and citrate. Cations are ammonium, potassium, sodium, magnesium and calcium. A linear regression performed on
the ammonium data is significant (solid line; F=493.7, p<0.0001) and has a slope of 1.62 and r*=0.96. A linear regression
performed on the nitrate data is significant (dotted line; F=284.5, p<0.0001) and has a slope of 1.71 and r?=0.93. An analysis
performed on the regression lines showed that the slopes are not significantly different (F=2.96, p=0.1).

to solubilize more NH,. This results in increased
OH™ in roots which is charge balanced by root-
sourced carboxylate production (malate) that
increases in the sap under water stress. Malate
concentrations in ammonium-grown and drought-
stressed maize sap increases (Table 2) and con-
tribute to alkalinization of the sap due to a pKa
of 5.13. Overall, this results in decreased proton
flux which enhances the ABA effect on reducing
stomatal conductance relative to the well-watered
and ammonium-grown plants.

B Nitrate Nutrition

Under conditions of nitrate nutrition and well-
watered conditions, nitrate is mainly assimi-
lated in the shoot and therefore large quantities
of nitrate are transported in xylem from roots to
shoot (Table 2). Nitrate alkalizes sap, increas-
ing the efficacy of low concentrations of ABA
on guard cells which results in reduced stomatal
conductance relative to the well-watered ammo-
nium-grown plants. Plants that are well fertilized
with nitrate will tend to show higher xylem and
apoplastic pH (Miihling and L&uchli 2001). It
has also been shown that nitrate ions fed through

the transpiration stream can alkalinize the leaf
apoplast (Jia and Davies 2007).

When nitrate-fed plants are subjected to water
stress, there is an increase in ABA synthesis and
a reduction in nitrate entering the root which
leads to a switch in nitrate assimilation to roots.
The reduced availability of nitrate and the switch
to nitrate reduction in the roots is suggested by
the large decrease in the nitrate concentrations
of xylem sap in water-stressed plants (Table 2).
Where nitrate is reduced in the roots more
hydroxyl ions are produced which are converted
to COO™ (often as malate) and transported to the
leaf in the xylem (Table 2). Malate and related
compounds alkalize the xylem and/or apoplastic
sap to an even greater degree than nitrate (Butz
and Long 1979; Engels et al. 1994). Under water
stress and nitrate nutrition, transpiration and
proton flux were lowest (Tables 1 and 2). The
reduced proton flux further enhanced the effects
of ABA on stomatal closure. Similarly, Jia and
Davies (2007) also discovered that soil drying led
to an increase in xylem sap pH and a decrease
in nitrate content of xylem sap. In those experi-
ments, the addition of extra nitrate to reduce the
soil drying-induced decrease of xylem sap nitrate
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content was not able to prevent the pH increase
(Jia and Davies 2007). The results from our
studies suggest that the soil drying-induced pH
increase in tomato was not related to the changes
in nitrate content of xylem sap but most likely
due to increased malate production and transport
in the xylem.

In gramineous plants, such as maize with
comparably low concentrations of Ca* and
Mg?* in the shoot tissue, the negative charge of
nitrate in the xylem is presumably counterbal-
anced mainly by K* (Engels and Kirkby 2001).
Increased K* is also observed in nitrate-grown
plants and under water stress. The increased K*
may be required to balance the charge due to the
increased malate flux.

V Conclusions

Overall, the ABA flux g! is not different between
water-stressed plants grown with ammonium or
nitrate (Table 2), but stomatal conductance (g)
is lower in nitrate-grown plants (Fig. 1; Table 1).
This suggests that other factors such as proton
flux account for the differences in the control of
transpiration rates and the more rapid response to
water stress in the nitrate-grown plants.
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Summary

Abiotic stresses are being considered as one of the major threats to agriculture. Studies carried out by
plant breeders, as well as molecular biologists, have clearly documented that the response of plants
towards these stresses is multigenic in nature. Plants have been documented to have evolved delicate
mechanisms to cope with these abuses. The availability of whole genome sequences and tools to analyze
regulation of its “member components”, at transcript and protein levels, have revolutionized the way
stress biology is being currently studied. These investigations have given an insight into how extracel-
lular signals are perceived and transmitted through signal transduction cascades in a given plant. It has
been established that upon receipt and transmission of the stress signal(s), expression of a number of
gene is altered, leading to stress adaptation in plant cells. Recently, studies carried out at the genome
level, using microarrays, have shown the significance and contribution of these gene regulatory net-
works in making a given plant “stress tolerant” or “stress sensitive”. Presently, our understanding of the
protein—protein interactions, post translational modifications or metabolite fluxes is less developed, as
compared to that of transcriptional changes. With the current technological leaps, we hope that these
gaps in our knowledge will be filled soon, and thus we will be able to successfully “tame” these abiotic

stresses in the future.

Keywords Genome ¢ interactome * metabolic profiling * microarrays ® proteome ° transcriptome

I Introduction

Plants are exposed to various biotic and abiotic
stresses in their natural environment. World-wide,
abiotic stress conditions cause a major loss to the
agricultural productivity. The wide array of abi-
otic factors affecting crop productivity includes
salinity, drought, submergence, temperature
extremes (high and low temperatures) and heavy
metals. Almost a third of the total area farmed, is

Abbreviations: AREB — ABRE binding protein; ABA —
abscisic acid; ABRE — abscisic acid responsive element;
AP2 — activator protein-2; AtPID — Arabidopsis thaliana
protein interactome database; APX — ascorbate peroxidase;
CDPK - calcium dependent protein kinase; CE — capillary
electrophoresis; cDNA AFLP — ¢cDNA amplified fragment
length polymorphism; CRT — C-repeat; CBF — CRT binding
factor; Cvt — cytoplasm to vacuole targeting; DRE — dehy-
dration responsive element; DREB — dehydration respon-
sive element binding protein; DDPCR - differential display
polymerase chain reaction; DBD — DNA binding domain;
ESI-MS — electrospray ionization mass spectrometry; ERFs
— ethylene response factors; EREBPs — ethylene responsive
element binding proteins; EMS — ethyl methyl sulphonate;
ESTs — expressed sequence tags; ECM proteins — extracel-
lular matrix proteins; GC-TOF-MS — gas-chromatograph
time of flight mass spectrometry; GC — gas chromatography;

affected by salt or the associated water logging or
alkalinity. The gains in agricultural output pro-
vided by the onset of the green revolution have
reached their maximum, whereas the world popu-
lation continues to rise. In this regard, it has been
estimated that in order to meet the needs of the
growing population, plant productivity needs to
be increased by at least 20% in the developed
countries and 60% in the developing countries.
This increasing demand, coupled with shrink-

GST — glutathione-S-transferase; GSK — glycogen synthase
kinase-shaggy kinase; HLH — helix-loop-helix; HPLC —high
performance liquid chromatography; ICP-MS — inductively
coupled plasma mass spectrometry; LEA — late embryogen-
esis abundant proteins; MALDI-TOF — matrix assisted laser
desorption-ionization time of flight; MAPK — mitogen acti-
vated protein kinase; NAC — NAM, ATAF and CUC tran-
scription factor; NAM —no apical meristem; NMR — nuclear
magnetic resonance; ORF — open reading frame; PHD —
plant homeo domain; PCR — polymerase chain reaction; PID
— protein interaction database; Q-TOF-MS — quadrupole
time of flight mass spectrometry; QTL — quantitative trait
loci; ROS — reactive oxygen species; RLK — receptor like
kinase; SOS — salt overly sensitive; SAGE — serial analysis
of gene expression; SNP — single nucleotide polymorphism;
SSH — suppression subtractive hybridization; TF — transcrip-
tion factors; 2-DE — two-dimensional gel electrophoresis
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ing resources has fuelled scientific research
in elucidating the mechanisms by which plants
respond to stress. We expect that the successful
application of biotechnology as well as the clas-
sical plant breeding methods would lead to the
development of stress-tolerant crop plants, which
would further lead to enhanced food production.

This chapter is an attempt to present our current
understanding related to signaling under stress
conditions in plants. We present various tech-
nologies which have been utilized in the recent
past to explore the gene expression changes in
plants under stressful and unfavorable conditions.
These interactions appear to be quite complex as
revealed by studies targeted towards understand-
ing alterations at transcriptome, proteome and
protein—protein interaction levels. Here, we have
briefly discussed the interactions among signal-
ing members; further details are available in other
chapters of this book.

Il Signal Transduction Pathways Under
Abiotic Stresses

Signaling pathways are induced in response to
environmental stresses, and recent molecular and
genetic studies have revealed that these pathways
involve a host of diverse responses (Chinnusamy
et al. 2004; Sreenivasulu et al. 2007). A stress
response is initiated when a plant recognizes stress
at the cellular level. Signal recognition activates
signal transduction pathways whichresultin altered
gene expression and metabolism readjustment at
this cellular level, some of which get translated to
an altered physiological state that results in better
acclimatization of the plant towards abiotic stress
conditions. Sensors are molecules that perceive the
initial stress signal. Sensors initiate (or suppress) a
cascade to transmit the signal intracellularly and
in many cases, activate nuclear transcription fac-
tors to induce the expression of specific sets of
genes. Drought, salt and cold stresses have been
shown to induce transient Ca’* influx into the cell
cytoplasm, which arises due to influx of Ca*" from
the apoplastic space or release from internal stores
(Zhu 2002). In plants, the major signaling path-
ways operative under abiotic stress, which lead to
changes in gene expression and ultimately deter-
mine the stress response, include (details of these
pathways are presented in Text Box 9.1 and also in
Chapter 1-5 of this book):
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Gene expression changes that are brought in via the
mitogen activated protein kinase (MAPK) pathway
(to regulate redox homeostasis)

Gene expression changes for late embryogenesis
abundant proteins (LEA)-type genes (to regulate
osmotic homeostasis in the cells)

Changes in salt overly sensitive (SOS) signaling
pathway (to regulate ion homeostasis in the cells)
Gene alterations as mediated via hormone-signaling
pathways

Box 9.1 The Major Signaling
Pathways Operative Under Abiotic
Stress in Plants

MAPK Pathway

The MAPK pathway is activated by ROS and
also by receptors/sensors such as protein tyro-
sine kinases, G-protein coupled receptors or
two-component histidine kinases. The oxida-
tive burst, that is, production of reactive oxy-
gen species is one of earliest response of plant
to any kind of stress. The reaction of ROS spe-
cies with plant proteins/lipids can have a detri-
mental effect on the plant and may eventually
lead to its death. Plant cells have, therefore,
developed mechanisms to constantly monitor
and manage the levels of reactive oxygen spe-
cies (ROS) accumulating within their cytosol
and organelles. One of the earliest responses
to ROS perturbations in plants cells is the acti-
vation of specific mitogen-activated protein
(MAP) kinases, which eventually trigger the
synthesis of enzymes involved in oxidative
protection. The osmotic adjustment, a hall-
mark of abiotic stress tolerance in plants, is
also mediated by the MAPK signal transduc-
tion pathway (Zhu 2002).

LEA Genes

LEA or late embryogenesis abundant proteins
are expressed during cellular desiccation and
are accumulated to very high concentrations by
the seeds during later stages of embryo devel-
opment. Water deficit, high osmolarity and low

(continued)
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Box 9.1 (continued)

temperature stress results in the accumulation
of a group of LEA proteins (Wang et al. 2003).
Such proteins may preserve protein structure
and membrane integrity by binding water, pre-
venting protein denaturation or renaturation
or protein unfolding and sequestering ions in
stressed tissues. LEA proteins and chaperones
have shown to be involved in protecting mac-
romolecules like enzymes, lipids and mRNAs
from dehydration. The CDPK pathway seems
to be involved in increasing the expression of
LEA proteins from cellular desiccation.

SOS Pathway

SOS signaling appears to be relatively specific
for the ionic aspect of salt stress. The targets of
this pathway are ion transporters that control
ion homeostasis under salt stress (Seki et al.
2003). An early response to sodium stress is
a transient increase in the calcium level. The
ionic aspect of salt stress is signaled via the
SOS pathway, where a calcium responsive
SOS3-SOS2 protein kinase complex controls
the expression and activity of ion transport-
ers such as SOS1. The Ca* signaling is per-
ceived by the calcineurin-B-like Ca*" sensor
SOS3, which in turn interacts and activates
protein kinase SOS2 by phosphorylation. The
activated SOS2 then modulates the activity of
plasma membrane localized Na'/H* antiporter
SOSI.

ABA Mediated Pathway

ABA is a phytohormone that is extensively
involved in abiotic stress responses towards
drought, low temperature, and osmotic stress.
In plants, two kinds of cis-acting sequences
have been reported to be involved in ABA-
mediated gene expression. The first one is
the ABA-responsive element (ABRE). It has
been shown that the bZIP transcription factors,
like ABRE-binding factor (ABF)/ABRE bind-
ing protein (AREB), can activate the stress-
responsive RD29A promoter through binding
to the ABRE motifs (Boudsocq and Lauriere
2005). It has been shown that MYB and MYC
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transcription factors are involved in an ABA-
dependent pathway, leading to the expression
of drought-responsive genes like RD22 (Abe
etal. 2003). This ABA-independent expression
of stress-responsive genes can occur through
dehydration-responsive element (DRE)/C-
repeat (CRT) cis-acting elements. The bind-
ing factors CBF/DREB1 (CRT-binding factor/
DRE-binding factor 1) and DREB2 medi-
ate gene expression in response to cold and
drought/salinity, respectively. These aspects of
stress signaling have been dealt with detail in
Chapter 3.

Il Resources for Identification of Novel
Genes

The comparative genomics approach has proven
to be a highly valuable tool for unveiling the key
genetic contributors to the complex physiologi-
cal processes, involved in abiotic stress toler-
ance (Eddy and Storey 2008). Comparative stress
genomics essentially means scoring of various
commonalities and differences in the expression
patterns of different genes among populations
that differ in stress tolerance. The identification
of various abiotic stress specific changes in gene
expression can be achieved by comparing gene
expression in non-induced and stress-induced tis-
sues or by comparing genetically different geno-
types such as the various contrasting cultivars
(Sahi et al. 2003; Kumari et al. 2009). Prokaryotic
extremophiles have also been used as a source of
useful genes as they can survive under the con-
ditions where other plants cannot (Fig. 1). Simi-
larly, another important target of plant scientists is
to create “variability”, as it can serve as a useful
tool for studying gene expression. An example of
this approach is the identification of SOS pathway
and its specific mutants in Arabidopsis (Zhang
et al. 2004). Among other approaches, availability
of contrasting genotypes in crop species has been
well exploited and several reports have been pub-
lished in the past where molecular mechanisms
of stress responses have been looked into, using
these genotypes. For example, Inan et al. 2004
noted that a fewer number of genes were induced
under salt stress in Thellungiella halophila (salt
cress — a salt tolerant relative of Arabidopsis)
in contrast to that in Arabidopsis. This analysis
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Fig. 1. Sources of genes for raising stress tolerant plants.
Stress responsive genes from mutant populations, prokaryo-
tic extremophiles, contrasting genotypes and tolerant wild
relatives, can be used to raise stress tolerant plants.

revealed an important aspect of stress tolerance
mechanism, where the stress tolerance of salt
cress may be due to constitutive over-expression
of many genes that function in salt tolerance and
are only stress inducible in Arabidopsis (Taji et al.
2004). Similarly, global gene expression analyses
inrice revealed a strikingly large spectrum of gene
expression changes induced by salinity stress in
salt sensitive genotypes, as compared to the toler-
ant lines (Walia et al. 2005, 2007). A total of 164
expressed sequence tags (ESTs) were upregulated
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Uninduced
transcript
level
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in the tolerant line (FL478) under salinity stress.
A nearly equal number of ESTs were found to be
significantly down-regulated under salinity stress
in FL478. In contrast, a total of 456 probe sets were
induced by salinity stress in salt sensitive IR29 and
the expression of 184 ESTs was suppressed. How-
ever, only eight ESTs were common between the
two, that is, FL478 and IR29, during salinity stress
(Walia et al. 2005). Similar observations were also
made in the case of tomato, where total 11 genes
were upregulated and 14 were downregulated in
a tolerant genotype (LA2711) in a specific man-
ner, while 43 and 76 genes were upregulated and
downregulated, respectively, only in the sensi-
tive genotype (ZS-5). A total of 26 and 31 genes
were commonly upregulated and downregulated,
respectively, between the two genotypes (Ouyang
et al. 2007). Our own work related to the analysis
of salinity stress responsive gene alterations in
rice and Brassica, is also in corroboration with the
above observations (Kumari et al. 2009; Kumar
et al. 2009; Karan et al. 2009). Thus, increasing
evidence has accumulated for a range of plant spe-
cies, which suggests that constitutive gene expres-
sion patterns are major mechanisms responsible
for the observed differences in basal stress toler-
ance of various plants (Fig. 2).

The stress-tolerant genotypes of important
plant species may serve as an important gene
pool for the identification of useful genes
(Kumar et al. 2009). Also, the identification of
these genes, which may be involved in the stress
response and contribute towards stress toler-
ance, may prove useful for understanding the
underlying molecular mechanisms. With this

. Induced

“—— transcript
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Sensitive
cultivar

Tolerant
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Fig. 2. Preparedness of the tolerant cultivar by maintenance of relatively higher level of transcripts of stress related genes [See

Color Plate 4, Fig. 7].
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view, major EST sequencing efforts have been
initiated for the halophyte Mesembryanthemum
crystallinum (www.compbio.dfci.harvard.edu/
tgi/gi/mcgi). The EST sequencing has also been
initiated in the bryophytes Tortula ruralis and
Physcomitrella patens, for the identification
of desiccation-tolerance related genes (Oliver
et al. 2000).

Besides EST sequencing projects, other
approaches are also being used for the identifica-
tion of useful stress responsive genes. For exam-
ple, insertional mutagenesis in plants has the
advantage of its genome-wide distribution with
preferential insertion in genic regions. Saturation
mutagenesis has been achieved for both rice and
Arabidopsis with T-DNA gene insertions covering
more than 90% of the genes and they have been
widely employed to characterize abiotic stress
responsive genes. The retrotransposon 7os/7 has
also been used for large scale mutagenesis in case
of rice (Hirochika 2001; www.genoscope.cns.fr/
spip/oryza-sativa-retrotransposon-tos17). These
lines have been used to study the role of stress-
responsive rice genes such as metallothioneins
(Wong et al. 2004), histidine kinases (Pareek
et al. 2006) and OsTPC1 — putative voltage gated
Ca?* permeable channels (Kenji et al. 2004). In
rice, random mutants have been generated for cv.
IR64 using chemical mutagens (such as EMS)
and irradiation by fast neutrons or gamma-rays.
These mutants have been used to generate pools
for TILLING — a high-throughput technology
useful for identifying mutations in selected genes
or a variant allele (Till et al. 2007).

IV Genomics-based Approaches
for Understanding the Response of
Plants Towards Abiotic Stresses

It has now been clearly established that abiotic
stress response is a complex trait governed by
multiple genes. During the last 15 years, basic
biological research has undergone a major revolu-
tion with the main endeavors of scientific research
being switched from studying the expression of
single genes or proteins to focusing on a large
number of genes or gene products simultaneously,
enabling genome-wide expression strategies for
better understanding of these complex traits. Dur-
ing the first part of the genomics era, researchers
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concentrated on accumulating DNA sequence
information from a range of model plants, as well
as those having economic importance. The first
complete genome sequence of a plant, Arabidop-
sis thaliana, was reported in the year 2000 (www.
arabidopsis.org). This dicot flowering plant is an
important model system for identifying genes
and determining their functions. Similarly, the
complete genome sequence for rice, one of the
world’s most important food crops, was reported
in the year 2005 (International Rice Genome
Sequencing Project 2005; http://rgp.dna.affrc.
20.jp/IRGSP/). Rice, the model plant for the
poaceae family, has important syntenic relation-
ships with the other cereal species (http://www.
gramene.org). A total of 37,544 non-transposa-
ble-element-related protein-coding genes have
been identified, out of which 71% have a putative
homologue in Arabidopsis. Interestingly, 29%
of the predicted genes in rice appear in clustered
gene families. This suggests the existence of a
possible ‘regulon’ operating in rice, similar to
what has been already reported in Arabidopsis
(Ma and Bohnert 2008). Similarly, the map-based
sequence of rice has proven useful for the identifi-
cation of genes underlying the various agronomic
traits. The identification of additional single-
nucleotide polymorphisms and simple sequence
repeats should accelerate our understanding of
stress response in rice.

Since, genomics information has become avail-
able for a broad range of organisms, an era has
arisen in which the data generated can be used as
a resource to answer many biological problems,
which may thus provide rapid systematic ways
to identify genes for crop improvement. Deriv-
ing meaningful knowledge from DNA sequences
will define biological research through the com-
ing decades and require the expertise of biologists,
chemists, engineers and computational scientists,
amongst others. With the whole genome sequences
in hand, some research challenges for the future
that need to be taken up include — studies on deter-
mination of gene number, their exact locations and
functions; gene regulation; coordination of gene
expression, protein synthesis and post-translational
events; interaction of proteins; correlation of
single nucleotide polymorphisms (SNPs) (i.e.,
single-base DNA variations among individuals)
with agronomically important traits and their pre-
diction based on gene sequence variation.
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High throughput technologies have proven to
be extremely useful in addressing the complexi-
ties related to gene regulation in plants. These
advancements include technologies available
for the studies targeting the quatitative trait loci
(QTL) analysis, transcript kinetics and proteom-
ics, as well as post-translations modifications. In
the next section, we present details for some of
these advancements which have enabled us to
comment on abiotic stresses in a system biology
approach.

A Identification of QTLs for Tolerance
to Abiotic Stresses

The availability of both Arabidopsis and rice
genome sequences has lead to the identification
of thousands of molecular markers, making map-
based cloning a viable option for global func-
tional genomics (Jander et al. 2002). The QTL
mapping approach has been employed to dissect
QTLs controlling the highly complex abiotic-
stress tolerance traits. Several QTLs involved in
the stress response have been recently reported
(Zheng et al. 2003; Lin et al. 2004; Ren et al.
2005; Salvi and Tuberosa 2005). Most of these
QTLs have been identified using the positional
cloning approach. This strategy allows the use of
a phenotype to determine the position of an allele
by examining linkage of markers, whose position
in the genome is already known. Employing an
F2 population, derived from a cross between a
salt-tolerant indica variety (Nona Bokra) and a
susceptible japonica variety (Koshihikari), ten
QTLs responsible for variation in K* and Na*
content were identified in rice (Lin et al. 2004).
One of these QTLs, SALTOL, located on the
short arm of chromosome 1 was found to explain
40% of the variation in salinity tolerance. High
resolution mapping of backcross populations,
led to the identification of SKC1 gene and it was
found to code for an HKT-type transporter (Ren
et al. 2005).

Submergence of rice (Oryza sativa) by flash
flooding is a major constraint to rice production
in coastal areas. Rice cultivars vary in their capac-
ity to tolerate complete submergence and quanti-
tative trait loci analysis has revealed that a large
portion of this variation in submergence tolerance
can be explained by just one locus (Subl) on chro-
mosome 9. Two published reports (Xu et al. 2006;
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Fukao et al. 2008) suggest that a transcription
factor, belonging to the B-2 subgroup of the ethyl-
ene response factors (ERFs)/ethylene-responsive
element binding proteins (EREBPs)/apetala
2-like proteins (AP2), located within the Subl
locus determines submergence tolerance in rice.
These genes control highly conserved hormonal,
physiological and developmental processes that
determine the rate of elongation of the plants
when submerged.

B Analysis of Transcript Profiles:
Transcriptomics

All living organisms have thousands of unique
genes encoded in their genome, of which only a
small fraction, perhaps 15%, are expressed in any
individual cell. Therefore, it is the temporal and
spatial regulation in gene expression that deter-
mines life processes. Thus, expression profiling
has become an important tool to investigate how
an organism responds to environmental changes.
Plants, being sessile, have the ability to alter their
gene expression patterns in response to envi-
ronmental changes such as temperature, water
availability or the presence of deleterious levels
of ions, both low and high (Hazen et al. 2003).
Sometimes, these transcriptional changes are
successful adaptations leading to tolerance, while
at other times, the plant ultimately fails to adapt
to the new environment and is considered to be
sensitive to that condition. Expression profiling
can define both tolerant and sensitive responses
(Fig. 3). These profiles of plant responses to
environmental extremes are expected to lead us
to the identification of regulators that will be use-
ful in biotechnological approaches being used to
improve stress tolerance, as well as to new tools
for studying regulatory genetic circuitry (Pareek
et al. 2007).

Certain high-throughput techniques have
been employed to identify the gene whose
expression at the transcript level is differen-
tially regulated in response to various environ-
mental stresses in higher plants. Such methods
(for technical details of these methods, see Text
Box 9.2) include differential display polymerase
chain reaction (DDPCR), suppression subtrac-
tive hybridization (SSH), serial analysis of gene
expression (SAGE), DNA-chip, microarray and
cDNA-amplified fragment length polymorphism
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Stage Specific
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Reproductive
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Transcriptome
Duration Level Specific vs.
Specific Common
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(Days)

Response towards
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Fig. 3. Stress response at transcriptome level. Transcript profile changes during developmental stages of plants and also by the
duration of applied stress. Expressions of some genes are specific at a particular stage, while some gene expressions are com-

mon during different stages of growth and duration of stress.

Box 9.2 Recent Techniques Being
Used for Analysis of Stress Response
in Plants

Transcriptomics

Transcriptomics is often considered as a step next
to genomics in the study of biological systems.
The transcriptome is the set of all mRNA mole-
cules, or “transcripts”, produced in one organism
or cell type under a given set of conditions. It is
more complex than genomics, mostly because an
organism’s genome is rather constant (with the
exception of mutations), while a transcriptome
differs from cell to cell and constantly changes
with changing external environmental condi-
tions. Thus, the transcriptome reflects the genes
that are being actively expressed at any given
time, with the exception of mRNA degradation
phenomena such as transcriptional attenuation.

Differential Display PCR

Different primer combinations (oligo-dTplus
primers-T12NA, T12NT, T12NG or T12NC)

are used in a reverse transcriptase RT-PCR to
generate cDNAs, from mRNAs expressed in a
given cell. By comparing the cDNAs derived
from multiple cell types, or from a single cell
type under different conditions, it is possible
to detect differences in transcription products
derived from these diverse conditions. These
differentially expressed products are identi-
fied on an acrylamide gel, excised, eluted, re-
amplified and eventually sequenced.

cDNA AFLP

The cDNA-AFLP is a RNA finger print-
ing technique used to analyze genes that are
differentially expressed in genotypes with
contrasting stress tolerance, grown under nor-
mal and stress conditions. Here, the double
stranded ¢cDNA is digested with two restric-
tion enzymes, adapter molecules are ligated
to the cDNAs and PCR amplification is per-
formed with a primer that is complementary to
the adapter, but has an additional one to three
selective bases.

(continued)
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Box 9.2 (continued)

Subtractive Hybridization

Suppression subtractive hybridization (SSH)
has been a powerful approach to identify and
isolate cDNAs of differentially expressed
genes. It involves hybridization of cDNA from
one population (tester) to an excess of mRNA
(cDNA) from another population (driver) and
then the separation of the unhybridized fraction
(target) from hybridized common sequences
is performed, followed by their cloning in a
desired vector to generate a subtractive library.
These subtraction techniques often involve
multiple or repeated subtraction steps and are
labor intensive (Diatchenko et al. 1996).

Microarray

The DNA chip technology has revolutionized
the study of gene expression profiles (Schena
et al. 1995) by allowing the entire gene com-
plement of the genome to be studied in a sin-
gle experiment. This technique makes use of
microscopic slides on which specific DNA
fragments [cDNA clones, EST clones, anony-
mous genomic clones or DNA amplified from
open reading frames (ORFs)], determined from
a database, have been printed at indexed posi-
tions using a computer controlled high speed
robot.

SAGE

This technique was invented to quantify gene
expression in yeast (Velculescu et al. 1995)
and comprises the production of a short 10-14
nucleotide tag, with each tag representing a
unique transcript present in a cell (all possible
combination of four bases in a 10 bp sequence,
410 gives more than 1 million different
sequences). Determination of a tag sequence
allows the identification of the corresponding
gene, and the frequency of a tag represents the
steady state level of the mRNA from which it
was derived. The unique advantages of SAGE
over alternative techniques for transcript anal-
ysis are: high sensitivity; threshold detection of
one transcript in three cells (Ishii et al. 2000);
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scalability; it can be used on any size of
sample, from a few cells upwards; detection of
all genes, including those of unknown function;
avoidance of amplification bias; data obtained
is digital and not derived (e.g., from an ana-
logue fluorescent signal); data is immortal and
can be used at any time in a comparative study;
data sets generated by one lab can be related
directly to those produced by another. To date,
however, this technique has found limited util-
ity in the field of plant research.

(cDNA-AFLP). However, genes identified, iso-
lated and cloned by such approaches would need
to be functionally-characterized.

1 Transcriptome Analysis using
High-Throughput Techniques

1.1 Differential Display PCR

Liu and Baird (2003) isolated 17 ¢cDNA clones
from sunflower by means of DD-PCR and the
genes corresponding to 13 of these cDNAs
were confirmed by quantitative RT-PCR, to be
expressed differentially in response to osmotic
stress. Their expression patterns were further ana-
lyzed in leaves of drought-stressed plants, and in
roots and shoots of drought- or salinity- stressed
seedlings (Liu and Baird 2003).

1.2 cDNA-Amplified Fragment Length
Polymorphism (AFLP)

The cDNA-AFLP technique was used to ana-
lyze differentially expressed genes in wheat
RH8706-49, a salt-stress resistant line (SR)
and H8706-34, a salt-stress sensitive line (SS),
with or without NaCl stress. A large number
of gene fragments related to salt stress were
found. Among them, a cDNA encoding glyco-
gen synthase kinase-shaggy kinase (TaGSKI1)
was shown to be induced by NaCl stress and
expressed more strongly in SR than in SS, sug-
gesting that TaGSK1 is involved in its response
to salt stress as a part of the signal transduc-
tion component (Chen et al. 2003). This tech-
nique has also been used to isolate differentially
expressed ESTs during cold acclimatization in
Physcomitrella patens (Sun et al. 2007), drought
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responses in Festuca mairei (Wang and Bughrara
2007), water-stress tolerance in wild barley (Supru-
nova et al. 2007), salinity stress in soybean (Aoki
et al. 2005) and potato (Hmida-Sayari et al. 2005).

1.3 Subtractive Hybridization

A PCR-based subtraction method has been
employed for isolation and expression analysis of
salt stress-associated ESTs from contrasting rice
cultivars (Sahi et al. 2003; Kumari et al. 2009). In
order to understand the gene expression patterns
and isolate drought induced cDNAs from maize,
a subtractive cDNA library was constructed from
PEG-treated maize seedlings (Jia et al. 2000).
Suppression subtractive hybridization was car-
ried out to identify early salt stress responsive
genes in tomato root (Ouyang et al. 2007). This
approach has also been employed for studying
long-term transcript accumulation during devel-
opment of dehydration adaptation in Cicer arieti-
num (Boominathan et al. 2004).

1.4 Microarray

Gene expression profiling using cDNA microar-
rays or gene chips is a useful approach for ana-
lyzing the expression patterns of genes under
abiotic stress conditions of drought, cold and
high salinity. The use of microarray to study glo-
bal gene expression profiling in response to abi-
otic stress in rice was first reported by Kawasaki
et al. (2001). Global gene expression analysis
of rice in response to drought and high-salinity
stresses in shoot, flag leaf and panicle, has also
been performed using microarray (Zhou et al.
2007). Genome-wide transcriptional analysis of
salinity stressed rice genotypes, during vegetative
and panicle initiation stage, has also been carried
out using microarrays (Walia et al. 2005, 2007).
Despite the advantage of this precise technique,
several problems have arisen and are expected to
be resolved in the near future. These include the
high cost and identification of appropriate soft-
ware for analysis of results and standardization
of methods to allow comparison between results
from different laboratories (Van Hal et al. 2000;
Richmond and Somerville 2000).

1.5 Serial Analysis of Gene Expression
(SAGE)

Among the various techniques used to assess tran-
script abundance, the most powerful is probably
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SAGE. Serial analysis of gene expression
was used to profile transcript levels in Arabidopsis
roots and assess their responses to 2,4,6-
trinitrotoluene (TNT) exposure. SAGE libraries
representing transcripts from control and TNT-
exposed seedlings were constructed, and each
was sequenced to a depth of roughly 32,000
tags. More than 19,000 unique tags were iden-
tified overall. The second most highly induced
tag (showing a 27-fold increase) represented
a glutathione S-transferase. Cytochrome P450
enzymes, as well as an ABC transporter and a
probable nitroreductase, were highly induced by
TNT exposure. Analyses also revealed an oxida-
tive stress response upon TNT exposure (Ekman
et al. 2003). The SAGE technology has also been
employed to reveal changes in gene expression, in
case of Arabidopsis leaves and pollen undergoing
cold stress (Lee et al. 2001; Jung et al. 2003).

2 Transcriptional Profiling Reveals
That Metabolic Re-Adjustment is a Hallmark
of Abiotic Stress Response

The metabolic readjustment in response to abi-
otic stress is brought about by a cascade of
events, involving perception and transduction of
stress signals through a chain of signaling mol-
ecules that ultimately affect regulatory elements
of stress inducible genes. These signaling mol-
ecules further initiate the synthesis of different
classes of proteins called effectors which alter the
activity of various stress responsive genes and
include transcription factors, enzymes, molecular
chaperons, ion channels, transporters and scaven-
gers of ROS. Over the last decade, FunCat has
been established as a robust and stable annota-
tion scheme that offers both meaningful and man-
ageable functional classification of the extensive
transcriptome data generated using genome wide
approaches. The FunCat annotation scheme con-
sists of 28 main categories (Ruepp et al. 2004).
These include metabolism, energy, storage pro-
tein, cell cycle and DNA processing, transcrip-
tion, protein synthesis, protein fate, protein with
binding function or cofactor requirement, regu-
lation of metabolism and protein function, cel-
lular transport, cellular communication/signal
transduction mechanism, cell rescue, defense
and virulence, interaction (including systemic)
with the environment, transposable elements,
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viral and plasmid proteins, cell fate, development
(systemic), biogenesis of cellular components, cell
type differentiation, tissue differentiation, organ
differentiation, subcellular localization, cell type
localization, tissue localization, organ localiza-
tion, classification (not yet clear-cut) and unclas-
sified proteins. A comparative account of various
studies, involving genome-wide transcriptome
analyses of various abiotic stress responses in
plants, indicate that unknown genes form the
largest category (upto 30-40%), followed by
genes required for metabolism (15%), cell res-
cue and defense (10%), protein synthesis (10%),
signal transduction and cellular communication
(8-10%), while those belonging to other func-
tional categories constituted less than 5% of the
total transcripts (Table 1).

2.1 Kinetics of Gene Expression Pattern: Early
versus Late Responses

Plant tolerance towards abiotic stresses is a com-
plex trait controlled by several genes and fac-
tors, some of which are induced within 15 min
of stress imposition. Although these fast respond-
ing genes are few in number, they are criti