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Preface

Stresses in plants caused by salt, drought, temperature, oxygen, and
toxic compounds are the principal reason for reduction in crop yield.
For example, high salinity in soils accounts for large decline in the
yield of a wide variety of crops world over; ~1000 million ha of land
is affected by soil salinity. Increased sunlight leads to the generation
of reactive oxygen species, which damage the plant cells. The threat
of global environment change makes it increasingly demanding to
generate crop plants that could withstand such harsh conditions.

Much progress has been made in the identification and
characterization of the mechanisms that allow plants to tolerate abiotic
stresses. The understanding of metabolic fluxes and the main
constraints responsible for the production of compatible solutes and
the identification of many transporters, collectively open the
possibility of genetic engineering in crop plants with the concomitant
improved stress tolerance. Abiotic Stress Tolerance in Plants is a new
book with focus on how plants adapt to abiotic stress and how genetic
engineering could improve the global environment and food supply.
Especially, the application of biotechnology in Asia and Africa would
be important. Environmental stress impact is not only on current crop
species, but is also the paramount barrier to the introduction of crop
plants into areas not currently being used for agriculture. Stresses are
likely to enhance the severity of problems to be faced by plants in the
near future.

The present book brings together contributions from many
laboratories around the world in order to discuss and compare the
current knowledge about the role of stress genes in plant stress
tolerance. In addition, strategies to introduce these genes into
economically important crops and its effects on plant productivity are
discussed.

We express our thanks to all the contributors. Our sincere thanks
are especially due to Prof. Tetsuko Takabe for her kind help in going
through the contents and its arrangement. Finally, it is a profound
pleasure to thank Springer for taking up the publication of this book.

July, 2005
Ashwani K Rai
Teruhiro Takabe



SECTION I

SIGNAL TRANSDUCTION



1. STRESS SIGNAL TRANSDUCTION:

components, pathways and network integration

LIMING XIONG '* AND MANABU ISHITANI?

"Donald Danforth Plant Science Center, 975. N. Warson Road, St. Louis, Missouri
63132, USA
’International Center for Tropical Agriculture (CIAT), A.4, 6713, Cali, COLOMBIA
’Correspondence author e-mail: Ixiong@danforthcenter.org

Abstract. Drought, high soil salinity, and low temperature are common adverse environmental
conditions that limit crop productivity worldwide. Plants respond to these abiotic stresses partly by
activating the expression of stress-responsive genes. The products of some of these genes can
increase plant tolerance to the stresses. Understanding how stress-responsive genes are activated by
abiotic stress will help us to breed or engineer stress tolerant crop plants. Genetic and other studies
are revealing components that are involved in the signal transduction forabiotic stresses. The
pathways that lead to the activation of stress-responsive genes and the network that integrates these
pathways are being discovered in model plant systems. This chapter discusses some recent
progresses in the elucidation of abiotic stress signaling mechanisms.

1. INTRODUCTION

Adverse environmental conditions such as drought, high soil salinity, and
temperature extremes are found in many agricultural areas. These abiotic stresses
can result in severe yield loss to agricultural crops. Plants exhibit various responses
to these stresses at the molecular, cellular, and whole plant levels [1-4]. These
responses may contribute to increased tolerance to the stresses [5-8]. To breed or
genetically engineer plant stress tolerance, it is imperative to identify the genes that
control these traits and to understand how these genes and their products are
regulated.

With the availability of complete information on a couple of plant genomes and
of various genomics and proteomics tools, knowledge on plant abiotic stress
responses has been advanced at a great pace in the last few years. In particular,
documentation of genes that are regulated by stresses is comprehensive for the
model plant Arabidopsis and should be complete for rice soon as well. Nonetheless,
abiotic stress signaling mechanisms have been proven to be very complex, and there
is still much more to learn. To date, only a handful of genes that play critical roles in
plant adaptation to stresses have been identified with confidence. Few pathways that
mediate stress responses are revealed in complete. In this chapter, we will give an
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overview of the current knowledge on signal transduction mechanisms responsible
for signal perception, amplification, transmission, and final activation of stress
responses. We will discuss examples of genetic studies or other studies where there
is some supporting genetic evidence. This overview will mainly focus on advances
made during the past two years since our last review on abiotic stress signal
transduction was published [9].

2. ABIOTIC STRESS-REGULATED GENES

One major response of plants upon encountering abiotic stresses is the activation of
stress-responsive genes. Genome-wide transcript profiling with Arabidopsis has
identified many genes that are regulated by cold, salt, and drought stress (reviewed
in [10]). Similar studies were also conducted with crop plants such as rice, barley,
maize, and soybean [11-15]. It was suggested that as many as 30% of the genes in
the Arabidopsis genome may be affected by abiotic stress at the transcript level [16].
Some of these genes can be activated by multiple stresses and also by the stress
hormone abscisic acid (ABA). Generally, more genes are up-regulated than down-
regulated [10,17]. This is also true for gene expression in response to ABA. Using
the Agilent long-oligo chips, our microarray assay with Arabidopsis seedlings
treated with ABA found that over 2000 genes were up regulated by more than
2-fold, whereas about 500 genes were down regulated (unpublished).

The products of some of these stress-inducible genes may play roles in stress
signaling and stress tolerance [5,7,18,19]. These include, for example, enzymes that
function in the biosynthesis of compatible solutes (osmolytes) or either directly in
detoxification of reactive oxidants or in the biosynthesis of antioxidant compounds,
ion transporters, ABA biosynthetic enzymes, etc. The products of some other genes
may also have protective roles against stress damages yet their modes of action are
unclear. These are mainly the late-embryogenesis-abundant protein (LEA)-like
proteins [2]. However, some stress-regulated genes may not play a primary role in
stress response. Their induction may be merely a consequence of the stress and
stress injuries [20]. In some cases, genes physically associated with certain key
stress-induced genes in a chromatin region may be regulated by stress, although
these genes may not be related otherwise. One example is the UFC (upstream of
FLC) gene [21]. FLC is a flowering repressor whose transcript level is down
regulated by long-term cold treatment (e.g., vernalization). Interestingly, UFC is
similarly regulated by vernalization yet it does not relate to FLC either in sequence
or in function. They are merely neighboring genes on the same chromosomal region.
This suggests that chromosome location may have a strong influence on the
induction of certain genes.

3. AN OVERVIEW ON STRESS SIGNAL TRANSDUCTION

Signal transduction is required for many cellular activities and their coordination.
Some signal transduction processes are simple but most others are complex,
involving multiple components and occurring in a time and space-dependent
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manner. Generally, signal transduction starts with the perception of a stimulus by a
specific cellular molecule(s). These sensors or receptors may differ in their molecular
identities, modes of signal perception and output, as well as subcellular localizations.

In plant cells, it is also common for receptor activation to result in the generation
of second messengers, so called because they represent intracellular signals being
translated from the primary external signal. These intracellular messengers are
interpreted further by other signaling component(s) and result in the activation of
downstream pathways that may have multiple outputs. These pathways usually involve
reversible protein phosphorylation. Protein phosphorylation could lead to, among
others, the activation of transcription factors that induce the expression of stress-
responsive genes.

Signal transduction often requires additional components that recruit and assemble
signaling complexes, target signaling molecules, and regulate their lifespan. In many
cases, these components themselves are also regulated by the signaling pathways that
may have been initiated from the same stress signals. Here we refer to these components
collectively as signaling partners.

Figure 1 depicts a genetic signaling pathway that can serve as a framework for
anchoring many of the individual signaling components that are increasingly being
reported in the literature.

4. SIGNAL TRANSDUCTION COMPONENTS

4.1. Receptors

4.1.1. Complexity of abiotic stress as signals

Receptors are the molecules that first perceive stress stimulus and then relay the
signal to downstream molecules to initiate the signal transduction pathway.
However, it is not an easy task to find these receptors. Many of the abiotic stress
signals are complex in their nature. They may not simply be physical or chemical
signals but rather, a mixture of several favours. For example, low temperature may
induce both osmotic stress and mechanistic stress. Drought, conditioned by decreased
water potential in the soil, may involve osmotic stress, ionic stress, a mechanistic
signal, and heat stress in some cases. Very likely, each of these stress attributes may
have different weights with regard to the plant status or the severity of the particular
stress in question. Thus, a simple water shortage in the soil may in fact impart very
complex and different information to the plants.

One can also expect that there may be multiple cellular sensors to perceive a
stress signal or one attribute of the signal. The complex nature of abiotic stress as
signals and the redundancy of their perception machinery pose great constraints for
the identification of cellular machinery that perceives abiotic stress.
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Pathway Examples of Examples of
components Signaling partners
Stress
Sensors lon channels, histidine r ]
kinases, GPCR, RLK Enzymes or
¥ components in
2nd gj li protein lipidation,
Cazr o e ROS, InsP, ABA glycosylation,
\ % sulfation,
. methylation, and
Phosphoprotein CDPK, MAPK, Protein ¢ —p ubiquitination;
phosphatase ’
cascades cytoskeleton-
associated proteins,
Transcription AP2/ERF, bZip, Zn vesicle traftficking
factors finger, bHLH, MYB components;
9 scaffolds & adaptors
Stress-responsive LEA-like, antioxidar]t - -
Genes & osmolyte synthetic
¢ enzymes/transporters
Responses Stress tolerance, growth

arrest, or cell death

Figure 1. A conceptual signal transduction pathway for drought, cold, and salt stress in
plants. Examples of signaling components in each of the steps are shown. It should be noted
that none of the indicated receptor components has been confirmed as a stress sensor.
Secondary signaling molecules can cause receptor-mediated Ca’" release (indicated with a
feedback arrow). Examples of signaling partners that modulate the components in the main
pathway are also shown. These partners can be regulated by the main pathway. Signaling can
also bypass Ca’" or secondary signaling molecules in early signaling steps. GPCR, G-protein
coupled receptor;, RLK, receptor-like kinase; InsP, inositol polyphosphates. Please refer to
the text for other abbreviations.

4.1.2. Putative sensors in stress signal perception

Studies in other systems have identified several kinds of receptors that function in
stress signal perception. These include receptor-like kinases, two-component
receptors, receptor tyrosine kinases, G-protein coupled receptors, iontropic channel-
related receptors, histidine kinases, and nuclear hormone receptors. By sequence
homology, most of these receptor families can be found in sequenced plant
genomes. However, a few such as receptor tyrosine kinases and nuclear hormone
receptors cannot be identified by sequence homology search. Many people thus
believe these signaling components nonexistent in higher plants.

Because of their stress inducibility or, in a few cases, phenotypes conferred by
their regulated expression, receptor-like kinases, two-component receptors, histidine
kinases, iontropic receptors, and G-protein associated receptors have each been
implicated as potential receptors for abiotic stresses or the stress hormone ABA
(reviewed in [9,22]). Despite the importance of identifying stress sensors, research
effort to find these receptors has been limited. To date, there has been no convincing
evidence to support any of the above-mentioned putative receptors as stress sensors.
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Thus, it may be helpful to briefly introduce abiotic stress sensors identified in other
systems.

In cyanobactieria, histidine kinases were identified as cold-sensors in the
activation of selected marker genes [23]. Knockout of these kinases resulted in
substantially reduced expression of these genes. In neurons, a TRP Ca®'/cation
channel was suggested to be a cold sensor [24]. In fact, similar TRP channels can act
as heat sensors as well [25]. However, no TRP channel protein can be found in the
sequenced plant genomes using sequence similarity searches. In plant cells, cold-
induced Ca®’ influx has been documented as an early response to cold [26].
Manipulations of Ca" influx can affect the expression of cold-regulated genes (e.g.,
[27]). Nonetheless, the calcium channels responsible for this Ca** influx have not
been identified.

As mentioned above, an abiotic stress may initiate multiple signaling pathways
in plants. It may be difficult to directly identify stress sensors through genetic
analysis, since knocking out one receptor may not significantly affect the stress
signaling outputs. Because ABA is involved in abiotic stress signaling, revealing
how ABA is perceived certainly will help reveal how stress signals are sensed.
Unfortunately, how ABA is perceived is not known either (reviewed in [22]).
Current efforts to uncover ABA perception mechanisms mainly focused on putative
receptor-linked components or those putative receptor molecules that are regulated
by stress or ABA. For example, Arabidopsis heterotrimeric G-protein o subunit
GPA1 was suggested to be involved in ABA response in guard cells since gpal
mutants were insensitive to ABA inhibition of stomata opening and ABA regulation
of inward K" channels, yet it does not function in ABA-induced stomata closure.
The gpal mutant seedlings lost water more quickly than the wild type [28]. GPA1
interacts with the G-protein couple receptor-like protein GCR1, yet gcr/ mutant was
more sensitive to ABA than the wild type [29]. The reason for the opposite
phenotypes between gpal and gcr! mutants and the modes of action for both
proteins are unclear. In addition to the heterotrimeric G proteins, there are different
classes of small G proteins [30]. One of the ROP family Rho GTPases, ROP10, was
proved to be a negative regulator of ABA responses in Arabidopsis [31]. Since
another ROP related to ROP10 was shown to be associated with CLV receptor
kinase [32] and ROP10 was localized to plasma membrane, it was hypothesized that
ROP10 may be associated with an ABA perception complex on the plasma
membrane [31].

Abiotic stresses also generate second signaling molecules (see below).
Receptors for these signals should exist in plants, yet none has been identified. In
contrast, receptors for inositol trisphosphate, cADPR and sphingosine 1-phosphate
are well characterized in animal systems.

4.2. Second intracellular signaling molecules

Several intracellular signaling molecules are involved in stress signal transduction.
These include reactive oxygen species, lipid phosphates-derived signals, and cyclic



8 LIMING XIONG AND MANABU ISHITANI

nucleotides-related signals. In addition, some plant hormones also have the
characteristics of secondary signal molecules.

4.2.1. Reactive oxygen species

In addition to the reactive species generated during normal photoreactions and
cellular biochemical oxidations, plants also produce reactive oxygen species (ROS)
during environmental stresses and in response to pathogen attacks (reviewed in
[33]). Although these reactive molecules may have damaging effects on cellular
membranes and macromolecules, they play important signaling roles in early stages
of stress response. These reactive molecules can activate cellular defense mechanisms
to mitigate stress damage. Among others, nitric oxide (NO) and hydrogen peroxide
(H,0,) are suggested to play roles in ABA signaling and may function in abiotic
stress response as well.

ABA regulation of stomata closure appears to require the generation of H,O,.
H,0, production is a prerequisite for ABA-induced stomatal closure [34-36]. NAPH
oxidase may represent the major source for H,O, production. Mutations in genes
that encode catalytic subunits of NADPH oxidase impair ABA-induced ROS
production and the activation of guard cell Ca®" channels and stomata closure [37].

In plants, nitric oxide can be generated by enzymatic reactions as well as non-
enzymatic reactions [38]. Both nitrate reductases and NO synthases (NOS) can
contribute to NO generation. It appears that these two kinds of enzymes do not
function redundantly since mutations in either enzyme could confer specific phenotypes.
For example, loss-of-function mutations in Arabidopsis NOS, AtNOSI, impair ABA-
induced NO production and stomata closure [39].

ROS may affect stress signal transduction in the activation of stress-responsive
genes [40,41], in particular those that encode enzymes in the biosynthesis of
antioxidants or enzymes that directly detoxify reactive oxidative radicals. Then, how
does ROS affect stress signal transduction? It was demonstrated that ROS is
involved in the regeneration of Ca" signals through the activation of Ca*" channels
(reviewed in [42]). These secondary Ca®" signals could initiate additional signal
transduction via Ca®" mediated pathways [9]. Another route is that reactive oxygen
species themselves can directly modify signaling molecules through redox regulation.
Molecules with cysteine residues as key active sites could be the targets of redox
regulation. These molecules could be potential sensors for ROS [20]. Since tyrosine
phosphatases in animals are the potential targets of ROS, and these phosphatases
could regulate MAPK cascades, it is believed that MAPK pathways are probably the
major pathways mediating ROS signal transduction (see Section 4.5.1). An AGC
family protein kinase OXI1 appears to be involved in ROS activation of MPK3 and
MPKG6 since in oxi/ mutant, activation of both MAPK was compromised [43].

Cellular redox environment may also modulate cell signaling by regulating the
activity of other signaling components. One example is the regulation of the
transcription activator NPR1 by redox status. A reduced milieu in the cytosol
facilitates the inactive NPR1 oligomer to change into an active monomer form. The
active NPR1 may target the TGA zinc finger transcription factors and activates PR
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gene expression [44]. In Arabidopsis genome, there are several NPR1-like genes,
but it is not clear whether any of these genes would regulate stress responses and
interact with ABF-like zinc finger proteins.

Lipids-derived messengers

Membrane lipids may be directly involved in stress response by modulating
membrane fluidity or its other physiochemical properties [45]. Yet a more important
function of these lipid components is their role in generating intracellular signaling
molecules. Lipids and their biogenesis and degradation enzymes play many roles
that directly or indirectly regulate or affect plant stress signaling and stress
tolerance. For a general discussion of the roles of lipids in cell signaling, readers are
referred to a recent review [46]. Some recent advances in lipid signaling of abiotic
stress are briefly outlined below.

It is known that phospholipids, the backbone of cellular membranes, can serve as
precursors for the generation of second messengers in response to abiotic stresses.
While the relevant lipid cleaving enzymes are the phospholipases A2, C, and D, the
most studied is the phosphoinositide-specific phospholipase C (PI-PLC). Upon
activation, PI-PLC hydrolyzes phosphotidylinositol 4,5-bisphosphate (PIP,) to
produce two important molecules, diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (InsP;). DAG and InsP; are second messengers that could activate
protein kinase C (PKC) and trigger Ca®" release, respectively.

In plants, the role of exogenous InsPs in releasing Ca>* from cellular stores has
been widely reported [47,48]. Inhibition of PI-PLC activity impairs ABA-induced
stomata closure [49] and inhibits osmotic stress-induction of the stress-responsive
genes RD294 and COR47 [50]. On the contrary, inhibiting the breakdown of InsP;
may increase the expression of stress-inducible genes. This was demonstrated with
transgenic plants overexpressing Arabidopsis inositol polyphosphate 5-phosphatases
[51,52] and with loss-of-function or conditional mutation in an enzyme of inositol
polyphosphate 1-phosphatase FIERY 1 [53,54].

Accumulating evidence suggests that phosphatidic acid (PA) is also involved in
the transduction of stress signals. PA is generated by the Phospholipase D (PLD)
hydrolysis of phospholipids. In guard cell protoplasts, PLD activity mediates ABA—
induced stomatal closure [55]. PA produced by PLDal may interact with and inhibit
the activity of ABII, which is a negative regulator of ABA signaling (see below).
Consequently, PLDal knockout mutants become less sensitive to ABA [56].
Interestingly, PLDal interacts with G-protein o GPA1 [57]. Therefore, PLDal and
GPA1 may in fact function together in controlling aspects of ABA signaling.
Knockout plants in another PLD isoform PLD{ are more susceptible to freezing
damage whereas its overexpression enhances freezing tolerance [58].

Several other secondary signaling molecules including InsPs, sphingosinel-
phosphate (S1P), and cADPR were also suggested to regulate ABA responses in
guard cells (reviewed in [48]). However, their role in stress signal transduction is
unclear.
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Phytohormones

Upon encountering abiotic stress, plants may alter their growth and development
programs. Cell expansion and division may be halted and thus growth generally
slower than under normal growth conditions. Longer-term abiotic stress may also
affect plant phase transitions. For example, drought stress can promote flowering.
These developmental changes imply that abiotic stress may alter the homeostasis of
growth regulators. Although plant hormones are not considered as second
messengers, the stress hormone ABA acts like one in many aspects: ABA
biosynthesis is activated by abiotic stress [59]; ABA mediates many downstream
pathways [22]; and ABA can be subjected to long distance transport and play
physiological roles at sites distant from where it is synthesized [60]. In addition to
ABA, other plant hormones, in particular ethylene and auxin, are involved in ABA
and perhaps abiotic stress responses as well.

The role of ABA in plant stress responses has long been recognized [12,18]. In
guard cells ABA regulates ion channels and promotes stomata closure to minimize
transpiration water loss [48]. ABA activates the expression of many stress-
responsive genes independently or synergistically with stresses. ABA can inhibit the
biosynthesis of ethylene and may also potentially reduce the sensitivity of plants to
ethylene [61]. The expression of some aquoporin genes or the activity of these water
channel proteins may also be regulated by ABA. With the involvement of ABA in
these processes, a general consequence is that plants will adapt to the stress with
reduced water potential (so that they could lose less and uptake more water) and
consequently, a reduced growth rate.

In addition to many physiological and biochemical changes that are mediated by
ABA under abiotic stress, ABA may also regulate plant development programs and
developmental changes such as root patterning. Our current knowledge in this aspect
is limited.

4.3. Ca’" as an intermediate signal molecule

The above-mentioned secondary signaling molecules may activate transient
increases in cytosolic Ca®* [26]. The sources of cytosolic Ca®" inevitably are either
internal or external. Both sources have much higher concentrations of Ca" relative
to the cytosol. Therefore, the gating of Ca>" channels is the major means to control
Ca’" transient increase in the cytoplasm. The complex or pumping of Ca*" into
vacuoles (or extracellular space) would be the major route for resetting the signals.
Currently, a lot is known about both processes in animal cells but related
information in plant cells is limited. Most plant Ca*" channels may have diverged
significantly in primary sequences from those of animal Ca®" channels. Nonetheless,
a putative two-pore Ca®" channel in Arabidopsis was found to share sequence
similarity to a voltage-gated Ca’" channel in rats [62]. A recent study reported the
identification of an ‘extracellular Ca®" senor’ [63], yet the biochemical functionality
and its mode of action for this protein is unclear.

Internal Ca** could also contribute to stress-induced Ca*" transients in the
cytosol. In animal cells, several Ca®" channels on ER membranes or other
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endomembranes are responsible for transient Ca*" increases in the cytosol. These
include the InsP; receptors and the cADPR ryanodine receptors. Although InsP; and
cADPR also exist and function in plant cells, their plant receptors have not been
identified. Since many cell signaling events use Ca®" as an intermediate signaling
molecule, it is surprising that no Ca*" channel has been identified in genetic screens
that aim to elucidate these signal transduction mechanisms. Given that many
putative ion channel genes exist in the Arabidopsis genome, future reverse genetic
studies may help to identify potential Ca®" channels.

Cytosolic or organelle Ca®" concentrations are tightly controlled by various Ca*"
pumps and transporters. These Ca>" transporters restore cytosolic Ca®" homeostatasis
after various stimulus disturbances. One Ca®" transporter is the tonoplast Ca*"/H"
exchanger (CAX). These exchangers transport Ca** from the cytosol into vacuoles, a
major storage of Ca*" within plant cells. Overexpression of CAX1 resulted in
increased freezing sensitivity [64] whereas its knockout mutants exhibited increased
efficiency of cold acclimation in that the transcript levels for CBF/DREBI
transcription factor genes (see Section 3.7) and their downstream stress responsive
genes were higher in the mutant than in the wild type. These cax/ knockout plants
are thus more tolerant to freezing stress [65].

4.4. Ca**-binding proteins

In contrast to the lack of information on Ca®* channels in plants, many Ca*"-binding
proteins have been identified in plants [66,67]. These Ca*'-binding proteins possess
Ca’"-binding motifs that are homologous to those in animal Ca®" binding proteins.
One major Ca’" binding motif is the so-called EF hand motif, which is conserved
across organisms. Major plant Ca®" binding proteins include calmodulins, SCaBP
(SOS3-like Ca-biniding proteins)/Calcineurin B-like (CBL) proteins, and Ca-
dependent protein kinase (CDPK).

Arabidopsis SOS3 (Salt-Overly-Sensitive 3) was identified because of the salt
hypersensitive phenotypes of the sos3 mutant. SOS3 shares sequence similarity with
the calcineurin B subunit (CNB) and animal Ca®" sensor, although SOS3 does not
function as CNB in the activation of calcineurin. Rather, it acts as a Ca*'-binding
protein to interact with and activate the AMPK/SNF-like serine/threonine protein
kinase SOS2, whose mutation also confers salt sensitivity. The activated SOS2
phosphorylates and regulates ion transporters such as the plasma membrane-
localized Na'/H" antiporter SOS1. This eventually leads to the restoration of ion
homeostasis in the cytoplasm under salt stress conditions [68].

In the Arabidopisis genome, there are 9 SOS3 homologs (SCaBP/CBL) and 22
SOS2 homologs (SOS2-like protein kinases -PKS/CBL-interacting protein kinases-
CIPK). Individual SCaBP/CBL interacts with PKS/CIPK with different specificities
(Gong et al., 2004; Luan et al., 2002). It appears that the various interaction pairs
between these two groups of proteins may mediate responses to different abiotic
stresses [69,70]. An example is the SCaBP5 and PKS3 interaction that may interpret
Ca’*’ signatures resulting from ABA or drought stress signals.
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Mutations in SCaBP5 or PKS3 confer similar ABA hypersensitive phenotypes in
the mutants. In addition, it was found that PKS3 interacts with the ABI2, a type 2C
protein phosphatase (see below). ABI2 may negatively regulate the signals
perceived by the SCaBP5-PKS3, thus potentially preventing over activation of the
downstream signaling pathways. The interaction between PKS3 and ABI2 in this
case did not result in detected dephosphorylation or phosphorylation of either
partner. It is possible that some other component associated with this complex is the
target of ABI2 [71]. More recently, Ohta et al. [72] confirmed this interaction and
mapped the protein domain of SOS2 that interacts with ABI2. They found that this
interaction is sensitive to the abi2 dominant mutation because the mutated form no
longer interacted with PKS3, suggesting that the interaction between PKS kinases
and ABI phosphatases may be physiologically significant.

Calmodulins have been implicated in several cellular processes through
interaction with CaM-binding proteins [67]. The expression of several plant CaM
genes is regulated by various environmental stresses such as mechanical
stress/touch, cold, salt, or drought stress. Presumably, these CaMs may participate in
the transduction of these external stimuli. One of the CaMs, CaM3, was suggested as
a negative regulator of COR gene expression, since overexpression of this CaM led
to reduced transcript levels of stress-responsive genes RD294 and KINI [73].
Consistent with this notion, experimental evidence indicates that a CaM binding
protein, AtCaMBP25, may act as a negative regulator of osmotic stress tolerance.
Transgenic Arabidopsis plants overexpressing AtCaMBP25 are more sensitive to
osmotic stress whereas the antisense plants are more tolerant to salt stress [74].

The involvement of CDPK in stress signal transduction has also been implicated.
In addition to stress-inducibility for some of the CDPKs, constitutively active CDPK
was demonstrated to regulate stress-responsive reporter gene expression under ABA
or stress treatments in protoplasts (Sheen, 1996). Overexpression of a CDPK in rice
conferred increased tolerance to cold and salt stress [76]. However, there has been
no report showing that loss-of-function CDPK may affect stress signal transduction
Or stress responses.

Other Ca**-binding proteins or Ca**-dependent proteins include annexins [77],
calnexin and calreticulin. Calnexin and calreticulin may serve as endoplasmic
reticulum (ER) chaperones and ER Ca®" reservoirs. The role of these proteins in
stress signaling is unclear. However, plants may have similar ER stress responses as
do other eukaryotes [78].

4.5. Phosphoproteins at the core of stress signal transduction

In many signal transduction pathways, protein reversible phosphorylation is the
major form of signal relay. The enzymes that catalyze these reversible
phosphorylation processes are protein kinases and protein phosphatases. In the
Arabidopsis genome, there are over 1,085 protein kinases (cited in [79]) and 112
protein phosphatases [80]. Protein kinases and phosphatases can be divided into
several categories based on substrate specificity or on the structure or functional
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characteristics. In this section, we present several recent examples on genetic studies
of the role of phosphoproteins in stress signaling.

4.5.1. MAPK

Aside from its mysterious position in stress signaling, the mitogen activated protein
kinase (MAPK) cascades are known to be involved in plant abiotic stress responses.
The cascade is characterized by the sequential phosphorylation of a kinase by its
upstream kinase in the order of MAPKKK-MAPKK-MAPK. Early studies found
that the transcript levels of certain MAPK genes were enhanced by cold and salt
stress. Some late studies followed the kinase activities for these proteins and found
the activation of MAPK by stress treatments [81]. In several cases, regulated
expression of MAPK components was shown to affect stress sensitivity. For
example, expression of an active form of a tobacco MPKKK, NPKI1, increases
freezing tolerance of transgenic tobacco or maize plants [82,83].

Recently, a MAPK cascade in Arabidopsis was suggested to be involved in cold
and osmotic stress signal transduction. This cascade consists of the MAPKKK
MEKKI1, the MAPKK MKK?2, and two MAPKs, MPK4 and MPK6 [84]. Salt and
cold stresses activate MKK2, MPK4 and MPK6, whereas in mkk2 mutant plants,
MPK4 and PMK6 were no longer activated by cold. The mkk2 mutant plants were
also sensitive to freezing and salt stress. Transcript profiling revealed that 152 genes
were affected by over-expression of MKK2. These include genes for several
transcription factors (such as RAVI1, STZ, ZAT10, ERF6, WRKY, and CBF2),
disease resistance proteins, cell wall related proteins, enzymes involved in some
secondary metabolisms and an ACC (1-aminocyclopropane-1-carboxylate) synthase.
Interestingly, several auxin-responsive genes were down regulated. Although this
MAPK cascade apparently is involved in stress responses and the CBF?2 transcript
level was higher in the overexpressing plants, none of the CRT/DREB class of
stress-responsive genes was significantly affected by this cascade. This is consistent
with our previous prediction that MAPK pathways appear to be independent of the
pathways that up regulate the expression of the CBF/DREB class of stress
responsive genes [9]. In addition, since genes involved in other hormone
biosynthesis (ethylene) and responses (auxin) were altered, it will be important to
distinguish the direct targets of this MAPK cascade from those that are regulated by
altered hormonal and oxidative stress responses. It is known that the ‘cross-talk’
between various MAPK cascades is intensive [81] and that various feedback
regulations are also common within some pathways. For instance, MAPK6 had
previously been shown to affect auxin signaling and stress tolerance [82], disease
resistance [43,85], and ethylene biosynthesis [86]. Similarly, MPK3 was also
suggested to affect ABA inhibition of seed germination [87] and pathogenesis
signaling [43,85]. Identifying the targets of MAPK cascades may prove to be
challenging.

4.5.2. Other protein kinases
Certain protein kinases are induced by various abiotic stresses either at the transcript
level or at the activity level, implying that they may be involved in transduction of
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these stress signals. There have been several reports presenting evidence that
suppression or overexpression of some of these kinases resulted in altered stress
responses in transgenic plants. However, genetic studies regarding the in vivo
functionality for these kinases have been lacking. An exception is the SOS2 group
AMPK/SNF like kinase (see Section 3.4), which was grouped into the SNF1-related
kinase subfamily 3 (SnRK3) [79]. Some other members in the SnRK family were
also shown to affect stress signaling and stress responses [79].

The protein kinase OST1 functions in the ABA signaling pathway upstream
ABA-induced ROS production [88]. OST1 is related to the ABA-activated protein
kinase AAPK in Vicia faba [89] and also related to SNF1 protein kinase [90] and
was grouped into the SnRK2 subfamily [79]. The ost/ mutants showed reduced
response to ABA in stomata closure yet did not change in ABA responsiveness
during seed germination. Ostl activity is activated by ABA but its gene expression
is not. Proteins similar to Ostl also exist in several other plants and were reported to
have similar roles in regulating osmotic stress and ABA signal transduction [91,92].
Further genetics and biochemistry studies are expected to reveal the roles of these
kinases in stress signaling by defining their targets and modes of action in stress
signaling.

4.6. Protein phosphatases

Protein phosphatases dephosphoryate phosphoproteins and thereby attenuate the
function of protein kinases. Protein phosphatases can be classified by their substrate
specificity as serine/threonine phosphatases, tyrosine phospahtases, and dual specificity
phosphatases. Among them, serine/threonine phosphatases are the largest group of
phosphatases in plants. According to their sequence (structure) characteristics and cation
requirements, serine/threonine phosphatases can be classified further into PP1, PP2A,
PP2B, and PP2C. Among these phosphatases, some PP2C, PP2A, PTP, dsPPase
have been implicated in ABA or stress signal transduction [93,94]. The best-known
example is the PP2C involvement in ABA signal transduction.

Early genetic studies using the inhibitory effect of ABA on seed germination
identified the ABA-insensitive 1 (ABI1) and ABI2, two homologous 2C type phosphat-
ases (reviewed in [22]). However, due to the dominant nature of both mutations, their
roles in ABA signaling were not clear. Mutation analysis and reporter-gene assays in
protoplast systems suggested that these ABI may function as negative regulators of
ABA signaling [95]. Consistent with this notion, recessive intragenic revertants of
abil exhibited hypersensitivity to ABA in seed germination and vegetative growth
[96]. Although ABA hypersensitive phenotypes for loss-of-function abil and abi2
mutants have not been reported, the discovery of other PP2C as negative regulators
of ABA signaling [97,98] supports the idea that some PP2C may function as negative
regulators of ABA signaling.

Following the isolation of the dominant abil-/ and abi2-1 mutants, many
researchers used these mutants in their studies of abiotic stress signaling and plant
stress tolerance. It is clear that ABA or stress induction of many ABA and



STRESS SIGNAL TRANSDUCTION 15

stress-regulated genes are impaired in abil [99] or abi2 mutants (reviewed in [22]).
Further studies using both mutants have found that abi/-1 and abi2-1 have defects in
reactive oxygen species generation or their regulation on ion channels. The abil-1
mutants are impaired in ABA-induced ROS production whereas abi2-1 guard cells
are defective in H,O,-activated Ca®* channel regulation [35].

To reveal the functionality of ABI1 and ABI2, it is essential to identify their
targets. In yeast two-hybrid assays ABIl interacts with the homeodomain
transcription factor AtHB6 [100]. ABI1 and ABI2 also interact in vitro and in vivo
with the SOS2 class of protein kinases [71,72] (see above sections). Some signal
molecules such H,O, and fatty acids were shown to bind to ABII or other PP2C
(reviewed in [93]). ABI1 may also be regulated by PA derived from PLDa
hydrolysis of phospholipids. PA binding of ABI1 inhibits ABII phosphatase activity
and therefore will activate ABA signaling in response to ABA [56]. Interestingly,
Zhang et al. [56] reported that ABI1 was predominately localized in the cytoplasm
but tended to be relocated to plasma membrane in response to ABA treatment. It
should be noted that PA is generated upon ABA treatment and is also membrane-
localized. Subcellular localization of ABI1 and ABI2 were not reported before. If
ABII1 does not localize in the nucleus where AtHB6 is found [100], the interaction
between AtHB6 and ABI1 may not occur in vivo.

Previous pharmacological studies suggested that PP2A might be involved in cold
stress signaling [101]. Recently, PP2A was shown to play roles in ABA activation of
slow anion channels in guard cells because the rcnl mutant exhibited ABA-
insensitivity to ABA in stomatal closure and was impaired in slow anion channels
regulation by ABA [102]. RCNI encodes the regulatory subunit of PP2A. Because
RCNI is involved in response to ethylene and auxin [103,104], it is not clear
whether the role of RCN1 in ABA signaling is the consequence of the regulation of
an ABA signaling component(s) by PP2A or a result of the complex interaction
between different plant hormones.

4.7. Transcription factors in stress signaling

Presumably, the targets of some protein kinases will be transcription factors that
upon activation will bind to cis-elements in the promoters of stress-responsive genes
and thus activate their transcription. Transcription factors may themselves be
regulated at the transcription level by other upstream transcription factors. These
further upstream transcription factors are often in a constitutively active state but are
contained by repressors or held physically separate from their target genes (e.g., in
cytoplasm or inaccessible to the target regions within the nucleus). Regulation of
these transcription factors is therefore an important way to control gene expression.
Common means for the release of repression include conformation changes by
protein phosphorylation, degradation by ubiquitination, and trafficking between
subcellular localizations. Protein kinases could play roles in all these processes, yet
examples in plants are still very rare. Nonetheless, a lot has been learned regarding
gene activation by transcription factors during abiotic stress signal transduction.
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Several classes of transcription factors are involved in the activation of stress-
response genes in plants. These include the AP2/ERF (ethylene responsive element
binding factor), Zn finger, basic leucine zipper (bZIP), basic helix-loop-helix
(bHLH), MYB, and NAC transcription factors. The CBF/DREB transcription factors
belong to the AP2/ERF class and have been studied in detail. These transcription
factors bind to the C-repeat element (CRT)/dehydration-responsive element (DRE)
in the promoters of many stress-responsive genes [3,19]. Nonetheless, CBF/DREB
may not be the sole transcription factors in the regulation of CRT/DRE genes. A
homeodomain transcription factor, HOS9, regulates cold signal transduction and
cold tolerance through a pathway independent of the CBF/DREB transcription
factors [105]. Because of their functional redundancy, null mutation in a single
CBF/DREB transcription factor may not necessarily give rise to a visible phenotype.
On the other hand, several experiments demonstrated that overexpression of
CBF/DREB transcription factors could lead to an enhanced expression of stress-
responsive genes and increased tolerance to various abiotic stresses [3,19].

Because CBF/DREB transcription factor genes are also induced by stress,
upstream transcriptional activators must exist. Recently, it was suggested that CBF2
probably is a negative regulator of other CBF genes, since in ¢bf2 knockout mutant,
the transcript levels of CBFI and CBF3 were slightly higher than in the wild type,
and the chf2 mutant seedlings were more resistant to freezing stress [106]. Another
putative transcription factor for CBF/DREBI genes is ICE1. A dominant mutation in
ICE] resulted in impaired cold-stress regulation of CBF' genes, whereas overexpression
of ICE1 increases cold-induced CBF and the downstream gene expression. These
transgenic plants are also more tolerant to chilling and freezing stress [107].

Several other putative signaling components that regulate the CBF/DREB class
of transcription factors were identified in genetic screens for altered stress-inducible
RD29A4::LUC (luciferase) reporter gene expression. Mutation in the HOSI gene
resulted in increased stress-responsive gene induction by cold. HOSI is a novel protein
containing a RING finger domain that potentially participates in protein degradation.
Since hosl mutant seedlings had higher expression of CBF transcription factor
genes, it is hypothesized that HOS1 may target positive regulators CBF transcription
factors for proteolysis. Other potential regulators include FRY 1/HOS2 [54], FRY2/CPL1
[109], and LOS4 [110]. FRY2 encodes a novel RNA polymerase I C-terminal domain
(CTD) phosphatase [109,111,112] and may function in the regulation of transcript
elongation. FRY1 encodes a bifunctional enzyme with both inositol polyphosphate
1-phosphatase and nucleotidase activities [53]. Both fiyl/hos2 and fiy2 mutants had
higher transcript levels of several CBF transcription factor genes and higher level
induction of stress-responsive genes [53,54,109], whereas los4 had a lower transcript
level of CBF genes [110]. Because of the nature of these proteins, firvi/hos2, fry2/cpl
and /os4 may indirectly regulate the transcription of CBF either through upstream
signaling pathway regulation or through regulation of the transcription machinery
under abiotic stress.
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4.8. Chromatin remodeling factors

Because genes are packed in chromatins, remodeling of chromatin structure to allow
positive transcriptional regulators access to the genes is thus a critical step toward
gene activation. It is conceivable that stress signal transduction involves components
in chromatin remodeling. An example in this regard is the activation of the yeast
High Osmolarity Glycerol 1(Hogl) pathway. Upon osmotic stress, a MAPK
pathway is activated and leads to the phosphorylation of the MAPK Hogl. Activated
Hogl is recruited to specific promoter regions by transcription factors. Hogl, once
bound to the promoter complex, then recruits histone deacetylase Rpd3 to
deacetylate histone and activate osmoresponsive genes [113]. Currently, little is
known about the regulation of chromatin remodeling by most abiotic stresses except
for low temperature.

Many plants in the temperate region require an exposure to prolonged low
temperature (winter) to promote flowering in the spring, a process referred to as
vernalization. In Arabidopsis, vernalization involves the down regulation of the
flowering suppressor Flowering Locus C (FLC). FLC has a dosage repressing effect
on flowering time. Vernalization modifies the FLC locus into a repressed state by
histone methylation and therefore promotes flowering transition [114]. It should be
noted, however, that vernalization and cold acclimation are two different processes
[115]. Plants respond to them differently both in terms of gene expression and
physiological consequences.

4.9. Posttranscriptional regulation in stress signaling

Gene regulation could occur at the level of transcription, posttranscription,
translation, and posttranslation. Current studies of stress gene regulation are mainly
focused on the transcription level. Although other processes of gene regulation are
also important, it is only until recently that the importance of posttranscriptional
regulation of stress responsive genes has become evident. Particularly, genetic
studies of ABA and stress signal transduction have demonstrated that aspects of
mRNA processing are critical for stress and ABA signal transduction.

In screens for components that affect the activation of the RD29A4::LUC reporter
gene, several mMRNA processing factors or RNA-binding proteins were isolated. The
SAD1 (Supersensitive to ABA and Salt 1) encodes a Sm-like U6 small ribonucleo-
protein (snRNP) that is required for mRNA splicing and export. The sad/ mutant
plants are hypersensitive to ABA and osmotic stress in gene expression, seed
germination, and vegetative growth. The mutant plants are also defective in ABA
biosynthesis because drought regulation and self-regulation of ABA biosynthetic
genes are impaired in the mutant [59,116]. A second component is the FRY2/CPL1
RNA Pol I CTD phosphatases [109,111,112]. FRY2/CPL1 contains two dsRNA
binding domains, suggesting that structured RNA may regulate the FRY2/CPL1
activities [109]. In the same screen, a RNA helicase, LOS4, was found to be
required for cold acclimation and cold-regulated gene expression [110] (see Section
3.7). All these studies indicate a potential role of RNA processing in stress and ABA
signal transduction.
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Using different approaches, several other groups have discovered similar
components functioning in ABA signal transduction. ABH1 (CBP80) is an mRNA
cap binding protein. The abhl mutant was isolated by its hypersensitivity to ABA
during seed germination. The abhl guard cell ion channels are also hypersensitive to
ABA [117]. Because of its enhanced sensitivity to ABA in guard cells, abhl plants
can withstand water shortage for a longer time than the wild type plants. Mutation in
another cap binding protein, CBP20, which is in complex with ABHI1, confers
phenotypes similar to ABH1 [118]. CBP80 and CBP20 are single copy genes and
therefore, their mutations confer pleiotropic phenotypes such as small statue and
serrated leaves. The abhl mutation also suppresses the late-flowering phenotype
conditioned by mutation in FRIGIDA [119].

Other RNA-binding proteins that potentially affect ABA signaling include HYL1
and AKIP. The Ayll mutant is hypersensitive to ABA during seed germination, and
also hypersensitive to cytokinin, auxin, glucose, and salt and osmotic stress[120].
HYLI is a dsRNA binding protein and appears to affect the levels of several miRNA
[121,122]. The ABA-activated protein kinase (AAPK) interacting protein AKIP is
similar to heterogeneous nuclear RNA-binding protein A/B in animals [123]. AKIP
probably functions in the targeting or trafficking of certain mRNA [123] and may
also regulate the stability of mRNA species that encode ABA signaling components.

Another group of molecules that can potentially regulate stress signaling and also
plant developmental adaptation to stress is small RNA. Small endogenous RNA
such as micro RNA (miRNA) and short interference RNA (siRNA) may regulate the
transcript stability of some stress signaling components. The biogenesis of some of
these small RNA may also be regulated by stress or ABA [124].

4.10. Regulation of stress signaling components by protein modifiers

The above-mentioned components are directly involved in stress signaling. In many
cases, however, their roles in stress signaling may be regulated by other components
that are not directly involved in the signal relay. Protein modifiers that are responsible for
protein lipidation, glycoslation, methylation, sulfation, and ubiquitination regulate
protein targeting, activity and longevity. Some of these processes are known to
affect abiotic stress signaling.

Protein lipidation facilitates membrane localization of the modified proteins.
Prenylation (including farnesylation and geranylgeranlylation) is particularly required
for signal transduction that involves small GTPases. Although the detailed plant
pathways that are regulated by prenylation are unclear, it is known that ABA signaling
requires that some of its components be modified by prenylation. Mutations in subunits
of protein farnesyl transferase or geranylgeranyl transferase made the mutant plants
hypersensitive to ABA in seed germination and stomatal regulation [125,126].
Nonetheless, the regulation of the stress-responsive genes NCED3 and ABA! in eral
mutant does not appear to be hypersensitive to ABA or NaCl [127], suggesting that
stress and ABA activation of these genes may not require ERAL.



STRESS SIGNAL TRANSDUCTION 19

Myristoylation is another form of protein lipidation. Several proteins in stress
responses are known to be modified by myristalation. These include CDPK
[128,129] and the Ca*"-bindign protein SOS3. Myristoylation is required for SOS3
function in salt tolerance [130]. Other protein modification processes such
glucoslyation, sulfation, and nitrosylation may also affect stress signal transduction,
but currently there is little experimental information to confirm this hypothesis. An
Arabidopsis mutant defective in an oligosaccharyltransferase that potentially affects
protein glycosylation is more sensitive to salt and osmotic stress [78].

Protein ubiquitation is often used by cells to target signaling proteins for
degradation, thereby regulating signal transduction. The role of proteolysis in cell
signaling was established for several processes such as light signaling, hormone
(auxin, ethylene, GA, and ABA) signaling and signaling for pathogenesis [131,132].
Although information regarding the role of protein ubiquitation in stress signaling is
limited, its role in ABA signaling is now well documented. Ubiquitination was
found to regulate ABA signaling component ABI5 during seed germination and
early seedling development. ABIS is a bZip transcription factor whose mutation
confers insensitivity of seed germination to ABA inhibition. Following seed
germination, ABIS is ubiquitinated and the germinated embryos established as
seedlings. ABA can stabilize ABI5 and therefore prevent seed germination and
seedling establishment [133]. When the 26S proteasome regulatory particle subunit
RPN10 was mutated, ABIS was stabilized and, therefore, the rpn 0 mutant seeds are
hypersensitive to ABA inhibition of seed germination [134]. Ubiquitination process
involves the ubiquitin activating (E1), conjugating (E2) and ligating enzymes (E3).
The SCF (Skpl/Cullin/F-box/Rbx1/2) complexes represent a major type of E3
ubiquitin ligases. F-box proteins in the SCF complexes may define substrate
specificity. In Arabidopsis, there are about 700 putative F-box proteins [132]. One
F-box protein has been suggested to be involved in ABA signal transduction since
the knockout mutant became insensitive to ABA during seed germination [135].

Protein ubiquitination also removes denatured or unfold proteins. These
unnatural proteins may become abundant under abiotic stress conditions. Chaperone
proteins could restore some of these proteins to their native state [136]. Abiotic
stress induces the expression of several heat shock proteins (Hsp). However, the role
of these Hsp proteins and other chaperones in stress signaling is not very clear. In
animal cells, an important role for some of these chaperones is the assembly of
hormone receptor complexes. In plants, all the chaperone proteins such as Hsp90,
Hsp70, immunophilins, cyclophilins, TPR (tetratricopepitide repeat) domain adaptor
proteins exist, yet no obvious nuclear hormone receptors are found in completely
sequenced Arabidopsis and rice genomes. The role of these proteins in stress
signaling will await discovery in future studies.

4.11. Role of scaffolds and adaptors and vesicle trafficking in stress signaling

Signal transduction often requires the assembly of protein complexes. This involves
recruiting, organizing, and anchoring of individual components. Specific proteins
are evolved to play this scaffold and adaptor roles. These proteins usually contain
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conserved protein-protein interaction domains. Although the role of scaffold protein
in signaling is expected, there has been little information regarding these proteins in
plant stress signaling. Other proteins with a physical role in supporting signaling
molecules or their trafficking include cytoskeleton and its associated proteins.
Cytoskeleton reorganization was suggested to play roles in early steps of cold signal
transduction [45,137]

Vesicular trafficking is required for many signal transduction processes. In yeast
cells, the barley stress and ABA-induced protein AtHVA22 interacts with vesicle
trafficking component, which has high homology with the Arabidopsis RHD3
protein, a protein involved in root hair development [138] and trafficking between
ER and Golgi body [139]. Previously, it was shown that drought and ABA affect
root hair development in Arabidopsis [140,141]. It is not clear whether this process
requires RHD3 or whether RHD?3 is defective in drought responses.

Components in other aspects of vesicle trafficking, such as syntaxin-like
proteins, are also implicated or demonstrated in ABA and osmotic stress response
[142,143]. Rab GTPases that regulate vesicle trafficking [144] may also indirectly
affect plant abiotic stress signal transduction and stress tolerance. Indeed, Mazel
et al. [145] reported that overexpression of AtRabG3E resulted in increase tolerance
to salt stress.

5. SIGNAL TRANSDUCTION PATHWAYS AND NETWORK INTEGRATION

In the previous sections, we presented an overview on individual components
involved in stress signal transduction. Needless to say, there are many more
components to be discovered, and some of them (such as stress signal receptors) are
essential to understanding signal transduction. However, with more and more
components being described, an important next task will be to sort out the pathways
that integrate these different components. Since individual pathways interact with
one another at various levels, the signal pathways actually constitute a signaling
network. While integrating these different pathways, one thing often discussed is the
interaction (cross-talk) or specificity of various pathways.

Evidently, many genes can be activated by multiple stresses and by the plant
hormone ABA (see previous sections). This could result from pathway interactions
at any signaling steps (Figure 1). For instance, different stresses many share similar
intrinsic attributes (Section 3.11). An obvious example is that drought and salt stress
both lead to osmotic stress. In this case, the signaling pathway activated by osmotic
stress would likely be shared by both drought stress and salt stress. On the other
hand, the ionic stress generated by Na” would be specific to salt stress. Additional
layers of interactions could occur at the generation of second signal molecules (see
Section 3.2). Particularly, various stresses may affect the biosynthesis of and
response to various plant hormones such as ABA and ethylene. Abiotic stresses as
well as biotic stress also generate reactive species. The signal transduction pathways
initiated by a common secondary signaling molecule would be similar in terms of
the usage of signaling components and the outputs of the signaling pathways, even if
their primary signals are quite different.
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Indeed, one reason why so many stress-inducible genes are activated by drought
and salt stress (as well as by low temperature) is that all these stresses activate the
biosynthesis of ABA [117]. The expression of certain stress-responsive genes
appears to require ABA for their activation by stress, since osmotic stress no longer
activates the expression of these genes in ABA deficient mutants [146]. Consistent
with the observation that short-term cold stress has relatively little effect on ABA
biosynthesis, the activation of stress responsive genes by cold was not obviously
affected in the ABA biosynthetic mutants [127,146]. As a result, quite a few cold-
specific components were identified genetically (e.g., ICE1, HOSI1), whereas
drought, salt, or ABA specific signaling components are rarely isolated in genetic
studies. Transcript profiling also indicates that more than half of the drought-
responsive genes are induced by salt stress, whereas only about 10 percent of
drought-inducible genes are induced by cold stress [3].

Additional interactions between different stress signal pathways can occur at the
level of protein reversible phosphorylation. Many protein kinases and phosphatases
can be induced or activated by various abiotic stresses or ABA treatment. Their
substrates may also play diverse roles in stress signaling. An example is the MAPK
MPKG6 (see Section 3.5.1). On the other hand, downstream signaling components
such as transcription factors appear to have relatively more signaling specificity. For
instance, there are cold specific transcription factors (CBF1 to CBF3), drought/
osmotic stress-specific transcription factors (DREB2), and ABA-specific transcription
factors (ABF) [147,148]. Nonetheless, many stress-responsive genes have multiple
cis-regulatory elements in their upstream regulatory regions. These cis-elements
may collectively increase the signaling output and also underline the basis for
crosstalk among pathways. For instance, The CRT/DRE element was suggested to
function also as an ABRE coupling element in the RD294 promoter [149].
Therefore, abiotic stress signal transduction pathways are more like an intertwined
network. Signal specificity occurs at the local and at the module levels rather than at
the global level. Thus, for abiotic stresses, signaling pathway interaction is the rule
rather than the exception.
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Abstract. Plants regulate expression of a set of genes in response to environmental stresses. Hence,
it is important to decipher the information on comprehensive expression analysis under stress
condition. We have studied salt-inducible genes in barley by differential display and the function of
some candidates using heterologous expression system. Total 218 and 102 ¢cDNA clones were
identified as a salt-inducible gene in barley roots and leaves under salt stress, respectively. Among
these, transgenic Arabidopsis overexpressing peroxisomal ascorbate peroxidase or proline
transporter showed tolerance toward heat or salt stress. Using barley salt-responsive genes, we
have also fabricated barley custom cDNA microarray system to monitor the transcriptomes in
barley and rice. Comparative analysis reveals the differences in gene expression pattern between
the two plants during the initial phase of salt stress. Especially, divergent responses were observed
in expression profiles involving in osmoregulation and ion homeostasis. Furthermore, transcript of
methionine synthase is increased in barley, but not in rice. This is identical to abundance of
methionine synthase protein that examined by Western blot analysis. Thus, direct comparison in
transcriptome is useful to narrow the differences in the two plants, and give information on genetic
improving of plant stress tolerance.

1. INTRODUCTION

Plants have developed the adaptation mechanisms to changes in their surroundings
during a long evolutional process. Under environmental stress conditions (high
salinity, drought, high and low temperature or light, UV, etc.), plants show the
ingenious adaptations at physiological level, accompanied with the change of
various gene expressions. For example, biosynthesis of glycinebetaine (betaine) or
proline, a well-known osmoprotectant, is triggered by salt or drought stress, and
expression level of the gene encoding betaine aldehyde dehydrogenase (BADH) or
pyrroline-5-carboxylate synthetase (P5CS), a component of betaine or proline
synthetic pathway, is also increased [1-3]. Stress-mediated modification in gene
expression pattern is achieved by components of a signal transduction pathway, such
as the sensor proteins [4] or transcriptional regulator [5]. It was estimated that
31
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Arabidopsis has 1,533 transcriptional regulators in genome and it accounts for 5.4%
of the whole genes [6]. The ratio of transcriptional regulator in Arabidopsis genome
is larger than that of C. elegans (3.5%), D. melanogastor (4.5%) or S. cerevisiae
(3.5%). Some classes of transcriptional regulator, AP2/EREBP, WRKY, ARF-
Aux/IAA and Dof, are specific to plants [7], and plants seem to have the unique
transcriptional system. Including these transcriptional regulators, it is important to
study global changes of gene expression in response to environmental stimulus for
improvement of plant stress tolerance.

Recently, by the advancement of molecular biology, various approaches are
developed to identify the candidates that are differentially regulated at transcript
level. cDNA subtraction and differential screening are often used to obtain stress-
inducible genes. With the refinement in sensitivity of detection, differential display
is also the effective tool to get differentially expressed genes [8-10]. Since
differential display does not need expensive equipments, it is widely applied to
various purposes from microorganisms to plants and animals. On the other hand,
cDNA microarray enables to handle more than several thousand cDNA clones at
once for genome-wide expression analysis [11]. Serial analysis of gene expression
(SAGE) is also developed for the large scale and quantitative expression analysis
that is sequencing the arrayed short tags derived from 3’-UTR of cDNA [12].
Although these have both merits and demerits, many reports utilized above
mentioned approaches are published for identification of stress-responsive genes.

Crop productivity is irreversibly inhibited by environmental stresses, and
especially, salt stress is one of the serious problems in world agriculture. Salt stress
causes both water relation and ion homeostasis. For improving salt tolerance
in plants, many approaches of genetic engineering were made attempts until now.
It was reported that the intensification in ability of synthesis of osmoprotectant
or exclusion sodium ion from cytosol are effectively to improve salt tolerance in
Arabidopsis or rice [13-17]. One of the effective strategies is to invest the new traits
derived from tolerant plants into salt-sensitive plants. In such sense, a model crop
plant, rice, is a good target to invest salt tolerance with genetic information of
closely related and salt-tolerant plants, such as barley, wheat, or another
monocotyledonous plants. To obtain useful candidates for improving salt tolerance
in plants, we have examined salt-inducible genes in barley leaves and roots by
differential display and the role of some genes was identified. Then, we have
dissected expression profiles of barley and rice under salt stress by cDNA
microarray that was fabricated using barley salt-responsive genes and compared
their transcriptomes with physiological responses.

2. SCREENING SALT-INDUCIBLE GENES IN BARLEY BY DIFFERENTIAL
DISPLAY

Differential display is one of the powerful approaches to identify the differentially
regulated genes between two samples. Firstly, Pardee and Liang developed
differential display RT-PCR technique combined with oligo-dT primer and short
arbitrary primers [8]. Some variations of differential display method were reported,
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such as the simple version with RAPD primer [18], utilization of fluorescence-
labeled primer [19] and restriction fragment-coupled version [20]. Basically,
differential display is one of the mRNA fingerprintings and consists of two steps,
reverse transcription and PCR with arbitrary primer. Specifically expressed genes
are partially amplified by PCR, and the resulting DNA fragments are easily
subcloned and sequenced. One of the points is which primers should be used, oligo-
dT or random primer for reverse transcription, and what kind of and how many
arbitrary primers for PCR (10-12 mer). Logically, emergent frequency of 10 mer
sequence of arbitrary primer is less than 1,000 kbp in target cDNA. Size of cDNA
amplified by PCR is usually ranged from 100 bp to 2,000 bp, suggesting probability
of annealing to cDNA with arbitrary primer is quite low. However, mismatch
annealing would actually occur due to the lower annealing temperature (approx.
40°C). This complexity is still argumentative [21]. In comparison with other
approach to identify the differentially expressed genes, differential display has the
virtue of high sensitivity due to application of RT-PCR. On the other hand,
sometimes, false clones might emerge because of inaccurate PCR-amplification.
Therefore, expression level of positive candidates obtained by differential display
should be confirmed by alternative approaches, such as RT-PCR or Northern blot
analysis.

2.1. Salt-inducible genes in roots

Plant root is the tissue that primarily perceives salt signaling from soil. During
imposition of salt stress, root cells are exposed to high salinity environment, hence
dynamic changes in gene expression might occur in roots under salt stress.
Differential display was performed with 480 species of RAPD primers (random 12
mer) and first strand cDNAs transcribed from poly (A)" RNA using random
hexamer. Detailed information was described in previous report [10]. Total 218 salt-
inducible genes were obtained by differential display using 6 days stressed barley
roots (100 mM NacCl for 3 days, and then 200 mM NaCl for 3 days) (Table 1). Of
these, 133 ¢cDNA clones have similarity to known protein such as the components of
signal transduction (26 genes), membrane protein (17 genes), cytochrome P450 (16
genes), sugar, amino acid, C/N relations (16 genes), stress tolerance (13 genes),
RNA functions (11 genes), proteases (4 genes) and others (30 genes). These includes
some of typical stress-responsive genes, phosphatidylinositol-4-phosphate-5-kinase
(PIP5K), mitogen activated protein kinase (MAPK), heat shock protein (HSP),
polyubiquitin, etc. It was reported that some of these genes is useful to improve salt
tolerance by transgenic approach, such as inorganic pyrophosphatase [22], proline
transporter (HvProT) [23], glutathione reductase [24], trehalose-6-phosphate synthase
[25] and translation initiation factor [26]. Many novel genes are identified as a salt-
inducible candidate in plants, such as AMSH (Associated Molecule of SH3 domain
of STAM), putative SET1 (Su(var)3-9, Enhancer-of-zeste, Trithorax) -domain
protein, splicing factor, nonsense-mediated mRNA decay trans-acting factor,
apoptosis protein Ma-3, and so on. By Northern blot analysis, expression of
approximately 70% of salt-inducible genes obtained from stressed roots is
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up-regulated in roots but not in leaves. This indicated different regulation system of
gene expression in roots and leaves in response to salt stress. Interestingly, it was
shown that transcripts of HvProT and aldehyde oxidase, catalyzes the last step for
ABA biosynthesis, are localized in root cap cell [3, 27]. Function of root cap cell is
not clear under salt stress although it is expected to play roles as the place of plant
hormone biosynthesis and the sensors for gravitropism and hydrotropism, and
secretion of various compounds into soil. Further analysis needs to be done to show
the function of root cap cell under salt stress.

Table 1. Up-regulated genes in barley roots under long-term salt stress.

Category Number Description

Signal transduction 26 Serine/ threonine protein kinase (6), Receptor protein kinase (6),
SET-domain transcriptional regulator (2), SCARECROW (2),
Protein phosphatase (2), Transcription factor (2), MAPK,
AMSH, Casein kinase, etc.

Membrane protein 17 ABC transporter (7), Inorganic pyrophosphatase (3), Amino
acid permease (2), Proline transporter, Sugar transporter, etc.

Cytochrome P450 16 CYP99A1 (5), P450 monooxygenase (5), CYP72A1 (2),
CYP71C4, Trans-cinnamic acid hydroxylase, etc.

Metabolism 16 Sucrose synthase (2), Phosphogluconate dehydrogenase,
Fd-GOGAT, PEPCase, GAPDH, etc.

Stress tolerance 13 HSP90, HSP70, Trehalose-6-phosphate synthase, Glutathione

reductase, Phosphoethanolamine-N methyltransferase, etc.

Nonsense-mediated mRNA decay trans-acting factor (2),

Splicing factor, Translation initiation factor, Elongation factor, etc.

Protease 4 Subtilisin protease (2), Clp protease, Aspartic proteinase

Others 30 GepE protein (4), Oxalate oxidase (3), Proline rich protein (2),
Kaurene synthase (2), Rf2 nuclear restore protein (2), Apoptosis
protein Ma-3, Dynamin, Tubby like protein, Brassinosteroid
insensitive 1 gene, Mannose/glucose-binding lectin, etc.

Unknown 85

RNA functions 1

J—

2.2. Salt-inducible genes in leaves

Leaf salt-inducible genes are screened under short- or long-term salt stress. At 30
min of 200 mM NaCl stress (short-term), 60 cDNA clones were obtained, including
the genes related to signal transduction (4 genes), membrane protein (4 genes), RNA
functions (4 genes), defense (4 genes), cell wall biosynthesis (3 genes), photosynthesis
(2 genes), protease (1 gene), others (16 genes) and function unknown protein (22
genes) (Table 2). On the other hand, smaller number of salt-inducible genes (42
candidates) was identified by long-term salt stress treatment (100 mM NacCl for 3
days, and then 200 mM NaCl for 3 days) [28, 29]. Calcium dependent protein
kinase (CDPK) was up-regulated under both short- and long-term stress conditions,
suggesting that CDPK would play important roles for stress signaling during
high salinity condition. Actually, it was revealed that overexpression of
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Table 2. Up-regulated genes in barley leaves under short- or long-term salt stress.

Category Number Description

Short-term salt stress
Signal transduction 4 Calcium dependent protein kinase, Serine/threonine protein
kinase, Response regulator, Elicitor inducible protein kinase
Sugar transporter, Vacuolar H+ translocating inorganic

pyrophosphatase (2), PDR5-like ABC transporter

Membrane protein 4

RNA function 4 Nucleic acid binding protein, RNA polymerase C,
Ribonuclease I1I, RNA dependent RNA polymerase

Defence 4 Lipoxygenase, Chitinase, Catalase, LRR resistance protein

Cell wall 3 Nucellain, Cellulose synthase, Extensin

Photosynthesis 2 PSI P700 apoprotein, Phosphoribulokinase

Protease 1 Cystein protease

Others 16 Envelope protein, a-tubulin 2, Phosphoribosylamine-glycine
ligase, Thiamine biosynthetic enzyme, Pol polyprotein, S222,
Oxido-reductase, Steroid dehydrogenase, Herbicide safener
binding protein, Non-functional folate binding protein, NADH
dehydrogenase F subunit, Neuroblastome-amplified protein,
Antisense basic fibroblast growth factor, RecF, Sperm
tail-specific protein, Pherophorin-S

Unknown 22

Long-term salt stress
RNA function 6 Nonsense-mediated mRNA decay protein (2), Translation
elongation factor eEF-1a(2), eEF2, RNA helicase
Serine/threonine protein kinase, Sok1, Calcium dependent
protein kinase, Mesotocin receptor

Chloroplast membrane-associated protein, Cell wall-plasma
membrane linker protein, H'-ATPase, K* transporter
Pyrroline-5-carboxylate synthetase, Tryptophan synthase,
Methionine synthase, Asparagine synthetase

Signal transduction 4
Membrane protein 4

Amino acid synthesis 4

Protease 2 N-acetylated a-linked acidic dipeptidase, Ubiquitin-specific
protease

Defence 1 Ascorbate peroxidase

Others Ribosome-sedimenting protein, Acetolactate synthase,
Galectin-3, Histidine rich glycoprotein, Gag-pol protein,
GP900, Plastid fusion/translocation factor, Nodulin-like
protein, Nuclear antigen

Unknown 12

CDPK can enhance tolerances toward salt, drought and cold stresses [30]. Up-
regulation of peroxisomal ascorbate peroxidase indicated increasing in activity for
scavenging of reactive oxygen species (ROS) generated under salt stress. Some
components of amino acid biosynthesis, such as proline, tryptophan, methionine and
asparagine, are up-regulated under long-term salt stress. Expression of RNA
metabolism/maturation genes encoding RNA helicase, ribonuclease III, RNA-
dependent RNA polymerase, nonsense-mediated mRNA decay and translation
elongation factors are induced in leaves, in addition to translation initiation factor,
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RNase L inhibitor and splicing factor in roots. This indicated that activity of mRNA
metabolism/ maturation might be increased to adapt to salt stress.

3. FUNCTIONAL ANALYSIS OF SALT-INDUCIBLE CANDIDATES

3.1. Peroxisomal ascorbate peroxidase (pAPX)

Production of ROS is also triggered by secondary effect of salt stress and excessive
ROS affects plant productivity. To eliminate ROS, plants have the ROS-scavenging
enzymes, such as ascorbate peroxidase (APX), superoxide dismutase, catalase,
glutathione reductase, etc. Especially, APX is the ubiquitous ROS-scavenging
enzyme, localized in cytosol, stroma and thylakoid membrane in chloroplast,
mitochondria and peroxisome. APX catalyzes the reaction, ascorbate and H,0O, to
monodehydroascorbate and H,O. Many reports described the importance of APX as
a ROS scavenger under oxidative stress. Recently, it was reported that the
Arabidopsis mutant lacking cytosolic APX isoform showed growth suppression
during normal development, and APX has multiple functions in plants [31].
However, the present fragmentary information can not still established the
integrative insight which isoform could play a critical role under each situation.

We have obtained the cDNA encoding peroxisomal APX (HvAPXI) in salt-
stressed barley by differential display [28]. Plant peroxisomal (glyoxysomal) APX is
characterized from Arabidopsis, cotton and spinach, but information of its function
under environmental stress is still limited. Expression of HvAPX] mRNA is induced
by not only salt, but also heat stress [32]. Overexpression of HvAPXI in Arabidopsis
leads to enhanced tolerance toward heat stress rather than salt stress, suggesting that
HvAPX1 would play important roles to scavenge H,O, generated by heat stress on
peroxisomal membrane. Why can overexpressing HvAPX1 enhance heat tolerance in
Arabidopsis? Under heat stress, heat responsive gene expression is rapidly modified
through the function of heat shock element (HSE). Expression level of Arabidopsis
pAPX is not quickly increased under heat stress, due to lacking functional HSE in
promoter regions [33]. Hence, HVAPX1 would be effectively acting in Arabidopsis
under heat stress, although it is little known about the mechanism of H,0O,
production in peroxisome under heat stress. Since acquisition of heat tolerance by
HvAPX1 is observed during both vegetative and reproductive stages in Arabidopsis
and rice (unpublished data), the common scavenging system might be useful in
broad plant species.

3.2. Proline transporter

Proline is one of the well-known osmoprotectants, and it is accumulated in many
plant species under various stress conditions [34]. Transgenic approaches revealed
that proline accumulation leads to enhanced stress tolerance [16]. However, its
overaccumulation causes abnormal development in yeast and plant [35]. Therefore,
it is considered that proline concentration should be properly regulated according to
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environmental condition. Proline is taken into the cells through transporter proteins,
such as proline transporter (high affinity) or amino acid transporter (low affinity).
We have characterized salt-inducible proline transporter (HvProT) from barley roots
[3]. By the assay of yeast mutant lacking proline permease (put4), substrate
specificity of HvProT was determined and HvProT is a proline specific transporter
(Km = 25.1 pM) unlike betaine/proline transporter in Arabidopsis or tomato.
HvProT mRNA is strongly induced in roots by salt stress, and its induction is earlier
than that of PSCS, the limiting step of proline synthesis. Under salt stress, HvProT
transcript is abundant in root tip region, especially root cap and cortex cells. These
results suggested that proline might be transported into root tip cells in barley under
salt stress. In tomato pollen, it seems that proline accumulation is accomplished by
tomato ProT, but not de novo synthesis of proline by P5CS [36]. Therefore,
transportation and tissue-specific accumulation might contribute to stress tolerance.

Unexpectedly, growth suppression was observed by overexpression of HvProT
gene in Arabidopsis (35S-ProT plant), particularly in aerial tissues [23]. Since
growth suppression in 35S-ProT plants is recovered by exogenous addition of
proline in the medium, it could be due to deficiency of endogenous proline. On the
other hand, 35S-ProT plants were more tolerant than wild type plants toward salt
stress, and 35S-ProT plants can grow on MS medium containing 125 mM NaCl.
Under non stress condition, proline content is increased in roots, and decreased in
shoot of 35S-ProT plants. This indicated that endogenous proline homeostasis is
disturbed by overexpressing HvProT.

3.3. Methionine synthase

Methionine is one of the essential amino acids in all organisms and synthesized by
methionine synthase. Methionine and its derivatives have important roles as
substrates in metabolic cycle of one-carbon, donor of methyl group and syntheses of
betaine and polyamine, and these functions are crucial for not only stress tolerance,
but also normal development. Plant methionine synthase gene is cloned from
Arabidopsis, ice plant and maize, but its function is still limited under stress
condition. Barley methionine synthase (HvMS) is identified by differential display
under salt stress [37]. Yeast mutant lacking methionine synthase showed salt-
sensitive phenotype, and it was restored to the same extent of wild type strain by
overexpressing HvMS. This suggested that methionine synthase is functionally
conserved in yeast and plant. Expression of HvMS is induced by various stress
treatment, such as salt, drought, cold, ABA and H,0,, although it is controlled by
circadian rthythm. Important finding is that amount of HvMS protein is increased by
salt stress, but not in rice (as described below). In potato, diurnal changes in
transcript amount of methionine synthase do not have influence on protein amount
[38]. With posttranscriptional regulation of methionine synthase, genetic
engineering of increasing capacity of methionine synthesis is the subject in future.
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3.4. Plasma membrane protein 3

The gene encoding plasma membrane protein 3 (AcPMP3) is obtained by
differential display from a stress tolerant wild plant, sheep grass (Aneurolepidium
chinense (Trin.) kitag). Expression of AcPMP3 gene is induced by salt, drought,
ABA, cold, H,0, and salicylic acid [39]. Barley also has PMP3-like genes and its
expression is strongly induced by salt and osmotic stress treatments [40, 41]. It was
reported that PMP3 deletion confers sensitivity to cytotoxic cations, including NaCl
and hygromycin B. To examine the function of AcPMP3 genes, complementation
test was carried out with yeast mutant (Apmp3, Anhal, Apmr2) lacking Na'/H"
antiporter and Na'-ATPase that shows more sensitive to salt stress than Apmp3
single mutant. It was proposed that loss of PMP3 protein causes membrane
hyperporalization, and activates Na' influx system [42]. Under the control of strong
promoter, AcPMP3 gene functionally substituted for deletion of pmp3 in yeast.
Furthermore, to determine the physiological roles of PMP3 in higher plants, the
effect of knockout mutations in RCI24, homologous to PMP3, on Na" uptake and
salt tolerance was investigated at both the cellular and whole plant levels in
Arabidopsis plants [43]. Although the growth of RCI2A mutants was comparable
with that of wild type under normal conditions, high NaCl treatment caused
increased accumulation of Na" and more reduction of the growth of roots and shoots
of RCI24 mutants than that of wild type. AcPMP3 protein is a small hydrophobic
peptides and it consists of 54 amino acids. Hence, it does not seem to be a
transporter protein. In sheep grass, transcript for AcPMP3 gene was observed in
root cap and epidermis cells. These facts suggested that PMP3 plays a role directly
or indirectly for avoiding over-accumulation of excess Na' ion in such outer cells of
roots, and contributes to plant salt tolerance.

4. COMPARATIVE EXPRESSION ANALYSES OF BARLEY AND RICE
DURING THE INITIAL PHASE OF SALT STRESS BY CDNA MICROARRAY

cDNA microarray is the advanced tool for comprehensive transcriptome analysis
and it enables to monitor expression profile of more than several thousand cDNAs at
once. Hence, it is effective to identify genome-wide gene expression, targets for a
transcription factor/regulator or crosstalk of signal transduction [44]. Many
researches have reported on transcriptome analysis of model plants, such as
Arabidopsis and rice, using cDNA microarray [45,46]. In comparison to the
established bio-resource in model plants, that of another crops, such as barley,
wheat, corn, etc., is just partly available. Therefore, reports on comprehensive
expression analysis are still limited using such plants. We have prepared cDNA
microarray system using barley salt-responsive genes and investigated barley
transcriptome under salt stress. Furthermore, we have attempted to analyze rice
transcriptome with barley cDNA microarray. Nucleotide sequences are highly
conserved in barley and rice [47], and it would allow heterologous hybridization.
Comparative expression analysis demonstrated the differences in early responses to
salt stress at molecular level.
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The concept of cDNA microarray is based on DNA dot blot analysis. In both dot
blot and microarray analyses, probe cDNAs are spotted onto the supporting
apparatus, nylon membrane or glass slide. Target cDNAs are transcribed from total
RNA or mRNA with **P, *P or fluorescent dye (Cy3/Cy5), and then hybridized
with probes. Sometimes complexity of hybridization status raises the background
and false signals due to cross-hybridization of family gene and non-specific
hybridization. On the other hand, heterologous microarray analysis is also useful for
closely related two species [48]. In this case, optimized experimental condition
should be determined to increase hybridization efficiency because it is usually lower
than that of homologous hybridization. In comparison to dot blot analysis, one of the
advantages of cDNA microarray is to enable monitoring large-scale gene expression
(more than several thousands) at a time. Microarray experiment needs a series of
expensive system, such as DNA arrayer and fluorescent image scanner, and it is still
disputable to get repetitive results or normalize array data. Nevertheless, the
researches using microarray system are increasing in recent years, suggesting that
cDNA microarray is the powerful and effective tool for large-scale expression
analysis.

4.1. Early salt-responsive genes in barley and rice roots

Ranscriptome analyses were examined at 1 h and 24 h after 200 mM for barley or
150 mM NaCl stress for rice, respectively (Fig. 1) [41]. In barley roots, 13 and 43
genes were significantly up-regulated at 1 h and 24 h, respectively. Of these, the
genes encoding tryptophan synthase, PMP3, hypothetical protein, non-functional
folate binding protein, cytochrome P450, methionine synthase and no homolog, are
up-regulated at both 1 h and 24 h. The transcript amount of typical stress-responsive
genes, such as proline rich protein (PRP), P5CS, aldehyde dehydrogenase and
inorganic pyrophosphatase, are increased at 24 h. Especially, transcript amounts of
PMP3, cytochrome P450 and PRP under salt stress are highly increased to 5.3, 19.4
and 17.6 times in comparison to those under control condition. On the other hand, it
was observed that expression of only 5 genes was induced in rice roots. PMP3 and
inorganic pyrophosphatase, the genes related to maintaining ion homeostasis, are
commonly up-regulated in both barley and rice roots, but these inductions were not
sustained in rice at 24 h. In yeast, it was shown that loss of PMP3 gene causes salt-
sensitive phenotype [42]. This indicates that adaptive mechanisms for regulating ion
homeostasis are partly conserved in the two species, but it seems that rice can not
sustain cellular ion homeostasis for a long time like barley.

In roots, similar number of the genes was down-regulated in barley (14 genes)
and rice (13 genes). Some genes, such as oxalate oxidase and phosphogluconate
dehydrogenase, were down-regulated in both plants. Interestingly, expression levels
of both plasma membrane water channel 1 and 2 were rapidly decreased in barley.
Under drought stress, overexpression of water channel protein in tobacco causes
detrimental effects [49], and it would be due to enhanced symplastic water
permeability. Therefore, early down-regulation of water channels might contribute
to protection from sudden dehydration. Another difference is that, in contrast to
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barley, suppression of tryptophan synthase and methionine synthase was observed in
rice roots during the initial phase of salt stress.

Figure 1. Comparative expression analysis in barley and rice under salt stress.
Transcriptome was examined at 1 h and 24 h of 200 mM NaCl stress for barley and 150 mM
NaCl stress for rice.

4.2. Early salt-responsive genes in barley and rice leaves

The number of up-regulated genes in salt-stressed leaves is also lesser in rice than in
barley. Only PMP3 gene was up-regulated in rice leaves at 1 h, but its induction was
not sustained at 24 h. In contrast, 15 and 11 genes were up-regulated at 1 h and 24 h
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in barley under salt stress. These genes are including CDPK, PIPSK, PDR5-like
ABC transporter, BADH2, asparagine synthetase, P5SCS, methionine synthase,
PMP3 and lipoxygenase. On the other hand, 21 and 32 genes were down-regulated
in barley and rice, respectively. It was found that the transcripts for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), Fd-glutamate synthase, ATP synthase, DnaK
like protein and Ribosomal protein L32 were decreased in both plants. Furthermore,
down-regulation of transketolase, fructose-1,6-bisphosphatase, phosphoethanol-
amino-N-methyltransferase, S-adenosyl-methionine-sterol-C-methyltransferase and
Rubisco, is observed in rice leaves. As seen in the root transcriptome, methionine
synthase and tryptophan synthase were down-regulated in only rice leaves, but not
in barley. To confirm the difference in transcriptome between barley and rice,
western blot analysis of methionine synthase protein was carried out [41]. Obvious
increasing of methionine synthase protein was detected in barley, but not in rice. In
barley, various stresses and treatments, such as heat, drought and hydrogen peroxide,
triggered expression of methionine synthase mRNA. Although contribution of
methionine synthase to stress tolerance is not clear in plants, inducible feature of
both mRNA and protein levels in barley is markedly under stress conditions, unlike
in rice.

4.3. Divergent responses in barley and rice under salt stress

Comparative transcriptome analyses reveal that expression of a different set of the
genes is regulated in barley and rice under salt stress. In our research, generally, the
number of up-regulated genes is larger in barley and down-regulated genes are
larger in rice. One reason is this difference in response to salt stress might be due to
the evolutional variation in cis- or trans-acting element of such genes. Also, barley
and rice show different physiological responses under salt stress. Two obvious
differences in physiological responses were observed during the early phase of salt
stress. Leaf water potential was decreased in both plants under salt stress. However,
it recovered in barley after 24 h of salt stress, but not in rice. This might be partly
explained by expression profiles of the genes involving in osmotic adjustment.
Early down-regulation of water channel 1 and 2 genes in barley would contribute to
decreasing water permeability across plasma membrane. Transgenic tobacco plants
overexpressing plasma membrane-localized water channel showed more sensitive
toward drought stress, and this indicated that increment in water permeability is
unfavorable trait under water deficit condition. Up-regulation of osmoprotectant
syntheses (betaine and proline) is induced in barley. Combined regulation of osmotic
adjustment should differentiate the degree of salt tolerance in the two plants. The
other finding is tissue-specific pattern of sodium accumulation under salt stress. In
barley, sodium content is higher in roots than in leaves. Contrastive pattern is
observed in rice. Our comparative microarray analysis does not provide clear frame
to explain it although expression manner of inorganic pyrophosphatase and PMP3
genes is different in barley and rice. Some genes involved in photorespiration and
glycolysis, are down-regulated in both plants, but the genes encoding amino acid
biosynthetic enzyme (proline, methionine, tryptophan, asparagine, serine) are
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up-regulated in barley. They seem to reconstitute metabolic balance to adapt to
stress condition.

We demonstrated the different response in barley and rice using barley cDNA
microarray. This array carries barley salt-responsive genes, and it is useful to
examine comparative expression analysis between barley and other close species.
Genome project is still running for barley and microarray analysis covering the
whole ¢cDNAs will make the clear map of expression profilings. Then, it will
contribute to endue unique traits to rice.

Finally we would like to mention brieflyabout glycinebetaine synthesis in
monocotyledonous plants. It was reported that glycinebetaine synthesis occurs in
chloroplasts in chenopods, since choline monooxygenase(CMO) and BADH are
found to be localized in the chloroplasts [50]. However, localization of glycinebetaine
synthesis is totally unknown in other dicotyledonous plants and monocotyledonous
plants. We have been characterizing BADHs in Gramineae plants, since BADH
catalyzes the last step of glycinebetaine synthesis and it must determine localization
of glycinebetaine synthesis. We purified the enzyme from salt-stressed barley
leaves. We have found that the major BADH does not have any signal peptide
targeting to organelle, i.e. amino acid sequence of N-terminal of the major BADH is
consistent with that of the deduced amino acid sequence from BADH2 cDNA [51].
Furthermore, CMO is still mysteriously unknown in monocotyledonous plants.
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Abstract. Acclimation of plants to various environmental stresses involves activation of various
signal transduction cascades that activate the expression of genes encoding stress tolerance-
determinants. The established paradigm of this regulation is that the environmental signals are
perceived by sensor molecules that trigger cellular stress signaling pathway regulating stress-
specific transcription factors. However, number of recent studies in higher eukaryotic system
indicated the downstream regulatory steps. Co-transcriptional regulation of RNA polymerase I1
(RNAPII) complex controls activity of RNAP II during transcription elongation. C-terminal
domain of RNAPII largest subunit is a focal regulatory target containing heptad repeats that are
reversibly phosphorylated by various kinases and phosphatases. The regulation of plant gene
expression at the level of transcription elongation has recently been implied because of the CTD-
phosphatase family mutants in Arabidopsis that alters stress inducible gene expression. The
functional analysis of this gene family started to reveal common and unique mechanisms of plant
gene expression among eukaryotes.

1. INTRODUCTION

The concerted function of transcription factors is essential in the regulation of gene
suites (i.e., transcriptome) that encode determinants of multigene processes like
plant growth and development, biosynthesis of complex secondary products, and
responses to abiotic and biotic stresses [1-5]. In these processes, developmental
programs or environmental stimuli activate “master-switch” transcription factors
that control the output of the pathway. However, a cascade output is controlled by a
composite series of positive and negative control points that ‘finely tunes’ the
signature of the signal. Recent evidence indicates that a high level of gene
expression control is imposed during message production or translation [6, 7]. These
represent control points that modulate gene expression after the stimulus-induced
promoter activation by transcription factors or alter the steady-state gene expression.
Substantial information is available about global gene expression regulation that is
due to the translational control [6]. Gene regulation at the level of transcript
initiation and elongation is an emerging topic in biology [8-11]. Proteins with
similar function in the transcription elongation complex mediate substantially
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different human diseases [10]. Such phenotypic differences likely are mediated by
the preferential elongation of specific transcripts, however, with the exception of a
few notable examples in animals, confirmatory comprehensive data have not yet
been reported [12]. Furthermore, although positive and negative regulators of
transcription elongation have been identified in yeast and animals, little is known
about their identities and functions in plants. In this chapter, we will overview the
current understanding of transcriptional regulation by phosphorylation of RNA
polymerase II (RNAP II) C-terminal domain and their potential involvement in plant
stress response.

2. CTD PHOSPHORYLATION IN TRANSCRIPTION INITIATION AND
ELONGATION

Eukaryotic mRNA synthesis is catalyzed by RNAP II in a series of processes
designated as pre-initiation, initiation, elongation, and termination [13] (Fig. 1).

Figure 1. Phosphorylation and dephosphorylation of RNA polymerase II during transcription
cycle. At initiation phase, dephosphorylated, free RNAP II is incorporated into initiation
complex assembled at promoter region of a gene. The incorporated RNAP II is then
phosphorylated by CDK7/Kin28 (TFIIH subunit) at CTD Ser”. During initiation, CTD Ser’ is
predominantly phosphorylated, and this recruits mRNA capping enzyme. CDK9 phosphorylates
CTD Ser’ and promotes transition from early elongation to productive elongation phase.
During productive elongation phase, CTD is predominantly phosphorylated at Ser2. At termination
phase, CTD will be dephosphorylated and RNAP II will be dissociated from the template
DNA and recycled. CTD phosphorylation of free RNAP II inhibits RNAP II to be incorporated
to initiation complex.

During the transcription elongation step, RNAP II extends a nascent transcript to
produce a full-length transcript. This step is often coupled to mRNA maturation
processes such as capping, splicing, and polyadenylation [8, 14]. The factors that
modulate transcription elongation alter the chromatin structure or target RNAP II in
order to affect the pausing/arrest or the continuation of the transcription [15]. The
carboxy-terminal domain (CTD) of the largest RNAP II subunit is the key regulatory
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target [14]. The CTD contains heptapeptide repeat sequence (YSPTSPS), in which
Ser residues at the second and the fifth positions are targets of CTD kinases and
phosphatases [16]. The CTD repeats are found only in RNAP II and not in closely
related RNAP I and III. Both the number of CTD repeat and non-repeat region of
CTD contribute to normal function of RNAP II complex. Phosphorylation status of
CTD determines two major forms of RNAP II. The CTD of RNAP IIO is
hyperphosphorylated and exhibits lower mobility in SDS-PAGE gels, whereas the
CTD of RNAP IIA is hypophosphorylated and exhibit higher mobility than RNAP
IIO. Several intermediate form of animal RNAP II include RNAP IIm, which
appears when animal cells were exposed to osmotic stress, and RNAP Ile in
embryonic cells. The differential phosphorylation that occurs during the transcription
cycle determines the functionality of RNAP II and controls the specific interaction
between RNAP II CTD and various RNA processing factors.

3. CTD-KINASES

Several CTD kinases with different function have been identified in yeast and
metazoans (Fig. 1, Table I). Currently, most of them belong to a cyclin-dependent
kinase family and have a regulatory cyclin subunit. Phosphorylation of the CTD of
the free RNAP II by Srb10 inhibits its recruitment to the preinitiation complex [17].
However, at promoters, Ser’ in the CTD repeats is phosphorylated by TFIIH and is
most strongly phosphorylated at the initiation and the early elongation stage [18].
The CTD phosphorylated at Ser’ facilitates recruitment and activation of the capping
enzyme [19]. The phosphorylation of Ser® by PTEF-b orthologs that occurs in the
early elongation complex stimulates the transcription elongation [18]. Ser” of CTD
remains phosphorylated during transcription elongation. CTD kinases often play a
critical role in specific transcription regulation, such as, for example, transcription of
HIV genome [20-22], MIHCII (major histocompatibility complex class II) [23], and
heat shock induction of HSP70 (heat shock protein 70) [12].

Table I. CTD-kinase family proteins in human, Saccharomyces cerevisiae.

Human S. cerevisiae  Specificity and function

TFIIH Kin28/ Ser5 phosphorylation at promoter
(CDK7/Cyclin H)

PTEF-b Burl/Burll Phosphorylate Ser2. Promote transition from

(CDK9/Cyclin T)  Ctkl/Ctk2 early elongation complex to productive
elongation complex

CDKS8/Cyclin C Srb10/Srb11  Ser5 phosphorylation of free RNAP II and
inhibit recruitment to the promoter

CDC2 unknown

MAPK Ser5 phosphorylation upon heat shock,
(ERK1/2) osmotic stress, and in embryonic tissue
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4. CTD PHOSPHATASES

The current understanding of how specific dephosphorylation of the CTD controls
these processes is still rudimentary (Fig. 1). FCP1 (TFIIF interacting CTD
phosphatase) and SCP1 (small CTD-phosphatase) orthologs represent two classes of
known CTD phosphatases that have been characterized in the non-plant systems.
FCP1 orthologs and SCPs dephosphorylate Ser’ and Ser’ of the CTD, but FCP1
preferentially phosphorylates Ser” whereas SCP1 is more biased toward Ser’ of the
CTD as its substrate [24-27]. FCP1 promotes elongation activity of the ternary
RNAP II complex [28], and recycling of RNAP II [26, 29]. Inactivation of yeast
temperature-sensitive FCP1 resulted in overall decline of mRNA synthesis [30]. On
the other hand, human FCP1 negatively regulate the transcription of the HIV-1
genome [31, 32] and heat shock gene (hsp70) expression [33]. SCP1 is a negative
regulator of the transcription [27]. Interestingly, inactivation of SCP1 in vivo did not
affect the transcription of the constitutively expressed genes, but activated the
transcription of various inducible promoters such as the dexamethasone-stimulated
glucocorticoid receptor activity on the GRE-TK-LUC reporter gene [27].
Functionality of CTD phosphatases is regulated by multiple protein-protein interactions.
The activation of FCP1 by RAP74 subunit of the TFIIF complex are essential for
FCP1 to dephosphorylate the RNAP II CTD [34-36]. TFIIF is an integral component
of the transcription preinitiation complex and the transcribing RNAP II [37-41]. A
direct interaction between FCP1 and Rbp4 subunit of the RNAP II has been reported
as well [42].

5. MULTIPLE CTD-PHOSPHATASE-LIKE GENES IN ARABIDOPSIS
THALIANA

Several genes in the Arabidopsis genome encode polypeptides homologous to the
known CTD phosphatases (Table 2, Fig. 2). Based on the presence of distinct
domains, they can be categorized into three groups (CPL: CTD phosphatase-/ike).

Figure 2. CTD phosphatase family proteins have different domain organization. Indicated are
representative Arabidopsis (At), Saccharomyces cerevisiae (Sc) and Human (Hs) CTD
phosphatase families.
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Table 2. CTD phosphatase gene family in Arabidopsis thaliana.

Name Gene Group
CPL1 At4g21670 1
CPL2 At5g01270
CPL3 At2g33540
CPL4 At5g58000
SSP1 At1g29780
SSP2 At1g29770
SSP3 At5g45700
SSP4 At5g46410
SSP5 At5g11860
SSP6 At3g55960
SSP7  At3g19600-1
SSP8**  At3g19600-2
SSP9 At3g17550
SSP10 At2g04930
SSP11 At2g02290
SSP12 At5g23470
SSP13 At5g54210
SSP14 At1g20320
SSP15 At3g15330
SSP16 At1g43600
SSP17 Atlg43610
**Fused ORFs

L L2 L) L L) LW W LW WL WL WL WLWWINN—

Group 1 CPLs (CPL1 and CPL2) have an FCP1-like catalytic domain and dsRNA
binding motif(s) (DRM). Group 2 CPLs (CPL3 and CPL4) have an FCPI-like
catalytic domain and a BRCT (BRCA1l C-terminal) domain. Group 3 CPLs
(SSP1~SSP17) have only a FCP1-like catalytic domain. The BRCT domain in CPL3
and CPL4 makes group 2 CPLs resemble the prototypical FCP1 CTD phosphatases
that bind to TFIIF in the RNAP II complex. Group 1 CPLs are the only known
examples of peptides containing both DRM and phosphatase domains. Homologs of
group 1 CPLs are present in rice (GenBank accession # BAB63701), tobacco (EST#
6128f1 at http://mrg.psc.riken.go.jp/strc/BY-2%20EST.htm), and Zinia elegans
(EST# Z713f1 at http://mrg.psc.riken.go.jp/PRIDE/index.html) indicating group 1
CPLs are ubiquitous in plants. DRM can function as a dsRNA-binding and/or a
protein-protein interaction domain, and could be a target of regulatory RNA
molecules and RNA binding proteins, which often play critical roles in transcription
[43-46]. CTD kinase activity of PTEF-b is regulated by 7SK snRNA and by HIV tat
protein that binds to tar-RNA of HIV genome [45-49]. Also, human negative
elongation factor NELF contains RNA binding subunit [44]. By analogy, CPL1 and
CPL2 may bind to the elongating nascent mRNAs, regulatory RNAs, or regulatory
peptides through their DRMs, and may be incorporated into the transcription
elongation complex. The sequence of group 3 CPLs (SSP1-SSP17) resembles SCP1.
As SCP1 preferentially dephosphorylates CTD at Ser’ and affect expression of
inducible promoters, the presence of relatively large number of SSP family genes in
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the Arabidopsis genome implies that promoter-specific regulation by Ser’
phosphorylation of the CTD may be facilitated by the individual SSP isoforms.

6. MUTATIONS IN GROUP 1 AND GROUP 2 CPL GENES (CPLI, CPL2, CPL3)
CAUSE UNIQUE PHENOTYPES

Insertion and point mutations in CPL1 (cpll/ fry2) and CPL3 (cpl3) (Fig. 3) were
identified through a forward genetic screening for altered regulation of stress-
inducible RD29a promoter expression after cold, ABA, or NaCl treatment [50, 51].
Interestingly, cpll/fry2 and cpl3 mutations, which inactivate isoforms of group 1 and
group 2 CPLs, exhibit distinct RD29a expression, growth, stress response and
developmental phenotypes [50, 51]. In ¢pli/fry2 mutant alleles, hyperinduction of
RD29a occurs in response to cold-, ABA- or salt-stress. In contrast, in the cpl3-1
mutant, hyperinduction of the RD29a promoter was ABA specific. The cpli-1 plants
grow more vigorously and flower later than wild type, and the growth of fry2-1 was
hyper-sensitive to cold and ABA, whereas ¢p/3-1 plants exhibit a reduced rate of
fresh weight gain and early flowering. We also identified ¢p/2 mutants using a
reverse genetic strategy (Fig. 3). Preliminary reciprocal cross analysis between fiy2-
1 and fry2-1/+ cpl2-2/+ plants indicated that CPL2 and CPLI are partially
redundant, as fiy2-1 cp/2-2 male but not female double mutant gamete exhibited
synthetic lethality (Koiwa et al., submitted). Analysis of ¢pl2 single mutants is in
progress. Apparently, CPLs have both unique and overlapping regulatory functions,
perhaps through differential regulation of distinct and common gene sets.

cpl1-1 fry2-1 fry2-5
(intron) (exon) (exon)

CPL1
cpl2-1 cpl2-3 cpl2-2
(in promoer) (exon) (exon)
CPL2
cpl3-2 cpl3-1
(exon)
CPL3

T T T T T T Y

0 2000 4000 6000 (bp)

Figure 3. Alleles of cpl mutations identified in this project. Exons (M) were deduced from the
c¢DNA sequence corresponding to CPLs. The open boxes represent untranslated regions. fry2-
1 mutation is a single base substitution whereas the rest are T-DNA insertion mutations.
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7. ARABIDOPSIS CPL1 AND CPL2 ARE SER’-SPECIFIC CTD
PHOSPHATASES

In order to determine the CTD phosphatase activity of CPLs, a recombinant protein
for each isoform was expressed in E. coli and purified by Ni*" affinity column.
These fractions exhibited phosphatase activity toward p-nitrophenylphosphate
(pNPP) substrate with a pH optimum between 5.5-6.0. CTD phosphatase activity of
CPL1 and CPL2 was demonstrated using CTD phosphopeptides composed of 4
tandem repeats of the YSPTSPS sequence phosphorylated at Ser® or Ser’ of each
repeat [24]. Incubation of CTD Ser’-PO, but not CTD Ser*-PO, with CPL1 or CPL2
resulted in dephosphorylation of CTD (Koiwa et al, submitted). The Ser’ CTD-
phosphatase activity of CPL1 and CPL2 had an acidic pH optimum and required
specific divalent cations such as Mg”", Mn**, Co®" but not Ca**, Zn**, or Cu*". No
detectable activity was observed with similarly purified NusA protein in any of the
above assays. The functionally null fry2-7 allele of CPLI encodes the N-terminal
676-amino-acid CPL1 fragment and lacks the C-terminal 292 amino acid containing
the DRMs. In order to test the importance of the DRM in catalytic function of CPL1,
a series of CPL1 truncation variant proteins were tested for CTD phosphatase
activity. The CPL1 variants, whose C-terminus was shortened up to 467 amino
acids, still retained a detectable Ser’-specific CTD phosphatase activity, indicating
the DRMs are not essential for its catalytic function. These results established that
the groupl CPLs are unique, highly specific CTD Ser’ phosphatases, and implied an
essential, non-catalytic function of DRMs in CPL1.

8. CPL3 AND CPL4 ARE FUNCTIONAL PHOSPHATASES THAT INTERACT
WITH THE RAP74 SUBUNIT OF TFIIF

Phosphatase activity of recombinant CPL3 has been shown using CDP-star as a
chemiluminescent substrate [50]. The cDNA encoding CPL4 was isolated using RT-
PCR and was subcloned into pET44a to produce recombinant NusA-CPL4 fusion
protein. Activity of the affinity-purified CPL4 toward pNPP was significantly lower
than that of CPL1 and CPL2, requiring longer incubation time. NusA-CPL4 fusion
protein did not dephosphorylate any CTD-PO, (Koiwa et al., unpublished). Similar
results were obtained with NusA-CPL3. The low activity toward synthetic substrates
and lack of activity toward CTD-PO, substrate observed with CPL3 and CPL4 are
similar to the results with human and S. cerevisiae FCP1 [25, 30, 34, 35]. It appears
that the group 2 CPLs require the native RNAP II holoenzyme as their substrate like
known human and yeast FCP1 orthologs. Another characteristic of FCP1 orthologs
is the interaction with RAP74 (TFIIF large subunit), which likely provides a docking
site for FCP1 to associate with the RNAP II holoenzyme. One RAP74 homolog was
identified in the Arabidopsis genome (AtRAP74: At4gl12610). The C-terminal
interaction domain of AtRAP74 is homologous to both human and Drosophila
RAP74s. When expressed as in vitro-translated peptides, the BRCT domain of both
CPL3 and CPLA4 interacted with GST-RAP74 fusion protein but not with GST by
itself. It appears that CPL3 and CPL4 function as CTD phosphatases in similar
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manner to human and S. cerevisiae FCP1, and provided a basis for further
biochemical characterization of the group 2 CPLs.

9.CPL1, 3,4 AND ATRAP74 BUT NOT CPL2 LOCALIZE EXCLUSIVELY IN
ARABIDOPSIS NUCLEI, AND THE CPL1 C-TERMINAL REGION IS
SUFFICIENT FOR THE NUCLEAR LOCALIZATION

To further confirm that CPLs function as nuclear transcriptional regulators,
subcellular localization of CPL1, 2, 3, 4 and the Arabidopsis RAP74 homolog were
determined. The ¢cDNA fragments encoding these proteins were fused to the C-
terminus of TAP-GFP-tag [52, 53]. The expression of the fusion protein was driven
by a constitutive synthetic promoter [54]. These plasmids were introduced into
Arabidopsis protoplasts by a polyethylene glycol (PEG) mediated transformation
[55]. All proteins but CPL2 localized exclusively in the nuclei, which were labeled
simultaneously by DsRed protein fused to a nuclear localization signal from SV40
T-antigen (NLSgy4o:DsRed). The further subcellular localization analysis of
truncated CPL1 fragments indicated that the C-terminal 327-amino-acids fragment
of CPL1 (CPL1(640-967)) was sufficient for the nuclear localization of the fusion
protein (Koiwa et al., submitted). These results supported the hypothesis that CPL
gene families function as nuclear transcriptional regulators.

10. FUTURE PERSPECTIVES

The recent identification of Arabidopsis CTD phosphatases, as regulators of stress-
inducible transcription indicated that plant gene expression during stress responses is
modulated at the level of RNAP II CTD phosphorylation. CPL1 and CPL2 are novel
class of CTD phosphatases containing DRMs. This implicates that RNA molecules
may control dephosphorylation of RNAP II transcribing a specific gene or a specific
suite of genes. Several mutants that exhibit aberrant osmotic stress and ABA
responses are due to the defects of RNA metabolism proteins, such as Sm protein
involved in splicing (SAD1) [56], CAP binding protein (ABH1) [57], HYL1 protein
that binds to dsSRNA and regulates production of micro RNA in plants. These factors
may function coordinately as a part of large transcription complex that regulates the
osmotic stress signaling. Indeed, a recent study demonstrated that human FCPI
associates with the snRNP complex that contains Sm protein [58]. Identification of
CPL1-interacting proteins is an essential component of future investigation. In
addition to 4 CPL proteins, Arabidopsis genome encodes 17 small CTD
phosphatase-like (SSP) proteins. The biochemical and in vivo function of SSP are
currently unknown. It is tempting to speculate that each SSP specifically regulate the
expression of unique suite of genes. The biochemical and mutational analysis of
each SSP gene along with further characterization of CPL genes will allow us to
assess precise functions of these genes, and expand our understanding of
transcription elongation in plants.
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Abstract. The biomembrane of plant cells contains a high content of highly unsaturated fatty acids
(polyunsaturated fatty acids) referred to as trienoic fatty acids. Although the amount of trienoic
fatty acids varies according to the living environment of the plant, plants having a high ability to
tolerate low temperatures, such as wheat, increase the amount of trienoic fatty acids to account for
more than 80% of all fatty acids contained in the biomembrane when acclimated to low
temperatures. On the other hand, some plants that thrive in deserts and other hot, dry regions
demonstrate a remarkable decrease in the amount of trienoic fatty acids in high-temperature
environments. On the basis of these findings, trienoic fatty acids are considered to be intimately
involved in plant temperature tolerance. As reported in this study, we have created plants, using
genetic engineering techniques, with an excellent temperature tolerance by inhibiting the activity of
-3 fatty acid desaturase, an enzyme which synthesizes trienoic fatty acids.

1. INTRODUCTION

Climate changes have been predicted for the 21st century that will occur on a global
scale as the mean air temperature rises due to increasing concentrations of carbon
dioxide and other trace greenhouse-effect gases in the atmosphere [1]. Since
agriculture and forestry are industries that are engaged in production through
utilization of the natural environment, productivity is highly susceptible to climate
changes. Consequently, there are concerns over the effects of climate changes
brought about by greenhouse effects. In consideration of these circumstances,
although considerable research has been conducted to evaluate the effects of global
warming on agriculture [2-5], efforts are being made to search for specific and
practical approaches to enhancing plant tolerance to high-temperature environments.
This report provides an introduction to a novel genetic engineering approach, that
we recently developed, for imparting high-temperature tolerance to plants [6,7]. The
technique introduced here generates an efficacy that is not transient, but rather
persists during plant growth. This efficacy is achieved through the direct control of
intrinsic gene expression without introducing bacterial or other extrinsic genes.
From these advantages, the techniques described here have the potential to evolve
into a practical technology.
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2. THE RELATION BETWEEN POLYUNSATURATED FATTY ACIDS AND
PLANT LOW-TEMPERATURE TOLERANCE

Lipids, which are among the basic constituents of biomembranes, have been a focus
of attention since the 1960s as one of the factors affecting temperature sensitivity in
plants [8]. For example, the physiochemical characteristics displayed by lipid
bilayers at different temperatures differ with the species of the lipid head group or
their esterified fatty acids, and the their lipid constituents and fatty acid constituents
change depending on the environmental growth temperature [9-11]. There has also
been an interest in the relationship of low temperature tolerance to the biosynthesis
and rearrangement of biomembranes in response to temperature. Since the late
1980s, a series of mutant strains have been isolated in Arabidopsis with altered fatty
acid constituents in their biomembranes, providing a breakthrough in the
clarification of the pathways by which the polyunsaturated fatty acids contained in
biomembrane lipids are generated [12]. The analysis of these mutant strains has
shown that the degree of unsaturation of fatty acids of the biomembrane lipids is
related to the low-temperature tolerance of a plant [13,14]. fad5 is a mutant strain
deficient in 16:0 fatty acid desaturase localized in chloroplasts, while fad6 is a strain
deficient in an enzyme similarly localized in chloroplasts that desaturates 16:1 and
18:1 fatty acids (Fig. 1). In addition, fad? is a mutant strain deficient in 18:1 fatty
acid desaturase localized in the endoplasmic reticulum (Fig. 1). The cellular content
of polyunsaturated fatty acids, including trienoic fatty acids, are decreased in these
mutant strains. Chlorosis (whitening phenomenon of the leaves) and inhibition of
growth are observed in these mutants, but not in the wild type, when they are
subjected to low-temperature treatment. These findings indicate that polyunsaturated
fatty acids are important for the tolerance of plants to low temperatures.

3. AN OVERVIEW ON STRESS SIGNAL TRANSDUCTION CLONING OF THE
®-3 FATTY ACID DESATURASE GENE

In general, trienoic fatty acids are present in the greatest amounts among fatty acids
contained in plant membrane lipids. Trienoic fatty acids are polyunsaturated fatty
acids that have three double bonds, and their content varies considerably according
to the plant species and the living environment. Trienoic fatty acids are formed from
dienoic fatty acids (having two double bonds) through the activity of ®-3 fatty acid
desaturase. Due to the difficulty of characterization by conventional biochemical
methods, the cloning of the ®-3 fatty acid desaturase gene has been performed by
genetic techniques, namely by map-based cloning methods, using mutant strains of
Arabidopsis [15,16]. ®-3 fatty acid desaturase genes cloned thus far are divided into
two types consisting of a type localized in chloroplasts (FAD7 and FADS) and a type
localized in the endoplasmic reticulum (FAD3). The expression of the FADS gene is
temperature-dependent, and is switched on and off by a difference of as little as a
few °C, bordering on 25°C [17].
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Figure 1. Biosynthetic pathways of major glyceroglycolipids and phospholipids in leaf cells of
Arabidopsis and desaturase-deficient mutants. Interruption of the pathway represents the
location of Arabidopsis mutations.

4. TRIENOIC FATTY ACIDS AND PLANT LOW-TEMPERATURE
TOLERANCE

During the initial cloning of the FAD genes, our objective was to develop a plant
exhibiting a high tolerance to low temperatures. Previous reports had suggested that
increasing the degree of fatty acid unsaturation in biomembrane lipids was important
in developing tolerance for low temperatures. When the two types of genes
described above were respectively and forcibly expressed by their insertion into
tobacco plants, the content of trienoic fatty acids increased in leaf tissue from the
insertion of FAD7, localized to chloroplasts [18], while the trienoic fatty acid
content increased in root tissue by insertion of FAD3, which is localized to the
endoplasmic reticulum [19]. While no difference was observed in low temperature
tolerance between plants carrying F4AD3 and wild-type plants [19], low temperature
tolerance was observed to be improved in the case of plants carrying FAD7 [18].
This difference, however, was only observed under specific and limited conditions.
For example, subjecting a wild-type tocacco plant that thrives at 25°C to low
temperature treatment for 7 days at 1°C without going through an acclimation
process, and subsequently returning the plant to the original temperature environment,
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leads to growth inhibition and chlorosis in young leaves prier to beginning
development. This reaction to the exposure to low temperature was not observed in
the transgenic tobacco plants carrying FAD7. Although this result suggests that
trienoic fatty acids enhance tolerance to low temperatures, the effect may be limited
to specific plant tissues or growth processes.

5. TRIENOIC FATTY ACIDS AND PLANT HIGH-TEMPERATURE
TOLERANCE

Although the increase in trienoic fatty acids did not produce as great an
improvement in low-temperature tolerance as was expected, we examined the
reverse concept, that a decrease in the trienoic fatty acid content of the biomembrane
may increase the high-temperature tolerance of plants. In the study described above,
the ®-3 fatty acid desaturase gene was linked to a potent expression promoter, such
as the cauliflower mosaic virus 35S promoter, to increase the amount of enzyme
produced within the plant. However, trangenic lines were found in which the
expression of the intrinsic ®-3 fatty acid desaturase gene was co-suppressed by gene
silencing.

The correlation between the trienoic fatty acid content of the biomembrane and
the ability of the plant to tolerate high temperatures was analyzed using two
transgenic tobacco lines, T15 and T23, in which the activity of chloroplast-localized
-3 fatty acid desaturase was decreased by gene silencing. Although trienoic fatty
acids in the chloroplast membrane lipids of these transgenic tobacco lines were held
to an extremely low level, the level of dienoic acids increased in a manner
corresponding to the amount of decrease of trienoic fatty acids (Table 1). In
addition, few changes were detected in the lipid molecular species of biomembranes,
other than in the chloroplast membrane. Although there was no difference observed
in growth between the transgenic tobacco plant and the wild-type plant over the
range of low temperatures to the normal growth temperature, at high temperatures,
clear differences in growth occurred. For example, in plants cultivated at 30°C for
45 days after germination, the fresh weight of the aerial parts of the T15, T23, and
wild-type plants was 492 + 81 mg, 44562 mg, and 399+ 69 mg (n=5),
respectively. At a higher temperature (36°C), marked differences in the growth of
the transgenic tobacco lines and the wild type were seen (Fig. 2A). After cultivating
plants at 36°C for 45 days, fresh weight of the aerial parts of the T15 and T23 lines
and the wild type was 124 + 49 mg, 123 + 23 mg, and 13 £ 6 mg (n=>5), respectively.
Since growth of the transgenic lines continued to be uninhibited beyond 45 days at
36°C, the observed improvement in high-temperature tolerance has been suggested
to be different from that resulting from the induction of heat shock protein [20].
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When the plants were exposed to a considerably higher temperature (47°C), the
leaves of the wild type withered within 2 days, and the plant bodies exhibited
chlorosis after 3 days that resulted in death (Fig. 2B). In contrast, although the
growth of the T15 and T23 plants was suppressed, damage due to high temperature
was avoided by the plant body (Fig. 2B), and, when returned to a temperature
suitable for growth (25°C), the plants continued to grow.

Table 1. Fatty acid composition of individual membrane lipids from leaves of wild-type (WT)
and gene-silenced tobacco (T15, T23) plants. The major classes of membrane lipids were
isolated from the total lipid extracted from mature leaves, and the fatty acid composition was
determined. Each value represents the mean of two independent experiments. Dash (-)
indicates trace amounts (<1.0%).

Percent of Fatty acid
Lipid class tolpolar ) 61 162 163 180 181 182 183
lipids(%)
Monogalactosyldiacyglycerol
WT 46.2 2.0 - - 12.1 - - 25 820
T15 48.3 27 1.6 102 22 - 2.1 537 27.1
T23 453 39 28 105 4.1 - 22 386 374
Digalactosyldiacyglycerol
WT 35.2 330 1.1 - - 25 27 64 519
T15 36.3 21.8 44 13 - 1.7 41 428 233
T23 39.0 31.2 - - - 41 6.0 347 219
Phosphatidylglycerol
WT 7.3 26.6 36.9 - - 23 74 111 158
T15 7.0 252 343 - - 45 109 225 22
T23 6.6 248 33.6 - - 46 134 198 3.0
Phosphatidylcholine
WT 8.9 260 1.5 - - 41 41 416 230
T15 6.7 245 1.1 - - 52 52 525 117
T23 7.3 213 1.3 - - 59 59 532 129
Phosphatidylethanolamine
WT 2.5 315 1.8 - - 7.0 2.7 422 144
T15 24 253 - - - 26 27 56.0 121

T23 3.6 31.6 - - - 49 37 470 119
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Figure 2. Comparison of the high-temperature tolerance of wild type tobacco (WT) and gene-
silenced tobacco having decreased levels of trienoic fatty acids (T15, T23) (reprinted with
permission from Science 287, 476-479, 2000). (4) Exposed to long-term growth at 36°C (60
days). (B) Exposed to 47°C for 0, 2 and 3 days. Scale bar, 1 cm.

Photosynthesis is one of the most heat-sensitive functions of plant cells.
Temperatures in the range of 35°C to 45°C tend to inhibit photosynthesis. In order to
assess the effect of high temperatures on the photosynthetic machinery, intact leaves
from transgenic tobacco and Arabidopsis mutant were pretreated at various
temperatures between 25°C and 55°C, and the level of photosynthetic activity was
measured using O, evolution as the index of activity. At 40°C, the photosynthetic
activity of the wild-type tobacco plants was significantly diminished, whereas the
activity of the transgenic T15 and T23 plants was higher than that at the normal
growing temperature of 25°C (Fig 3A). Moreover, a similar improvement was
observed in the high-temperature tolerance of photosynthetic activity in mutant
strains of Arabidopsis deficient in the chloroplast-localized ®-3 fatty acid desaturase
gene (fad7/8) (Fig 3B). When these results and the various conditions of high-
temperature treatment (including factors such as temperature region and treatment
time) were examined comprehensively, they suggest that a decrease in the trienoic
fatty acid content of chloroplast membrane lipids improves the ability to tolerate
high temperatures, regardless of interspecies physiological properties.
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Figure 3. Oxygen evolution from transgenic tobacco and mutant Arabidopsis leaves that had
been preincubated at various temperatures for 5 min. (A) T15, T23, and wild-type tobacco.
(B) fad7fad8 double mutant and wild-type Arabidopsis. For each plant line, the O, evolution
at 25°C was set at 100%. The oxygen evolution at 25°C was 2.4, 2.5, and 2.5 mmol O, m?s™
in T15, T23, and WT tobacco, respectively, in (4); 1.4 and 1.7 mmol O, m?s™ in fad7fad8
and wild-type Arabidopsis, respectively, in (B). Each data point represents the mean value
from four independent experiments.

6. FUTURE OUTLOOK

Currently, there is considerable discussion on the topic of genetically-altered crops.
For example, agricultural corps containing large amounts of the product of an
extrinsic gene obtained from bacteria raise questions concerning the safety of those
corps when consumed as food. In this study, plants having a high tolerance to high
temperatures were able to be produced by manipulating genes common to nearly all
plant species. Our results suggest the ability to develop useful plants while
minimizing the risk of an accompanying gene recombination by skillfully utilizing
the plant’s mechanism of environmental adaptation. For example, trees distributed
throughout sub-tropical and temperate regions tend to decrease the amount of
trienoic fatty acids during an accompanying rise in the growth temperature. On the
other hand, trees that are distributed in cold regions and are unable to adapt to
growth in sub-tropical and tropical regions, lack this tendency. Although the
insertion of genes into trees is considered difficult, improvement in the temperature
tolerance of trees by future advances in technology are possible. In addition, damage
to wheat and other agricultural crops from frequent occurrences of heat waves
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caused by global warming is expanding. The findings obtained in this study will be
useful in the development of agricultural crops tolerant to heat.
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Abstract. Organisms produce and respond to membrane-diffusible nitric oxide (NO) for a
multitude of regulatory and defensive purposes. Bacteria establish intimate associations with plants
and therefore NO metabolism by one organism can influence the physiology of the other. In plants,
NO increases the bioavailability of iron and stimulates systemic pathogen defense pathways.
Evidence provided by recent studies and reinterpretation of older published results implicates
bacterial-derived NO in the modulation of these plant activities. Exploiting NO to benefit crop
plants through manipulation of plant-associated bacterial communities presents agriculturalists
with an ecologically-based alternative to genetic engineering of NO networks in plants.

1. INTRODUCTION

Abiotic and biotic stimuli beyond the optimal range for survival act as “stressors” on
living organisms, causing metabolic dysfunction that can lead to death. A growing
number of reports demonstrating higher stress tolerance in transgenic over wild-type
plants provide strong evidence for verifying specific gene(s) in stress tolerance
mechanisms [1-5]. Plants are distinguished from animals by the close degree to
which their growth and development is tied to the surrounding environment [6]. A
major difficulty in screening for stress tolerant plants under controlled
environmental conditions is replicating the multiplicity of biotic and abiotic
elements experienced in the natural environment that may modulate or depress the
plant response. In our view, interactions between plants and the surrounding
environment have been overlooked or underestimated in breeding programs, be they
conventional or molecular-based.

Recent progress on stress physiology in medical sciences has implicated nitric
oxide (NO) in fundamental stress response roles. NO is a small gaseous radical
molecule previously studied primarily as an air pollutant (NOx= NO + NO,) and
metabolic product of certain bacteria. It is now evident that NO is enzymatically
produced for regulatory purposes in plants, fungi, protozoa and bacteria. Thus,
understanding pathogenic and mutualistic interactions in terms of NO has become a
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fruitful area for research. However, studies of NO in plant biology have just begun
and, though NO research holds enormous potential applications, our current state of
understanding is quite limited. In this chapter, following a brief overview of plant
stress responses, we review our current understanding of NO biology with emphasis
on plant-bacterial interactions and possible applications for agriculture.

2.NO, ANEWLY IDENTIFIED PLAYER IN STRESS RESPONSES

Stress responses share similar characteristics among all living organisms.
Dysfunctional metabolism and oxidative destruction of cells are typical results of
stress-induced damage. The term “stress” was first applied to biological systems by
Hans Selye [7-9] who recognized general nonspecific responses to diverse stressors
[10]. For example, plants display similar responses when exposed to high
temperature, high light, high salinity or drought. At a molecular level we now know
that cellular production of reactive oxygen species (ROS) is a common early event
in biological stress responses. Superoxide (O,7) is the most commonly produced
ROS, and hydrogen peroxide (H,0,), the only diffusive molecule among ROS, is
produced secondarily. Highly toxic hydroxyl radicals (*OH) or singlet oxygen ('O,)
can also form under stress conditions [11].

Plants cope with stressful conditions through multiple detoxification and repair
mechanisms. In plants, oxygenic electron transport in chloroplasts is the major
source of ROS (Fig. 1) and prompt scavenging of these harmful molecules is
essential. As long as antioxidant systems (scavenging mechanisms) are functional,
ROS accumulation is usually not observed in favorable conditions.

Figure 1. Schematic representation of plant photosynthetic metabolism illustrating the light
reactions of chloroplasts as the primary source of reactive oxygen species.
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Under severe stress conditions, however, antioxidant systems may not be able to
destroy all ROS produced, a situation where oxidative damage of proteins, lipids and
DNA leads to metabolic dysfunction, cell destruction and mutation. Thus, strategies
for molecular breeding of stress tolerant plants are best grounded on an understanding
of ROS scavenging mechanisms.

Recent biochemical investigations have demonstrated that inorganic nitrogen can
be converted to toxic molecules whose characteristics are very similar to those of
ROS; they are collectively referred to as reactive nitrogen species (RNS) and include
the free-radical NO. The combination of a gaseous nature, membrane diffusibility
and short half-life clearly differentiate NO from any ROS, and permit its utility as a
comprehensive bio-signal, transmissible among diverse organisms that share a given
habitat.

3. NO LESSON FROM APPLE ORCHARDS: SOLVING ONE PROBLEM CAN
LEAD TO ANOTHER

In the middle of the last century breeders developed several varieties of apple
rootstocks on which grafted scions grow to a much smaller size than normal. Their
work provides a cautionary tale for applied agricultural researchers on altering a
pleiotrophic phenotype for a single-minded purpose. The efficiency gains resulting
from higher permissible planting densities and ease of harvest quickly led to
the dominance of dwarfing rootstocks in commercial orchards [12]. Not noticed in
the transition, however, was the relatively low tolerance of these rootstocks to the
fungus Rhizoctonia solani, a major cause of “replant disease” of apple (Fig. 2) [13].
Replant disease syndromes occur when pathogens resident to the root system of a
harvested crop attack new plantings [14], oftentimes resulting in devastating losses
to crop productivity. For many years problems arising from the increased disease
susceptibility of dwarfing rootstocks were avoided by establishing orchards on
readily available virgin soils or the pre-plant application of broad spectrum
fumigants including methyl bromide.

As we enter the 21%-century, virgin soils suitable for apple are becoming rare
and the use of methyl bromide, which also is an ozone-depleting chemical, is
destined by international agreement to be phased out [15]. Thus, there is now a need
to breed new dwarfing rootstocks resistant to replant pathogens or to find alternative
methods of cultivation that obviate the problem.

Our search for microbial-mediated mechanisms of disease control has led us to
investigate the potential influence of bacterially emitted NO on plant disease
resistance. Following findings in medical science, the importance of NO in plant
physiology has only recently come to be appreciated. NO has signaling roles in plant
defenses against pathogens [16-20], seed germination [21], root development [22],
legume nodule formation (presumptively) [23] as well as in adaptive responses to
the stresses of desiccation [24] and UV-B light [25] in leaves and O, deficiency in
roots [26,27] . Undoubtedly programs will be undertaken to genetically alter the NO
production or response pathways of plants for commercial purposes. However, the
multivariate functions of NO in plants make the chances of achieving specificity
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unlikely. A more feasible approach to harnessing the power of NO for agriculture
may be in the biorational design of cultivation systems that seek to enhance
ecologically sound associations between bacteria and crop plants.

Figure 2. Apple rootstocks display differential tolerance/resistance toward the fungal
pathogen Rhizoctonia solani. Shown is the range of root biomass on apple rootstocks
harvested from orchard soil infested (+Rs) or not infested (-Rs) with R. solani AG-5. Seedling
is a non-dwarfing rootstock whereas M9, MM106 and MM111 are dwarfing rootstocks.

4. PLANT-BENEFICIAL STREPTOMYCES

Sustainable means to prevent replant disease have been developed through the pre-
plant incorporation of Brassica napus (rape) seed meals (RSM) into orchard soils.
Compared to trees grown in untreated replant soils, trees established in RSM-
amended soils display increased tree growth and fruit yield along with lower
incidences of disease, which are equivalent to that conferred by soil fumigation
[28,29]. Split root experiments have demonstrated that roots grown in RSM-
amended soil are stimulated to systemically transmit protection to other roots of the
same plant challenged with R. solani in soil that does not contain the seed meal [30].

The substantial suppression of root rot disease in RSM-amended soils is
consistently associated with higher rates of apple root colonization by Streptomyces
[30,31], a group of ubiquitous spore-forming, filamentous Gram-positive bacteria,
many of which can establish endophytic root association with a variety of plant
species [32-35]. Disease suppressiveness of RSM-amended soil is eliminated by
pasteurization, but can be restored to these soils through the addition of individual
Streptomyces sp. isolates [36]. Rootstocks that respond most positively to RSM
amendment generally have the highest rate of colonization by Streptomyces spp.
[37]. These findings implicate Streptomyces as the agents of disease-suppressiveness
conferred by RSM soil amendment.
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Many Streptomyces produce antibiotics and the documented plant growth
promoting effects of both introduced and resident populations [38] of these bacteria
are generally attributed to their antagonistic capacity toward soilborne pathogens.
For instance, Streptomyces lydicus strain WYEC108 produces an antibiotic with
strong in vitro activity against the oomycete phytopathogen Pythium ultimum [39]
and coating pea seeds with spores of this strain substantially reduces invasion by P.
ultimum in an oomycete-enrinched soil [40].

Though logical to posit a role for Streptomyces-derived antibiotics in disease
suppression, several lines of evidence indicate that means other than or in addition to
antibiosis are involved. Soil-borne Streptomyces grieseovirdis (Mycostop®) has
been reported to reduce foliar infection of wheat and lettuce by the phytopathogens
Blumeria graminis and Botrytis cinerea, respectively [41], implying that the bacterium
may somehow stimulate plant systemic immunity. Antibiotics produced by Streptomyces
sp. R-5 that inhibited the rhododendron pathogen Pestalotiopsis sydowiana in vitro
did not inhibit mycelial growth in plants infused with these antibiotics; inhibition of
the pathogen in planta occurred only with the concomitant presence of strain R-5
[42]. Coombs et al. [43] found that protection against Gaeumannomyces graminis var.
tritici infection conferred to wheat by some endophytic Streptomyces strains did not
consistently correlate with in vitro antagonism, suggesting that “antibiosis may be
only one of the contributory factors for biocontrol capability.” It is possible that some
of the inconsistency could be due to the limitations of typical in vitro antibiosis
screens, which have difficulty in detecting antimicrobial activity by slow-diffusing
hydrophobic compounds. Furthermore, at least one streptomycete metabolite,
fistupyrone, inhibits in vivo infection by Alternaria brassicicola without displaying
in vitro fungicidal activity [44].

Even in the absence of pathogen pressure Strepfomyces colonization can bring
about substantial benefits to plant growth and production. Legumes colonized by S.
Iydicus WYEC108 exhibit dramatic increases in growth rate, root nodulation
frequency, and nitrogen fixing activity [35,45,46], phenotypes known to be
positively affected by iron availability. S. lydicus WYEC108-colonized pea plants
were found to have a significantly greater content of iron in their nodules and much
of this iron was probably incorporated in the nitrogenase enzymes of N,-fixing
bacteroids, which appeared healthier in Streptomyces-colonized nodules [35]. A
survey of six strains showed that beneficial Streptomyces produce significantly more
iron-chelating siderophores than do strains that confer little or no benefit to the host
[47].

5. THE NO-IRON BRIDGE

We postulate that Streptomyces-derived NO in concert with NO endogenously
produced in roots may have a role in increasing iron bioavailability in plants. Many
Streptomyces spp. posses a nitric oxide synthase (NOS) gene and have been shown
to produce NO in culture [30,48], including S. griseovirdis and S. lydicus strain
WYEC108 (unpublished results). Bacterial NOS, found among several gram
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positive genera, are homologous to the oxidase domain of animal NOS and form NO
through the oxidation of L-arginine (Fig. 3). Supplementation of plants with NO can
reverse chlorosis under iron-limiting conditions [49]. Furthermore, following
exposure to compounds that lower levels of endogenous NO, iron-replete plants
develop intraveinal chlorosis [49]. NO was not found to increase the total iron
content of plants but, by reducing Fe(Illl) to Fe(ll) and forming iron-nitrosyl
complexes, NO may enable passage of iron from the apoplast across cell membranes
and thereby increase the availability of the metal for metabolic processes [50,51].

AsA MDA Apoplast
Ph Ph o,
NO < NO, ——><% =NO$>N02'TV>NO
Ph  Ph
NI- . ~—MDA AsA NLDA
NOR/ ©:- \——/v ‘ DHA
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Figure 3. A model for generation and propagation of NO signal in response to pathogen
elicitation by co-induction of the L-Arg = L-Cit pathway, catalyzed by NOS, and the nitrite
=2 NO pathway, catalyzed by nitrate reductase (NR) in the symplast and by phenolic (Ph) or
ascorbic acid (AsA) mediated reduction in the apoplast. Carriers of electrons (e’) are omitted

for simplicity.

Several reports have linked nitrate reductase (NR) activity with iron capture in
plants and algae [52-54]. It remains to be determined whether this correspondence is
related to NR’s ability to form NO by the reduction of nitrite (Fig. 3) [55-58].

The redox state of NO appears to be an important factor in determining its
influence as a signal molecule. Levels of ferritin were found to increase following
exposure of 4. thalania leaves and suspension cultured cells to the NO™ donor SNP
but not to the NO- donors, SNAP, GSNO or NOC-18; SNAP actually prevented
iron-induced ferritin accumulation [59,60]. Since NO can be oxidized by Fe(Ill), the
redox state of NO may provide information to cells useful for maintaining iron
homeostasis and metabolism [51]. Reduction to Fe(Il) is necessary for incorporation
of iron into ferritin where it is then oxidized back to Fe(III) for safe storage [51,61].

Ferritin levels change during the course of nodule development and senescence.
As nodules form, ferritins act as an iron reservoir, with each protein able to store



NITRIC OXIDE RESEARCH IN AGRICULTURE 77

thousands of iron atoms [62]. During nodule maturation, ferritin levels decline and
the released iron is incorporated into the increasingly numerous nitrogenase
enzymes [63]. The reverse process occurs during senesence, with declines in
nitrogenase being paralleled by increases in ferritin, thus preventing Fenton
reactions and the runaway oxidative damage that would ensue were free iron atoms
to be released [64]. Hérourt et al. [23] speculated that NO might have a regulatory
role in nodule formation and function based on the finding of NOS-like activity in
the roots and nodules of Luinus albus, along with observations in soybean nodules
of a plentiful supply of arginine substrate [65], and presence of NO-leghemoglobin
complexes [66]. They alluded to enticing unpublished pharmacological data
indicating “that the modulation of NO levels leads to the modification of the number
of nodules per root” but to our knowledge these results remain unpublished.

6. NO RELATIONS TO SOME OTHER SIGNAL MOLECULES

An inverse relationship between NO and ethylene emission rates has been observed
in legumes as well as other plants [67]. Nodulation is negatively regulated by
ethylene and, therefore, one possible mechanism whereby Streptomyces enhance
nodulation may be through their release of NO. Rhizobia hyperinfection occurs in an
ethylene-insensitive mutant of Medicago trunculata [68]. Some rhizobia enhance
legume nodulation by inhibiting ethylene production in the plant host, thereby
decreasing the frequency of infection thread abortion [69-71]. Based on this
background, it would be worthwhile to survey nodulation-enhancing Streptomyces
for NO production and to determine if mutation of the NOS gene diminishes the
capacity of a given strain to enhance nodulation.

Products of rhizosphere bacteria, including salicylic acid (SA) and lipopolysac-
charide (LPS), are known to elicit systemic resistance against pathogens [72]. Plants
commonly make SA in response to infection by a pathogen. In this process, termed
the oxidative burst, NO and H,0, formed at the site of ingression stimulate the
synthesis of SA which can travel throughout the plant to activate systemic acquired
resistance mechanisms [16,18,73]. Constitutive production of SA by rhizobacteria is
thought to prime this defense pathway and thereby allow a more rapid response to
pathogen infection [72].

Although untested, it is an intriguing possibility that NO-emitting Streptomyces
and other bacteria may prime the same resistance pathway by stimulating plant SA
production in the absence of a pathogen. The NO-inducible a-DOX-1 of Arabidopsis
thaliana encodes for a lipid dioxygenase that converts fatty acids into oxylipins
known to have antimicrobial and antioxidant properties [19]. Plants sown into soil
were found to exhibit significantly higher levels of a-DOX-1 expression in their
roots [19], perhaps as a consequence of NO release by soil microbes.

Recent evidence implicates NO as a transducer of the LPS modulated signal in
A. thaliana. In response to LPS, peels of wild-type plants displayed an NO burst,
which was reduced by 80% in an AtNOS1 mutant [74]. To date AtNOSI, a homolog
of the NO-synthesizing br-1 protein of the snail H. pomatia, is the only protein
identified in plants to have NOS-like activity [24]. (A prominent report of an
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“INOS” in plants has recently been retracted [75]). During infection with
Pseudomonas syringae pv tomato, 4. thaliana deploys an alternative oxidase (AOX)
[76] which, unlike cytochrome c, is tolerant of NO. Operation of AOX therefore
permits continued oxidative respiration, albeit of lower ATP yield, without
generating excess toxic reactive oxygen species that would otherwise form under
cytochrome c-inhibiting conditions [77]. Exposure to exogenously supplied NO was
shown by Northern and microarray analyses to induce transcription of AOX in 4.
thaliana [78]. Therefore, one might expect that LPS, as an inducer of AtNOSI,
would stimulate expression of AOX. However, as determined by microarray
analysis, AOX expression was not induced by exposure to LPS [74]. These disparate
results cannot be resolved with our present state of knowledge. Reproducibility is a
problem with microarray data [79] and thus the lack of AOX induction by LPS
should be confirmed by Northern analysis. Also, care must be taken not to over-
generalize from studies of A. thaliana, which differs significantly from other plants
(even other Brassicacea) in pathogen-induced signal transduction [72].

7. ANTIMICROBIAL CONSEQUENCES OF NO RELEASE DURING THE
OXIDATIVE BURST

In conjunction with antimicrobial activities that are activated in part by NO,
including phytoalexin release, crosslinking reactions [80], host cell death [17] and
oxylipin formation [19], nitrosative stress at an infection site probably contributes to
inhibition of potential invaders. Within hours of exposure to an avirulent
Pseudomonas syringae strain, soybean cell suspensions accumulate 10 uM H,0,
and 2 uM NO, levels which are substantially higher than those induced by a virulent
strain [16]. NO concentrations of < 2 pM induce the activity of the flavohemoglobin
NO dioxygenase (NOD) in growing Escherichia coli cells and can kill resting late
stationary phase cells [81]. Under aerobic conditions expression of NOD lowers
cellular NO toxicity by protecting aconitase from inactivation by NO [81]. Strains of
Erwinia chrysanthemi with mutations in the HmpX flavohemoglobin gene are
substantially compromised in their ability to cause disease [82] indicating that
bacterial mechanisms for eliminating NO may be phytopathogenicity factors.
Experiments utilizing transgenic expression of bacterial Hmp in Arabidopsis and in
avirulent P. syringae have provided evidence that confirms and further defines the
role of NO in initiating plant responses to infection. The presence of Hmp, whether
expressed by the bacterium or plant, causes a significant reduction in tissue H,O,
accumulation due to increased H,0,-degrading activity [20]. The authors speculate
that removal of NO inhibition on catalase may account for the higher H,O,-
degrading activity. Hmp plants displayed hypersensitivity symptoms after exposure
to avirulent P. syringae that were even more severe when the infecting bacterium
also expressed Hmp [20]. Most dramatic among the effects of Hmp on gene
expression was the highly diminished accumulation of pal transcripts [20],
confirming previous pharmacological-based studies [16]. Phenylalanine ammonia
lyase (PAL) is the first enzyme in the phenylpropanoid pathway that leads to
biosynthesis of SA as well as flavonoid phytoalexins [80].
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Another source of nitrosative stress at infection sites is ONOO’, produced in the
reaction of NO with O,". Enzymatic generation of O,” can occur through the activity
of NADPH oxidase [83] or nitrate reductase [11]. In mammalian phagocytes ONOO
is thought to function in the killing of microorganisms within the phagosome [84].

8. A MODEL FOR PLANT NO SYNTHESIS AND PROPAGATION

The model of NO synthesis depicted in Figure 3 was designed to reconcile
observations of Yamamoto et al. [85] and Zeidler et al. [74] who reported increases
in NR transcript accumulation and NOS activity, respectively, in response to
pathogen elicitation. In an Arabidopsis AtNOS mutant induction of NO synthesis by
LPS was reduced by approximately 80% relative to the wild-type plant [74], an
observation that indicates a necessary role for AtNOS in pathogen-inducible NO
synthesis but does not necessarily limit the role of NR to simply filling in the
remaining 20%. Spontaneous oxidation of NO to nitrite would limit the intensity of
the NO signal were it not for the presence of mechanisms to recycle nitrite back to
NO. The increase in NR transcripts in potato [85] and NR protein in a Brassica sp.
hybrid [86] in response to pathogens might indicate a role for NR in reduction of
nitrite to NO in the symplasm. Similarly, pathogen elicitation stimulates accumulation of
apoplastic phenolics [80] able to reduce nitrite to NO under the acidic conditions
found in the apoplast [87]. Monodehydroascorbate reductase (MDAR) may be
important for propagation of NO through the apoplast since it can reduce phenoxyl
radicals to their parental phenolic forms [88] and reduce monodehydroascorbate to
ascorbate, which itself is able to reduce nitrite to NO [89]. Analysis of NR and
MDAR mutants should better define the role of these enzymes in maintaining the
NO signal in plants.

9. THE OFT-IGNORED ENDOPHYTES

The external surfaces and interstitial spaces inside plants are rife with bacteria
[90-92] and fungi [93]. Even vigorous treatment of seeds with disinfectants brings
no guarantee of yielding a sterile plant.

We have reported on the isolation of a leaf endophyte Rhodococcus strain APG1
that produces NO via NOS [94]. NO synthesis is apparently involved in the
bacterium’s acclimation to harsh oxidative conditions found on leaves. In bacteria
NO activates OxyR and SoxR, global regulators of genes involved in oxidative
stress tolerance, including catalase and superoxide dismutase genes [95,96]. We
observed substantial concomitant increases in NOS and catalase activity in
Rhodococcus APGI cells provided with sucrose, the primary source of available
carbon in plant leaves [94].

We have also identified NOS activity in the Bacillus mycoidies strain PVL2,
isolated from surface sterilized seeds of Phaseolus vulgaris. Bacillus spp. are
commonly found as plant endophytes and genomic sequencing has revealed the
presence of nos genes in many species. Interestingly, several Bacillus spp. also
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possess AtNos homologs [97] although confirmation of NOS activity by the
expressed products remains to be determined.

The nearly ubiquitous presence of bacteria, many of which contain NOS, in plant
tissues should be taken into account in studies of NO synthesis in plants. The lack of
responsiveness of intact bacterial cells to certain NOS inhibitors [94,98,99] may
bear relevance on some observations of inhibitor-resistant NOS activity in plant
preparations.
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Figure 4. Bacterial routes for production of NO from nitrogen provided in urea, ammonia
and nitrate fertilizer (bold). Enzymes of autotrophic nitrification by Nitrosomonas spp. are
ammonia monooxygenase (AMO), hydroxylamine oxidoreductase (HAO) and nitrite reductase
(NiR) [106]; Nitrobacter spp. can convert nitrite to nitrate via nitrite oxidoreducatse (NiOR).
At low pH (<5.5) nitrite can dismutate into NO via nitrous acid. NO can be formed from
nitrite by nitrite:NO oxidoreductase (NI-NOR) in some nondenitrifying bacteria [128] and, at
high nitrate concentrations, by nitrate reductase (NR) [129,130]. The dashed line indicates
steps where NO may be lost as a free intermediate denitrification [131]. Assimilation of
ammonia via the glutamine synthetase (GS) glutamate synthase (GOGAT) pathway leads,
after multiple steps, to the generation of L-arginine, the substrate for nitric oxide synthase
(NOS). Most non-nitrogenous reactants, coenzymes and products are omitted for simplicity.

10. PLANT EXPOSURE TO NO RELEASED FROM MICROBIAL ENERGETIC
METABOLISM

The full breadth of known biological mechanisms for synthesizing NO are found in
the bacterial domain (Fig. 4). From an agricultural perspective the conversion of N
in fertilizers to NO and other gaseous N compounds is generally viewed as a
wasteful loss of nutrients. However, our growing understanding of NO as a signal
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implies that NO formed by microbial processes may influence plant physiology,
perhaps, as discussed above, to the benefit of the plant in some cases.

The major source of NO in most agricultural soils is nitrification [100-104]
(Fig. 5) . Autotrophic nitrifiers that rely on ammonia as a source of high energy
electrons are the predominant sources of nitrification activity [105]. Under
conditions common in soil microenvironments where O, is not plentiful, nitrifiers
will reduce endogenously formed nitrite to NO instead of utilizing O, as an electron
sink [106,107]. The soil depicted in Figure 5 had not previously received
nitrogenous fertilizer and thus there is a substantial delay in the onset of peak NO
production activity. In an annually fertilized orchard soil the peak NO release rate is
reached at approximately one week following amendment with RSM (Cohen &
Mazzola, unpublished results).

Figure 5. Nitrification-dependent NO production in response to incorporation of powdered
Brassica napus var. Dwarf Essex seed meal into previously uncultivated forest soil. The soils
were assayed as previously described [30]. Treatment with the nitrification inhibitor
nitrapyrin was carried out by mixing 2 g of a 5 mg nitrapyrin g talc suspension into 0.5 L
soil. To all other soils talc without nitrapyrin was added at the same rate. Some soils were
supplemented with N by mixing 575 mg NH,CI into the talc suspension (approximately
equivalent to the amount of N added in the 0.5% RSM-amended soils). Assays preformed by
Emi Yamamoto and Nao Arita, University of the Ryukyus, Okinawa.

In the 1960°s a correlation was noted between the capacity of a soil amendment
to stimulate nitrification and its ability to suppress infection by some fungal
pathogens [108]. That nitrification-derived NO may be involved in activating plant
defenses is an intriguing possibility we are presently investigating. Preliminary
evidence indicates that initial RSM-mediated protection of apple seedling roots
against R. solani infection requires nitrification activity.

In low pH and/or flooded environments, such as in rice paddies, denitrification
serves as the primary source of NO [100,109]. Production of gaseous N by
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denitrification had been thought to be exclusive to the bacteria but is now
documented to occur among the fungi [110,111]. Under anoxic conditions,
mammalian [112] and algal [113] mitochondria have also been shown to be capable
of producing NO. In mammals this production of NO is an important adaptive
response that functions to increase the supply of O, to tissues by stimulating blood
vessel dilation. In plant roots under anoxic conditions NO may have an analogous
role in increasing the availability of oxygen by promoting aecrenchyma formation
[26].

Considering the multiplicity of mechanisms in roots for converting nitrite to NO
[22], the formation of nitrite from nitrate by rhizosphere bacteria may impact root
NO status. Azospirillum spp. strains that carry out only the single-step reduction of
nitrate to nitrite are much more likely to form associations with plant hosts than are
those that have a complete denitrification pathway [114]. Zimmer et al. [115]
provided evidence that some unknown metabolite of Azospirillum-derived nitrite
acts as a root growth-promoting auxin. It is conceivable that NO may be this
metabolite since NO is known to have root growth-promoting effects [22].

11. WHY NOS IN BACTERIA?

Unlike nitrification or denitrification that release NO as a byproduct of energy
metabolism, the reaction catalyzed by NOS is energy consuming and a functional
NOS enzyme is probably not essential for the survival of any bacterium, thus raising
the question of what selective advantage possession of NOS confers. We have
already mentioned evidence of a role for bacterial NOS in regulation of oxidative
stress genes but roles for NO in interactions with other species may also exert
selective pressure for retention of the nos gene.

Ironically, though up to this point our discussions have focused on potential
benefits of bacterial NO on plant physiology, the only established role for bacterial
NOS-derived NO (albeit indirect) is detrimental to plants. Nitrated dipeptide
phytotoxins called thaxtomins are released by some Streptomyces species, such as S.
turgidoscabies, and cause scabbing of tuber crops. It has been shown that an
endogenous Streptomyces NOS is the source of the thaxtomin nitro group and that
nos mutants are not phytotoxic [48]. Nitro groups are found in other secondary
metabolites of Streptomyces spp. For instance, nitration of lipopeptide arylomycins
by Streptomyces sp. Tii 6075 is associated with increased antibacterial activity
[116]. Further investigations are required to determine if NOS has a broader role in
the nitration of arylomycins and other secondary metabolites. In the rhizosphere,
populations of bacteria are several times higher than in bulk soil [105] and antibiotic
release probably helps certain bacteria carve out a niche in the crowd.

High population densities stimulate bacteria, such as the denitrifying Pseudomonas
aeruginosa, to convert from a motile planktonic state to an attached biofilm-
competent state by intercellular signaling mechanisms that do not involve
organic quorum sensing molecules [117]. Among autotrophic nitrifying bacteria,
which release large amounts of NO as a metabolic end-product, NO has been
demonstrated to serve as a biofilm-stimulating signal [118]. The constituent bacteria
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in a biofilm share many advantages, including increased resistance to oxidative
stress, chemical toxicity and protozoan grazing. Protozoa reach high densities in the
rhizosphere and numerous studies have shown that protozoa substantially improve
nitrogen availability for roots through consumption and metabolic processing of
bacteria [119]. Assuming that recognition of NO as a biofilm-inducing signal
extends beyond the nitrifying bacteria, NOS activity might help bacteria avoid
ingestion by bactivorous protozoa.

Like other organisms, protozoa produce and respond to NO. In many respects,
mechanisms of microbial killing by neutrophils are similar to those of amoebic
protozoa such as Naegleria spp. (Fig. 6) [120]. NO synthesis in neutrophils is
thought to function both in subjecting captured prey to nitrosative stress and in
activating proteinaceous antimicrobial effectors [121] but, to our knowledge, there
has been no search for equivalent functions in amoebic NO-producing protozoa.
Encystment is a common differentiation alternative for protozoa under starvation
stress. It has been shown that increased NOS activity in starved macroplasmodia of
Physarum polycephalum stimulates attainment of sporulation competence [122].
Conversely, endogenous NO production in starving Dictyostelium discoideum
amoebae inhibits cell aggregation that precedes cellular differentiation [123]. These
observations of protozoan responsiveness to NO imply that the capacity to produce
NO may allow bacteria, in sufficient collective numbers as in the rhizosphere, to
manipulate the physiological or developmental state of their predators.

Figure 6. A four second time series from a Naegleria americana culture showing
accumulation of the NO indicator DAF-FM in its triazole form (green). Nomarski images are
overlain with simultaneously gathered confocal fluorescence images (Zeiss LSM 5 Pascal;
argon laser 488 nm peak excitation, 515 nm emission). The field of view was moved to follow
the trophozoite moving downward to the left. The protozoan, isolated from orchard soil that
had been amended 7 days previous with B. napus var. Dwarf Essex seed meal, was
maintained on heat-killed E. coli cells. A prior gentamicin and penicillin-streptomycin
treatment regime, recommended for generating bacteria-free xenic amoeba culture [132], did
not eliminate two NO-producing bacteria from the culture: Variovorax paxadoxus and
Pseudomonas aureofaciens.
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12. EMPLOYING BACTERIA TO SKIRT COMPLEXITY

In the field of NO research we are only beginning to elucidate the subtle influences
of NO concentration, timing, cooperativity and antagonism within the layered and
multifaceted regulatory mechanisms of plants [6,124]. The disparate physiological
effects of the free radical and ionic forms of NO add another level of complexity to
NO studies in biology. The plant kingdom is composed of organisms of widely
diverse physiologies and habitats and thus we should expect differences in the
actions of NO among plant species.

NO was originally viewed solely as a toxicant but now the preponderance of NO
studies focus on its beneficial actions at lower physiological concentrations. Its
hormetic dose-response, from beneficial to toxic with increasing concentration,
describes the activity of many bioactive compounds [125]. Thus, consideration of
NO dosage effects is a key in proper experimental design. With further improvements in
the sophistication of technology available to researchers, results that now appear
contradictory may eventually fall into place within coherent models for NO function.

Life has dealt with NO for a much longer period than O,. Adaptation to oxic
conditions is hypothesized to have occurred through the modification of NO-
metabolizing enzymes [126,127]. In the language of life NO, like its English
homonym “no”, is simple but essential for deriving the meaning of more complex
words (signals) within sentences (pathways) and paragraphs (networks). Anyone
who grew up in the United States during the 1980’s will recall Nancy Regan’s
admonition to “Just say no to drugs”. Remove the word “no” and suddenly the phase
is more apropos of a suggested toast at the opening of a crackhouse: Just say ‘to
drugs!” Humanity would do well to keep this linguistic analogy in mind as we tinker
with the communication systems of life. Genetic engineering generally results in
switching genes on or off. Achieving desired alterations in the expression of
fundamental regulatory modulators like NO should require more subtle technical
approaches combined with a system-wide integrated knowledge base that we do not
presently possess. Through the trial and error of evolutionary eons bacteria have
developed a repertoire of mechanisms for manipulating plants including the release
of plant-active compounds. Plants, in turn, have learned to utilize bacteria as
sentinels that signal environmental changes and protect against pathogens. A better
understanding of these interrelationships, in which NO plays numerous roles, will
facilitate strategies that employ bacteria as interlocutors in our efforts to influence
the plant world.
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Abstract. The ozone layer acts like a giant sunshade, protecting forests and other life forms on the
Earth’s surface from much of the Sun’s harmful ultraviolet radiation. The depletion in
stratospheric ozone layer due to anthropogenically released pollutants such as CFC,during the last
few decades has resulted in increased UV radiation at ground level. UV radiation (100-400 nm)
consists of UV-C (100-280 nm), UV-B (280-315 nm) and UV-A (315-400 nm) radiations. Out of
these three, UV-B radiation has a disproportionately large photobiological effect on forest tree
species. Enhanced UV radiation affects the tree species by modifying both their biological and
biochemical environment. Damage may occur in a number of ways including the direct destruction
of genetic material DNA at molecular level, disruption of membranes and other cell structure and
generation of highly reactive chemicals known as “free radicals”. It also inhibits various
physiological processes including photosynthesis, nutrient assimilation, chlorophyll and protein
synthesis, which results into reduced growth and development of the tree as a whole. Enhanced UV
radiation especially UV-B radiation leads to several biochemical changes in the plants and
synthesize secondary metabolites (condensed tannins, phenolics, flavonoids etc.) in the leaves and
other parts of the plant. These secondary metabolites are synthesized as an adaptive mechanism in
trees against enhanced UV radiation and have UV-absorbing properties. It reduces the insect
herbivory, several viral and fungal diseases of a tree. Elevated CO, concentration ameliorates the
damaging effects of UV radiation, whereas, drought in combination to enhanced UV radiation has
inhibitory effect on plant growth and development. The inhibitory effects of enhanced UV radiation
on the tree growth and development are more pronounced in the trees grown at the higher altitudes
and at the equator as compared to the trees grown at lower altitude and at higher latitude. Trees
undergo several changes to overcome the damaging effects of increased UV radiation by expressing
new genes, synthesizing UV-absorbing compounds (secondary metabolites) and reactive oxygen
scavenging enzymes. These processes in combination lead to morphological changes and thereby
trees are able to tolerate UV radiation stress.

1. INTRODUCTION

The Earth receives the Sun’s energy in the form of electromagnetic radiation.

Humans are able to see only a small portion of this radiation, i.e., visible light (400-

700 nm). The vast majority of sunlight is beyond human perception. Ultraviolet rays

are just outside the realm of visible light and are characterized by wavelengths
91
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shorter than the last visible light ray, violet, hence “ultraviolet.” UV-radiation that
reaches Earth’s surface is in the wavelengths between 280-400 nm. It is the part of
the electromagnetic spectrum that can reach a high enough level on Earth to damage
plants ecosystem. Ultraviolet radiation has been arbitrarily divided into three wave
bands termed UV-A, UV-B and UV-C [1].

UV-C (100 to 280 nm) can be found in the artificial sources such as mercury arc
lamps and germicidal lamps. UV-C is completely absorbed by the ozone layer and
oxygen.

UV-B (280 to 315 nm) is the most intense usually between the hours of 10:00 am to
3:00 pm when the sunlight is brightest. It is much intense in the summer months
accounting for about 60-70% of a trees yearly UV-B dose. UV-B does not penetrate
the glasses. UV-B is mostly absorbed by the ozone layer, but some does reach the
Earth’s surface.

UV-A (315 to 400 nm) radiation is more constant than UV-B without any variation
during the day and throughout the year. UV-A is neither filtered by glass nor
absorbed by the ozone layer.

Shorter the wavelength, more energetic is the radiation causing damages to the
trees. UV-C can do great damage but fortunately poses no risk to life on Earth. It is
completely filtered out by oxygen and ozone in the stratosphere. Ozone also plays a
vital role in filtering UV-B, the ultraviolet radiation that is the greatest threat to life
on Earth [2]. However, even a fully functioning ozone layer does not absorb all the
UV-B rays. UV-A surpasses the stratosphere virtually unfiltered, but compared to
the shorter wavelengths, UV-A causes little harm. If the ozone layer thins further,
the increased UV penetration will have severe consequences for trees life and other
life forms as well. Substantial reductions of upto 50% in the ozone column have
been observed over Antarctica [3]. In the tropics, due to small solar zenith angle and
thin ozone layer, plants encounter much higher level of UV-radiation than at higher
latitude [4]. Increased UV radiation could inhibit tree growth and development,
photosynthesis, stunting plant life and agriculture. On a clear day, the level of UV
radiation reaching the ground depends on how direct the sunrays are. Rays hitting
the Earth directly, naturally, have more energy than less direct rays. They move
through less energy-filtering atmosphere than lower angled rays.

On Long Island in ideal conditions, the greatest intensity of UV radiation will
reach the area in summer solstice during the solar noon when the Sun is at its highest
point in the sky for the entire year. This is the moment in time when the sunrays are
most direct. Before and after this date and time, the sun hits the area at lower angles,
less directly, decreasing the radiation. In general, the closer one moves towards the
equator, more direct the sunrays will be. That area will receive, on average, high
levels of UV radiation for the year. Atmosphere is rarely completely clear, and even
it is clear, it contains various materials that will limit radiation. Dust particles and air
molecules floating in the air absorb radiation and also reflect it scattering and
deflecting it back into space. The higher the elevation the more unfiltered radiation
that area will receive. A high elevation simply lies above many of the dust particles
and air molecules preventing the radiation’s passage. In addition, if an area is high
enough, it will also perch above another factor limiting radiation, clouds.
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2. FACTORS AFFECTING UV RADIATION

The level of UV radiation reaching on the Earth surface depends upon a number of
factors and UV- radiation at the earth’s surface is modified by temporal,
geographical and meteorological factors [5]. Following factors influence the risk of
UV radiation exposure and its consequences on tree health and life [1]:

Ozone Layer- The ozone layer absorbs most of the sun’s UV rays, but the amount
of absorption varies depending on the time of the year and other natural phenomena.
The absorption of UV radiation has decreased, as the ozone layer has become
thinner due to the release of ozone-depleting substances that have been widely used
in industry viz., CFCs, (green house gases) etc.

Time of the Day- When the sun is at its highest in the sky around noon, sun rays
have the least distance to travel through the atmosphere and UV-B levels are at the
highest. During early morning and late afternoon, sunrays pass through the
atmosphere at an angle and travel longer distance and their intensity is reduced.
Time of the Year- The sun angle varies with the season and causes the intensity of
UV rays to change. During summer months, UV intensity tends to be the highest.
Cloud Cover- Clouds play a big role in allowing the amount of UV radiation
reaching the Earth’s surface. On a cloudy day, depending on the shape and thickness
of the clouds, they can absorb and reflect 35-80% of the Sun’s radiant energy and
along with the other effects prevents all but a negligible amount of radiation from
reaching the ground. Even with heavy cloud cover the scattered UV component of
sunlight is seldom less than 10% of that under clear sky [6].

Latitude- At equator sunrays are the strongest, where it is most directly overhead
and UV rays have to travel the least distance through the atmosphere. Ozone layer is
usually thinner in the tropics compared to the mid- and high-latitudes, so there is
less ozone to absorb the UV radiation, and hence more UV radiation passes through
the atmosphere. At higher latitudes, the Sun is lower in the sky, so UV rays must
travel a long distance through ozone-rich portions of the atmosphere and, in turn,
trees grown at these latitudes are less exposed to UV radiation.

Altitude- At higher altitude the UV intensity increases because there are fewer
atmospheres to absorb the damaging rays. In general, each 1 km increase in altitude
increases the UV flux by about 6% [7]. The trees grown at higher altitudes have
higher risk of overexposure to UV radiation.

Other Factors- Additional factors limiting UV radiation include haze, smog,
surface reflection and other air pollution [8, 9]. All these factors are taken into
account in a scale, called the UV index, measuring the amount of UV radiation
reaching the ground and its relative danger to plant life.

3. IMPACT OF INCREASED UV RADIATION ON TREES

Forests occupy about 31 percent of the Earth’s land area and make up over 90
percent of the Earth’s biomass. Forests account for two-third of the carbon that is
“fixed” or withdrawn from the atmosphere. Forests thus play a major role in how
much carbon is free in the atmosphere, which in turn affects the magnitude of the
“greenhouse effect.” A little information exists on the effects of UV-B radiation on
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forest tree species [10]. Tropical forests, though representing nearly one-half of the
global productivity and much of the total tree species diversity, have received very
little attention with respect to the ozone reduction problem. Although little, or no,
ozone reduction has thus far occurred in the tropics, only a small decrease of ozone
at these latitudes would result in a very sizeable increase of UV-B radiation since
solar UV-B radiation is already very intense in these regions. Study has shown that
excluding existing solar UV-B radiation with filters can result in increased growth of
four broadleaf species [11]. Otherwise, the effects of UV-B radiation on tropical tree
species have not received much attention. The perception of increased UV-B
radiation has been diverted by global climate change; the problem has not gone
away. In fact, even if ozone-depleting emissions were halted immediately, the
detrimental gases already in the stratosphere break down slowly. Studies on
agricultural species have shown that about 60 percent are at least moderately
sensitive to high levels of UV-B radiation.

One of the primary interests of a tree physiologist is what effect UV-B has on
ribulose 1,5-bisphosphate carboxylase oxygenase (RuBisCO), the most abundant
protein on Earth. It is believed that increased carbon dioxide and global warming
will offer a buffer against UV-B damage to a certain extent. Increased carbon
dioxide can enhance plant growth, but when combined with the negative effect of
UV-B radiation on photosynthetic enzymes in C; and C, plants [12, 13], the result is
far from certain. Physiologists are worried about whether the increased UV-B
radiation will change carbon allocations within trees. They may have to put much of
their photosynthetic products into protective mechanisms at the expense of growth.
Growth processes uses photosynthetic assimilate and are controlled by content and
activity of hormones and inhibitors. In most cases the treatment of plants with UV
leads to the shift of hormone inhibitor balance towards inhibitor predominance [14].
There could be more severe direct effects also, but considering the role of trees in
regulating atmospheric carbon, even small effects could in turn have large effects on
climate change.

UV-B affects trees by modifying both biological and chemical environment. The
most important of these are the nucleic acids and to a much lesser extent the proteins
and other molecules [15]. Damage may occur in a number of ways, including the
direct destruction of the genetic material DNA, deactivation of enzymes, disruption
of membranes and other cell structures and the generation of highly reactive
chemical agents known as free radicals. Elevated UV exposure can cause temporary
or irreversible damage to photosynthetic apparatus (including the bleaching of the
pigments) [16], loss of electron transport efficiency [17] to processes of cell division
and growth regulation, and the composition and replication of genetic material.
Consequences include a reduction in growth yield, changes in levels and effects of
plant hormones [14] and alteration of periods of dormancy, flowering, etc.
Biological repair mechanisms exist [18], mutations may remain as errors in the
repair processes. In addition, the repair mechanisms themselves may be deactivated
by high UV doses. The interaction of all these processes can lead to a variety of
adverse effects on plants. Many effects are sub-lethal, may interact with other
factors and therefore, very difficult to attribute to UV-enhancement specifically.
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4. MOLECULAR AND CELLULAR CONSTITUTION

DNA readily absorbs UV-B radiation, which commonly changes the shape of the
molecule in one of several ways. Changes in the DNA molecule often mean that
protein-building enzymes cannot read the DNA code at that point on the molecule.
As a result, distorted proteins can be made, or cells can die. However, living cells
are “smart.” Over millions of years of evolving in the presence of UV-B radiation,
cells have developed the ability to repair DNA. Enzymes such as, BER (base
excision repair), NER (nucleotide excision repair) and photolyase arrive at the
damage site, remove the damaged section of DNA, and repair it with the proper
components (based on information elsewhere on the DNA molecule). This makes
DNA somewhat resilient to damage by UV-B.

Exposure of plants to UV-B radiation results in changes in expression of a large
number of genes. Before UV-B radiation or light of other wavelengths can give rise
to a cellular response, it has to be perceived by some kind of receptor, and the
information transduced via a signalling pathway to the target molecules, be it
proteins in the cytoplasm or the genetic material in the nucleus. Elevated solar UV-B
doses increase the frequency of somatic homologous DNA rearrangements in plants.
Increases in recombination are accompanied by a strong induction of photolyase and
Rad51 gene expression. These genes are putatively involved in major DNA repair
pathways, photoreactivation and recombination repair. In plants that are deficient in
photoreactivating ultraviolet-induced cyclobutane pyrimidine dimers, recombination
under elevated UV-B regimes greatly exceeds wild-type levels. The results showed
that homologous recombination repair pathways might be involved in eliminating
UV-B-induced DNA lesions in plants. Increased solar UV-B radiation is forecasted
for the early 21st century may affect genome stability in plants [19].

Scots pine seedlings were exposed in a phytotron to simulated outdoor climates
with ambient or twice-ambient levels of ozone (26-96 and 52-192 nL L7,
respectively) combined with zero or low ambient levels of UV-B. Needles and
cotyledons were evaluated at eight dates up to 44 days of treatment. Cinnamyl-
alcohol dehydrogenase (CAD) and stilbene synthase (STS) were induced by ozone.
The mRNAs of these stress-related enzymes were induced only under twice-ambient
ozone concentrations. Ozone-induced transient STS transcript levels reached their
maximal values between day 1 and day 5, and were more pronounced in the
presence of UV-B. CAD mRNA content and CAD enzyme activity increased
continuously under enhanced ozone concentrations. Additional UV-B resulted in
suppressed transcript level and enzymic activity of CAD. The results indicated that
at the level of gene expression, there is an interaction between responses to UV-B
and ozone [20].

Suesslin et al. [21] have observed that ultraviolet-B radiation triggers the
activation of protection mechanisms and various photomorphogenic responses. One
of the Arabidopsis mutants, uli3, shows a reduced sensitivity of UV-B induced gene
expression events. The ULI3 gene encodes an 80 kDa protein with potential domains
for heme- and diacylglycerol-binding. In transiently transfected protoplasts, the
ULI3: GFP fusion protein is localized in the cytoplasm but also adjacent to
membranes. In etiolated seedlings irradiated by UV-B, ULI3 mRNA expression is
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strongly up regulated. This is caused by elevated transcription as demonstrated using
stable transformants where a GUS-reporter is driven by the ULI3-promoter. ULI3 is
preferentially expressed in the outer cell layers in leaves, stems and flowers, but not
in roots. There is evidence that ULI3 represents a specific component involved in
UV-B-mediated signal transduction in higher plants.

The perception of low levels of UV-B probably occurs via a UV-B photoreceptor,
followed by several different signalling pathways. These pathways include second
messengers such as calcium, kinases and the catalytic formation of reactive oxygen
species. On other hand, high levels of UV-B probably cause cellular damage and
oxidative stress, thus activating a general stress signal transduction pathway, which
leads to a response similar to that, which occurs after pathogen attack, and other
stresses. Some of the genes identified so far as being regulated by UV-B encode
proteins involved in the biosynthesis of protective pigments, DNA repair and
antioxidative enzymes, photosynthetic genes, cell cycle genes, and stress genes
induced by other types of stimuli i.e., pathogenesis-related proteins and senescence-
induced genes [22].

UV-B radiation damages a variety of cellular components like the membrane of
leaf cells, particularly the structure of chloroplast membrane. Under UV-B radiation,
the plasma membrane in Schefflera octophylla was contracted and corrugated, and
separated from the cell wall. The chloroplast in S. octophylla and Pterospermum
heterophyllum was dilated and even broken and the thylakoid dilated and adhered.
In Archidendron clypearia, the mitochondria appeared to be cavitated. Starch grains
in chloroplast in A. clypearia and P. heterophyllum were increased, and the black
particles in chloroplast in S. octophylla and Sapium discolor were also increased,
and appeared on the mitochondrial membrane of S. octophylla [23].

A tree’s ability to resist the effects of UV-radiation is a product of its ability to
reduce exposure (through the optimisation of growth pattern and the production of
UV absorbing pigments) and to repair or replace damaged molecules. The
expression of these UV resistance mechanisms is sensitive to the quantity and
quality of ambient light. The significance of DNA repair as a UV resistance
mechanism was investigated by comparing the effects of solar UV on the growth of
a variety of repair-proficient and -deficient Arabidopsis lines grown under natural
light, focusing on the effects of UV on the growth of well-established plants. UV
had an inhibitory effect on the growth of wild-type plants, and this effect was
enhanced in repair-defective lines. Plants defective in the cyclobutane dimer
photolyase are most sensitive to the effects of UV-B on plant height and rosette
diameter growth, indicating that the enzyme plays an important role in UV
resistance. A mutant defective in nucleotide excision repair (NER), a non-specific
repair pathway, also displayed a significant, though less sensitivity to solar UV-B,
suggesting that either the transcription-coupled repair of UV-induced dimers, or the
repair of some other UV-induced lesion was also important for optimal growth [24].
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5. BIOCHEMICAL CONSTITUTION

Increased UV-B radiation exposure to the plants leads to biochemical changes in the
leaves, such as secondary compounds, which are having UV-absorbing properties
like condensed tannins, several flavonoids, and some hydrocinnamic acid contents
are increased. The solar UV-B radiation plays an important role in the formation of
secondary metabolites in the leaves of birch seedlings [25] scot pine seedlings [26]
and leaves of woody tree species [27]. Seasonal variation in accumulation of UV-B
absorbing compounds noticed is more correlated to the developmental processes
than to the seasonal fluctuations of the UV-B radiation [28].

Secondary compounds, such as lignin, are important as structural materials.
These are related to phenolic compounds and may change in composition with
elevated UV-B radiation [29]. If the ratio of lignin to cellulose in plant tissues
changes, it can alter the rate of decomposition. The seedlings of Acer saccharum and
Acer platanoids exposed to UV-A radiation accumulated higher concentrations of
anthocyanins and other flavonoids. The roots synthesized more UV-absorbing
compounds than shoots; coumarin, aesculetin, scoparone and various phenolic acids
were identified in the root extracts [30].

The prolonged exposure of enhanced UV-B radiation to seven-year-old Norway
spruce seedlings caused significant decrease in chlorophyll ¢ and b content. This
decrease was mainly caused by the decrease in chlorophyll a content (up to 21%).
This decrease in photosynthetic pigment caused reduced photosynthetic gas
exchange. The antenna size also reduced due to long-term exposure to UV-B
radiation [31]. Concentration of foliar phenolics increased in populus when exposed
to enhanced UV-B radiation [32]. Exposure of Leucadendron laureolum seeds to
UV-B radiation resulted in decreased seed germination, which was associated with
decreased foliar chlorophyll a and carotenoid levels in the seedlings [33].

One important conifer species, loblolly pine has been shown to be particularly
sensitive to UV-B radiation. Loblolly pine responded to UV-B radiation under a full
solar spectrum by increasing needle flavonoid content [10]. Two-year-old tissue had
higher foliar flavonoids content under enhanced UV-B radiation in Quercus rubra,
Pinus ponderosa and Psedotsuga menziesii under field condition [32].

Plant parts in addition to leaves, accumulate specific compounds in response to
UV- radiation exposure [34]. Concentration of sucrose, raffinose and glucose in the
bark of silver birch were higher in UV treated saplings than in saplings grown in
ambient radiations. Saplings grown in the elevated UV-A + UV-B radiations had
significantly increased concentration of certain UV-B absorbing phenolics, such as
salidroside, 3,4 -dihydroxypropiohenone-3-glucoside, (+)- catechin and (-)-epicatechin
compared with saplings grown in ambient radiation.

6. GROWTH AND DEVELOPMENT

The timing of life phases of plants is a combination of response to environmental
factors and the genetic constitution of the plant. UV-B exposure can alter the timing
of events such as flowering, entering and breaking of dormancy, and even
senescence is important not only to the individual plant, but to also how plants
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interact with other plants. For example, a shift in the timing of flowering can mean
that a plant species may not have sufficient insect pollinators available at the new
time of flowering because either the insects are not present or other plant species are
attracting these pollinators. Such changes could also conceivably be important in
agricultural systems, but intervention with management options may make these
changes less important. Increased UV-B may advance or delay (depending on
species) the time of flowering in tree species. There is little work at present on
flowering responses and virtually nothing on other potential effects of UV-B on life
phase timing of tree species.

Exposure of Populus clones to near ambient UV-B radiation caused shift in
allocation of carbon from leaf development to other pools probably to the UV
absorbing compounds (flavonoids derivatives). Such reallocation curtails leaf
development and reduces photosynthetic capacity compared to subambient levels of
UV-B radiation and affect growth over long duration [35]. In Populus deltroids trees
when grown under enhanced UV-B radiation, height, diameter and biomass reduced
significantly, but shoot to root ratio increased [36].

Five-year-old European beech trees were exposed to increased UV-B radiation
and ambient UV-B radiations. The increased level of UV-B had adverse effect on
net photosynthesis (Pn), stomatal conductance (gs), chlorophyll fluorescence (Fv/Fm)
and accelerated senescence measured as yellowing of leaves [37]. Significant
reduction in plant height, leaf area and shoot dry weight was observed when Salvia
splendens plants were grown under enhanced UV-B radiation level. Reduction in
leaf area ratio and simultaneous increase in specific leaf area was also observed due
to enhanced UV-B radiation, which indicated that UV-treatment might have induced
significant accumulation of photosynthates in leaf blades [38].

Leaf anatomical changes are important in determining the degree of injury
sustained by plants exposed to natural and enhanced levels of UV-B radiation. The
degree to which leaf anatomy changes due to increased UV levels is poorly
understood in most of the tree species. Four tree species were exposed to enhanced
UV-levels and examined for change in leaf anatomy. Populus tricocarpa, an
intermediate broad leaf species, showed significantly thicker palishade parenchyma
in recently matured leaves and increased leaf area. Quarcus rubra, a semi
determinate broad leaf species, exhibited significantly thicker palisade parenchyma
as compared to control. Psuedotisuya menziesii a coniferous species with flattened
needles, and Pinus ponderosa, an evergreen coniferous species with a complete
hypodermis, showed no significant changes in the leaf area or specific leaf weight
under enhanced UV-B radiation [39].

Loblolly pine is the leading commercial species in the south-eastern United
States and accounts for a large portion of pulp producing capacity. Loblolly pine is
one of the most susceptible species to UV-B radiation. When loblolly pine seedlings
were exposed to enhanced UV-B radiation a reduction of 40 and 16%, respectively
was observed in biomass and height [10, 40]. In Douglaus fir seedlings, increased
lateral branching was noticed [41]. Studies have demonstrated deleterious effects of
UV-B radiations on tree growth and physiology [42]. Shift in dry matter allocation
towards roots contributed to lower shoot / root and leaf area ratio in UV-B treated
silver birch seedlings [43]. However, UV-B radiation inhibited the growth of main
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roots and stems, decreased number of lateral roots and leaf number as well as leaf
area in Psychotria rubra, Schefflera octophylla, Archidendron clypearia, Pterospermum
heterophyllum, Sapium discolor and Albizia lebbeck seedlings [23].

7. MINERAL NUTRITION

Uptake and translocation of mineral nutrients within the plant can be affected by
elevated UV-B radiation. Consequently, the mineral nutrient status of plants can
affect plant responsiveness to UV-B radiation [44, 45, 46]. Nitrogen concentration in
plant tissues can increase under elevated UV-B, which is linked with reduced insect
herbivory [47, 48].

Growth and pigment accumulation of plants exposed to UV-radiation are
dependent upon the availability of mineral nutrients. Young scot pine seedlings
grown at different nutrient levels were exposed to UV-A and UV-B radiation. The
growth and the accumulation of photosynthetic pigments were positively affected by
the availability of nutrients, while the accumulations of condensed tannins and its
precursor, (+)- catechin decreased significantly under high nutrient level. Nutrient
level did not markedly affect the total accumulation of flavonoid [49]. Silver birch
seedlings when exposed to enhanced UV-B radiations, a marked reduction in
nitrogen allocation to leaves and increased allocation of phosphorus to roots was
noticed [43].

Tosserams et al. [50] reported that an increase in carbon accumulation in nutrient
stressed plants led to a reduction in UV-B induced damages because of increased
foliar UV-B absorbance by enhanced accumulation of phenolic compounds and leaf
thickening. Total biomass production of plants at low nutrient supply was 50%
lower as compared to plants grown at high nutrient supply, while net photosynthesis
decreased only by 12%. Increased levels of UV-B reduced biomass production
under non-limiting nutrition conditions only and there was no effect on the plants
grown under limiting nutrient condition. This response was associated with
accumulation of carbohydrates under nutrient limited nutrition condition.

8. PHOTOSYNTHESIS

Effects of UV radiation, particularly those of the biologically more active UV-B
radiation on trees [51, 52] and specifically on photosynthesis [53, 54] have been
extensively investigated. Studies with artificial UV-B sources have shown that UV-
B radiation may strongly affect PSII, whereas PSI appears to be relatively insensitive
[53]. Reductions in photosynthetic rate and capacity have been described for a
number of tree species. Experiments have shown that as little as 16 per cent
decrease in current ozone level could result in 40 per cent reduction in the
productivity of Loblolly pine. Similar effects are reported for jackpine, spruce,
sycamore, birch and ash; however, the effects are normally more severe in conifers
than in deciduous species. Absorption of light in excess of photosynthetic utilization
by green plant leaves may lead to a reduction in the potential efficiency of PSII,
which persists in low light or darkness and is regarded as the major cause of
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photoinhibition of photosynthesis [55]. It has been shown for many plant species that
photoinhibition of photosynthesis does occur under natural conditions [56]. In
studies with tropical plants, substantial reductions in the potential efficiency of PSII,
indicated by a decline in the “dark-adapted” ratio of variable to maximum
chlorophyll (Chl) a fluorescence (F,/Fy,) have been observed upon direct exposure to
the solar beam of outer crown leaves of mature forest trees [57] and of plants
situated in treefall gaps within the tropical forest [58, 59].

UV-B photons inactivate PSII via non—interacting mechanism, which affects
different target sites. When UV-B radiation is accompanied by low intensity visible
light, which provides protection against photodamage results in synergistically
enhanced protein repair capacity and protects PS- II damage. However, this
ameliorating effect becomes insignificant at high light intensities characteristic of
direct sunlight [60].

UV-B radiation inhibited CO, assimilation when seedlings of Anacardium
exculsum, Virola surinamensis and Colophyllum longifalium were exposed to direct
sunlight as compared to UV-B filtered sunlight. The rate of photosynthetic uptake
by the leaves was affected which occurred due to inhibition of potential PSII
efficiency. The exposure to UV-B radiation also decreased the efficiency of P 700
photooxidation [61]. However, electron transport, RuBisCO activity and enzymes
from the Calvin cycle were highly sensitive to UV-B radiation along with low
temperature stress in Norway spruce trees, which affected the CO, fixation level
adversely [62].

The UV-A component of sunlight is also a significant damaging factor for
photosynthesis, which targets PSII complex. UV-A radiation results in rapid
inhibition of oxygen evolution accompanied by the loss of signal from the S2 state
of the water-oxidizing complex. UV-A irradiance also affects the relaxation of flash
induced variable chlorophyll fluorescence. The primary damage site of UV-A
irradiance is the catalytic manganese cluster of the water-oxidizing complex, where
electron transfer to Tyr-Z° and P680" is inhibited. The damaging mechanism of UV-
A radiation is very similar to that induced by the shorter wavelength UV-B
radiation, but different from photosynthetically active longer wavelength radiation
(400-700 nm) [63]. Primary damaging site of UV-B is the water-oxidizing complex.
It also induces degradation of D1 and D2 protein subunits of PSII reaction center
[62].

Sun facing leaves from the outer crown of the mature trees are less susceptible to
UV- stress in comparison to leaves in shade [64]. Photoinhibition of PSII occurred
when shade leaves of tropical trees were exposed to UV- light. Substantially less
inhibition of PSII occurred when UV-B radiation was excluded and was further
reduced when both UV-B and UV-A were excluded [65]. The effects of long-term
UV-B radiation exposure on the growth and morphology of woody perennials, the
gas exchange and photosynthesis of five common deciduous tree species (Fraxinus
excelsior, Betula pendula, Tilia cordata, Quercus robur and Acer pseudoplatanus)
were measured. All five tree species had been exposed to UV-B radiation for 5
years in the field at an enhancement level equivalent to 18% ozone depletion.
Measurements made during the fifth year of UV-B irradiation recorded reductions
in light-saturated photosynthesis, transpiration and water use efficiencies. These
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changes were accompanied by marked reductions in individual leaf area, stomatal
density and conductance and carboxylation efficiency. There were no significant
changes in the maximum variable fluorescence ratio, the quantum requirement of
oxygen evolution, or light-saturated O, production. Analysis of the response of net
carbon assimilation to changing intercellular CO, concentration (A/ci response)
demonstrated no significant change in stomatal limitation. Reductions in photosynthesis
were consistent with decreased carboxylation efficiency [66].

Krause et al. [64] studied the effect of UV-A and UV-B on the leaves of tropical
trees. The ambient UV-B and UV-A radiation, observed upon exposure to full,
direct sunlight contributed to the reversible decline in potential PSII efficiency.
Sensitivity of PSII to natural UV-B light depended upon the acclimation status and
developmental stages of the leaves and tended to decline with increased levels of
vacuolar UV-absorbing compounds. In shade-grown tree seedlings periodically
exposed to full sunlight, protein damage was indicated by the strong effects of
ambient PAR and UV light on F,/F}, and fluorescence induction kinetics, and by the
extremely slow recovery. Leaves of the crown of mature trees that are acclimated to
full sunlight may achieve full protection against adverse effects of UV on PSII. But
at certain stages of development, or depending on the prior light environment
(incomplete acclimation), ambient UV light may cause temporary losses in PSII
efficiency. Although tropical plants are capable of effectively protecting their leaves
against UV stress, an anthropogenic rise in ambient UV-B radiation in the tropics
may markedly affect their PSII efficiency.

9. UV RADIATION AND OTHER STRESS FACTORS

Plants and other organisms in nature are seldom affected by only a single stress
factor, such as UV-B radiation. Instead, they typically respond to several factors
acting in concert, such as water stress, increased atmospheric CO,, mineral nutrient
availability, heavy metals, tropospheric air pollutants and temperature. Therefore, it
is important to keep in mind that the effectiveness of UV-B radiation can be greatly
increased or decreased by such factors. Visible radiation is an important
ameliorating factor and thus, natural levels as possible should be applied in
laboratory experiments for attaining realistic results.

10. WATER STRESS

Among the most common of factors in nature is water stress. Interactions between
UV-B radiation and water status of plants also occur. Elevated UV-B radiation in
field experiments tended to alleviate drought symptoms in two Mediterranean pine
species [67, 68]. UV-B radiation acts as an environmental signal to induce tolerance
to high light drought stress. Douglas-fir seedlings grown with 6 kJm? day™' of
biologically effective UV-B, which is ambient for the inter mountain regions of
Idaho, USA, have higher light saturated carbon assimilation rates than seedlings
grown without UV-B radiation. UV-B radiation along with drought stress
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(withholding water for 15 days) had 50% high light saturated carbon assimilation
rate and 40% high seedlings water potential [69].

11. INCREASED CO, CONCENTRATION

Increases of atmospheric CO, are a certain element of global climate change and
atmospheric CO, concentration will likely double by the middle of the next century
[70]. Many experiments with elevated CO, employ a twice-ambient CO, concentration
as a treatment condition. Such a doubling often results in more pronounced plant
responses than are evident in many elevated UV-B radiation lamp experiments
designed to simulate up to 20% ozone column reduction under field conditions.
However, responses to CO, are small in semi-natural ecosystems where nutrient or
water availability may strongly constrain plant growth. For example, Gwynn-Jones
et al. [71] showed that growth responses to elevated CO, and enhanced UV-B (both
alone and in combination) were small during the first three years of experimentation
in a sub-arctic heath. Also, most ecosystem-level effects of elevated CO, are
mediated through changes in plant tissues. When studied independently, plant
growth responses to changes in UV-B radiation and atmospheric CO, concentration
generally are thought to be in opposite directions. Usually, in most experiments
employing both elevated CO, and UV-B radiation, these factors do not yield
interactions, with some exceptions [72, 73]. Elevated CO, sometimes appears to
provide some protection against elevated UV-B radiation for some species; yet,
elevated UV-B radiation can limit the ability of some species to take advantage of
elevated CO, in photosynthesis. Allocation of biomass in plants can also change in a
complicated fashion with the combination of CO, and UV-B radiation treatments
[73]. Increased temperature is also a predicted element of global climate change. In
a study combining two levels of UV-B radiation with two levels of CO, and two
temperatures, the results indicated that either elevated CO, or somewhat high
temperature had similar effects in reducing the growth-inhibiting effects of elevated
UV-B radiation [74].

In trees, the allocation of carbon to secondary metabolites has been shown to be
determined by both the availability of resources (e.g., CO, concentration) and by
specific stress factors (e.g., UV radiation). In combination, CO, and UV-B radiation
may differentially affect tree growth and morphogenic parameters, and elevated CO,
may ameliorate the effects of UV-B radiation. The effects of increased atmospheric
CO; concentration and UV-B radiation on growth and the accumulation of different
types of secondary metabolites were studied in silver birch (Betula pendula).
Seedlings were exposed to 350 and 700 pmol mol™ of CO, in a greenhouse. At both
CO, levels, additional UV-B was either present (8.16 kJ m™ day" of biologically
effective UV-B irradiance) or absent. The time course of accumulation of individual
secondary compounds and the shifts in allocation of carbon between biomass and
the secondary metabolites (phenolic acids, flavonoids, condensed tannins) were
studied during a month-long exposure. The activities of enzymes (L-phenylalanine
ammonia-lyase [PAL], EC 4.3.1.5; peroxidase, EC 1.11.1.7; polyphenol oxidase, EC
1.10.3.1) were also determined for leaves. UV-B radiation significantly increased
biomass, PAL activity, and the accumulation of phenolic acids and flavonoids in



ULTRAVIOLET RADIATION STRESS 103

seedlings. Elevated CO, concentration increased the activities of all the enzymes and
the accumulation of condensed tannins in leaves, especially with UV-B radiation.
Because the observed UV-B induction of flavonoids was small under a high CO,
concentration, it was suggested that the excess of carbon in the atmosphere might
moderate the effect of UV-B by increasing the metabolic activity of leaves (high
enzyme activities) and changing the allocation of internal carbon between different
primary and secondary metabolites in the plant [75].

12. OXIDATIVE STRESS

The nature and origin of the reactive oxygen species (ROS) are involved in the early
part of UV-B-induced signalling pathway. The increase in PR-1 transcript and
decrease in Lhcb transcript in response to UV-B is mediated through pathways
involving hydrogen peroxide derived from superoxide (O?). The origins of the ROS
were also shown to be distinct and to involve NADPH oxidase and peroxidase(s).
The up-regulation of Chs by UV-B was not affected by ROS scavengers, but was
reduced by inhibitors of nitric oxide synthase (NOS) or NO scavengers. This
suggests that UV-B exposure leads to the generation of ROS, from multiple sources,
and NO through increased NOS activity, giving rise to parallel signalling pathways
mediating responses of specific genes to UV-B radiation [76].

Four-year-old Scotts pine (Pinus sylvestris) and Norway spruce (Picea abies)
seedlings potted in natural soil were exposed in phytochambers to fluctuating Os
concentrations and UV-B radiation. After one growing season, current-year needles
were collected and analysed for activities of antioxidative enzymes (superoxide
dismutase, SOD, EC 1.15.1.1; catalase, CAT, EC 1.11.1.6; guaiacol peroxidase,
POD, EC 1.11.1.7) and soluble antioxidants (ascorbate and glutathione). CAT, POD,
ascorbate and glutathione, but not SOD, were increased in needles of both species in
response to twice-ambient O; levels. UV-B radiation in the presence of ambient O;
caused an increase in total SOD activity in spruce but had no effect on antioxidants
in pine. Twice ambient Os levels together with low UV-B radiation counteracted the
O; induced increases in ascorbate and CAT in pine but not in spruce. Under these
conditions, spruce needles showed the highest antioxidative protection and revealed
no indication of lipid peroxidation. Pine needles exposed to UV-B and elevated O,
levels showed elevated lipid peroxidations and a 5-fold increase in dehydro-
ascorbate, suggesting that this species was less protected and suffered higher
oxidative stress then spruce [77].

Active oxygen formation (AOS) increased in the embryos of Fucus spiralis
exposed to enhanced UV-B. Two photoinhibition responses were recognized:
(i) a rapid decline of the PSII yield due to the violoxanthin-zeaxanthin cycle
(photoprotection), and (ii) a slower second-phase decline, correlated with active
oxygen production. The electron transport rate increased with embryo age, and was
correlated with AOS production. Enhanced AOS production was associated with
slow recovery of the PSII yield, with increased effective UV dose [78].
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13. INSECTS

The extent to which plant tissues are consumed by insects or the degree to which
pathogens attack plants is regulated by several properties of the plant host tissues.
Experiments show that present-day solar UV-B radiation can substantially reduce
insect herbivory of agricultural and native plant foliage [48, 79]. Field studies
involving supplementation of solar UV-B radiation with lamp systems indicated a
substantial reduction in populations of a herbivorous insect on a heathland plant
[80]. The reasons for these changes are not always clear, but they may be mediated
through changes in plant secondary chemistry or alterations in plant nitrogen or
sugar content. Studies involving UV lamps indicated decreased herbivory by a moth
caterpillar under elevated UV-B radiation and this was attributed to increases of host
pea plant tissue nitrogen content [47]. Mulberry plants previously irradiated with
UV from lamps suffered less herbivory by silkworms (Bombyx mori) and the low
consumption was attributed to low sucrose content of the foliage [81]. In laboratory,
studies McCloud and Berenbaum [82] have shown that UV-B radiation can increase
furanocoumarin content of plant tissue, which, in turn, results in slow development
of certain insect larvae during early life stages of the larvae. Thus, the foregoing
would suggest that insect herbivory might always be decreased by UV-B radiation.
The results of most of these studies indicate that the effects on insect herbivory are
all due to biochemical changes in the host plant tissues. However, there are some
indications that some insects may respond directly to solar UV-B radiation.

14. PLANT PATHOGEN

Plant fungal and viral diseases react in several different ways to UV-B radiation in
various experiments, conducted primarily in laboratory and greenhouse conditions.
In four of ten studies, UV-B was found to counteract disease severity and in the
other six studies, it promoted disease development [83]. The direction of the UV-B
radiation effect on disease severity can also vary with the variety of the host. It is not
clear in many of these experiments whether the changes in disease severity are due
simply to changes caused by UV-B radiation in the host plant, or direct UV-B
radiation effects on the fungal or viral pathogens was involved. Plants exposed to
UV-B radiation prior to infection were more susceptible to subsequent infection by
fungal pathogens, while UV-B irradiation after infection had no effect on disease
severity [84]. Such an experiment suggests that the effect of UV-B radiation is
mediated through changes in the host plant tissues. There is also evidence from solar
UV-B exclusion studies that incidence of fungal disease increases when UV-B is
removed [85].

Pedunculate oak (Quarcus robur) saplings were exposed to ambient levels of
UV-A and UV-B radiation and controlled solar radiation. The effect on leaf fungi
was examined weekly over a four month-period using two techniques; the spore fall
and leaf impression methods, which differentiated between those fungi occurring on
the upper (adaxial) and lower (abaxial) surfaces of the leaves. The abundance of
Aureobasidium pulluluns and Sprobololymes roseus, two leaf yeasts which had
adaxial: abaxial ratio of <1 under ambient levels of UV-B radiations was negatively
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correlated with increasing ambient level of UV-B radiations and reduced significantly on
adaxial leaf surfaces by the supplemental UV-B radiation. Alternaria and Mono-
graphelle nivalis showed consistent responses on adaxial surfaces to UV-A radiation
applied over control + treatment array [86]. These results suggest that the current
levels of shortwave radiation already influence the distribution of fungi on leaf
surfaces and further increase will have more detrimental effect on leaf fungi
distribution.

These changes in insect herbivory and disease severity caused by alterations of
solar UV-B can be sizeable; they can operate in different directions and have very
important implications for both agricultural and non-agricultural ecosystems. They
may be much more important than known influences of UV-B radiation on plant
production based on realistic field studies. Even roots of plants whose shoots are
exposed to elevated UV-B radiation can be affected as indicated by root interactions
with microorganisms. For example, the nature of microorganism assemblage
associated with roots of sugar maple trees (Acer saccharum) was altered by
exposure of the tree shoots to elevated UV-B radiation [78]. This was obviously a
systemic effect of UV-B expressed in the roots of the host plant.

15. INTERACTION BETWEEN SPECIES

The primary plant productivity in forests and grasslands may not be greatly affected
by ozone reduction even if the growth of some plants is diminished. The plant
species differ greatly in growth responsively to UV-B. It is anticipated that a
productivity reduction of one species will probably lead to increased productivity of
another relatively more UV-tolerant species. This is likely because more resources
will be available to the tolerant species. Thus, the overall productivity of the system
may well remain about the same, while species composition may change. However,
a change in the balance of species could have far-reaching consequences for the
character of many ecosystems.

Another mechanism whereby the competitive balance of plant species can be
changed by increased UV-B is through changes in plant form. Even if plant
production per se is not affected by increased UV-B, changes in plant form can
result in changes in which species can more effectively compete for sunlight. A
quantitative analysis of competition for sunlight in the mixed stands with and
without supplemental UV-B showed that subtle changes in plant form of the two
species were sufficient to change the balance of competition for sunlight that is
necessary for photosynthesis [87]. Therefore, one species can achieve some
advantage over the other because one captures more sunlight for photosynthesis. In
these experiments, the wheat benefited from increased UV-B and weed suffered.
However, in other mixtures of crop and weeds, the situation might be reversed.
Also, other changes in plant form, such as greater allocation of biomass to roots
might change competitive effectiveness of individual species for soil moisture and
nutrients. In grasslands and forests that are not managed intensively, similar changes
in species composition may be experienced. Ecosystem-level experiments with
nonagricultural systems are only beginning. Early reports of one experiment in a
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subarctic heath ecosystem suggest that species composition changes may result from
UV-B supplementation [88].

16. IMPACT OF UV-B AT DIFFERENT LATITUDES AND ALTITUDES

UV-B irradiance is naturally very low in high-latitude ecosystems, such as tundra
and sub arctic areas. There is experimental evidence that the plants in such systems
react to increased UV-B associated with realistic levels of ozone depletion. Some
plant species exhibit growth inhibitions and others do not, thus, eventually altered
community composition is expected [48, 88, 89]. Long-term observations of species
composition are being pursued in high-latitude subarctic systems in Sweden, a high
arctic site on Spitzbergen Island and in southernmost Argentina. In the latter system,
attenuating the naturally occurring solar UV-B radiation increased insect herbivory,
decreased plant tissue nitrogen concentrations and increased populations of some
microfauna [48, 89]. The subarctic studies in Sweden have been underway for years
and show various effects including decreased litter decomposition [29], increased
fruit formation and greatly increased insect herbivory [71].

Although terrestrial ecosystems at high latitudes are not highly productive for
grazing, timber production, etc., the influence of ozone reduction on these systems is
important for several reasons. Carbon sequestration is generally quite high in these
ecosystems, including the extensive peat formations that are also being studied in
the Swedish subarctic and southern Argentinean systems. Compared with other
locations, these ecosystems are under the greatest ozone depletion, especially in the
Southern Hemisphere, and they also experience the greatest warming as the global
greenhouse effect intensifies. Thus, they are sensitive indicators of several features
of climate change.

In British Columbia and Canada, greenhouse and growth chamber experiments
were conducted to determine the responses of tree seedlings to increased UV-B
levels and geographic variations and also to estimate the risk of damage to various
species. Seedlings grown with increased UV-B levels showed pronounced changes
in morphology, growth, and stress tolerance. UV-B exposure was more effective on
low- than high-elevation seed sources. The relative ranking, most sensitive to most
resistant, of the seedlings based on the effects of increased UV-B radiation was:
Betula papyrifera > Larix occidentalis > Tsuga heterophylla > Picea engelmannii >
Pseudotsuga menziesii var. menziesii > Thuja plicata > Chamaecyparis nootkatensis
> Picea sitchensis > Picea glauca x engelmannii > Abies grandis > Pseudotsuga
menziesii var. glauca and > Pinus contorta var. latifolia [90].
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Abstract. Oxygen deprivation induced by submergence, flooding and waterlogging is an
environmental stress that affects the growth of plants and production of crops. Plants undergo
metabolic and morphological changes to avoid or alleviate the stresses arising from low oxygen
conditions. One well-known metabolic change is activation of the glycolytic and fermentation
pathways, which are important for ATP production under anaerobic conditions. In some plant
species, morphological changes include elongation of internodes or petioles, aerenchyma formation
and formation of a barrier to radial oxygen loss. Under post-anoxic conditions, plants suffer from
injurious substances, reactive oxygen species and acetaldehyde. Plants have various mechanisms
for metabolizing these harmful molecules to prevent or alleviate post-anoxic injuries. This paper
reviews the current understanding of adaptation and tolerance mechanisms of plants that are
activated under low oxygen conditions and following re-aeration.

1. INTRODUCTION

Rapid environmental changes subject plants to various abiotic stresses that adversely
affect their growth and development. Plants can be deprived of oxygen by winter ice
encasement, spring floods and heavy rainfall [1]. For example, in Australia, losses of
wheat due to waterlogging amount to about 300 million Australian dollars per year
[2]. Because plants are sessile, their ability to respond quickly to stressful
environmental conditions such as submergence and waterlogging is crucial for
adaptation and survival. Thus, it is important to understand how plants adapt to and
survive oxygen deprivation. In this article, we focus on the metabolic and
morphological changes that occur in plants under submergence and waterlogging
and on how plants recover from post-anoxic injury.
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2. METABOLIC CHANGES UNDER SUBMERGENCE AND WATERLOGGING

Plants are injured by oxygen deprivation as a result of submergence and
waterlogging. This type of injury is referred to as anoxic injury (or hypoxic injury).
Anoxic injury and hypoxic injury may be caused by a decrease in ATP production,
an accumulation of toxic end products of anaerobic metabolism, and cytoplasmic
acidosis during extended anaerobiosis [3]. To alleviate this injury, plants make some
metabolic changes. Under anaerobic conditions, ATP production is shifted from
oxidative phosphorylation to theless efficient glycolysis and fermentation (Figure 1).
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Figure 1. Changes in metabolism that occur in plants as a result of submergence. During
aerobic conditions (left), ATP is produced efficiently through glycolysis, the TCA cycle and
oxidative phosphorylation. Under submerged conditions (right), ATP production mainly
depends on glycolysis. Ethanolic and lactic fermentations are activated to provide the NAD"
that is required for glycolysis. Ethanolic fermentation is driven by pyruvate decarboxylase
(PDC) and alcohol dehydrogenase (ADH). Lactic fermentation is driven by lactate
dehydrogenase (LDH).

fermentation

Expressions of genes encoding enzymes in these pathways are induced in response
to oxygen deprivation [4]. As NAD" is needed to sustain glycolysis, fermentation
pathways play a role in providing NAD" to the glycolytic pathway. Three main
fermentation pathways, whose end products are ethanol, lactate and alanine, are
enhanced during anaerobic conditions [2]. Among the three fermentation pathways,
ethanolic and lactic fermentations can regenerate NAD" from NADH (Figure 1). It
has been suggested that cytosolic pH controls the ratio between ethanolic
fermentation and lactic fermentation [5,6,7], i.e., a decrease in cytosolic pH
increases ethanolic fermentation and decreases lactic fermentation. Lactate, an end
product of lactic fermentation, could cause a decrease of cytosolic pH. In addition,
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H'-ATPase pumps could be responsible for the decrease of cytosolic pH [8.9].
Because low pH inhibits the activity of lactate dehydrogenase (LDH) and increases
the activity of pyruvate decarboxylase (PDC) (Figure 1), the main fermentation
pathway shifts from lactic fermentation to ethanolic fermentation [10, 11].

In rice, the anoxia-tolerant cultivars FR13A and Calrose have higher rates of
ethanolic fermentation than the anoxia-intolerant cultivars IR22 and IR42 [12,13].
An increase of the rate of ethanolic fermentation in rice leads to a corresponding
increase in survival of rice under submerged conditions [14]. By contrast, a rice
mutant with reduced ADH activity was more vulnerable to submergence than the
wild type of rice [15]. Taken together, these results indicate that ethanolic
fermentation plays an important role in the adaptation of plants to low oxygen
conditions.

3. MORPHOLOGICAL CHANGES UNDER SUBMERGENCE AND
WATERLOGGING

In order to avoid hypoxia stress, some plants undergo morphological changes such
as (1) elongation of internodes or petioles, (2) aerenchyma formation, and (3)
formation of a barrier to radial oxygen loss (ROL). Each of these changes is
described below.

3.1. Elongation of internodes or petioles

Deepwater rice and Rumex palustris have an ability to elongate their internodes and
petioles, respectively, under submerged conditions [16,17]. The elongation of these
organs allows the plants to obtain oxygen above the surface of the water. As the
diffusion of gas in water is 10,000 times slower than in air, gases (e.g., ethylene)
produced in plants cannot be discharged in water [18]. As a result, the amount of
ethylene increases in the internodal air spaces of deepwater rice and in the petioles
of R. palustris soon after submergence [17,19]. The increased ethylene can generally
cause the decrease of abscisic acid (ABA) and the increase of gibberellin (GA), both
of which promote the elongation of internodes or petioles. Even under submerged
conditions, the synthesis of ethylene is maintained by activation of the expressions
of genes for enzymes involved in ethylene biosynthesis, such as ACC synthase and
ACC oxidase [16,17]. In plants, ethylene is synthesized from S-adenosyl-L-
methionine (SAM) via two reactions catalyzed by ACC synthase and ACC oxidase
[20]. In R. palustris, expressions of RP-ACSI, an ACC synthase gene, and RP-
ACOI, an ACC oxidase gene, are up-regulated under submerged conditions [17,21].
In deepwater rice, the induction of Os-ACSI, Os-ACS5 and Os-ACOI are observed
in the intercalary meristem under submergence [22, 23, 24]. Significant increases in
the activities of ACC synthase and ACC oxidase were also observed in deepwater
rice and R. palustris under submergence [16,17,21,23].

Other hormones related to elongation during submergence are ABA and GA.
Within 1 h of submergence, the ABA level in petioles of R. palustris was reduced by
80% [17] and after 4 h of submergence, the ABA level in deepwater rice was
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reduced by 55% [23]. Application of ABA to submerged R. palustris and deepwater
rice significantly inhibited their elongation [17,25]. On the other hand, when
deepwater rice was treated with ethylene for 3 h, the ABA level in the intercalary
meristem and the cell elongation zone decreased by 75% [25]. Ethylene also
decreased the level of ABA during elongation of petioles of R. palustris [17]. These
results indicate that ethylene is responsible for the decrease of ABA contents in
deepwater rice and R. palustris under submerged conditions. Submergence-induced
elongation in plants also depends on the endogenous GA level. The level of GA,,
which is the active GA in rice, and GAy, which is the immediate precursor of GA,
increased during submergence [25]. Moreover, the inhibition of growth of
internodes in deepwater rice by ABA was recovered by GA [25], and ethylene
enhanced the responsiveness of deepwater rice internodes to GA [26]. These
findings suggest that the rapid growth of deepwater rice internodes is controlled by
increased ethylene under submergence, thereby altering the balance between the
endogenous levels of ABA and GA [25].

3.2. Aerenchyma formation

The aerenchyma is an internal aeration system for the transfer of oxygen from the
shoot that increases plant survival in low-oxygen soil environments. The aerenchyma
occurs in two forms, schizogenous aerenchyma and lysigenous aerenchyma [27,28].
Schizogenous aerenchyma occurs when intercellular gas spaces form during tissue
development without cell death. Spaces are formed by differential growth, with
adjacent cells separating from one another at the middle lamella. Schizogenous
aerenchyma formation is often observed in wetland species like Rumex [28].
Lysigenous aerenchyma formation is formed by cell death in root cortex cells and
the cell death is first detected in the mid cortex [29] (Figure 2).

Figure 2. Transverse section of maize primary root about 15 mm from the base of the root. A.
Root before waterlogging (aerobic conditions). B. Root 96 hours after the initiation of
waterlogging, in which aerenchyma formation was observed in the mid cortex. Photographs
provided by Ryosuke Watanabe (University of Tokyo).

Ethylene induces lysigenous aerenchyma formation in the roots of maize [30,31].
Hypoxia stimulates ethylene biosynthesis by enhancing of the activities of ACC
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synthase and ACC oxidase [32], which indicates that the cell death in the root cortex
of maize under low oxygen conditions occurs downstream of ethylene signal
transduction. In addition, experiments with some specific inhibitors suggest that
heterotrimeric G protein-related signaling, Ca®" signaling, and protein phosphor-
ylation are involved in the formation of lysigenous aerenchyma [29,33].

3.3. Formation of a barrier to radial oxygen loss (ROL)

Roots of rice and wetland species also contain a barrier to ROL in the basal zones
[30,34,35]. This barrier, which is composed of a suberized exodermis and
endodermis and a layer of lignified sclerenchymatous cells [36,37], enhances the
amount of oxygen diffusing into the root apex and promotes the development of an
aerobic rhizosphere around the root tip [38]. Thus, the effectiveness of the
aerenchyma can be increased by the formation of a barrier to prevent ROL from
roots.

4. ALLEVIATION OF POST-ANOXIC INJURY

In addition to being damaged under anaerobic conditions, plants may be damaged
during re-aeration following anaerobic conditions. The latter type of damage is
known as post-anoxic injury (also referred to as post-hypoxic injury by some
authors) [39,40,41]. Post-anoxic injury appears to be caused by acetaldehyde and
reactive oxygen species (ROS). Examples of the latter are superoxide radical (O;"),
hydroxyl radical (OH’), and hydrogen peroxide (H,O,). The production of ROS is
immediately induced upon exposure of anaerobic plant tissues to normal oxygen
tension and, as a result, proteins, nucleic acids and membranes can undergo severe
peroxidation [42,43]. Plants have some defense mechanisms for scavenging ROS
after re-aeration. Superoxide dismutase, ascorbate peroxidase and catalase (CAT)
are mainly engaged in the detoxification of ROS in plants [1,44]. Re-aeration also
induces the production of acetaldehyde, as a result of oxidation of ethanol, which is
produced and accumulated by ethanolic fermentation under anaerobic conditions
[45,46] (Figure 3). Ethanol is assumed to be rapidly oxidized to acetaldehyde by
alcohol dehydrogenase (ADH) and/or CAT [39,47,48]. CAT probably oxidizes
ethanol through its reduction of H,O, that is produced during re-aeration [39,47].
Acetaldehyde is harmful to cells because of its tendency to form acetaldehyde-
protein and acetaldehyde-DNA adducts [49,50]. Cells possess mechanisms to
metabolize acetaldehyde. Aldehyde dehydrogenase (ALDH) catalyzes the conversion of
aldehydes to the corresponding acids [51] (Figure 3). Rice has two mitochondrial
ALDHs, ALDH2a and ALDH2b [52,53]. The amount of ALDH2a transcripts
increased under submerged conditions, whereas the amount of ALDH?2b transcripts
decreased. Interestingly, re-aerated rice plants showed an intense ALDH2a
induction, despite a decline of ALDH2a mRNA. Along with the increase of ALDH2a
protein, acetaldehyde-oxidizing ALDH activity increased, thereby causing the
acetaldehyde content to decrease in rice during re-aeration [54]. These findings
suggest that rice ALDH2a mRNA is accumulated in order to quickly metabolize
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acetaldehyde that is produced upon re-aeration, and that mitochondrial ALDH is
involved in the alleviation of post-anoxic injury induced by acetaldehyde.

In conclusion, plants possess complex mechanisms to avoid and alleviate anoxic
and post-anoxic injuries and to tolerate low oxygen conditions in combination with
metabolic and morphological changes. Much more research is needed to fully
understand the mechanisms for adapting to low oxygen stress in plants because
many factors are intricately involved. In addition, it is not known how plants sense
low oxygen levels. Further studies involving forward and reverse genetics and high-
throughput techniques such as microarray analyses should elucidate the intricate
mechanisms involved in adapting to and recovering from low oxygen conditions, as
well as provide clues on how to produce crops that can tolerate such conditions.
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Figure 3. Proposed metabolic pathways of rice under submerged conditions and following re-
aeration. Under submerged conditions (left), pyruvate, which is produced by pathways such
as glycolysis, is converted to acetaldehyde by PDC. At the same time, acetaldehyde is
converted to ethanol by ADH and to acetate by aldehyde dehydrogenase (ALDH). When the
submerged plants are transferred to aerobic conditions (right), the anaerobically
accumulated ethanol is rapidly oxidized to acetaldehyde by the reverse reaction of ADH
and/or the peroxidation of ethanol by catalase (CAT) during the conversion of H,O, to HO.
Evidence suggests that ALDH efficiently detoxifies the phytotoxic acetaldehyde by the rapid
increase of mitochondrial ALDH under re-aeration.
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Abstract. Phytoremediation uses plants and associated microbes to remove, sequester, and detoxify
contaminants, particularly trace elements. The great potential of this low-cost, low-management
approach has spurred researchers to increase the efficiency of this natural process through the use
of genetic engineering. Plants used for phytoremediation face a primary stress emanating from the
high local concentrations of contaminants as well as possible secondary stresses such as extreme
temperature, salinity, desiccation, flooding, and/or high light. Since the total amount of a
contaminant removed is a product of the total biomass of the harvestable tissue and the
concentration of the contaminant in those tissues, it is critical that phytoremediating plants tolerate
contaminant stress through detoxification mechanisms rather than avoidance or exclusion
mechanisms. At the same time, they should survive the sub-optimal growth conditions often
associated with contaminated sites. For this reason, the introduced genes often play a role in
increasing the stress tolerance of the engineered plants. Successful genetic engineering approaches
range from the transfer of genes with specific detoxification function to overexpression of genes
involved in ameliorating oxidative stress in general. Advances in related fields, including rapid
genome sequencing, microarrays, and more sophisticated gene expression systems, should
eventually lead to an increase in the number of engineered plants suitable for field-use.

1. INTRODUCTION

Phytoremediation is the use of plants and their associated microbes to remove,
sequester, and detoxify contaminants from soil and water [1]. This process occurs
naturally in plants. Frequently, contaminants, especially trace elements, are
transported into plant roots because of their essentiality or chemical similarity to an
essential element. In phytoextraction, the contaminants are further transported from
root to shoot where they can be harvested in the above-ground biomass [1]. A subset
of contaminants, particularly selenium and mercury, can be metabolized in the plant
to volatile (gaseous) forms [1]. This process, referred to as phytovolatilization, is of
special interest because it can potentially remove all the contaminant from the local
ecosystem. Phytostabilization, the use of plants to contain soil pollutants by
preventing erosion, will not be discussed in this review.

Phytoremediation is an attractive remediation approach for dealing with
wastewater, soils, and sediments contaminated with heavy metals, metalloids,
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radionuclides, and organics, such as polyaromatic hydrocarbons and polychlorinated
biphenyls [2]. Of particular importance are its low cost and low management
requirements [3]. Currently used physicochemical methods are prohibitively
expensive, forcing governments to make difficult choices of which sites to remediate
[4]. Biopiles of microbes are a low-cost but difficult to manage approach that
requires a constant carbon source and seeding to maintain the growth of “useful”
microbes compared to that of other microbes that constantly invade the site [5]. In
phytoremediation, sunlight provides the energy for plants (through photosynthesis)
to generate carbon products to support microbial populations associated with the
root system. Thus, phytoremediation offers an attractive alternative because it
lessens the need for constant management and for energy inputs [6].

Phytoremediation has been achieved in a number of small-scale field experiments
with a variety of native species [e.g. 7-9]. The adoption of phytoremediation for
contaminant cleanup has been limited primarily by the inefficiency of natural plant
processes. Most plants do not accumulate contaminants, either because they exclude
their uptake or because they suffer reduced biomass and growth in the presence of
the contaminant. Some plants on the other hand, known as hyperaccumulators, are
tolerant of the contaminant (especially toxic trace elements) and may accumulate
several thousands of parts per million in their aboveground tissues [10]. However,
this high level of accumulation is generally offset by low biomass and slow growth
rate, so that the overall efficiency of phytoremediation by hyperaccumulators is not
high [11]. Other plants, known as secondary accumulators, are more successful at
phytoremediation because they accumulate moderate concentrations of trace element
contaminants while maintaining a relatively fast growth rate and high biomass
[12,13]. Several attempts have been made to increase the phytoremediation efficiency of
secondary accumulators through genetic engineering, an approach that has met with
a number of successes [e.g. 14-26]. In our own laboratory for example, we have
been able to genetically engineer Indian mustards that were able to outperform
wildtype plants in removing selenium from toxic sediments under field conditions
[27].

2. ENHANCING PHYTOREMEDIATION THROUGH GENETIC
ENGINEERING

In phytoextraction, the total amount of contaminant removed (during one growth
cycle) is equal to the concentration of contaminant in the shoot tissue multiplied by
shoot biomass [28]. The ultimate goal of phytoextraction is clean up the
contaminated soil and water in the shortest possible time, i.e., in as few growth
cycles as possible. This may be achieved through genetic engineering. One
approach, for example, is to overexpress metal transporters so as to increase the
efficiency of uptake of the contaminant into root or shoot tissues [22, 29, 30]. This
approach is complicated by the fact that the transgenic plant may not have the
ability to detoxify the increased levels of contaminant it has accumulated [30].
Nevertheless, transgenic plants of Arabidopsis thaliana overexpressing YCF1 exhibited
increased tolerance and accumulation of lead and cadmium because of increased
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transport of these metals to the vacuole [31]. Another approach is to engineer plants
to exude organic acids that alter rhizosphere pH so as to increase the solubility and
bioavailability and therefore uptake of contaminants [32-34].

The ability of plants for phytoremediation can be greatly improved by increasing
tolerance to environmental stresses. This allows the plant to maintain a high biomass
and fast growth rate in environments potentially unfavorable for growth. Although
the primary stress encountered by the plants is likely to be the toxicant to be
remediated, the plant may also have to contend with other stresses, such as moderate
to high levels of other contaminants, poor soil quality (pH, mineral deficiencies,
etc...), aridity or flooding, and temperature variations [27].

Plants have evolved three general strategies for tolerating high concentrations of
trace metal contaminants in soil and water. The first is to avoid the metals all
together. This can be accomplished through such means as exuding organic acid
chelates through the roots or by changing the pH in the rhizosphere so that trace
metals are converted to a less bioavailable form. In several species of plants, for
instance, tolerance to high soil concentrations of aluminum is correlated with root
exudation of organic acids [35,36]. A second strategy is to trap toxicants in the roots
through the over-production of chelating molecules [37]. This strategy is particularly
effective for metals that exert their toxicity in the shoots, since they are prevented
from being transported to the shoots. Finally, some plants tolerate metals by detoxifying
them, either through chelation, sequestration, or metabolism to less toxic forms [38-
41]. Only this latter strategy is useful for phytoextraction since the metals are
accumulated in the easily harvestable plant shoots.

3. LESSONS FROM NATURE: DESIGNING STRESS TOLERANT PLANTS
FOR PHYTOREMEDIATION

A key step in any genetic engineering project is to identify the appropriate genes to
introduce into target plants suitable for phytoremediation. Such a target plant ideally
should have a fast-growth rate, high biomass, and moderate tolerance to trace element
contaminants and environmental stresses [42]. Examples of plants that have been
used for this purpose include tobacco (Nicotiana tabacum), Indian mustard
(Brassica juncea), and trees such as poplar (Populus sp.). The selection of genes to
be introduced into target plant species may be identified through a variety of
techniques. Early hybridization work provided some insight into the genetic basis of
tolerance in a variety of species [43,44]. The production and screening of random
mutants, particularly with the model plant species, Arabidopsis thaliana, has led to
the discovery of a number of genes involved in heavy metal tolerance [45,46].
Under the premise that genes whose expression is modified by the presence of heavy
metals are important in the plant’s heavy metal stress response, modern microarrays
will likely become more important in identifying such genes. That is because with
current genetic engineering technology, we are generally altering the expression of
only one or two genes, so we are merely tweaking the plant’s natural abilities.

One special advantage of genetic engineering is the ability to transform plants
with genes from other species rather than upregulating an already existing plant
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stress response. The genomes of hyperaccumulating plant species are of interest to
researchers seeking genes for genetic engineering. Hyperaccumulators are able to
accumulate trace elements (e.g., Se, As, Pb, Ni, and Zn) to thousands of parts per
million in their shoot tissues [40]. Generally, this adaptation is specific to only one
element so that its genetic basis is often very specific rather than a general stress
response. The problem with hyperaccumulators is that their phytoremediation
efficiency is often limited by their slow growth rate and low biomass [11]. In genetic
engineering, it is technically easier to transfer genes responsible for hyperaccumulation
to fast-growing, high biomass plants than to increase the growth rate of hyper-
accumulators themselves. For this reason, hyperaccumulators are currently viewed
as gene sources rather than hosts for transformation.

Another source of potential genes for genetic engineering is the genomes of
extremophile microbes, which have been discovered in a wide range of extreme
environments that do not support the life of plants or higher organisms. Their rapid
evolution has resulted in microbes that can tolerate such diverse stresses as extreme
cold, heat, pH, salinity, and high metal concentrations [47]. In fact, there are microbes
that conduct anaerobic respiration of selenium and arsenic [48]. There are, however,
several complications with using microbial genes including different codon usage,
difficulty in culturing, and the fact that gene regulation in a multicellular organism
might be different.

4. GENETIC ENGINEERING STRESS-TOLERANT PLANTS FOR
PHYTOREMEDIATION: SUCCESSES

Success in genetic engineering stress-tolerant plants has been the culmination of
extensive work in identifying critical genes, which, on overexpression increase
either tolerance to a specific metal contaminant or general stress tolerance that
results in increased plant biomass.

An obvious strategy for increasing the tolerance of a plant to a toxic trace
element is to increase its ability to convert the trace element to a less toxic form.
Typically, such a plant would then be able to accumulate higher levels of this
detoxified form. An example of this approach is the overexpression of the gene
encoding selenocysteine methyltransferase (SMT) in Indian mustard [25]. The gene
encoding this enzyme was first identified in the Se hyperaccumulator, Astragalus
bisulcatus, and was determined to be a key component of the hyperaccumulation
mechanism [49]. The toxicity of selenium is due in part to its chemical similarity to
sulfur. The misincorporation of selenoamino acids analogs of the sulfur-amino acids,
cysteine and methionine, into proteins can alter enzyme structure and activity. The
role of SMT in hyperaccumulation is to methylate selenocysteine to the non-protein
selenoamino acid, methylselenocysteine. Thus, selenium is detoxified by diverting
selenium flow away from the selenoamino acids, and therefore, from proteins [50].
Transgenic Indian mustard overexpressing SMT exhibited increased selenium
tolerance and accumulation [25].

Another specific detoxification pathway that has been transformed into plants for
phytoremediation is the bacterial mer operon [51]. The merA and merB genes



GENETIC ENGINEERING FOR PHYTOREMEDIATION 127

encode mercuric reductase and methylmercury lyase, respectively. Expressed
together these enzymes function to convert organic or inorganic mercury to
elemental mercury that escapes from the plant in volatile form. A variety of plant
species overexpressing merA and merB have increased tolerance and accumulation
of both inorganic and organic mercury forms [52]. MerA and merB genes have been
introduced into plants using chloroplast transformation (e.g. in tobacco) as well as
the more common nuclear transformation approach [53]. Chloroplast transformation,
although slightly more complicated, results in greater transgene expression, maternal
transfer of transgenes, which restricts gene flow through pollen spread, and may
afford a greater protective effect against metals with specific toxicity against the
chloroplasts [54].

Specific detoxification mechanisms may be introduced at the same time as
increasing expression of genes involved in plant stress response. A striking example
of this is seen in the development of Arabidopsis overexpressing both arsC, encoding
arsenate reductase, and gshll, the gene encoding y-glutamylcysteine synthetase
(ECS) for increased arsenic resistance [19]. Arsenate is the predominant form of
bioavailable arsenic. The first-step in one proposed arsenic detoxification model is
the reduction of arsenate to arsenite. Since a plant arsenate reductase gene was not
available, the authors used a bacterial gene. Although arsenite is more toxic than
arsenate, it has the advantage that it can be detoxified through chelation with thiol-
containing compounds, such as glutathione (GSH) and phytochelatins (PCs). By
overexpressing an arsenate reductase in Arabidopsis, the proportion of As present as
toxic arsenite increased [19]. Because Arabidopsis would not be able to effectively
detoxify this greater pool of arsenite without a concomitant increase in thiol-
containing compounds, the authors overexpressed ECS in the same plants. ECS
catalyzes a rate-limiting step in the production of PCs, short Cys-containing peptides
known to chelate a variety of metals/metalloids [55].

Heavy metals may express their toxicities through individual symptoms such as
stunted growth, root damage, necrosis, etc. However, the mechanism of damage may
involve oxidative stress through the production of reactive oxygen species [56]. As
such, genes involved in ameliorating oxidative stress may afford protection against a
wide variety of trace element contaminants, which is an especially important asset
for sites contaminated with multiple metals.

In order to genetically engineer Indian mustard for enhanced tolerance and
accumulation of heavy metals, transgenic plants overexpressing glutathione synthetase
(GS) and y-glutamylcysteine synthetase (ECS) were developed. GS and ECS are
enzymes that catalyze rate-limiting steps in the production of glutathione (GS) and
phytochelatins (PC) [16,17]. The role of PCs in cadmium chelation and
sequestration has been well established, and, as expected, these plants had enhanced
cadmium tolerance and accumulation [16,17,57]. However, these plants have since
been shown to tolerate and accumulate a wide variety of heavy metals [21].
Similarly, Indian mustard overexpressing the Arabidopsis gene encoding ATP
sulfurylase (APS) was originally developed for Se phytoremediation [15]. APS
catalyzes a rate-limiting step in the sulfur/selenium assimilation pathway in plants,
and its overexpression results in increased selenate uptake and eventual reduction to
selenite [58]. At the same time, though, APS overexpression also increases sulfate
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uptake and reduction. Since reduced sulfur forms (such as Cys) are limiting
substrates for the synthesis of GSH and PCs, the greater pool of reduced sulfur may
allow for protection against heavy metals as well. Indeed, APS Indian mustard
plants were more effective than wild type in tolerating and extracting a wide variety
of heavy metals from contaminated soil [26].

Recently, Indian mustard lines overexpressing APS, ECS and GS, respectively,
were studied in the first successful phytoremediation field trial of transgenic plants
in the United States [27]. The plants, along with wild type, were grown on a mix of
clean topsoil and high Se-sediment dredged from drainage water canals in central
California. The growth conditions on this site were sub-optimal since the levels of
soil salinity and extractable B are considered to be detrimental for normal plant
growth, especially under the hot and arid climatic conditions commonly present
in this part of California [59]. All three lines accumulated significantly higher
concentrations of Se in their shoots, up to 430% more in the case of APS, even though
the ECS and GS were not specifically thought to have increased Se [57]. The
transgenics were at least equally tolerant to these soil and field conditions compared
to wild type, despite their higher Se accumulation.

Despite their greater accumulation of selenium, the transgenic plants were as, or
more, tolerant of the soil and field conditions as the wild type. The GS transgenic
line was particularly tolerant of the contaminated soil [57]. GS plants grown on the
sediment-soil mixture attained 80% of the biomass of plants of GS plants grown on
control soil, indicating that these plants were more tolerant of the high levels of soil
Se and sodium, as well as greater tolerance to other adverse growth conditions, such
as heat or drought. Since the production of GSH is known to be part of the plant’s
protective response to a variety of stresses including salinity stress, chilling, heat
shock, pathogen attack, active oxygen species, air pollution, and heavy metals, the
better growth of the GS line on contaminated soil could well have been due to an
elevated glutathione concentration [60-63]. Besides glutathione, increased levels of
metallothioneins (translated heavy-metal binding peptides), superoxide dismutases,
other reducing agents, such as ascorbate, and organic acids, such as malate and
citrate, have been observed in response to multiple and seemingly diverse stresses
such as wounding, pathogen attack, drought, heat, and metal stress [64-67]. This
suggests that the overexpression of certain oxidative stress response genes could
indeed afford a wide range of protection against the primary (metal contaminant)
and secondary (environmental conditions) stresses faced by plants used in
phytoremediation.

5. GENETIC ENGINEERING STRESS-TOLERANT PLANTS FOR
PHYTOREMEDIATION: COMPLICATIONS

There have been a number of successes in the past ten years with respect to using
genetic engineering to increase plant tolerance and accumulation of trace element
contaminants. However, there is much to learn before genetically engineered plants
can be used for large-scale phytoremediation processes. The biggest obstacle
currently is public fear of genetically modified organisms. Although the use of
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genetically engineered plants for phytoremediation is more acceptable than
genetically modified food products, there are legitimate concerns to be addressed.
One is that the super-accumulating plants will transport more contaminants from
soils and water into the aboveground plant tissues so that contaminants may become
more bioavailable to wildlife in the surrounding ecosystem [68]. Of particular
concern is the risk to endangered wildlife populations. A whole ecosystem approach,
accounting for total concentrations and chemical forms at different trophic levels,
may be required to accurately evaluate the overall risks and benefits of phytoremediation
in different environments.

Certain elements, such as selenium and mercury, can be metabolized to volatile
forms, which are released as gases into the atmosphere and, therefore, removed from
the local ecosystem. As such, genetic engineering to increase the flux through these
metabolic pathways could be an effective means of alleviating risk to the local
ecosystem [69,70].

Another concern is the possibility of transgene flow (either the transgene itself or
selectable markers) to the ecosystem. Fortunately, researchers have been developing
methods to address this concern [70]. Approaches such as chloroplastic engineering
and induced sterility will reduce gene flow through pollen [54,71]. At the same time,
methods for removing selectable marker genes following homozygous line selection,
which typically encode antibiotic resistance, following homozygous line selection
have been developed [72].

Researchers involved in genetic engineering plants for phytoremediation also
face a number of other technical problems. Perhaps the most critical challenge for
the field is to develop plants with truly superior levels of contaminant accumulation
that still maintain near-normal biomass. Typically, the transgenic plants produced
thus far have a several-fold (i.e., somewhat less than 10-fold) greater accumulation
of contaminants than wild type. It is commonly believed that phytoremediation
technology will be adopted only when the accumulation approaches 100- or 1000-
fold more than wild type. If such concentrations are even possible has yet to be
determined. It is clear that we have a great deal to learn if this barrier is to be overcome.
In particular, we need to improve our ability to predict the effects of gene over-
expression, since there are now several examples of overexpression of oxidative
response genes that did not result in plants with increased phytoremediation
potential [73]. Overexpression of the same gene in different species can even result
in different effects, increasing tolerance in one and sensitivity in another [74]. The
gathering and analysis of genome, transcriptome, proteome, and metabolome data
along with more sophisticated modeling techniques should enhance our ability to
predict the effect of transgenes on contaminant uptake and tolerance.

Similarly, genetic engineering can have undesired consequences. For instance,
peptides and metabolites involved in heavy metal binding frequently play a role in
essential-metal homeostasis and transport, and, consequently, plant development
[75]. Overexpressing such proteins could lead to chelation and sequestration of
essential heavy metals and/or a disruption of normal plant development. More
generally, constitutive overexpression of a transgene may tax the plant’s energy and
substrate resources. Indeed, transgenic plants are frequently smaller and slower in
developing than wild type plants when grown under control conditions. Here again,
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more sophisticated expression systems may be needed to overcome these barriers.
Examples of these are the use of stress-inducible or tissue-specific promoters that
limit the expression of the transgene to the times and tissues when they are needed,
allowing the plant to grow and develop normally [76].

6. FUTURE PROSPECTS

Even though the use of genetic engineering for phytoremediation is a very young
field of research, it has had a number of important successes. A solid foundation has
been laid through the demonstration that specific detoxification mechanisms can be
successfully transferred from hyperaccumulators or microbes into plants. At the
same time, the ability of general oxidative stress response genes to afford protection
against multiple metals and environmental stresses suggests that high-biomass
accumulating plants can be developed through genetic engineering. Advances in
bioinformatics and the development of more sophisticated expression systems may
be used to create efficient, publicly acceptable plants that can be used for wide-scale
phytoremediation projects.
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Abstract. Drought and salinity are among the worst scourges of agriculture. One effective
mechanism to reduce damage from these stresses is the accumulation of high intracellular levels of
osmoprotectant compounds. Glycinebetaine is a typical osmoprotectant. Recent studies demonstrated
that the introduction of betaine accumulation pathways improves the stress tolerance of plants.
Metabolic engineering is a useful technique to improve stress tolerance of important crops. The
levels of betaine accumulation is determined by the rates of betaine synthesis, betaine uptake and
efllux, and metabolisms. Although betaine is synthesized from choline in plants, some halotolerant
cyanobacterium synthesizes betaine from glycine by three step methylation. Introduction of betaine
synthesis pathways into plants have been examined. It is largely unknown how betaine is
transported among plants. Only few betaine transporter genes have been isolated. In addition to the
stress tolerance of plants, betaine uptake from foods would play an important role in human
nutrition. As a methyl donor, betaine participates in the methionine cycle. In this review, recent
progress on metabolic engineering of betaine will be described.

1. INTRODUCTION

Cells of many organisms experience a variety of environmental stresses such as high
external osmolality, desiccation, and drought that reduce the amount of intracellular
water [1-3]. In response to these water stresses, both prokaryotic and eukaryotic
cells transport or synthesize highly soluble, low molecular weight compounds called
osmolytes or osmoprotectants that allow the organism to take up and retain cellular
water [4-6] and resume or sustain normal cellular processes. Osmolytes include N-
methylated amino acids and amines (glycine betaine, sarcosine, and trimethylamine-
N-oxide), amino acids (glycine, proline, and glutamate), and polyols (manitol and
trehalose). Structures of some osmoprotectants are shown in Fig. 1.

Glycine betaine (N,N,N-trimethylglycine, GB) is one of the most widespread
osmolytes, found in bacteria, halophilic archaebacteria, marine invertebrates, plants,
and mammalians [5,6]. Recent research on several aspects of betaine attracts
considerable attentions. These are on biosynthetic pathway of betaine [7-9], new
concept “osmophobic effects” [10], transport of betaine [11,12] genetic engineering
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of betaine [13-16], and role of betaine on human health [17]. In this review, we
discuss on these subjects.
CH,OH CH,OH
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Figure 1. Structures of some osmoprotectants.

2. PHYSIOLOGICAL ROLES OF GLYCINE BETAINE

Betaine is found in microorganisms, plants, and animals [4-7] and is a significant
component of many foods [17], including wheat, shellfish, spinach, and sugar beets.
Betaine is a zwitterionic quaternary ammonium compound that is also known as
trimethylglycine, glycine betaine, lycine, and oxyneurine. It is a methyl derivative of
the amino acid glycine with a molecular weight of 117.2 and has been characterized
as a methylamine because of its 3 chemically reactive methyl groups. Betaine was
first discovered in the juice of sugar beets (Beta vulgaris) in the 19th century and
was subsequently found in several other organisms. The physiologic function of
betaine is either as an organic osmolyte to protect cells under stress or as a catabolic
source of methyl groups via transmethylation for use in many biochemical pathways
[17]. The principle role for betaine in plants and microorganisms is to protect cells
against osmotic inactivation [4-6,18,19] Exposure to drought, high salinity, or
temperature stress triggers betaine synthesis in chloroplast in plants [7,8], mitochondria
in animal [20,21] or cytosol in bacteria [22], which results in its accumulation in the
cells. Betaine is a compatible osmolyte that increases the water retention of cells,
replaces inorganic salts, and protects intracellular enzymes against osmotically
induced or temperature induced inactivation [23]. For example, spinach is grown in
saline soil, and betaine can accumulate in amounts of up to 3% of fresh weight. This
enables the chloroplasts to photosynthesize in the presence of high salinity [24].

3. OSMOPHOBIC EFFECTS

Protein stability plays an important role not only in its biological function but also in
medical science and protein engineering. Osmolytes can protect proteins from the
unfolding and aggregation induced by extreme environmental stress [10]. Significant
progress on molecular mechanisms of osmolytes has been made recently [23,25]. It
was found that the protective effects of osmolytes are a result of enhancing the
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structural stability of native protein. The effects of osmolytes on preventing proteins
against aggregation are due to the preferential increase of free energy of the
activated complex (unfolded protein) which shifts the equilibrium between the
native state and the activated complex to favor the native state (Fig. 2). The effect of
osmolytes on the free energy of the native protein is small.

A in osmolyte

Unfolded
o protein
>
o .
o | inwater
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(]
)]
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—/—

Figure 2. A schematic diagram of free energy in water and osmolyte.

The protection of enzyme activity by osmolytes is due to the enhancement of the
structural stability of the whole protein rather than the active site.

In natural selection of organic osmolytes as protein stabilizers, it appears that the
osmolyte was selected as molecules which exhibit the unfavorable interaction with
the peptide backbone (osmophobic effect) [10,23,25]. Because the peptide backbone
is highly exposed to osmolyte in the denatured state, the osmophobic effect
preferentially raises the free energy of the denatured state, shifting the equilibrium in
favor of the native state. Since the osmophobic effect is the interaction on the
denatured state, the native state is relatively unfettered by the presence of osmolyte.
The osmophobic effect is a new thermodynamic force in nature that complements
the well-recognized hydrophobic interactions, hydrogen bonding, electrostatic and
dispersion forces that drive protein folding.

Osmolytes are preferentially excluded from folded protein surface which is
equivalent to preferential interaction with water rather than with the solute. As a
result, the local concentration of the solute at the protein surface is less than its bulk
concentration. Under high concentrations of osmolytes, the efficient osmophobic
effects are anticipated which has been proposed to be the basis of their evolutionary
selection [10,23,25]

4. BIOSYNTHETIC PATHWAYS OF GLYCINEBETAINE

Most known biosynthetic pathways of betaine include a two-step oxidation of
choline: choline — betaine aldehyde — betaine (Fig. 3). The first step is catalyzed
by choline monooxygenase (CMO) in plants [8], choline dehydrogenase (CDH) in
animals [20] and bacteria [18,22], and choline oxidase (COD) in some bacteria [26].
The second step is catalyzed by NAD -dependent betaine aldehyde dehydrogenase
(BADH) [7,18,21] in all organisms although in some bacteria, choline



140 TERUHIRO TAKABE, VANDNA RAI AND TAKASHI HIBINO

dehydrogenase and choline oxidase also catalyze the second step. CDH is the
membrane bound enzyme linked to respirately electron transport systems in E. coli
and animals [18,20]. In mamalian, CDH [20] and BADH [21] are localized in
mitochondria . COD is a soluble enzyme known in Arthrobacter globiformis.

0O, 2H,0 H,O  H+
|CH3 Fdreq Fdox |CH3 NAD* NﬁDH ICH3
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CHj3 CH3 CHj3
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Figure 3. Betaine synthetic pathways from choline.

In plants, the first step is catalyzed by a novel Rieske-type iron-sulfur enzyme
choline monooxygenase (CMO) which is not found in animals and bacteria [8].
CMO [8] and BADH [7] are localized in chloroplasts. CMO is not well known,
having so far been found only in Chenopodiaceae (spinach and sugar beet) and
Amaranthaceae [6-8], and not detected even in some betaine accumulating plants
such as mangrove [27]. Betaine accumulating mangrove, Avicennia marina, contains
two BADH genes, but CMO gene could not be detected [27]. CMO enzyme is
soluble and insensitive to carbon monooxide, contains an Rieske-type iron-sulfur
center, and consists of homo-dimer or -trimer of subunit Mr 42,000 [8]. These

[2Fe-2S] center

Fe binding
Fe3+
CS |ésp38’0 |
¥
_ e PP
kS = ] 3
His164 [is184] [His287 His292

Figure 4. A schematic structure of active site of CMO.
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properties are completely unrelated to CDH, COD, and cytochrome P-450 type
monooxygenases. The importance of Cys181 and His287 for binding of Fe-S cluster
and Fe was demonstrated (Fig. 4) [28]. Spinach BADH has very short or no transit
peptide, suggesting the targetting signal in mature coding region. Barley has a salt
inducible BADH localized in peroxisome [29]. It has a tri-peptide SKL at the C-
terminus [29]. Betaine accumulating mangrove (Avicennia marina) and barley have
at least two BADH genes [27,30]. One chloroplast and the other is peroxisome
localized, BADHs, [27,30]. Since CMO gene could not be detected in both plants,
physiological function of multiple BADHs and biosynthetic pathway of betaine are
unknown. Although spinach BADH is dimers and E. coli BADH is tetramer, both
BADHs catalyzed the oxidation of not only betaine aldehyde but also omega
aldehyde [31]. The affinities for betaine aldehyde were similar in the spinach and
E. coli BADHs, whereas those for omega-aminoaldehydes were higher in spinach
BADH than in E. coli BADH [32]. In contrast, the mangrove (4Avicennia marina)
BADH efficiently catalyzed the oxidation of betainealdehyde, but not the oxidation
of omega-aminoaldehydes and were more stable at high temperature than the
spinach BADH [27].

Recently, it was shown that a halotolerant cyanobacterium Aphanothece
halophytica isolated from Dead Sea, has a novel biosynthetic pathway of betaine
from glycine [33]. Two N-methyltransferase genes were involved for it (Fig. 5). One
of gene products (GSMT) catalyzed the methylation reactions of glycine and
sarcosine with S-adenosylmethionine (AdoMet, SAM) acting as the methyl donor.
The other one (DMT) specifically catalyzed the methylation of dimethylglycine to
betaine. Both enzymes are active as monomers. Betaine, a final product, did not
show the feed back inhibition for the methyltransferases even in the presence of 2
M. A reaction product, S-adenosyl homocysteine (AdoHcy), inhibited the methylation
reactions with relatively low affinities. The co-expressing of two enzymes in E. coli
increased the betaine level and enhanced the growth rates. Immunoblot analysis
revealed the increased accumulation of these enzymes in Aphanothece halophytica
cells under high salinity.

AdoMet  AdoHcy AdoMet  AdoHcy AdoMet  AdoHcy
) o S
H-|;1+-CH2 COO —» CH3—II\1+- CH,COO" —» CH3—II\1+-CH2 COO —» CH3-II\I+-CH2 COO-
H GDMT H GDMT  CH, DMT  CHjy

glycine sarcosine dimethylglycine betaine

Figure 5. Betaine synthesis pathway by glycine methylation.

5. GENETIC ENGINEERING OF GLYCINE BETAINE

In the natural environment, plants often grow under unfavorable conditions, such as
drought, salinity, chilling, high temperature, wounding, or strong light. These
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conditions are known collectively as abiotic stresses which can delay growth and
development, reduce productivity and, in extreme cases, cause the plant to die [1-3].
Glycine betaine is synthesized in some plant species at elevated rates in response to
various types of environmental stress [5-8]. Whereas in many plants, such as
Arabidopsis, rice (Oryza sativa), and tobacco (Nicotiana tabacum), betaine can not
be detected or negligible level if any. Glycine betaine appears to be a critical
determinant of stress tolerance. The concentrations of betaine is correlated with the
level of tolerance. Moreover, exogenous application of glycine betaine improves the
growth and survival of a wide variety of plants under various stresses.

Transgenic plants of various species have been produced that express CMO,
CDH, or COD [13-16,28,33]. For the expression of CMO and CDH, BADH gene
was also expressed although betaine synthesis occurs via the use of BADH gene
from host plants. These plants accumulate glycine betaine at various levels and
exhibit enhanced tolerance of several types of stress. The metabolic engineering of
glycine betaine thus appear to be an effective method for improving stress tolerance.
However, the accumulation levels of glycine betaine in transgenic plants are
generally low (<5 pmol/g fresh weight (gFW)) compared with those in betaine
accumulating plants that accumulate betaine, 4-40 pmol/gFW, under stress
conditions. These facts suggest the importance of other factor(s) than CMO for the
accumulation of glycine betaine. The importance of two factors, the availability of
endogenous choline and the transport of choline across the chloroplast envelope
have been demonstrated [13,14].

Figure 6. A schematic diagram of betaine synthesis from serine.

The key enzyme in the choline-biosynthetic pathway is phosphoethanolamine N-
methyltransferase (PEAMT), which catalyzes each of the three methylation
reactions that are required to convert phosphoethanolamine to phosphocholine
(Fig.6) [34]. A gene for PEAMT has been isolated from spinach and used to
transform tobacco plants together with CMO and BADH [34]. The transgenic plants
that expressed PEAMT, CMO, and BADH contained up to 50-fold more free
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choline and accumulated 30-fold more glycine betaine than plants transformed with
the vector alone. Despite the simultaneous expression of CMO, BADH and PEAMT,
the level of glycine betaine was still lower than the transgenic rice plants that
expressed a codA gene in their cytosol [15,16,33]. Since it has been shown that
plants synthesize ethanolamine by direct decarboxylation of serine, it is interesting
to construct the transgenic plants overexpressing CMO, BADH, PEAMT, serine
decarboxylase. Durring methylation reactions by PEAMT, S-AdoMet is converted
to S-AdoHcy which is a potent inhibitor of methylation of S-AdoMet. Adenosine is
produced by hydrolysis oh S-AdoHcy. Importance of adenosine kinase, which
catalyzes the salvage synthesis of adenine monophosphate from adenosine and ATP,
for transmethylation was demonstrated [35] .

Compared to CMO gene, the transgenic plants that express the COD gene seem
to be more effective to confer the tolerance for abiotic stresses [15,16]. Endogenous
glycine betaine contents as low as 0.1 umol/gFW are apparently sufficient to confer
high levels of tolerance in tomato plants, as achieved via transformation with the
COD gene [36]. Exogenous application of H,O, improved both chilling and
oxidative tolerance concomitant with enhanced catalase activity [37]. During the
oxidation of choline to glycine betaine catalyzed by COD, H,O, is produced. Recent
results suggest that this increase of HO, in COD transgenic plants might activate the
H,0,-inducible protective mechanism, resulting in improved chilling and oxidative
tolerances in glycine betaine-accumulating COD transgenic plants[36].

The potential role of N-methyltransferase genes for betaine synthesis was
examined in a fresh water cyanobacterium Synechococcus sp. PCC 7942 [38]. The
plasmids for control and for expressions of E. coli bet-genes (CDH/BADH), Na'/H"
antiporter from Aphanothece halophytica (ApNhaP1), and methyltransferase genes
(ApGSMT/ApDMT), were introduced into Synechococcus cells. Under normal
conditions, the Synechococcus cells transformed with these vectors could grow at
almost the same rate. When the growth medium contained 0.4 M NaCl, the cells
expressing vector alone and bet-cluster genes could not grow whereas the cells
expressing ApGSMT/ApDMT could grow. Thus the betaine-synthesis by three-step
methylation of glycine conferred salt tolerance more than that by choline oxidation.
Neither control nor CDH/BADH expressing cells could grow in sea water from
Mikawa bay of Aichi-prefecture in Japan, with psu 30.4, whereas the cells
expressing ApGSMT/ApDMT and ApNhaP1 could grow in sea water (Fig. 7A). The
betaine levels in the Symechococcus cells expressing ApGSMT/ApDMT were
always higher than those in the cells expressing CDH/BADH genes (Fig. 7B).
Especially, at 0.5 M NaCl, the betaine level was significantly high in the cells
expressing ApGSMT/ApDMT whereas the betaine could not be measured in the
cells expressing CDH/BADH due to no growth at this salinity. The betaine level of
cells expressing ApGSMT/ApDMT at 0.5 M NaCl was about 5-fold higher than that
in the cells expressing bet-cluster genes at 0.3 M NaCl, and was estimated as about
200 mM. In plants transformed with choline-oxidizing enzymes, it was shown that
exogenous supply of choline enhanced the accumulation levels of betaine [13,14].
However, it was found that the exogenous addition of glycine, sarcosine,
dimethylglycine, and SAM (AdoMet) to the cells expressing ApGSMT/ApDMT did
not enhance the accumulation levels of betaine. Thus the levels of substrates were
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sufficient and did not limit the rates of betaine synthesis in the transformed
Synechococcus cells.
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Figure 7. Growth and betaine accumulation of transformed freshwater cyanobacteria.

Genetic engineering of higher plants with betaine via choline oxidase (COD),
choline dehydrogenase (CDH), and choline monooxygenase (CMO) conferred
abiotic-stress tolerance. However, the accumulation levels of betaine were small
even after supplying exogenous choline. To examine the potential role of N-
methyltransferases for the accumulation of betaine in plants, the genes encoding
ApGSMT and ApDMT with the 35S promoter were transferred into Arabidopsis
plants [38]. The proteins and activities of ApGSMT and ApDMT were only detected
in transgenic plants. As a reference, CMO transformant was also tested. Under
normal growth conditions, no phenotype difference was observed among the wild-
type and transgenic plants. Upon salt stress, the germination of wild-type seeds was
more severely inhibited than that in the transformants. Among the transformants, the
CMO transformant was more severely inhibited than the ApGSMT/ApDMT
transformant. Arabidopsis plants expressing ApGSMT/ApDMT increased the
tolerances for various abiotic stresses during the developmental stages more than
wild-type and CMO transformants did. The stress tolerance of reproductive stage
was also tested. The plants that are just before appearance of the primary
inflorescence, were irrigated with 1/10 MS medium containing 0.2 M NaCl until
harvesting of seeds. Although numbers of siliques and seed weight in wild-type and
transgenic plants were similar under normal conditions, the transgenic plants
expressing ApGSMT/ApDMT produced siliques about 15-fold higher than those in
wild-type plants at high salinity. The ApGSMT/ApDMT expressing plants produced
about 3- to 4-fold more siliques than those in CMO expressing plants. Thus,
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ApGSMT/ApDMT expressing Arabidopsis plants increased the tolerance for salt
stress during the reproductive stage and produced higher seed yields.

The levels of betaine in wild-type Arabidopsis plants were very low or negligible.
By contrast, transgenic plants expressing ApGSMT/ApDMT accumulated betaine,
and the amounts rose as the NaCl level was increased. The betaine levels at 150 mM
NaCl were about 3-fold higher than those without addition of NaCl. Because the
expression levels of ApGSMT and ApDMT did not change so much upon salt stress
in transgenic plants, the increase of betaine would be caused by the activation of
enzymes or by an increased supply of the precursors, glycine and SAM (AdoMet),
upon salt stress. Large amounts of betaine were detected in leaves, stems, roots, and
also flowers. By contrast, the CMO plants accumulated betaine preferencially in
roots. The exogenous supply of glycine or dimethylglycine to the control growth
medium enhanced the accumulation levels of betaine by ApGSMT/ApDMT plants
more than 2-fold whereas sarcosine did not enhance the levels. When NaCl and
glycine were included in the growth medium, the levels of betaine in leaves, stems,
and roots of Arabidopsis plants expressing ApGSMT/ApDMT were about 1 to 2
wmol/gFW. In contrast, Arabidopsis plants expressing CMO accumulated betaine about
0.8 umol/gFW in roots, but very low levels in leaves and stems. The accumulation of
betaine at high levels in various organs of Arabidopsis plants expressing ApGSMT/
ApDMT would be the reason for the significant improvement against various abiotic
stresses.

Addition of the methyl donor SAM (AdoMet) to Arabidopsis plants expressing
ApGSMT/ApDMT that were grown in the MS medium with or without NaCl,
enhanced the betaine levels slightly (~1.2-fold). On the other hand, additions of
glycine and dimethylglycine, but not sarcosine, brought about much higher levels
of betaine. Thus, SAM (AdoMet) is not a limiting factor for the accumulation of
betaine in transgenic plants, but glycine levels are somewhat limiting. After 6 days
salt stress (0.2 M NaCl), wild-type plants were almost all bleached and/or dead,
whereas the CMO expressing plants supplied with choline survived. Almost all
ApGSMT/ApDMT expressing plants without supply of glycine, still retained green
leaves, but, if glycine was supplied to the ApGSMT/ApDMT expressing plants, the
plant size was greater, and especially root length was longer than those plants to
which glycine was not supplied. Thus, glycine was limiting for maximal salt stress
tolerance, in the plants expressing ApGSMT/ApDMT. Consistent with the above
conclusion, the levels of serine and glycine in the plants expressing ApGSMT/
ApDMT were significantly lower than those in the wild-type plants under salt-stress
conditions, whereas the proline levels were similar.

6. TRANSPORT OF BETAINE

The increase of osmoprotectants is achieved either by altering metabolism
(increasing biosynthesis and/or decreasing degradation) or by transport (increased
uptake and/or decreased export) [11,12]. In plants, glycine betaine is synthesized in
chloroplasts from choline via two step oxidations and must be transported for long
distance upon the environmental stresses. However, very little is known about the
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betaine transport in plants and the betaine transport activity was only directly
demonstrated using a proline transporter from tomato (LeProT1) [39]. Recently, two
full length and one partial betaine transporter genes were isolated from betaine
accumulating mangrove Avicennia marina [40]. Their homologies to betaine
transporters from bacteria and betaine/GABA transporters from mammalian cells
were low, but high to proline transporters from Arabidopsis and tomato. Two full
length transporters could complement the Na'-sensitive phenotype of the E. coli
mutant deficient in betT, putPA, proP, and proU. Both transporters could efficiently
take up betaine and proline with similar affinities (Km, 0.32-0.43 mM) and
maximum velocities (1.9-3.6 nmol/min mg protein) (Fig. 8). The uptakes of betaine
and proline were significantly inhibited by mono- and di-methylglycine, but only
partially inhibited by betaine aldehyde, choline, and GABA. Sodium- and
potassium-chloride markedly enhanced betaine uptake rates with optimum
concentrations at 0.5 M whereas sucrose showed only modest activation. Site-
directed mutagenesis approach suggested the involvement of a periplasmic loop for
the deregulation of betaine transport. Three proline transporters (AtProT1-3) have
been reported in Arabidopsis plants, all of which are localized at the plasma
membrane. The affinity of all three AtProTs was higher for glycine betaine (K, =
0.1-0.3 mM) thant those for Pro (K, = 0.4-1 mM). AtProT1 expressed in the phloem
or phloem parenchyma cells throughout the whole plant. AtProT2 expressed in the
epidermis and cortex cells in roots, whereas AtProT3 expressed at the above-ground
parts of the plant, suggesting different roles in planta by different expression pattern.
However, several amino acid permeases transport proline at higher affinity than
AtProTs. Thus the role of ProT for abiotic stress tolerance is not clear. Genetic
engineeringof glycine betaine has not been reported.
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Figure 8. Properties of mangrove betaine transporter.
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7. BETAINE IN HUMAN NUTRITION

Since the above transgenic plants accumulates betaine in high amounts, we discuss
on the effects of betaine accumulation on human health. The principal physiologic
role of betaine for human is as an osmolyte and methyl donor. As an osmolyte,
betaine protects cells, proteins, and enzymes from environmental stress as discussed
in above. As a methyl donor, betaine participates in the methionine cycle primarily
in the human liver and kidneys. Inadequate dietary intake of methyl groups leads to
hypomethylation in many important pathways, including 1) disturbed hepatic methionine
metabolism with elevated plasma homocysteine concentrations and decreased
S-AdoHcy concentrations, and 2) inadequate hepatic fat metabolism leading to fatty
accumulation. This alteration in liver metabolism would contribute to various
diseases, including coronary, cerebral, hepatic, and vascular diseases. Betaine has
been shown to protect internal organs, improve vascular risk factors, and enhance
performance.
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Figure 9. Metabolic pathways of betaine in mammalian cells.

Betaine has been used as a dietary feed supplement in animal nutrition for 50
years. Betaine is added to farmed fish feed as an osmolyte to protect fish from the
stress upon the move from low to high salinity [17]. Betaine protects chick intestinal
cells from coccidia infection, alleviates symptoms, and improves performance [41].
As a methyl donor, betaine provides the one-carbon units that can spare the amount
of dietary methionine and choline required for optimal nutrition. For example,
betaine improves growth and the efficiency of food utilization and reduces body fat
in pigs and chicks [42]. Humans obtain betaine from foods that contain either
betaine or choline-containing compounds. Betaine is present in foods in variable
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amounts that depend on food items and their growth and stress conditions. Dietary
intake of betaine can be estimated as 0.5~2.5 g per day [17,43,44]. A maijor
metabolic fate of choline is the oxidation to betaine in the liver and kidney via a
two-step process (Fig. 4). Other metabolic fate of choline is used for the synthesis of
acetylcholine and phospholipids (Fig. 9). A diet of normal foods is estimated as 1 g
choline per day [17,44].

In mammalian, betaine is transported mainly by betaine/gamma-aminobutyric
acid transport system. Betaine showed rapid uptake and distribution, with a peak at
1~2 h in serum and 20-70 pmol betaine per liter serum at the resting concentrations
[45]. Betaine is mainly eliminated by metabolism, not excretion, even at relatively
high doses (100 mg/kg body wt) betaine [45] although urinary excretion of betaine
is elevated in subjects with renal disease or diabetes [46]. Subacute and subchronic
rat studies determined that betaine is nontoxic at all doses studied (0-5 % of the diet)
[47]. Betaine is catabolized by transmethylation reactions [43] which involves the
transfer of methyl groups via the methionine cycle (Fig. 9). Betaine homocysteine
methyl transferase (BHMT) transfers a methyl group of betaine and produces
dimethylglycine. The conversion of homocysteine to methionine is important to
conserve methionine, detoxify homocysteine, and produce SAM (AdoMet).
Elevated total homocysteine concentrations and low SAM (AdoMet) concentrations
have been associated with chronic disease. The formation of methionine from
homocysteine can also occur by S-methyltetrahydrofolate (CH;-THF). The enzyme
methionine synthase transfers a methyl group of CH;-THF to the cofactor cobalamin,
vitamin B-12, which converts to methylcobalamin. Then methylcobalamin transfers
the methyl to homocysteine to form methionine. Methylenetetrahydrofolate reductase
(MTHFR) is involved in reforming CH;-THF from CH;-THF. BHMT is a zinc
metalloenzyme with an optimum pH of 7.8 [48] that occurs in the human liver,
kidney, and optic lens. Concentrations of liver BHMT increase when rats are fed
diets containing betaine or choline [49]. Betaine increases serum methionine, trans-
methylation rate, homocysteine remethylation, and methionine oxidation in healthy
adults. Animals injected with betaine show a dose dependent increase in red blood
cell SAM (AdoMet). Thus, transmethylation metabolic pathways closely interconnect
choline, betaine, methionine, CH;-THF, and B-12. The growing body of evidence
shows that betaine is an important nutrient for the prevention of chronic disease.
Success of transgenic plants which accumulate a large amount of betaine might have
two merits, increase of crop yield under abiotic stress and improve of human health.
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Abstract. We have found that hydrogen peroxide at low levels can induce synthesis of
osmoprotectants, e.g. glycinebetaine in barley, and proline and sucrose in rice. Then we have
succeeded in enhancing salt-stress tolerance by hydrogen peroxide treatment in rice, which is
known to be one of the most salt-sensitive crops. Furthermore we have found that hydrogen
peroxide treatment induces a higher sugar content in tomato and melon fruits. Hydrogen peroxide
was effective in accelerating germination of a turf grass (Kentucky bluegrass) under cool
conditions. Thus we conclude that application of hydrogen peroxide can be a useful technique for
agriculture.

1. INTRODUCTION

Hydrogen peroxide is a familiar compound for use as an antiseptic. On the other
hand, hydrogen peroxide is known to be one of the reactive oxygen species (ROS)
produced in plants under various abiotic stresses, and leads to ultimate death.
Recently another aspect of hydrogen peroxide has been found. Namely it acts as one
of the signal molecules for stress tolerance in plants [1, 2]. For instance we found
that hydrogen peroxide increased in leaves of barley and rice, when the plants were
exposed to various stresses [3, 4]. Furthermore exogenously applied low levels (~10
mM) of hydrogen peroxide induced accumulation of an osmoprotectant, glycinebetaine,
in barley leaves [5].

Rice is known to be a glycinebetaine non-accumulator [6]. Messenger RNA
levels of PSCS and sucrose-phosphate synthase were increased in rice leaves by
hydrogen peroxide treatment [3]. Both PSCS and sucrose-phosphate synthase are
key enzymes for proline and sucrose synthesis, respectively, and they are thought to
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be major osmoprotectants in stressed rice leaves. Those observations spurred us to
test the use of hydrogen peroxide for agriculture under abiotic stress conditions,
since decrease of crop productivity by abiotic stresses (salt, drought, cold and heat)
may threaten humanity with food shortages in the near future.

In this chapter, we would like to propose using hydrogen peroxide to improve
growth and productivity of crops from abiotic stresses. While genetic modification
of one gene or another has been shown to be helpful, there remains considerable
public apprehension about GMO crops. Many consumers ask for 100% safety for
genetically modified crops, just as for atomic energy power station. We find that
hydrogen peroxide treatment can cause an even more significant increase in stress
tolerance than current genetic changes, and has the advantage of disappearing
rapidly after the application, with no residues to worry about.

2. HYDROGEN PEROXIDE TREATMENT INDUCES GLYCINEBETAINE
ACCUMULATION IN BARLEY

For barley (Hordeum vulgare) plants, an important response to stress conditions is
the induction of synthesis of the osmoprotectant glycinebetaine [7]. Its synthesis is
induced by high salt [8, 9], drought and water deficits [10], cold stress (11) and heat
stress [4].

Glycinebetaine is made from choline in higher plants in two steps, with
glycinebetaine aldehyde as intermediate. In spinach the first step is performed by an
interesting, chloroplast-localized enzyme, choline monooxygenase (CMO), which
uses electrons from photosystem I via ferredoxin to help do the oxidation [12, 13].
The second step is catalyzed by betaine aldehyde dehydrogenase (BADH). In
barley, we have found two BADH genes. One of them encodes the protein targeted
to peroxisomes [6] and the other one encodes a cytosolic BADH protein [14]. The
cytosolic BADH is the major one in leaves. On the other hand, peroxisomal BADH
is the major one in roots [6, 14]. We have not found any CMO gene in Gramineae
yet. It is very interesting that the intracellular localization of glycinebetaine synthesis
is different between chenopods and Gramineae. We believe that Gramineae must have a
unique CMO-like protein to convert choline to glycinebetaine aldehyde. We have
been searching for the so far mysterious gene.We found that hydrogen peroxide
applied to barley roots induced glycinebetaine synthesis in the leaves [5]. An organic
peroxide, cumene hydroperoxide, also induced glycinebetaine accumulation. Hydrogen
peroxide has an observable effect at 5 mM and brings on almost maximal glycinebetaine
accumulation at 25 mM. We obtained indirect evidence for the participation of
protein kinase C and phospholipase D in the signal transduction pathway, although
the whole signal transduction sequence for glycinebetaine synthesis is not fully
understood as yet in higher plants.
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3. HYDROGEN PEROXIDE TREATMENT INCREASES ABIOTIC STRESS
TOLERANCE IN RICE SEEDLINGS

Rice is a crop known to be very sensitive to salt stress. Therefore, many reports have
appeared on enhancement of salt tolerance in rice by genetic engineering of only one
gene in most cases. If hydrogen peroxide is a signal molecule in the induction of
genes related to abiotic stress response or tolerance in rice, it might be possible to
increase salt-stress tolerance by simply treating the plants with hydrogen peroxide.
Internal hydrogen peroxide levels of 8-d-old seedlings went up transiently around
6 h, then decreased to the original level and increased again gradually during 12~48
h after treatment with 10 mM NaCl [3]. Then it was actually found that hydrogen
peroxide treatment (10 uM) enhanced salt tolerance in rice seedlings. The treatment
induced not only active oxygen scavenging enzyme activities, but also expression of
transcripts for stress-related genes encoding sucrose-phosphate synthase, pyrroline-
5-carboxylate synthase and small heat shock protein 26. Many other genes or
proteins were increased by hydrogen peroxide, as well [15]. These results suggest
that externally applied hydrogen peroxide can indeed increase salt tolerance in rice
seedlings, by acting as a signal molecule for the abiotic stress response. Furthermore
we have found that the abiotic nitric oxide donor sodium nitroprusside also
increased salt tolerance in rice seedlings. Both hydrogen peroxide and nitric oxide
increased heat tolerance in rice plants. However these effects occurred at an
optimum concentration; excess amounts of either hydrogen peroxide or sodium
nitroprusside decreased salt- or heat-stress tolerance in rice seedlings compared to
untreated controls.

Figure 1. Effects of hydrogen peroxide on salt stress of rice.

4. HYDROGEN PEROXIDE TREATMENT PRODUCES SWEET FRUITS
WITHOUT DECREASE IN THEIR PRODUCTIVITY

Since we noted that hydrogen peroxide treatment increased the expression of the
sucrose-phosphate synthase gene in rice seedlings, we wondered if it also might
increase the sugar content of fruits. We tested it with tomato and melon plants [16].
Hydrogen peroxide was applied to the soil from the beginning of flowering time, for
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two months. The sucrose-phosphate synthase activity was increased about 2~3 fold
in tomato and melon leaves, compared to those without the treatment. The sugar
content was increased in leaves of the two plants. Since leaves supply the fruits with
carbohydrate, the hope was that the treatment would make the fruits sweeter. Indeed,
the sugar content increased by about 1.5 fold in the two fruits. It was a nice surprise
that the hydrogen peroxide treatment did not decrease plant growth (Tables. 1 and 2)
or their fruit productivity. Usually water shortage (drought stress) is given to make
sweet fruits such as tomato with some reduction of fruit productivity [17]. We are
now carefully determining if we can decrease the concentration of hydrogen
peroxide in the treatment, and/or the frequency of application, which would save the
farmer’s labor. The best method will have to be established from the viewpoints of
both safety and saving labor.

Table 1. Comparison of biomass increase between genetic engineering and hydrogen
peroxide treatment. Relative value (100%) was defined as that of control condition.

Plant Gene Organism Modification Condition  BiomassReference
Genetic
engineering
4-coumarate:
coenzyme A
ligase Poplar Repressing lignin
Poplar (antisense) biosynthesis Normal 150% (20)
Poplar GA 20-oxidase Arabidopsis Gibberellin Normal 125% (21)
Sucrose Saturated
phosphate Tomato Sucrose light
Tomato synthase metabolism and CO, 120% (22)
Aspergllus
Poplar Xyloglucanse aculeatus Cell wall Sucrose 150% (23)
Auxin-
inducible gene Auxin signal
Arabidopsis ARGOS Arabidopsis downstream Normal 150% (24)

Fructose-1, 6-
bisphoshatase
and
Tobacco sedoptulose- Calvin cycle Normal 150% (25)
J7- Cyanobacterium
bisphoshatase (PCC 7942)

Hydrogen peroxide treatment (20 mM H,0,)

Sugar Present
Tomato metabolism Normal 120% study

Sugar Present
Melon metabolism Normal 150% study

Table 2. Comparison of plant growth, fruit yield and sugar content in tomato plant with
various treatments. Relative value (100%) was defined as that of control condition.

Treatment Condition  Plant growth  Fruit yield Sugar content  Reference

Hydrogen

peroxide 50 mM H,0, 95% 100% 150% Present study
Drought stress pF 2.5 86% 88% 140% 17)

Salt stress 60 mM NaCl 75% 70% 130% (26)
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5. HYDROGEN PEROXIDE TREATMENT ENHANCES GERMINATION AND
EARLY GROWTH OF KENTUCKY BLUEGRASS

A third application study was suggested by company (Kureha chemical industry) in
Japan. A cool season turf grass, Kentucky bluegrass, takes more than 3 weeks to
germinate at a temperature lower than 23°C. The grass is used frequently for golf
courses, tennis courts, soccer grounds and airports. Furthermore turf grasses are used
widely to protect soil from landslide and erosion. Soil erosion has been well known
to be a serious problem in land desertification. To accelerate germination and early
growth, the seeds were treated with growth regulators (gibberellin and benzyladenine), a
detergent (silwet) and hydrogen peroxide [18]. It appeared that hydrogen peroxide
accelerated significantly early growth, after germination of the seeds at 20°C.
Interestingly hydrogen peroxide of very low concentrations (1~10 pM) was effective.
This concentration is low enough to be accepted as an agrochemical.

Figure 2. Effects of hydrogen peroxide on the growth of melon.

6. CONCLUSIONS

We have shown three application studies on the use of hydrogen peroxide for
agriculture under abiotic stresses. They are good examples indicating that basic
research contributes to application for agriculture. Hydrogen peroxide is an
inexpensive reagent and is easily decomposed in the soil by bacteria. Since in a
number of these applications, it is effective at very low concentrations, there is no
problem in using it as an agrochemical. With rapidly increasing knowledge of entire
plant genomes, and understanding of gene functions and signal pathways [19], there
should be further opportunities to find additional external chemicals that interact
with the complex biochemical machinery of plants, and might thereby be of
significant use in agriculture. We have indicated that inducers of glycinebetaine
synthesis include inorganic salts (NaCl, KCI, LiCl and Na,SO,), oxidants (H,O, and
cumene hydroperoxide), and organic compounds (abscisic acid, polymixin B,
n-butanol, salicylic acid and aspirin) [5]. Are there any other compounds having
ability of a signal molecule for abiotic stress tolerance in plants? We have been
searching for such compounds in our laboratory.



158 AKIO UCHIDA ET AL.

REFERENCES

1.

2.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Prasad, T.K., Anderson, M.D. and Stewart, C.R. (1994) Evidence for chilling induced oxidative stress
in maize seedlings and a regulatory role for hydrogen peroxide. Plant Cell 6, 65-74.

Srivalli, B., Sharma, G. and Khanna-Chopra, R. (2003) Antioxidative defense system in an upland rice
cultivar subjected to increasing intensity of water stress followed by recovery. Physiol. Plant. 119,
503-512.

. Uchida, A., Jagendorf, A.T., Hibino, T., Takabe, T. and Takabe, T. (2002) Effects of hydrogen

peroxide and nitric oxide on both salt and heat tolerance in rice. Plant Sci. 163, 515-523.

. Uchida, A., Shi, W., Ozaki, K., Okamoto, M., Koshiba, T., Hirai, T., Hibino, T., Ichihara, S., Takabe,

T. and Takabe, T. Induction of glycinebetaine accumulation is possibly triggered by H,O, and ABA
in a winter-type barley under heat stress. Plant Sci. submitted.

. Jagendorf, A.T. and Takabe, T. (2001) Inducers of glycinebetaine synthesis in barley. Plant Physiol.

127, 1827-1835.

. Nakamura, T., Yokota, S., Muramoto, Y., Tsutsui, K., Oguri, Y., Fukui, K. and Takabe, T. (1997)

Expression of a betaine aldehyde dehydrogenase gene in rice, a glycinebetaine non-accumulator, and
possible localization of its protein in peroxisomes. Plant J. 11, 1115-1120.

. Rhodes, D. and Hanson, A.D. (1993) Quaternary ammonium and tertiary sulfonium compounds in

higher plants. Ann. Rev. Plant Physiol. Plant Mol. Biol. 44, 357-384.

. Arakawa, K., Katayama, M. and Takabe, T. (1990) Levels of glycinebetaine and glycinebetaine

aldehyde dehydrogenase activity in the green leaves, and etiolated leaves and roots of barley. Plant
Cell Physiol. 33, 833-840.

Arakawa, K., Mizuno, K., Kishitani, S. and Takabe, T. (1992) Immunological studies of betaine
aldehyde dehydrogenase of barley. Plant Cell Physiol. 33, 833-840.
Hitz, W.D, Ladyman, J.A.R and Hanson, A.D (1982) Betaine synthesis and accumulation in barley
during field water stress. Crop. Sci. 22, 47-54.
Kishitani, S., Watanabe, K., Yasuda, S,. Arakawa, K. and Takabe, T. (1994) Accumulation of
glycinebetaine during cold acclimation and freezing tolerance in leaves of winter and spring barley
plants. Plant Cell Environ. 17, 89-95.
Brouquisse, R., Weigel, P., Rhodes, D., Yocum, C.F. and Hanson, A.D. (1989) Evidence for a
ferredoxin-dependent choline monooxygenase from spinach chloroplast stroma. Plant Physiol. 90,
322-329.
Rathinasabapathi, B., Burnet, M., Russel, B.L., Gate, D.A., Liao, P.C., Nye, G.J., Scott, P.,
Goldbeck, J.M. and Hanson, A.D. (1997) Choline monooxygenase, an unusual iron-sulfur enzyme
catalyzing the first step of glycinebetaine synthesis in plants: Prothetic group characterization and
c¢DNA cloning. Proc. Natl. Acad. Sci. US4 94, 3454-3458.
Nakamura, T., Nomura, M., Mori, H., Jagendorf, A.T,, Ueda, A. and Takabe, T. (2001) An isozyme
of betaine aldehyde dehydrogenase in barley. Plant Cell Physiol. 42, 1088-1092.
Narita, Y., Taguchi, H., Nakamura, T., Ueda, A., Shi, W.M. and Takabe, T. (2004) Characterization
of the salt-inducible methionine synthase from barley leaves. Plant Sci. 167, 1009-1016.
Uchida, A., Takabe, T., Hayashi, T. and Takabe, T. (2004) Sugar content increases in tomato and
melon fruits by hydrogen peroxide treatment. Plant Growth Reg. Submitted.
Hayata, Y., Tabe, T., Kondo, S. and Inoue, K. (1998) The effects of water stress on the growth, sugar
and nitrogen content of cherry tomato fruit. J. Japan Soc. Hort. Sci. 67, 759-766.
Takabe, T., Uchida, A. and Takabe, T. (2004) Effects of hydrogen peroxide on germination of
Kentucky bluegrass. Plant Biology 2004 161.
Ueda, A., Kathiresan, A., Inada, M., Narita, Y., Nakamura, T., Shi, W.M., Takabe, T. and Bennett, J.
(2004) Osmotic stress in barley regulates expression of different set of genes than salt stress does. J.
Exp. Bot. 55,2213-2218.
Hu, WJ., Harding, S.A., Lung, J., Popko, J.L., Ralph, J., Stokke, D.D., Tsai, C.J. and Chiang, V.L.
(1999) Repression of lignin biosynthesis promotes cellulose accumulation and growth in transgenic
trees. Nat. Biotechnol. 17, 808-812.
Eriksson, M.E., Israelsson, M., Olsson, O. and Moritz, T. (2000) Increased gibberellin biosynthesis in
transgenic trees promotes growth, biomass production and xylem fiber length. Nat. Biotechnol. 18,
784-788.



22.

23.

24.

25.

26.

INDUCTION OF BIOSYNTHESIS OF OSMOPROTECTANTS 159

Galtier N., Foyer C.H., Huber J., Voelker T.A. and Huber S.C. (1993) Effects of elevated sucrose-
phosphate synthase activity on photosynthesis, assimilate partitioning, and growth in tomato
(Lycopersicon esculentum var UC82B). Plant Physiol. 101, 535-543.

Park, Y.W., Baba, K., Furuta, Y., Iida, 1., Sameshima, K., Arai, M. and Hayashi, T. (2004)
Enhancement of growth and cellulose accumulation by overexpression of xyloglucanase in poplar.
FEBS Lett. 564, 183-187.

Hu, Y., Xie, Q. and Chua N.H. (2003) The Arabidopsis auxin-inducible gene ARGOS controls lateral
organ size. Plant Cell 15, 1951-1961.

Miyagawa, Y., Tamoi, M. and Shigeoka, S. (2001) Overexpression of a cyanobacterial fructose-1,
6-/sedoheptulose-1,7-bisphosphatase in tobacco enhances photosynthesis and growth. Nat.
Biotechnol. 19, 965-969.

Carvajal, M., Cerda, A. and Martinez, V. (2000) Modification of the response of saline stressed
tomato plants by the correction of cation disorders. Plant Growth Reg. 30, 37-47.



SECTION VI

ION HOMEOSTASIS



11. NA"/H" ANTIPORTERS IN PLANTS AND
CYANOBACTERIA

RUNGAROON WADITEE', YOSHITO TANAKA* AND
TERUHIRO TAKABE!

'Research Institute of Meijo University, Tenpaku-ku, Nagoya, 468-8502, Japan
’Faculty of Science and Technology, Meijo University, Tenpaku-ku, Nagoya,
468-8502, Japan

Abstract. Under salt stress, plants protect the deleterious effects of Na* by maintenance a high
cytosolic K™ to Na* ratio. Intracellular K and Na* homeostasis is important for the activities of
many cytosolic enzymes, maintaining membrane potential, and for the synthesis of osmoticum.
Although salt-stress sensors remain elusive, some of components important for salt stress have been
identified. Understanding how plants cope with excessive Na* in the environment is of great
agricultural importance as soil salinity accounts for large yield losses in crops worldwide. This
review focuses on the recent progresses in understanding of sodium ion homeostasis in plants and
cyanobacteria and their applications to construct the salt-tolerant crop.

1. INTRODUCTION

Today, ~20% of the world's cultivated land and nearly half of all irrigated lands are
affected by high salinity. Salinity is one of the most important factors to decrease the
crop yield. Proper regulation of ion flux is necessary for cells to keep the
concentrations of toxic ions low and to accumulate essential ions. Intracellular K"
and Na" homeostasis is important for the activities of many cytosolic enzymes,
maintaining membrane potential, and for the synthesis of osmoticum. To maintain
high K'/Na" ratio in cytosol, plant cells employ the primary active transport
mediated by H-ATPases and the secondary transport mediated by channels and co-
transporters. Under salt stress, Na™ enters to plant cells through several pathways
and Na' stress disrupts K uptake by root cells. These processes decrease the K'/Na"
ratio in cytosol. When Na' accumulates to high levels in cytosol, it becomes toxic to
enzymes. Excess Na' in cytosol could be removed by the active mechanisms to
apoplastic space via plasma membrane or to vacuole via tonoplast membrane [1-3].
Unlike animal cells, Na'-ATPases or Na'/K'-ATPases could not be found in
most plant cells. Plant cells have to rely on Na'/H' antiporters to extrude Na'.
Therefore, Na'/H" antiporters would play much more important roles for salt tolerance
in plants than in any other organisms. Although salt-stress sensors remain elusive,
some of components important for salt stress have been identified. This review
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focuses on the recent progresses and prospects in understanding of sodium ion
homeostasis in plants and cyanobacteria and their applications to construct the salt-
tolerant crop.

2. NA'H" ANTIPORTER

Na'/H" antiporters are ubiquitous membrane proteins that catalyze the exchange of
Na' for H" across membranes. Na'/H' antiporters are involved in diverse physiological
processes, e.g., for salt tolerance [4-10], pH regulation [11, 12], cell volume [13],
morphogenesis [14], and extruding the H' generated during metabolism. To date, many
Na'/H" antiporters have been reported as shown in Tablel. These are 1) NhaA, 2) NhaB,
3) NhaC, 4) ChaA, 5) NhaP (NHE, NHX), 6) NapA (CHX), and 7) NhaD (NHD).
Three antiporters, NhaA, NhaB and ChaA, are known in E.coli, and their functional
properties have been extensively studied [15, 16]. In human, nine NHEs (NHE1-9)
which have a similar structure, but different subcellular localization, have been reported
[17]. NHEI plays a key role in the regulation of internal pH, but not for Na"
extrusion.

Genome sequencing of Arabidopsis suggests the presence of more than 38
Na'/H" antiporter homologs [18]. These antiporters fall into three families: monovalent
cation/proton antiporter-1 (CPA1) family (8 members, NHX1-8), monovalent cation/
proton antiporter-2 (CPA2) family (28 members, CHX1-28), and NhaD family (two
members, NHD1-2). Most of these genes are not functionally characterized. Among
8 members of CPAIl family, the vacuolar AtNHX1 and the plasma membrane
AtNHX7 (SOS1) are two extensively studied ones [19, 20, 21]. Whereas only
limited information is available for CPA2 family. Thus far, two CPA2 exchangers,
AtCHX15 [22] and AtCHX17 [23] are functionally characterized in Arabidopsis.

Table 1. Na'/H" antiporters found in prokaryotic and eukaryotic cells.

Prokaryote Eukaryote
NhaA, Bacteria
NhaB, Bacteria
ChaA, Bacteria | CAX yeast, plant
(Ca*'/H" antiporter but not Na'/H" antiporter)
NhaP, Bacteria | NHX plant, yeast; NHE animal
NapA, Bacteria | CHX plant, Nhap1 yeast
NhaC, Bacteria
NhaD, Bacteria | NhaD plant

Compared with plants, the Na'/H" antiporter system in cyanobacteria seems to be
simple. Since cyanobacteria conduct plant-like oxygenic photosynthesis, the Na'/H"
antiporter system in cyanobacteria could be used as a model system for the
understanding of molecular mechanisms of salt-tolerance in plants. The entire
genome sequences of several cyanobacteria, namely Synechocystis sp. PCC6803,
Anabaena sp. PCC7120, Thermosynechococcus elongatus sp. BP-1, Gloeobacter
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violaceus PCC 7421, Prochlorococcus marinus SS120, Prochlorococcus marinus
MED4, Prochlorococcus marinus MIT9313, Synechococcus sp. WH 8102, are
available (http://www .kazusa.or.jp/cyano/cyano.html). Among them, Synechocystis
sp. PCC6803 is the most well studied organism. The genome sequence of Synechocystis
sp. PCC 6803 revealed the presence of five putative Na'/H" antiporter genes [24]
(Table 2). Two of them (Syn-NhaP1 and Syn-NhaP2) belong to CPA1 family and
exhibit some homology to NhaP from Pseudomonas aeruginosa, vacuole antiporter
from Arabidopsis (AtNHX1), plasma membrane antiporter (SOS1), and mammalian
NHE. Other three antiporters (Syn-NapAl, Syn-NapA2, and Syn-NapA3) belong to
CPA2 family and are homologous to NapA from Enterococcus hirae [10, 25].
Functional properties of NhaP1 [25-27] and NapA [28] type Na'/H" antiporters from
cyanobacteria have been characterized.

Table 2. Comparison Na'/H' antiporters in cyanobacterium, Synechocystis sp. PCC6803,
and higher plant, Arabidopsis thaliana.

Synechocystis sp. PCC6803 | Arabidopsis thaliana

NhaP1 (NhaSl1, slr1727) AtNHX1-8
NhaP2 (NhaS2, s110273)
NapA1l (NhaS3, slr0415) AtCHX1-28

NapA2 (NhaS4, slr1595)
NapA3 (NhaSS5, slr0689)

AtNhaD1-2

3. NHAP TYPE NA"/H" ANTIPORTERS FROM CYANOBACTERIA

Functional properties of all five Na'/H" antiporter genes from Synechocystis sp.
PCC6803 were examined using the salt-sensitive £.coli mutant in which three antiporters
(nhaA, nhaB, and chaA) were disrupted [29]. Among them, only the NhaS1 (Syn-
NhaP1) and NhaS3 (Syn-NapAl) complemented the salt-sensitive E.coli mutant.
NhaS1 (Syn-NhaP1l) and NhaS3 (Syn-NapAl) exhibited the exchange activity
between Na'and H' as well as Li" and H". NhaS1 (Syn-NhaP1) exhibited the
exchange activities over a wide range of pH from 5 to 9. The activities were
insensitive to amiloride [25]. The affinity of NhaS1 (Syn-NhaP1) for Na' is low, ~5
mM [10]. A homologous gene, Ap-NhaP1, was isolated from a halotolerant cyano-
bacterium, Aphanothece halophytica. Ap-NhaP1 exhibited the Na'/H" antiporter
activity over a wide range of pH between 5 and 9, but had virtually no exchange
activity between Li" and H'. Interestingly, Ap-NhaP1 exhibited the Ca*'/H'exchange
activity at alkaline pH. Topological models of NhaS1(Syn-NhaP1) and Ap-NhaP1
suggests the presence of 11 transmembrane segments with a long hydrophilic C-
terminal tail (Fig. 1). Importance of acidic amino acid (Asp139) in transmembrane
segment for the exchange activity was demonstrated. The C-terminal tail of
NhaS1(Syn-NhaP1) and Ap-NhaP1 have similar size, 123 amino acid residues in
Syn-NhaP1 and 124 amino acid residues in Ap-NhaP1l. But, their charges are
different. Ap-NhaP1 has positive net charges (22+ 14-) while Syn-NhaP1 has
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negative net charges (15+ 24-). A chimera ASNhaP, in which the C-terminal tail of
Ap-NhaP1 was replaced with that of Syn-NhaP1, exhibited the exchange activity
between Li" and H" which was not observed in the wild-type Ap-NhaP1. In contrast,
the chimera SANhaP, in which the C-terminal tail of Syn-NhaP1 was replaced with
that of Ap-NhaP1, exhibited the altered

NH3* Periplasm
1 /\
F19 F120
I \%
F39 Vo8

Cytoplasm

Figure 1. Hypothetical secondary structure model of the Ap-NhaP1 protein. The possible TMs
of the Ap-NhaPl sequence were deduced by a computer program TopPredll. Putative
transmembrane helical segments are boxed and the first and the last amino acid of each
segment are indicated. The number of positive and negative charges on the C-terminal
hydrophilic tail is indicated.

the ion specificity from that of Syn-NhaP1. These facts demonstrate that the C-
terminal tail of NhaP is involved in ion specificity.

SOS1 [5], AtNHX1 [30], mammalian NHE [31], and yeast Nhalp [32] have also
a long C-terminal tail although their homology is low. In NHEs, the long C-terminal
tail exposes to cytoplasmic space, mediates the interactions with other proteins, and
involves in the regulation of the activity [33-35]. The C-terminal tail of yeast Nhalp
involves in the osmotic adaptation [32] and localization of transporter [36]. In SOS1,
the long C-terminal portion is necessary for salt tolerance. The single amino acid
substitution mutants in the hydrophilic tail of SOSI, i.e. sos/-8 (Gly777Glu) and
sos1-9 (Gly784Asp) were inactive [2]. In AtNHX1, deletion of the hydrophilic C-
terminal tail caused a dramatic increase of Na'/H" antiport activity [30]. The C-
terminal of AtNHXI appears to be involved in the determination of the ion
selectivity of the transporter. Thus, the functions of C-terminal tail in eukayotic
Na'/H" antiporters have various functions.
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4. NAPA TYPE NA'/H" ANTIPORTERS FROM CYANOBACTERIA

Synechocystis sp. PCC 6803 has three NapA type antiporters (NhaS3, NhaS4 and
NhaS5). NhaS3 belongs to CPA2 family and shares the homology with NapA4 from
Enterococcus hirae [37] GerN from Bacillus cereus [38]. Topological model of
NhaS3 predicted 11 segments of transmembrane and a long C-terminal tail is absent.
NhaS3 displayed the exchange activity of Na” or Li" for H" and had high affinity for
Na" and Li" [10]. The homologous gene of NhaS3 was isolated from a halotolerant
cyanobacterium, Aphanothece halophytica. It contains at least two homologous
genes, namely Ap-NapAl-1 and Ap-NapAl-2. The importance of amino acids,
Glul29, Asp225 and Asp226 in the transmembrane region and Glul42 in the loop
region for the exchange activities was identified in ApNapAl-1 by mutagenesis
experiment [28]. Another homologous gene, ApNapAI-2 is probably an Na'/H"-K"
antiporter. Ap-NapA1-2 could complemented the K -uptake deficient mutant as well
as the Na'-sensitive mutant [28].

5. KNOCKOUT OF CYANOBACTERIA NA"/H" ANTIPORTERS

To clarify the physiological roles of antiporters in cyanobacteria, the analysis of
gene knockout mutants was carried out in Synechocystis sp. PCC 6803. Four genes
(NhaS1, NhaS2, NhaS4, and NhaS5) could be disrupted. But, NhaS3 gene could not
completely be disrupted [10, 39, 40]. The Synechocystis sp. PCC 6803 cells
disrupted of NhaS1, NhaS4, or NhaS5 exhibited normal growth or only weak salt-
sensitive phenotype (Table3). The NhaS3 gene seems to be most crucial for NaCl
tolerance [39]. The cells partially disrupted of NhaS3 exhibited severe salt-sensitive
phenotype.

Table 3. Effects of gene knock-out of five putative Na'/H' antiporters in Synechocystis sp.
PCC 6803.

Putative Na'/H" antiporters Phenotypes References

slr1727 (NhaS1, Syn-NhaP1) | No NaCl sensitivity 39

sl10273 (NhaS2, Syn-NhaP2) weak salt sensitivity, shift the 39, 41
pH preference to acidic region

510683 (NhaS3, Syn-NapAl) significant salt sensitivity 10, 39
(only partially segregated)

slr1595 (NhaS4, Syn-NapA2) | weak salt sensitivity 10, 39

slr0415 (NhaS5, Syn-NapA3) | No NaCl sensitivity 10

NhaS1/NhaS4 No NaCl sensitivity 40

NhaS1/NhaS5 No NaCl sensitivity 40

NhaS1/NhaS4/NhaS5 No NaCl sensitivity 40

It should be mentioned that the disruption of NhaSI in Synechocystis did not
cause salt-sensitive phenotype. This fact suggests that NhaS1 antiporter does not
play a crucial for salt tolerance in Synechocystis. However, the importance of NhaS1
(NhaP1) for salt tolerance was demonstrated in the case of Ap-NhaPl from a
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halotolerant cyanobacterium, Aphanothece halophytica[27]. The overexpressing of
Ap-NhaP1 in a fresh water cyanobacterium Synechococcus sp. PCC 7942, significantly
increased the salt tolerance of Symechococcus cells so that the transformed cells
could grow in seawater [27].

The disruption of NhaS2 caused the mutant cells sensitive to low sodium
concentration and exhibited the increased sensitivity towards potassium ion, even at
low concentrations. It has been proposed that the NiaS2 is required for Na' influx
[41]. Moreover, the disruption of NhaS2 shifts the pH optimum of growth of
Synechocystis cells to the acidic pH, suggesting that this antiporter is involved in pH
regulation.

The disruption of NhaS4 exhibited similar phenotype to that of NhaS2, but it was
sensitive to acidic pH. The expressing of NhaS4 in an E.coli mutant is tolerant to K"
depleted medium, suggesting that NiaS+4 facilitates K™ uptake [10].

The gene knockout analysis suggested that NhaS3 (NapAl) is the most important
antiporter in cyanobacteria for salt tolerance. However, the physiological function of
each antiporter in cyanobacteria is still unclear. Further studies are required to
understand the role of Na'/H" antiporters for salt tolerance in cyanobacteria.

6. PRIMARY PUMP IN PLANTS

Unlike animal cells, most plant cells do not have Na'-ATPases or Na'/K'-ATPases.
Therefore, plant cells have to rely on Na’/H" antiporters to extrude Na™ into non-
toxic space. Since the energy of Na" transport is driven by proton-motive force that
is created by H-ATPases and H™-pyrophosphatases, they would be important for
salt tolerance in plants [42]. The plasma membrane proton pump P-type ATPase
(H-ATPase) is a single polypeptide with a molecular mass of about 100 kDa and
plays a central role in transport across the plasma membrane. It mediates ATP-
dependent H' extrusion to the extracellular space, thus creating the differences of pH
and membrane potential across the plasma membrane (inside negative). The
improvement of abiotic-stress tolerance in plants has not been reported by over- or
suppress-expressions of plasma membrane H'-ATPase. This might be due to the
facts that the plasma membrane H'-ATPase is involved in many physiological
functions and consumes ATP. From the analysis of suppress expression of plasma
membrane H'-ATPase, its involvement for the pro-anthocyanidin formation,
endomembrane function, has been demonstrated [43].

In plant cells, the vacuole is the largest intracellular H" bank. The acidification of
the Arabidopsis vacuole is carried out by two systems: the vacuolar H -ATPase and
the vacuolar H'-pyrophosphatase. The vacuolar H'-ATPase is a multisubunit
complex whose subunits are encoded by at least 26 genes [44]. In contrast, the
Arabidopsis H'-pyrophosphatase is a single subunit protein although the Arabidopsis
genome contains three homologs (AVP1-AVP3). The increase of proton pumping
by overexpressing the plant V-type ATPases has not been reported. However,
heterologous expression of plant vacuolar H -pyrophosphatase in yeast restored the
salt tolerance to a salt-sensitive yeast mutant [45]. A potential advantage of the
AVP1 overexpression is that this H pump uses inorganic pyrophosphate, allowing
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ATP to be conserved and used to improve the plant cell performance under a more
demanding environment [46]. The transgenic Arabidopsis plants ectopically
expressing AVP1 exhibited the increased tolerance to salt and drought stresses [46].
The size of transgenic plant increased due to the increase of cell number. Under
normal growth conditions, the transgenic plants accumulated more solutes than the
control plants. These data indicate that the overexpression of AVP1 also enhances
the activity of various plant secondary transporters such as Na'/H -antiporters [47].

Recently, the existence of Na'-ATPase in moss Physcomitrella patens and a
marine alga have been reported [48, 49]. In addition to Na'-ATPase, SOS1-type
Na'/H'-antiporter genes were also found in moss [48]. These results suggest that
evolutionally early land plants had Na‘-ATPase, but they lost during the evolution to
flowering plants.

7. SENSING SALT STRESS AND ENTRY OF SODIUM IN PLANTS

Figure 2 shows the simplistic model of salt-stress sensor, perception, and extrusion
systems in plant cell. Little is known about Na' sensing in any cellular system.
Theoretically, Na" can be sensed either before or after entering the cell, or both.
Extracellular Na" may be sensed by a membrane receptor, whereas intracellular Na"
may be sensed either by membrane proteins or by any of the many Na'-sensitive
enzymes in the cytoplasm. Zhu J.K. [23] proposed that the plasma-membrane
Na'/H'-antiporter SOS1 is a possible Na'-sensor. Several transporters such as sugar
permease BglF in Escherichia coli [50] and betaine transporter in Corynebacterium
[51] have a dual role in sensing and transporting. This hypothesis is worthwhile to
be tested.

Salt stress

Na®* Hyperosmolarity

H*-pyrophos
phatase

H*-ATPase
membrane

potential
-150 mV

Na*

Nat entry

Figure 2. Schematic model of salt-stress sensor, perception, and extrusion systems.
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Although ion specific signals are probably more important than hyperosmolarity
in the regulation of Na' transport, salt stress also causes osmotic stress which
activates the synthesis of abscisic acid (ABA). Osmotic stress activates the synthesis
of abscisic acid (ABA), which can upregulate the transcription of vacuolar Na'/H"
antiporter gene AtNHXI. Osmotic stress may be sensed in part by stretch-activated
channels and by transmembrane protein kinases such as two component histidine
kinases [52] and wall-associated kinases [53].

The negative membrane potential across the plasma membrane of plant cells
favors the passive transport of Na" into cells. Na' enters into plant cells through the
high-affinity K" transporter HKT1 [55, 56] and also through non-selective cation
channels [57]. In some plant species such as rice, Na' leakage into the transpiration
stream via the apoplast can account for a major part of Na* entry into plants [58].

Although Na” influx led to deleterious effects to plant cells, but it is a part of the
mechanism of salt tolerance. Functional analysis of AtHKT1 which transport Na'in
Arabidopsis plants indicated the importance of Na' recirculation from shoots to roots
via phloem sap. The mutants of this gene increased Na' accumulation in aerial
organs, but decreased in roots [56].

8. NA" EFFLUX FROM PLASMA MEMBRANES IN PLANTS

The role of cellular efflux of Na' is not intuitive in multicellular plants, as Na"
transported out of one cell would present a problem for neighboring cells. So the
role of Na" efflux has to be considered in specific tissues and in the context of whole
plants. In Arabidopsis, Na efflux is catalyzed by the plasma-membrane Na'/H"
antiporter encoded by the SOS1 (AtNHX?7) gene [2, 4, 6, 59]. SOS1 catalyzes the
Na'/H" exchange and cannot transport Li" or K [6]. A physiological function of
SOSI1 is the Na" efflux into the root medium. SOS1 is also involved in the control
of long-distance of Na' transport between roots and leaves. The expression of SOS1
is partially upregulated by salt stress at the posttranscriptional level. Increased SOS1
protein contributes to improve the salt tolerance in transgenic Arabidopsis [20].
Activity of the SOS1 antiporter is regulated by the SOS2 Ser/Thr protein kinase [6,
59], which is in turn regulated by the SOS3 Ca**-binding protein [60, 61]. SOS3 is a
myristoylated calcium-binding protein that is capable of sensing the cytosolic
calcium signal elicited by salt stress [62]. Loss-of-function sos2 alleles show a salt-
sensitive phenotype [21], as do sos3 mutants when faced with the extra demand of
Ca®" deficiency [60].

9. VACUOLAR SEQUESTRATION OF NA" IN PALNTS

Vacuolar sequestration of Na" could contribute to decrease the concentration of Na"
concentration in the cytoplasm. But it also contributes to maintain the osmotic
pressure inside cells that can protect the water release into saline solutions. Other
organelles, such as plastids and mitochondria, may also accumulate some Na' and
thus contribute to the overall subcellular compartmentation of Na'. In Arabidopsis,
the AtNHX1-6 probably function for the Na" compartmentation [63]. AtNHX1 and
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AtNHX2 are localized in the tonoplast membrane. Their transcript levels are
upregulated by ABA or osmotic stress [64]. The transcript levels of vacuolar H'-
ATPase components also increased in response to salt stress [65]. Overexpression of
AtNHX1 in Brassica and tomato [66] enhanced the salt tolerance of plants
substantially.

10. CPA2 TYPE NA"/H" ANTIPORTERS IN PLANTS

Arabidopsis genome has 28 putative CPA2 antiporters. But, limited information is
available on these proteins. The probable functions of the AfCHX genes in CPA2
family have been reported very recently by the expression pattern in transgenic
plants [67] and the functional analysis of suppress mutant [23]. It reveals that several
AtCHX genes specifically expressed in the male gametophyte and sporophytic
tissues and developmentally regulated during gametophyte [67]. The AtCHXI7,
which expressed in the epidermal and cortical cells of mature root zone, is believed
to be involved in K" transport since the knock-out mutant plants accumulate less K
in the roots when the plants were subjected with salt stress or K* starvation [22].
Recently, it was shown that the AtCHX23 is a Na'(K")/H" antiporter localized on
the chloroplast envelope, although the exchange activity was not shown. AtCHX23
might be involved in the pH homeostasis and chloroplast development [23]. It
should be mentioned that plants are the only unique organisms having so many
CPA2 type antiporters. CPA2 antiporter is unknown in animals.

11. POTENTIAL ROLES OF NA'/H" ANTIPORTERS FOR SALT
TOLERANCE IN HIGHER PLANTS

The progress in genome sequence of higher plants increasesd the information on
Na'/H" antiporters. In addition to model plant Arabidopsis, the Na'/H" antiporters
from barley (Hordeum vulgare) [68], cotton (Gossypium hirsutum) [69], maize (Zea
mays) [70], and rice (Oryza sativa) [71] have been characterized. Overexpression of
the rice Na'/H" antiporter, OsSNHX1, enhanced the salt tolerance of transgenic rice
cells and plants [71]. Numerous investigations have led to the conclusion that these
genes play important roles to extrude Na" across plasma membrane, sequestrate Na"
into tonoplast, and re-circulate Na* from shoot to root. However, there are many
Na'/H" antiporters of which functions are unknown. Little is known for the regulation of
expression of various Na'/H" antiporters.

For salt tolerance, K™ homeostasis is an another important aspect. The transcript
levels of several K" transporter genes are either down- or up-regulated by salt stress,
probably reflecting the different capacities of plants to maintain K™ uptake under salt
stress. Unraveling additional stress-associated gene resources, from both crop plants
and highly salt- and drought-tolerant model plants, will enable future molecular
dissection of salt-tolerance mechanisms in important crop plants.
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Abstract. The K channels as well as transporters for K" and Na* are essential to maintain high K*
to Na' ratio in cytosol of plant cells under abiotic stresses. Recent progress on the structures of
channels and ion transporters (such as symporters, antiporters, and pumps) together with several
results from a variety of approaches indicated that the discriminate between K channel and K*
pump seems to be unclear at least molecular structural levels. In this review, we will discuss on the
structural and functional relationship between cation transporters and channels.

1. INTRODUCTION

Under salt stress, plants maintain a high concentration of K and a low concentration
of Na' in the cytosol. They do this by regulating the expression and activity of K
and Na' transporters and of H™ pumps. In many cases, H' pumps generate the
driving force for transport of K and Na’. Over the past few years, molecular
approaches associated with electrophysiological and structural analyses have greatly
advanced our understanding of K transporters. A large number of genes encoding
K" transport systems have been identified, revealing a high level of complexity.
Characterization of some transport systems is providing the exciting information at
the molecular level on functions such as root K uptake and secretion into the xylem
sap, K transport in guard cells, or K" influx into growing pollen tubes. It seems to
become more unclear to discriminate between K* channel and K pump at least
molecular structural levels. In this review, we will discuss on the structural and
functional relationship between cation transporters and channels.

2. ION TRANSPORTERS

Ion transporters in wide meaning, can be classified into transporters and channels in
narrow meaning [l]. Transporters in narrow meaning are classified into 1)
symporters or antiporters and 2) pumps such as H'-ATPase and Na'/K'-ATPase. In
the following, ion transporters are used in narow meaning if not mentioned. lon
transporters and channels perform their activities using H' (in some case, Na" or K")
motive force (membrane potential and H" (Na" or K") chemical gradient) and ATP.
177
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Structural and functional aspects of cation transporters and channels are similar
between prokaryotic and eukaryotic cells. In Figure 1, a schematic diagram of
bacterial ion transporters in wide meaning is shown [2]. Electron transport systems
generate H' (in some case, Na") electrochemical gradient (H" or Na" motive force).
Escherichia coli uses H" motive force for the synthesis of ATP, uptake of nutrients,
and extrusion of Na'. In plants, ATP synthesis occurs in chloroplast via H-ATP
synthetase using H' motive force driven by light energy. The H' motive forces are
also produced by P-type H'-ATPase localized in plasma membranes and vacuole
membranes which are used for uptake of nutrients, and transport of Na".

Figure 1. A schematic diagram of bacterial ion transporters (modified from Fig. 1 of ref. 2).

It is generally believed that ion transporters (such as symporters, antiporters and
pumps) have substrates binding sites [3-7], and they change the conformation during
ion transport [8]. The substrate (ion) binding sites are probably faced on both outside
and inside of biological membranes. The structure of ion binding sites will change
alternately during ion transport that is called as two faces Janus model. Historically,
KcsA gene was first cloned from bacteria. KcsA protein was purified and
reconstituted into proteoliposomes. It was shown that KcsA protein is K™ channel
[9]. Three dimensional X-ray structure of K channel revealed that it has remarkable
K" selective pore [10]. The pore was consisted from four conserved glycine. The X-
ray structures of two prokaryotic ClI'-channels from Salmonella and Escherichia coli
were solved [11]. Both structures reveal two identical pores, each pore being formed
by a separate subunit within a homodimeric membrane protein. Individual subunits
are composed of two roughly repeated halves that span the membrane with opposite
orientations. This antiparallel architecture defines a selectivity filter in which a CI’
ion is stabilized by electrostatic interactions with alpha-helix dipoles and by
chemical coordination with nitrogen atoms and hydroxyl groups. The pore of water



RELATIONSHIP BETWEEN CATION TRANSPORTERS AND CHANNELS 179

channel has similar structural selectivity as seen in K" and CI channels [12]. Human
red cell aquaporin-1(AQP1) is the first functionally defined member of the aquaporin
family. The aqueous pathway is lined with conserved hydrophobic residues that permit
rapid water transport, whereas the water selectivity is due to a constriction of the
pore diameter to about 3 A over a span of one residue. The atomic model provides a
possible molecular explanation to a longstanding puzzle in physiology, how
membranes can be freely permeable to water but impermeable to protons. Other
channels with multi-substrate selectivity are also reported [13-16]. Water channels
are considered to have always open conformation, whereas many other channels
usually have the closed conformation. The pore structure of K channel may not be
altered when the K channel is functionally opened by some signal. However, the
gate-way to the pore will be opened. Dynamic changes of pore size structures have
been reported in some channels [16, 17]. Mechanical structures of ion transporters
and channels have been considered to be different. lon transporters change their
conformations during each steps of transport whereas channels do not change their
conformations. However, the differences of basic structures between ion transporters
and channels seem to become unclear, because transporters contain channel
structure [18]

3. NA"/H" ANTIPORTERS FROM BACTERIA, PLANT AND ANIMAL

Na'/H" antiporters extrude Na' using H motive force. At least, 8 families of Na'/H"
antiporters are reported, i.e. 1) NhaA, 2) NhaB, 3) ChaA (CAX), 4) NhaP (NHE,
NHX), 5) NapA (CHX, Nhal, Sod2), 6) NhaC, 7) NhaD, and 8) Pha like system.
NhaA, NhaB, and NhaC are Na'/H" antiporters only found in bacteria. NhaA has 12
transmembrane segments [19,20]. The activity of E. coli NhaA strongly depends on
pH which is a good example to study the molecular mechanisms of pH sensing,
conformational changes, and control of internal pH. Recently, three dimensionally
NhaA structure has been determined [21]. The amino acid sequence homology
between NhaA and other antiporters were low, but some of the basic structure of
them, NhaC for example, might have similarity to NhaA. NhaB has different
structure from that of NhaA [22, 23], namely NhaB has 9 transmembrane segments
with C terminus faced to periplasmic spase (outside). ChaA, NapA and NhaD are
found not only in bacteria, but also in plants. ChaA (CAX) is functionally unique
because it has Ca*" extrusion activity [24, 25]. They might have unique structure.
NapA [26] has homology to K* extrusion channel Kef C [27, 28] and K" efflux
system of Yeast [29]. The structural information on NapA is desired because it
works as a Na'/H" antiporter whereas a homologous protein KefC works as a K
channel. NhaP (NHX/NHE) family is the most widely distributed Na'/H" antiporters
from bacteria to animal. Structural and functional studies of NhaP (NHX/NHE) from
various species are interesting. Bacteria and plant NhaP (NHX) work for salt
tolerance [30, 31] and it’s C-terminal tail is involved for ion selectivity [32]. Animal
NHE (NhaP) works as internal pH alkalization [33]. Na' movement is opposite
between bacteria/plant NhaP (outward) and animal NHE (inward). Pha systems are
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consisted of seven membrane proteins and reported that they work as K or Na"
transporters [34, 35].

4. K" UPTAKE SYSTEMS FROM BACTERIA, PLANT AND ANIMAL

One of the most widely distributed K" uptake pumps in animal is the Na'/K'-
ATPase which extrudes Na" and uptakes K during the hydrolysis of ATP to ADP
and Pi. Its structure has some homology to Ca’*’-ATPase [3]. Bacteria have Kdp
pump (P-type K'-ATPase) that uptakes K' consuming ATP. The Kdp system
requires at least three membrane proteins, KdpA, KdpB, and KdpC. KdpB is the
menbrane bound ATPase protein and KdpA is considered to have K ion passage
route [36].

At least, 5 families of K* transporters (Trk, Ktr, HKT1, Kup, and Fku) which are
powered by H" motive force, are reported. Trk system from bacteria requires three
proteins, TrkA, TrkH and SapD [37]. TrkA and SapD are water soluble proteins that
attach to the membrane protein TrkH. TrkH is considered to have K" ion passage
route. Ktr system from bacteria requires at least two proteins, KtrA and KtrB [18].
KtrA is water soluble protein that attaches to the membrane protein KtrB. HKT1 is a
Na' or K' transporter from plant [38]. As described below, the homology of TrkH,
KtrB, and HKT1 is low and the evolutional distance among them is each other far,
but they have common structure [39]. Kup is found from bacteria and plants [40,41].
So far, only one protein is required for Kup. Fku system is bacterial K™ uptake
system, its activity is low and K, is high, and is considered as the fundamental K"
uptake system [42]. It requires at least two proteins, FkuA and FkuB. FkuA is
predicted as a water soluble protein that attaches to the membrane protein FkuB.

| KcsA type K* channel |

(TrkA JSapD ]

NAD(H) AD(H) ATP
ATPase \
KTN domain

Figure 2. Similarity of transmembrane subunit (KdpA, KtrB and TrkH) in some K uptake
transporters with KesA type K channel.

Plant has two inward rectified K channel families, KAT1/AKT1 and TWIK
[19,43]. Homologous genes to KAT1/AKTI1 and TWIK are found from animal.
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Plant and animal have bacterial type K' channels, KcsA, although their
physiological functions are not clear.

5. TRK AND KTR K" UPTAKE SYSTEMS

For the accumulation of K" by Trk system, the H" motive force is required [37].
SapD is a member of Trk system and contains the ATP binding site. ATP
requirement in Trk system was demonstrated using Aatp-strain [37]. It was shown
that ATP regulates the activity of Trk system and a high cytoplasmic ATP
concentration alone is not sufficient to drive K transport. The H' motive force is the
driving force for K" uptake.

Ktr system from Vibrio alginolyticus requires Na' for K uptake [44]. In Vibrio
Ktr, it is not clear whether Na' is transported as K'/Na" symporter or Na' is
involved in the activation of Ktr system.

6. K" TRANSPORTERS MAY DEVELOP FROM K" CHANNELS

Existence of KcsA type selective pore structures [9] are reported in transmembrane
subunit (KdpA, KtrB and TrkH) of some K" uptake transporters (Kdp, Ktr and Trk)
(Fig. 2) [39, 44, 45]. Similar pore structures are also found in HKT1 from plant
[39]. These facts suggest that some of K transporters may be developed from K"
channels. If it is the case, an interesting question araises. Do inwardly rectified K
channels work as a K" transporter ? The answer is yes [43]. KAT1 and AKT1 are
plant’s inward rectified K channels. These channels complimented the K uptake
deficient E. coli mutant strains.

pump
- + conformation ATP
ion
channel changer electro chemical gradient
ion binding site
ion Janus type
selective transporter
pore
+ regulator nwardly
rectifying
ion channel

Figure 3. A hypothesison the evolutional relationship between channels and transporters.

KtrA that is attached to KtrB, is required for the transport activity of Ktr system
[18]. Ktr system from plant requires one more protein, KtrE [46]. KtrA contains
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KTN (K" transport nucleotide binding) domain that belongs to RCK domain which
regulates the conductance of K. RCK domain is found in many prokaryotic and
eucaryotic channels [47]. TrkA and SapD contain KTN domain or ATP binding site,
respectively. KdpB is required for the Kdp system. KdpB works as ATPase. These
facts suggest that K transporters may be developed from K™ channels with regulator

(Fig. 3).
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Abstract. Sucrose synthase is believed to function in channeling UDP-glucosec from sucrose to
various -glucan synthases. Expression of sucrose synthase in popla enhanced the incorporation of
radioactive sucrose into cellulose, together with the metabolic recycling of fructose. The
overexpression also enhanced the direct incorporation of the glucosyl moiety of sucrose into the
glucan backbone of xyloglucan and increased recycling of fructose. These findings suggest that
some of the sucrose loaded into the phloem of a poplar leaf is used directly by sucrose synthase
associated with xyloglucan and cellulose synthases in the stem which may be a key function of
sucrose synthase.

1. INTRODUCTION

A strategy on forest-tree biotechnology is to produce woody plants to grow faster
and to increase cellulose deposition. It is not easy to apply traditional breeding
methods but possible to use molecular breeding methods for their improvement,
because woody plants have a long generation time. The overexpression of
xyloglucanase in poplar enhanced growth, increased cellulose deposition, and
modified the structure of the primary wall, as indicated by changes in Young’s
modulus [1]. The overexpression of cellulase also enhanced the growth by the
trimming of cellulose microfibrils, which caused the loosening of xyloglucan
intercalation and the enlargement of cells [2, 3]. Such genetic modification of cell
wall in trees would be expected to produce fast-growing forest trees.

In the process of cellulose synthesis the glucose residue is transferred from UDP-
glucose to 1,4-B-glucan, which is used to elongate the glucan chain while releasing
UDP:
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(1,4-B-glucan), + UDP-glucose = (1,4-8-glucan),.; + UDP
Therefore, UDP-glucose is required for cellulose synthesis. In higher plants, UDP-
glucose is synthesized either by the action of UDP-glucose pyrophosphorylase or
sucrose synthase. The sucrose synthase catalyzes the following freely reversible
reaction:
Sucrose + UDP = UDP-glucose + Fructose
The production of UDP-glucose by sucrose synthase is an energy-conservative
reaction with respect to ATP, but that by UDP-glucose pyrophosphorylase requires 2
molars of ATP for the synthesis of one molar UDP-glucose (Figure 1). If the two
reactions by sucrose synthase and cellulose synthase mentioned above are
combined, UDP is recycled between the two reactions, and the overall reaction
becomes:
Sucrose + (1,4-B-glucan), = (1,4-B-glucan),.; + Fructose

The UDP released from UDP-glucose by B-glucan synthase can be efficiently and
rapidly recycled to produce UDP-glucose by sucrose synthase. Sucrose synthase
prevents UDP build-up in cellulose biosynthesis. In fact, the expression of the S11E
mutant mung bean sucrose synthase [4] in Acetobacter xylinum not only changed
sucrose metabolism but also enhanced cellulose production by preventing the
accumulation of UDP during cellulose biosynthesis [5], because UDP is the
strongest endogenous inhibitor of cellulose synthase in 4. xylinum [6]. It could be
possible to produce transgenic poplars, in which cellulose deposition is enhanced by
the overexpression of sucrose synthase. Certainly, sucrose synthase in trunk tissues
is related to cambial wood production and heartwood formation [7]. The aim of the
present review is to assess the effect of overexpression of sucrose synthase on the
synthesis of cell wall polysaccharides in the poplar stem.

Sucrose —» Glucose +  Fructose

ATP ATP
+ UDP ADP ADP
Glucose-6-P <€ Fructose-6-P
Sucrose synthase t
Glucose-1-P
Fructose uTe
| UDP-glucose pyrophosphorylase
PPi

UDP-glucose

Figure 1. Pathways for UDP-glucose biosynthesis.
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2. TRANSGENIC EXPRESSION OF SUPER SUCROSE SYNTHASE

Twenty five independent transgenic (trg) poplar lines expressed a SI11E sucrose
synthase [4] under the control of a 35S constitutive promoter. Seven typical lines
which showed a similar growth pattern (about 30-cm stem length) were selected for
further analysis. Sucrose synthase in the stem of the transgenic plants was detected
at a position corresponding to the expected size of its polypeptide on a western blot
and the activity of sucrose synthase was also higher in the transgenic plants than in
the wild-type (wt) plants. About 60% of the carbohydrate in wt and trg stems was
recovered in the 24% KOH-insoluble fraction (cellulose). The amounts of cellulose
and non-cellulosic polysaccharides per dry weight were essentially the same in the
seven transgenic lines and wild-type plants.

3. TRANSFER OF DUAL-LABELED SUCROSE FROM LEAF TO STEM

Sucrose is formed in leaf and loaded into the sieve tube by phloem-specific sucrose
transporter. Then, the sugar is translocated via phloem to the stems, and
incorporated into the sink tissues via companion cells either by a sucrose transporter
or with sucrose cleavage. Here, we loaded ['*C-glucose][*H-fructose]sucrose into
the phloem of a poplar leaf and traced the incorporation of the glucose and fructose
moieties through the petiole into hemicellulose and cellulose of the stem (Figure 2).
The apical one-third of the leaf was excised and 4 pl of 1 mM ["*C-glucose][*H-
fructose]sucrose was directly fed into the central main vein on the cut surface. For
loading with the reverse flat system [8], we loaded 4 ul of 1 mM ["*C-glucose][*H-
fructose]sucrose into a capillary tube pushed over the severed vein of a leaf. Then,
the seedlings were cultured at 27 °C in 14-h light/10-h darkness. The radioactivity of
each wall-polysaccharide fraction was determined with a liquid scintillation counter
after feeding the dual-labeled sucrose.

Figure 2. Loading ["*C-glucose] [ H-fructose]sucrose to the phloem of poplar leaf.

The efficiency of radioactivity transport of the total dual-labeled sucrose from
the leaf to the stem was 10 to 11% and that from the leaf to root was 11 to 12% at
the root, but less than 2% of the sucrose was converted to [‘H-glucose]['*C-
fructose]sucrose in the phloem of basal petiole. When the reverse flat system was
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used for loading the dual-labeled sucrose into the leaf phloem [8], the efficiency of
the transport to the stem was increased up to 40% of the total radioactivity. In the
phloem of basal petiole, however, the asymmetry between '*C and *H in sucrose was
not preserved, and '*C and *H were detected at the same level in both glucose and
fructose moieties (Table 1).

Table 1. Comparison of the asymmetry level of dual-labeled sucrose loaded by the reverse
flat method and the direct method.

Loading method Efficiency of sucrose transport Conversion to [*H-glucose]-
from leaf to stem []4C-fruct0se]sucrose %

Direct method 10 >2

Reverse flat method 40 50

Table 2. Incorporation of ['*C-glucose] [P H-fructose]sucrose into hemicellulose and cellulose

fractions of poplar stems after 24 h. Numbers in the table show pmol sugar incorporated from
1 mM [MC-glucose (250 dpm/pmol)] [PH-fructose (250 dpm/pmol)]sucrose per mg dry weight
after 24 h of incorporation. Values are averages of six samples per line.

Hemicelluloses Cellulose

Plant

14 3y 140 3y

pmol sugar incorporated/ mg dry weight
wt 45.1 111 392 404
trg6 36.6 207 385 397
trg7 89.9 475 87.8  84.7
trgl0 619 377 777 743
trgll 432 272 543 584
trgl4 556 198 548  73.6
trg24 823 481 823  8l1.1
trg25 31.7  30.1 413 512

4. INCORPORATION OF DUAL-LABELED SUCROSE INTO
HEMICELLULOSES AND CELLULOSE IN THE STEM

Overexpression of sucrose synthase in trg7, trgl0, trgl1, trgl4 and trg24 enhanced
the incorporation of both '“C and *H into hemicelluloses (24% KOH-soluble
fraction) and cellulose (24% KOH-insoluble fraction) compared with the wild type
(Table 2). Furthermore, the overexpression of sucrose synthase markedly increased
the incorporation of *H into hemicelluloses. At 24 h, after the incorporation, this
overexpression enhanced the incorporation of '“C and *H into hemicelluloses by
factors of 2 and 4, respectively, and that into cellulose by a factor of 2, compared
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with the wild-type. This incorporation of radioactivity was not significantly increased by
the overexpression of sucrose synthase in trg6 and trg25, although the incorporation
of the sucrose-derived fructosyl moiety (*H) into hemicelluloses was increased 2- to
3-fold. It is likely that overexpression of sucrose synthase enhances the subsequent
recycling of fructose.

Figure 3. Metabolism of sucrose in poplar.

5. CONCLUSION

Clear differences were not observed in the gross phenotype between the S11E
transgenic and wild-type poplar lines, and the deposition of polysaccharides was not
increased in the transgenic plants compared with that in the wild-type plants. This is
probably because the level of expression was higher in the leaves than in the stem
and the photoassimilated sucrose was arrested by the overexpressed sucrose
synthase in the leaves. In addition, there might be some regulatory mechanism
controlling the transport of free sugars and sugar derivatives from source to sink
tissues in plants. Nevertheless, the overexpression of sucrose synthase might
enhance hemicellulose and cellulose syntheses, together with fructose recycling
(Figure 3). This overexpression might also enhance the direct incorporation of the
glucosyl moiety of sucrose into the glucan backbone of xyloglucan and increase
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recycling of fructose [9]. Xyloglucan synthase probably forms a putative synthase
complex including sucrose synthase for utilizing this energy for the transfer of the
glucosyl residue in Golgi (Figure 4). Thus, xyloglucan 4-8-glucosyltransferase
probably has a catalytic site and mechanism similar to those in the glucosyltransferases
of cellulose [10], callose [11] and (1—3),(1—4)-B-glucan [12]. The enhancement of
the glucan synthesis was therefore derived not only from the direct transfer of the
glucosyl moiety of sucrose via UDP-glucose, but also from the recycling of the
fructose moiety by overexpression of sucrose synthase. The enhanced fructose
recycling was probably caused by the production of more UDP-glucose and fructose
by the higher activity of sucrose synthase.

Arabino-
galacta;

arboxy-
lyase

Plasma
membrane

Figure 4. Sucrose synthases associated with cellulose synthase and xyloglucan synthase.
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Abstract. Osmotic stress can interfere with the metabolism of inorganic and organic nitrogen
compounds. Osmotic stress mostly in the form of high salinity affects several points of inorganic
nitrogen assimilation pathway. The uptake of nitrate by cyanobacteria under salt stress can be
increased or decreased depending on the species. One transport system for nitrate with either low
or high affinity can be found in cyanobacteria, in contrast to more than one transport system in
most bacteria and higher plants. Similar to nitrate uptake, the response of nitrate reduction to high
salinity is favorable in some but unfavorable in other cyanobacteria. Nitrogen fixing activity is
usually inhibited or depressed by salt stress in most cyanobacteria. In the halotolerant
cyanobacterium Aphanothece halophytica, the efficient transport of glycine betaine requires the
presence of Na*, which is also the case for the transport of nitrate. The increase of polyamines in
response to ionic and osmotic stress has recently been found in Synechocystis sp. PCC 6803. This
increase is attributed to the increase in the level and the stability of the arginine decarboxylase
transcript. For the reserved nitrogenous compound, cyanophycin, its content is increased in
Scytonema sp. but decreased in Synechocystis sp. PCC 6803 as a response to salt stress.

1. INTRODUCTION

The growth of microorganisms in general depends on the availabilities of basic
nutrients containing carbon, nitrogen and, to a lesser extent, phosphorus. Although
carbon metabolism plays a vital role in growth and development of most
microorganisms, it is also true that nitrogen metabolism is equally important due to
the fact that nitrogen is a component of two essential macromolecules, namely,
proteins and nucleic acids.

Cyanobacteria are prokaryotic organisms with an elaborate and highly organized
system of internal membranes which function in photosynthesis. They can be found
in almost every conceivable habitat, from seawater to freshwater to dry rock to soil.
Owing to the phylogenetic relationship of cyanobacteria to chloroplasts, a lot of
studies have been performed using cyanobacteria as a model for plant cells. The
ubiquitous distribution of cyanobacteria is made possible as a result of the
remarkable capacities of cyanobacteria to adapt to varying environmental conditions
[1]. The studies on an adaptation to salt or osmotic stress have been done mostly in a
few marine and euryhaline cyanobacteria. Particular attention is focused on the
characterization of the osmoprotective response to salt or osmotic stress. The
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osmolytes reported to be accumulated in cyanobacteria in response to osmotic stress
are similar to those found in other prokaryotes and eukaryotes, i.e. sucrose,
glucosylglycerol, trehalose and quaternary ammonium compounds like glycine
betaine and glutamate betaine [2]. Information on nitrogen metabolism in relation to
salt or osmotic stress that have been reported for cyanobacteria has been very
limited. The present chapter attempts to reveal the changes in the metabolism of
nitrogenous compounds both inorganic and organic, in some cyanobacteria under
the influence of salt or osmotic stress. For the sake of simplicity, osmotic stress is
meant to include the stress caused by the increased concentration of extracellular
non-penetrating solutes as well as that of sodium chloride which can be transported
across the membranes.

2. OSMOTIC STRESS AND NITRATE UPTAKE

Studies on nitrate uptake in cyanobacteria have been hampered by the fact that it is
quite difficult to demonstrate a significant internal concentration of nitrate in
cyanobacteria. Some investigators therefore studied nitrate uptake by demonstrating
the disappearance of nitrate from the medium around the cells. The entry of nitrate
into the cells can also be monitored by radiotracer techniques. However, the short
half-life of ’NO;, about 10 min, precludes its utilization for nitrate uptake studies.
Another point to consider when studying the transport or the uptake of nitrate is that
the transported nitrate should not be subject to further metabolism, i.e. its reduction
to nitrite by nitrate reductase. Experimental systems suitable for this purpose include
the assay of nitrate uptake in the dark where in vivo nitrate uptake is minimal [3], or
the assay in the light but using the tungstate treated cells where nitrate reductase is
inactive [4], or the assay in the light using mutant cells deficient in nitrate reductase
[5]. For all three assays mentioned above, the time course of intracellular nitrate
accumulation is similar. Nitrate uptake was shown in Anacystis nidulans R2 to exist
as a sodium/nitrate cotransport [5]. This is in contrast to what observed in higher
plants where the high affinity transport follows a mechanism of cotransport of
nitrate and proton [6, 7]. It should be mentioned that recently a Na'-dependent
nitrate transport has been reported for a marine higher plant Zostera marina L. [8].
The uptake of nitrate coupled to that of Na' enabled the steep inwardly-directed
electrochemical potential for Na’ to drive net accumulation of nitrate within the
cells. The sodium/nitrate cotransport has also been confirmed in a halotolerant
cyanobacterium Aphanothece halophytica (A. halophytica) [9]. Both the unstressed
and salt-stressed cells showed Na'-dependent nitrate uptake. Unlike in higher plants
which usually contain both low-and high-affinity nitrate uptake systems, many
cyanobacteria contain only one nitrate uptake system of either low or high affinity.
High affinity transport systems with K values of 1.6 and 31 uM were reported for
Anacystis nidulans [5] and Anabaena sp. PCC 7120 [10], respectively. The low
affinity transport system for nitrate occurred in a halotolerant cyanobacterium A.
halophytica with a K value of 416 uM [9]. The affinity was not altered when
Aphanothece cells were grown in salt-stress medium. However, these cells exhibited
a reduction in V,,, of nitrate uptake by about 50%. Experiments in a nitrogen-fixing
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salt tolerant cyanobacterium Anabaena torulosa gave different results from those
observed for 4. halophytica. When A. torulosa was grown in salt-stress medium
containing 170 mM NaCl, the increased rate of nitrate uptake was observed [11].
This increased nitrate uptake was proposed to be involved in salt tolerance
mechanism of 4. torulosa via the inhibition of Na" influx. This was based on the fact
that the increase of nitrate uptake contributed to only marginal increase in the
intracellular levels of nitrate during salt stress. It is therefore unlikely that the
accumulated nitrate forming a very minor component of the internal osmoticum can
act as an effective osmolyte. The protection of cyanobacterial cells from salt stress
by nitrate was also reported for the freshwater cyanobacterium Anabaena doliolum
[12]. The influx of Na" into the cells was minimum when nitrate was simultaneously
available to the cells suggesting that the control of Na' influx is critical for salt
tolerance.

In contrast, the fact that nitrate uptake was reduced in salt-stressed A. halophytica
suggested the non-involvement of nitrate uptake in salt stress tolerance. The
mechanism for salt stress adaptation in A. halophytica has been attributed to
the accumulation of glycine betaine [13, 14] and the efflux of Na' catalyzed by the
functional Na'/H" antiporter [15]. The question remains as to whether A. torulosa
also employs Na"/H" antiporter for Na" extrusion in addition to inhibition of Na"
influx as salt tolerance mechanism in the presence of nitrate.

Not only that the extrusion of Na' is important for the homeostasis of ions during
the adaptation to osmotic stress, but the influx of K is also crucial in this adaptation
in cyanobacteria. A recent study in Synechocystis sp. PCC 6803 has shown that the
uptake of K" mediated by Na’ - dependent Ktr system plays a crucial role in the
regulation of cell turgor after hyperosmotic stress [16]. A mutant deficient in KtrB
was sensitive to long term hyperosmotic stress imposed by either NaCl or sorbitol.
Furthermore, this mutant failed to reaccumulate K' to its original level after an
osmotically — induced initial loss of K.

The effect of NaCl on nitrate uptake has also been reported for Anabaena azollae
in association with a freshwater fern Azolla pinnata. The presence of 20 mM NaCl
in the uptake medium caused an increased nitrate uptake in Azolla pinnata-
Anabaena azollae association [17]. Furthermore, NaCl could also enhance the
affinity of the A. pinnata-A. azollae association for nitrate. One interesting
characteristic of this association was that the associated cyanobacterium was not
able to transport nitrate. The cyanobiont freshly isolated from the association was
demonstrated to show no uptake of nitrate. The ability to transport nitrate was
developed after a lag of 60 min during which time the inhibitory substances of the
cyanobiont might have been depleted, thus triggering the onset of nitrate uptake.

The effects of salt stress on nitrate uptake can also vary considerably in plants
depending on species and experimental conditions. Nitrate uptake rates were
decreased by 50% in wheat in the presence of 60 mM NaCl [18]. For barley, a
relatively salt-tolerant plant, nitrate uptake was severely inhibited when salinity was
applied at 200 mM NaCl [19]. Recently it has been reported that the inhibition of
nitrate uptake by salt in barley was caused mainly by the osmotic effects of salts
[20]. This conclusion was drawn from the demonstration that the same decrease of
nitrate uptake was achieved by sorbitol or betaine at corresponding osmolalities. So
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far there has been no such conclusion for the inhibition of nitrate uptake by salt in
cyanobacteria.

The regulation of nitrate transport has been studied extensively in a unicellular
non-nitrogen fixing cyanobacterium Synechococcus sp. PCC 7942. Nitrate uptake is
completely and reversibly inhibited by the presence of ammonium in the medium
[21]. Recently the inhibition of nitrate uptake by ammonium has also been shown in
A. halophytica [9]. Both the unstressed and salt-stressed Aphanothece cells were
sensitive to ammonium at concentration greater than 100 uM. Furthermore, the
inhibition of nitrate uptake by ammonium appeared to be slightly more effective in
salt-stressed cells than in unstressed cells. The inhibition of nitrate uptake could not
be relieved by preincubation of the cells with methionine sulfoximine, an inhibitor
of ammonium assimilation process. This observation is in contrast with some
studies in higher plants including cyanobacteria [22-23], but similar to other reportes
[26-28]. Bearing this in mind, it is thus likely that ammonium itself rather than an
assimilation product is the agent responsible for feedback inhibition of nitrate uptake
in 4. halophytica.

Nitrite is able to inhibit the uptake of nitrate in A. halophytica [9]. The low K of
nitrite suggests that the inhibition is of a competitive type, i.e. both nitrite and nitrate
enter the cells by the same uptake system. A nitrite-nitrate bispecific transporter also
exists in Synechococcus sp. PCC 7942 [29] and Anacystis nidulans [5]. Nevertheless, a
recent study in a filamentous, heterocystous cyanobacterium, Nostoc ANTH has
indicated the existence of separate nitrite and nitrate uptake systems [30]. The
chlorate-resistant mutant of Nostoc ANTH lacking nitrate uptake activity still
retained nitrite uptake capacity. The inhibition of nitrate uptake by nitrite was
similarly observed for both unstressed and salt-stressed Aphanothece cells [9]. The
uptake of nitrate in A. halophytica was insensitive to either chloride or phosphate
suggesting different uptake system for these two anions.

There have been attempts to study the relationship between carbon and nitrogen
assimilation in cyanobacteria. Experiments in Synechococcus sp. PCC 7942 indicated
that the carbon control and the nitrogen control of nitrate transport were independent
at both the physiological and the molecular level [20]. The mutant strain NC2
showed high nitrate transport activity insensitive to ammonium but sensitive to
inhibitors of CO, fixation. Although the carbon control and the nitrogen control of
nitrate transport are not necessarily linked, the transport of nitrate was still
dependent upon active carbon assimilation since nitrate uptake was severely
inhibited by pretreatment of Synechococcus sp. PCC 7942 cells with DL-glyceraldehyde,
an inhibitor of CO, fixation. Similar observation was also reported for A.
halophytica, under both unstress and salt-stress conditions.

An ATP-binding cassette (ABC) — type transporter which is the product of the
nrtd, nrtB, nrtC, and nrtD genes is involved in nitrate-nitrite uptake by the
freshwater cyanobacteria Synechococcus sp. PCC 7942 and Anabaena sp. PCC 7120
[31-34]. On the other hand, the nitrate-nitrite uptake is mediated by a carrier
belonging to the major facilitator superfamily in the marine cyanobacteria
Synechococcus sp. PCC 7002 and Trichodesmium sp. WH 9601 [35, 36]. The gene
encoding this carrier has been named nrtP [35]. The energy source for ABC-type
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transporter is likely from ATP [37] whereas it is still uncertain whether NrtP
permease uses a gradient of H' or Na' [35]. Based on this information it has been
suggested that utilization of nitrate by cyanobacteria under salt stress environments
may be mediated by NrtP rather than NrtABCD transporter [36]. The two
transporters have not been found to co-exist in cyanobacteria.

Recently the nrtD gene of Synechocystis sp. PCC 6803 has been shown to
respond differently to salt stress and hyperosmotic stress. Treatment of cells with
0.5 M NaCl for 30 min resulted in about 3.5-fold repression of nrtD whereas
treatment with 0.5 M sorbitol produced little or no repression of nrtD [38]. The
authors suggested that Synechocystis sp. PCC 6803 might recognize salt stress and
hyperosmotic stress as different stimuli. It is worth noting, however, that these
experiments utilized NaCl with about two-fold higher osmolality than sorbitol.

3. OSMOTIC STRESS AND NITRATE REDUCTION

Following the uptake of nitrate into the cell, it is sequentially reduced first to nitrite
and then to ammonium by ferredoxin-nitrate reductase and ferredoxin-nitrite
reductase, respectively. The genes required for the assimilation of nitrate in the
freshwater cyanobacterium Synechococcus sp. PCC 7942 are organized in the so-
called nir operon [39]. The gene encoding nitrite reductase, nirA, is the first gene of
the operon, followed by the genes encoding the nitrate transporter (nrt ABCD) and
finally the nitrate reductase gene (narB) (Fig. 1). A similar gene organization is also
found in other freshwater cyanobacteria: Synechocystis sp. PCC 6803 [40],
Anabaena sp. PCC 7120 [34, 41], Plectonema boryanum [42], and Phormidium
laminosum [43]. The effects of various inorganic nitrogen compounds on the
regulation of nir operon have been investigated. For example, this operon is
expressed at high levels only when ammonium is absent from the growth medium
[34, 44]. Either nitrate or nitrite can have positive effect on the mRNA levels of the
operon.

In the marine cyanobacterium Synechococcus sp. PCC 7002, the nrtP gene is
also clustered with narB but these two genes appear to be independently transcribed
(Fig. 1). The expression of narB is regulated by the nitrogen sources in the medium.
Highly expressed narB occurs in nitrate-containing medium whereas its expression
is low in medium containing ammonium or urea [35]. In another marine
cyanobacterium Trichodesmium sp. WH 9601, a gene cluster with the structure
nirA-nrtP-narB has been reported but its expression has not yet been characterized
[36] (Fig. 1). The genes encoding the nitrate/nitrite assimilation system of the
marine cyanobacterium Synechococcus sp. WH 8103 have been cloned [45]. The
narB and nird are clustered on the chromosome but are organized in separate
transcriptional units (Fig. 1). A homologue of nrtP is located upstream of narB.

Effects of salinity on nitrate reductase have been studied mostly in higher plants
and bacteria. Salt stress suppressed nitrate reductase in the leaves of sugar beet with
the decreased activity being observed with the increase of the salt level [46]. Similar
effects of salt stress and osmotic stress on the decrease of nitrate reductase activity
have also been reported in some other higher plants [47, 48]. The effect of salt stress
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on nitrate reductase in higher plants was suggested to involve the expression rather
than the post-translational modulation of the enzyme [48].

Fresch water cyanobacteria
A. Synechococcus sp. PCC 7942
nird nrtA nrtB nrtC nrtD narB
LA >

B. Synechocystis sp. PCC 6803

1 > > >
C. Anabaena sp. PCC 7120

L O O >

Marine cyanobacteria

D. Synechococcus sp. PCC 7002
nrtP _narB

E. Synechococcus sp. WH 8103
nrtP  narB

E. Trichodesmium sp. WH 9601
nird  nrtPnarB

Figure 1. Comparative organization of the nitrate assimilation gene clusters between
freshwater (A, B, C) and marine (D, E, F) cyanobacteria. The nirA gene in Synechococcus
sp. PCC 7002 has not been identified whereas this gene is organized in a separate
transcriptional unit in Synechococcus sp. WH 8103. Note the differences in the nitrate/nitrite
transporters between the freshwater and marine cyanobacteria, i.e. nrt ABCD versus nrtP.
Genes are drawn approximately to scale, and block arrows show the direction of
transcription.

Nitrate reductase purified from the halophilic bacterium Haloferax mediterranei
showed a strong dependence of its activity and stability on the presence of high
concentration of NaCl. Maximum activity occurred at 80°C at 3.1 and 2.2 M NaCl
[49]. The enzyme was stable after 90 h in the presence of 4.3 M NaCl. In another
bacterium Rhodococcus sp. RB 1 which is able to thrive in media with up to 0.9 M
NaCl or KCI, nitrate reductase was still active in vivo in the presence of 3 M NaCl
or KClI [50]. The maximum enzyme activity was detected at 0.5 M salt. Similarly the
enzyme from a moderately halophilic bacterium Ochrobactrum anthropi could
retain its activity up to 100 g/l NaCl [51]. For phototrophic bacterium like
Rhodobacter capsulatus E1F1, the cells grown in 0.2 M NaCl showed a decrease in
nitrate reductase activity [52]. This decreased activity was probably caused by
repression of the enzyme. The enzyme activity could be restored when glycine
betaine was present in the medium.
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In cyanobacteria, very little study has been done with regard to the effect of salt
stress on nitrate reductase. The filamentous cyanobacterium Anabaena sp. PCC
7120 showed an increase of nitrate reductase activity in saline medium with
increasing concentration of NaCl [53]. It was also shown that the presence of NaCl
in nitrate uptake medium also promoted nitrate uptake. The accumulated nitrate
would then possibly act as a major signal affecting nitrate reductase expression and
activity under salinity [48]. Anabaena azollae in association with a fast-growing fern
Azolla has been shown to retain higher activity of nitrate reductase under salt-
exposed than non-exposed association [17]. In addition, the affinity of the enzyme
for nitrate was also increased under saline condition. With regard to the effect of
salinity on the activity of nitrate reductase, there have been conflicting results.
Salinity decreased the enzyme activity in potato [47], tomato [54], and cassava [55]
but increased in soybean [56], rye grass [57], lettuce [58] and cyanobacterium
Anabaena sp. PCC 7120 [53]. There is no evidence for a direct effect of salinity on
nitrate reductase activity. It is likely, however, that salinity modulates nitrate
reductase activity through nitrate uptake since the enzyme activity is mostly
determined by nitrate flux into the metabolic pool [59].

4. OSMOTIC STRESS AND NITROGEN FIXATION

Nitrogen fixation in living organisms is the process by which dinitrogen is reduced
to ammonia which is catalyzed by the nitrogenase enzyme. Due to the extreme
sensitivity of this enzyme to oxygen, nitrogen fixation by microorganisms occurs
when oxygen can be prevented from inactivating the nitrogenase. Heterotrophic
bacteria require an oxygen-limited environment, which permits nitrogen fixation to
occur when the respiration rate of the cells equals or exceeds the rate of diffusion of
oxygen to the cell surface [60]. In this regard, the nitrogen-fixing cyanobacteria
encounter a problem during oxygenic photosynthesis when the amount of oxygen
evolved in the light exceeds non-inhibitory levels for the nitrogenase enzyme.
Several filamentous cyanobacteria produce specialized cells, heterocysts, which
protect the nitrogenase from oxygen [61]. However, aerobic nitrogen fixation is also
possible in non-heterocystous, filamentous cyanobacteria such as Oscillatoria spp.
and unicellular cyanobacteria such as Gloeothece spp. and Synechococcus sp. SF1.
Studies on the effect of salinity on the nitrogenase enzyme have been done
mainly in rhizosphere bacteria such as Azospirillum brasilense. Nitrogenase activity
was reported to be more sensitive to salt stress than cellular growth on combined
nitrogen [62]. High salt concentrations were strongly inhibitory to the biosynthesis
of nitrogenase in A. brasilense [63] and Klebsiella pneumoniae [64]. Recent
experiments in A. brasilense have demonstrated that NaCl up to 300 mM could
severely inhibit the biosynthesis of nitrogenase more than the nitrogenase activity
itself [65]. In cyanobacteria, Fernandes et al. [66] showed that two nitrogen-fixing
Anabaena strains exhibited different responses to salinity and osmotic stresses with
regard to nitrogenase activity. Anabaena sp. strain L-31, a salt-sensitive strain,
displayed significant osmotolerance whereas Anabaena torulosa, a salt-tolerant
strain was relatively osmosensitive. Salinity and osmotic stresses affected nitrogenase
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activity differently. Nitrogen fixation in both strains was severely inhibited by the
ionic, i.e. exogenously added NaCl severely inhibited whereas sucrose remarkably
enhanced acetylene reduction activity by 2.5 to 3-fold. Such differential sensitivity
to salinity-osmotic stresses occurred irrespective of the inherent tolerance of the two
strains to salt-osmotic stress. Supplementation of ammonium to the medium could
confer significant protection against salinity stress but was ineffective against
osmotic stress. Furthermore, unique salt stress- or osmotic stress-specific proteins
were also induced in both Anabaena strains, indicating differential regulation of
protein synthesis by the two stresses. While sucrose, a permeable osmolyte, has a
positive effect on nitrogenase activity in Anabaena sp. strain L-31, it turns out that a
non-permeable osmolyte (mannitol or polyethylene glycol) shows no influence on
nitrogenase activity [67]. This suggests that the positive effect of sucrose is not
caused by an osmotic stress. In addition, the effect of sucrose is mediated by the
increased synthesis of dinitrogenase reductase (Fe-protein of nitrogenase complex).
This conclusion is based on the evidence that the remarkable enhancement of Fe-
protein can be clearly detected by immunoblot analysis of sucrose-grown cells [67].
The Fe-protein levels in cells stressed with non-permeable osmolytes or with NaCl
are not significantly different from those in unstressed cells. This strengthens the
viewpoint that the ionic and osmotic stresses differentially regulate cyanobacterial
nitrogenase activity.

Another study in Anabaena sp. PCC 7120 also showed the inhibition of
nitrogenase activity by increasing NaCl concentrations up to 200 mM [53]. Interestingly,
complete removal of NaCl from the nutrient solution markedly reduced nitrogenase
activity. An increase of almost 11-fold enzyme activity was observed in the presence
of 0.5 mM NaCl, indicating a role for Na" as a nitrogenase activator. On the other
hand treatment with 60 mM NaCl caused more than 50% reduction of nitrogenase
activity in Nostoc muscorum [68]. The complete loss of enzyme activity occurred by
treatment with 90 mM NaCl.

The nitrogenase activity of Anabaena azollae in association with a fast growing
fern Azolla was depressed by salinity [17]. However, the severity of the inhibition of
nitrogenase activity by NaCl was reduced when nitrate was present in the medium,
indicating the protection of nitrogenase from salt toxicity by nitrate. The inhibition
of nitrogenase activity by NaCl is reported to be due to the disturbance of electron
transport, loss in ability of heterocysts to protect nitrogenase from oxygen due to
disturbed plasma membrane permeability, inadequate supply of reductants and ATP
[69 — 71]. Another likely explanation for nitrogenase inactivation by salt is that there
may be a deviation of cellular energy to osmoregulatory processes, in particular, to
the efflux of Na”™ [66].

The salinity effects on nitrogenase activity have also been conducted in estuarine
planktonic cyanobacteria [72]. Nitrogenase activity was significantly reduced in
Cylindrospermopsis raciborskii at higher than 2 g/l NaCl after 22 h, whereas
significantly reduced activity was observed at higher than 15 g/l NaCl for Anabaena
aphanizomenoides. High salinity produced no change or slight activation of
nitrogenase activity in three other cyanobacteria, Anabaenopsis sp., Nodularia FL2f,
and Nodularia UP16A. It is interesting to note that these studies showed that the
maximum photosynthetic rates were observed under salt stress which were in
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contrast to previous reports for the chlorophyte Chlamydomonas reinhardtii [73] and
the filamentous cyanobacterium Spirulina platensis [74]. The increased photosynthesis
could be explained as increased demand for carbon by these salinity acclimation
mechanisms. For instance, initial stimulation of photosynthesis was reported for
Nostoc in response to salinity, which was followed by reduced photosynthesis and
accumulation of sucrose as an internal osmolyte [75].

5. OSMOTIC STRESS AND OSMOLYTES

The response of organisms exposed to osmotic stress is the accumulation of
osmolytes to prevent plasmolysis of the cells. The osmolytes found in cyanobacteria
are similar to those present in other prokaryotes or in eukaryotes, i.e. glycine
betaine, sucrose, trehalose and glucosylglycerol. For most cyanobacteria, all the
osmolytes can be synthesized. However, cyanobacteria are also able to transport the
osmolytes, if available, from the environments.

Glycine betaine is a quaternary nitrogenous compound which plays an important
role in osmoregulation in various organisms. Glycine betaine has been implicated as
a major osmolyte in a number of halophilic or marine cyanobacteria including
Synechocystis DUN 52 [76], Spirulina subsalsa [77] and A. halophytica [13, 14]. In
the filamentous cyanobacterium Spirulina subsalsa, betaine aldehyde dehydrogenase
was responsible for the oxidation of choline to form glycine betaine [78]. Recently
two N — methyltransferase genes have been isolated from A. halophytica [79]. The
two gene products (ORF 1 and ORF 2) could methylate glycine to give the final
product glycine betaine, indicating a three-step methylation from glycine to synthesize
glycine betaine. This mechanism of glycine betaine synthesis has been reported in
extreme halophiles [80, 81]. Importantly, the increase in the salinity resulted in an
increased accumulation of these two gene products. The function of N-methyl
transferases for the synthesis of glycine betaine seems primarily responsible for the
adaptation to salt stress in 4. halophytica. This stems from the fact that salt stress led
to an increased accumulation of glycine betaine without exogenous supply of choline
[12]. Very recently the potential of N-methyltransferases has been demonstrated in
freshwater cyanobacterium Synechococcus sp. PCC 7942 with ability to grow in
seawater and in Arabidopsis plants with improved seed yield under salt stress [82].
A previous study in Synechococcus sp. PCC 7942 also showed no detectable
intracellular choline when growing cells in the absence of choline, suggesting little
or no physiological role of intracellular choline in cyanobacteria [83]. Initial studies
on the uptake of choline in 4. halophytica have also been done to investigate the role
of choline as an osmoregulatory solute. Under salt-stress condition, the choline
uptake rate was two-fold higher than that under unstress condition [84].

Freshwater cyanobacteria normally accumulate disaccharides and glucosylglycerol
in response to osmotic stress [85]. However, freshwater cyanobacteria can acquire
resistance to salt stress by synthesizing some other osmolytes apart from
disaccharides and glucosylglycerol. Nomuraetal [83] have shown that Synechococcus sp.
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PCC 7942 transformed with E. coli bet genes could produce glycine betaine and
rendered the cells tolerant to salt stress.

The uptake system of glycine betaine in 4. halophytica had very high affinity for
glycine betaine, i.e. its K,, was 2 uM [86]. The uptake of glycine betaine was
enhanced when cells were grown under high concentration of salt. High rates of
glycine betaine uptake have been shown to be characteristic of cyanobacteria able to
synthesize or accumulate glycine betaine as an endogenous osmolyte. For instance,
Synechocystis sp. PCC 6714 which normally contains glucosylglycerol as a major
osmolyte showed about 100-fold reduction of glycine betaine uptake rate compared
to that observed for A. halophytica [86].

Another organic nitrogen compound, polyamine, has recently received some
attention in terms of its role for abiotic stress adaptation [87]. Polyamines are
positively charged nitrogenous compounds found in all prokaryotes and eukaryotes.
Putrescine, spermidine and spermine are three main polyamines most commonly
present in higher plants. Generally putrescine and spermidine are more abundant
whereas spermine is present in lower or trace amounts. Studies of the response of
polyamine to abiotic stress especially osmotic stress have been done mostly in plant
systems. For example, a salt-induced increase in the endogenous polyamine content
has been reported in a number of plants including tomato, maize, sorghum and
wheat [88-90]. In bacteria low osmotic stress could enhance the production of
putrescine in Vibrio parahaemolyticus in the presence of arginine [91]. This increase
of putrescine was not due to the increase in the specific activity of arginine
decarboxylase (ADC). The increase of putrescine occurred in parallel with the cation
efflux from cells and in vitro experiments showed inhibition of arginine
decarboxylase by NaCl and KCl. The authors suggested that the reduction in the
concentrations of Na' and K' predominantly present in cells might cause the
increase in activity of the preexisting ADC leading to the enhancement of putrescine
production. In another bacterium Rhizobium fredii P220, an increase in external
osmolality did not affect putrescine content but reduced the level of homospermidine, an
analog of spermidine [92].

The effects of salt and osmotic stresses on polyamine contents have been
reported recently in a cyanobacterium Synechocystis sp. PCC 6803. Salt stress by
NaCl induced a slight increase in the total cellular polyamine contents whereas
osmotic stress by sorbitol resulted in a three-fold increase in total polyamine
contents [93]. The less profound response of polyamine content observed for salt-
stressed cells than that for osmotic-stressed cells suggested that an osmotic effect
rather than an ionic effect was the main signal triggering changes in polyamines. A
detailed analysis indicated that spermine and spermidine were specifically induced
by salt stress and osmotic stress, respectively. The underlying mechanism for the
increase of polyamines appeared to be mediated by the increase of the expression of
ADC genes (slr 1312 and slr 0662). The abundance of ADC mRNA was maximum
by treatment with 550 mM NaCl followed by that of 700 mM sorbitol treatment.
The increased abundance of ADC mRNA is partly attributed to its stability. The
reverse transcription-PCR analysis of the salt-stressed and osmotic-stressed cells
showed that a significant level of ADC mRNA was detected after 120 min incubation
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with rifampicin, an inhibitor of transcriptional initiation. In contrast, no ADC
mRNA was detected after 120 min incubation in unstressed cells. The stabilization
of ADC transcript could arise as a result of the formation of polyamine-ADC mRNA
complex. The high content of spermidine and spermine in the stressed cells of
Synechocystis would facilitate the formation of such a complex. With related
studies in E. coli 90% of the total spermidine was complexed with RNA [94]. On
the other hand the stabilization of ADC transcript might be facilitated or mediated
by glucosylglycerol, a main osmolyte in Synechocystis. The levels of polyamine
accumulated in Synechocystis cells under both salt stress and osmotic stress were too
low to account for any osmotic importance. The increase of different classes of
polyamine in Synechocystis therefore represented the acclimatization of the cells
toward the stress rather than the direct response mechanism. Hence the main role of
polyamines may not be to balance ionic strength but rather to specifically protect
sensitive proteins and membranes from the deleterious effects of toxic ions.

Another organic nitrogenous osmolyte, proline, has recently been reported to
accumulate in Nostoc muscorum under 100 mM NaCl stress [68]. Under this
condition an almost two-fold increase of intracellular proline level was observed.
When salt-stressed cells were further provided with externally added proline, a much
greater level of intracellular proline was detected, i.e. about nine-fold increase
compared to the control. This indicated the existence of a salt-induced proline
uptake system in N. muscorum. This was substantiated by the observation that
treatment with 100 mM NaCl in the presence of 1 mM proline resulted in nearly 100%
survival of N. muscorum whereas no survival occurred in the absence of proline.

6. OSMOTIC STRESS AND RESERVED NITROGENOUS COMPOUNDS

The main nitrogen reserves in cyanobacteria under conditions of unbalanced
nutrition are cyanophycin and phycobilisomes. Cyanophycin, composed of polyaspartate
and arginine, is found only as a high molecular weight nitrogen reserve in many
cyanobacteria. The diazotrophic Cyanothece sp. ATCC 51142 grown under nitrogen
fixing condition was reported to accumulate cyanophycin granules which occurred
after nitrogenase activity commenced [95]. For the non-diazotrophic Synechocystis
sp. PCC 6803, phycobilisomes appeared to be the main nitrogen reserve. The knock-
out mutants (cphA and cphB genes) could grow under nitrogen-deficient growth
conditions but needed to degrade phycobilisomes as a nitrogen reserve. Not only the
nutrient stress, but also the salt stress affects cyanophycin accumulation. Scyfonema
sp. isolated from the central Australian desert showed the accumulation of
cyanophycin in response to the salt stress [96]. The amount of accumulated
cyanophycin depended on the concentration of NaCl to which the cells were
exposed, a maximum concentration was detected at 150 mM NaCl. Interestingly,
further enhancement of cyanophycin accumulation occurred with the supple-
mentation of KNO;. This indicated that the cells could readily incorporate nitrate
from the environment into nitrogen reserves under conditions of growth limitation
due to environmental stress. Nevertheless, the capacity of the cells to synthesize
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cyanophycin from nitrate might be species-specific since a Calothrix species
was unable to do so [97].

The accumulation of cyanophycin in cyanobacteria has also been demonstrated
when its degradation was disrupted. The putative glycoprotease encoded by the gcp
gene has been suggested to be responsible for the degradation of cyanophycin in
Synechocystis sp. PCC 6803 [98]. The deletion of gcp gene led to reduced salt
tolerance possibly mediated by nitrogen starvation of the cells. In the wild type
Synechocystis cells, salt stress tolerance could be attained in conjunction with the
decrease in cyanophycin insuring sufficient supply of nitrogen. In contrast, the gcp
mutant showed a reduction in salt stress tolerance with accompanying increase in
cyanophycin with a resultant nitrogen starvation. The nitrogen requirement for the
gcp mutant under salt stress could be partially met by the degradation of
phycobiliproteins as evidenced by a slight decrease of their absorption spectra at
620-630 nm. The freshwater cyanobacterium Synechocystis sp. PCC 7942 grown in
seawater also showed a substantial reduction in the absorption spectra at 630 nm
[99] suggesting that phycobiliproteins degradation might be a product of salt stress.

7. CONCLUSIONS AND FUTURE PERSPECTIVES

Although we have learned much about nitrogen metabolism under abiotic stresses in
many living systems, it is still in its early stage for studies done in cyanobacteria.
Nevertheless, some important findings with respect to the effect of osmotic or salt
stress on nitrogen metabolic pathways can be summarized as shown in Figure 2.
Osmotic stress can exert, depending on species, either stimulatory or inhibitory
effect on most inorganic nitrogen pathways. In the case of organic nitrogen
pathways it appears that the osmotic stress results in the activation of the pathways
leading to the accumulation of nitrogenous compatible solutes.

A recent review on the nitrogen control in cyanobacteria [100] has emphasized
the importance of the nfcA gene in the regulation of nitrogen assimilation. Much
work has been devoted to the effects of nitrogen sources but little study has been
done on the effects of abiotic stresses. For instance, it was suggested that in response
to abiotic stress such as cold stress and osmotic stress, Anabaena 7120 enhanced its
nitrogen assimilation by inducing the expression of nfc A4 gene [101]. The effects of
osmotic stress imposed by penetrating and non-penetrating solutes on the regulation
of this gene at both transcription and translation level might provide further insight
into the mechanisms eliciting the signal for osmotic stress adaptation in cyanobacteria
which might be amenable for application in higher plants. Comparison of NtcA
proteins between freshwater and marine cyanobacteria shows very high pairwise
identities of 76.9 to 88.4% [96], suggesting little difference in the protein itself.
However, it is not known whether there exist different sets of genes that are
activated by NtcA proteins between cyanobacteria living in freshwater and marine
environments.
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Figure 2. Inorganic (left half) and organic (right half) nitrogen metabolic pathways in
cyanobacteria as regulated by osmotic stress. 1, nitrate reductase; 2, nitrite reductase; 3,
nitrogenase; 4, glutamine synthetase; 5, arginine decarboxylase; 6, 7, 8, N-methyl-
transferases.
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Abstract. Salinity stress induces various types of ultrastructural changes in higher plant cells.
These structural changes provide useful information as to the underlying mechanism of salinity
stress. In this report the ultrastructural effects of salinity (NaCl) stress in crop plants especially in
rice are described based on the research work conducted in our laboratory. Relevant research
results are also described and the possible mechanisms of ultrastructural changes are discussed.

1. EFFECTS OF SALINITY STRESS ON ROOT CELL ULTRASTRUCTURE

Salinity is one of the most serious problems that limit plant growth and crop yield.
Salinity affects almost 10° ha of land, which corresponds to 7% of the global land
surface [1]. In addition about 5% of the cultivated land is affected by salinity [2] and
about 20% of irrigated land is suffering from secondary salinization due to
inappropriate treatment of irrigation system [3]. Therefore, salinity stress is an
important research subject to increase global agricultural production to cope with the
increasing world population. There have been a number of studies on physiological
and molecular biological responses of plants to salinity [4, 5], but information is also
accumulating on the ultrastructure of plants under salinity. Salinity stress induces
various types of ultrastructural changes in higher plant cells. These structural
changes provide useful information as to the underlying mechanism of salinity
stress. They would also provide some insight into practical methods to cope with the
salinity stress in crop plants. In this report the ultrastructural effects of salinity
(NaCl) stress in crop plants especially in rice are described based on the research
work conducted in our laboratory. Relevant research results are also described and
the possible mechanisms of ultrastructural changes are discussed.
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2. EFFECTS OF SALINITY STRESS ON ROOT CELL ULTRASTRUCTURE

The roots are directly exposed to the soil and affected by salinity. Therefore, this
organ must tolerate the salinity stress to keep the whole plant alive [6]. In fact
growth inhibition by salinity is more prominent in roots than in shoots at least in the
seedling stage of rice [7]. The root tip is also suggested to function as a sensor for
different kinds of stress [8]. Therefore, investigation on salinity-induced ultrastructural
changes in roots is important.

Rahman et al. [7] examined the effects of salinity stress on the seminal root tip
ultrastructure in rice seedlings. Salinity treatment accelerated vacuolation in root cap
cells and cortical cells (Fig. 1). However, the cells in the meristem and the central
cylinder were less vacuolated than in control plants. An increase in endoplasmic

Figure 1. Light micrographs of longitudinal sections of root tip cells of rice grown on agar
medium for 5 days (Bar=>5 um). a: control, b: 0.3% NaCl, c: 1% NaCl.

reticulum was observed in the vacuolated root cap cells and the cortical cells.
Myelin figures were often observed in the vacuoles. Myelin figures were also
observed in the endoplasmic reticulum. In fact some of the vacuoles appeared to be
derived from partial inflation of the endoplasmic reticulum. After treatment with
NaCl at a higher concentration (1% in agar medium) root cap cells were expanded
and proliferated up to the upper (basal) region of the root (Fig. 1). Root cap cells in
the peripheral region of normal root tips secrete mucilaginous polysaccharides,
which cover and protect the root tip. This mucilage is known to be synthesized in
Golgi bodies and secreted out of the plasma membrane via secretory vesicles. Golgi
bodies with well-developed cisternae were abundant and many secretory vesicles
derived from Golgi bodies were observed in the peripheral root cap cells. These
secretory vesicles were filled with electron dense materials. These figures reflect a
high activity in mucilage production in the peripheral root cap cells of control plants.
However, the peripheral root cap cells of the plants treated with NaCl were highly
vacuolated and not active in mucilage production. Golgi bodies in the remaining
cytoplasm were sparse and their secretory vesicles were small and devoid of electron
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dense materials (Fig. 2). The vacuolation of root tip cells may be an adaptive
response to accumulate excess ions under salinity, which protects the cytoplasm
from toxic levels of ions. The vacuolation of root cap cells and cortical cells may
also function to separate ions from more vulnerable meristematic cells and procambial
cells. However, the suppression of mucilage production in the peripheral root cap
cells should have adverse effects on the root growth.

Vacuolation and vesiculation of root cells are also reported for salinity-stressed
barley [9], Sorghum [10] and bean [11]. Vacuolation is prominent in the epidermis
and cortical cells but is not apparent in the central cylinder. Some of the epidermal
cells of salinity-stressed Sorghum plants showed a development of wall ingrowth,
which is a characteristic feature of the transfer cell [12] and may function in the
excretion of salt from symplast to apoplast [10]. In Bacopa plants numerous multicelluar
root hairs are developed under moderate salinity stress (5 g/L NaCl) but are
disappeared at higher NaCl treatments [13]. Increase of air cavity (aecrenchyma)

Figure 2. Electron micrographs of peripheral root cap cells of rice grown on agar medium
for 5 days (Bar=0.5 um). a: control, b: 1% NaCl. G, Golgi body.

in the cortex of stem and root is also reported for Bacopa plants treated with NaCl
[13], however, the cortical cell death which leads to the formation of aecrenchyma is
suppressed in roots of rice under NaCl stress [14]. The suppression of aerenchyma
formation should have additional adverse effects on the growth of rice under salinity.
Damages to the structure of mitochondria are reported for maize roots under various
stresses including salinity [15] and for salinity-stressed barley roots [9]. Increase in
the number of mitochondria in the epidermis and the cortex is reported in Sorghum
roots after salt treatment [10], which may be concerned with the energy supply for
the selective transport of ions under salinity stress [16].
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3. EFFECTS OF SALINITY STRESS ON LEAF ULTRASTRUCTURE

3.1. General obserbations

Salinity stress affects the ultrastructure of root cells and the root growth was
inhibited severely compared with the shoot growth in the seedling stage. However,
the inhibition of root growth itself is not lethal to the plant as far as the shoot is
living. In fact a rice cultivar Nipponbare, which is relatively sensitive to salinity,
grew better under salinity than salinity-tolerant Bangladesh cultivars, when they
were compared in the seedling stage [17]. However, when rice plants are grown
autotrophically and treated with NaCl, chlorosis develops in the leaves and finally
the plants die. Salinity-tolerant cultivars perform better in this condition. Therefore,
the effects of salinity stress on leaf cells are more important for the plant life and
crop production.

Figure 3. Chloroplasts of rice grown on media containing various concentrations of NaCl
(Bars=1I uma: control in soil culture, b: 0.3% NaCl in water culture for 8 days, c: 1% NaCl
in soil culture for 14 days, d: 1% NaCl in soil culture for 14 days. Ch, chloroplast; CS,
chloroplast stroma; G, granum; N, nucleus; Nu, nucleolus; Pg, plastoglobule; Th, thylakoid.

Rahman et al. [18] examined the salinity-induced ultrastructural changes in
leaves of rice. The first indication of ultrastructural damage in leaf cells was
swelling of thylakoids in chloroplasts (Fig. 3b). The swelling of thylakoids is
discernible while no visible symptoms appear in the leaf. In later stages of salinity
treatment, chloroplasts were swollen (Fig. 3¢) and finally the chloroplast envelopes
were disrupted. Numerous plastoglobuli were observed at this stage (Fig. 3d). Other
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organelles were less sensitive to salinity compared with chloroplasts, but the inner
structure of mitochondria was degraded in the later stages of salinity stress. Cellular
structure was totally degenerated when the plasma membrane was disrupted. NaCl is
mainly transported via vascular bundles [19], so the vascular tissues may be affected
first by salinity. However, the vascular tissues were not so severely damaged as
mesophyll cells. Destruction of vascular cells was occasionally observed in the later
stages of salinity treatment (Fig. 4¢).

Figure 4. Vascular tissues of rice grown on soil treated with various concentrations of NaCl
for 14 days (Bars=1 pum). a: control, b: 0.3% NaCl, c¢: 1% NaCl. CC, companion cell; ST,
sieve tube.

Swelling of thylakoids induced by salinity stress is also reported for barley [9]
but not in tomato [20, 21, 22] and Argyranthemum [23]. Increase in the size of starch
grains together with the size of chloroplasts is reported in the latter cases. In some
plants vascular parenchyma cells especially companion cells are differentiated into
the transfer cells with well developed wall ingrowth. These cells may function in the
exclusion of salt from leaves and the damage to the transfer cells is correlated with
the appearance of symptoms in the leaves [24]. Transfer cells are known to be the
most sensitive to salinity in the vascular cells [23, 24].

3.2. Comparison of the effects of salinity stress and drought stress on chloroplast
ultrastructure

Swelling of thylakoids in chloroplasts is a typical symptom of salinity stress in rice
plants. Salinity stress has both ionic and osmotic effects [19]. Yamane et al. [25]
treated rice plants in hydroponic culture with NaCl and polyethylene glycol (PEG)
both at a water potential of -1.0 MPa for 3 days. NaCl induced the swelling of
thylakoids and a slight destruction of the chloroplast envelope. PEG caused severe
destruction of the chloroplast envelope, but the thylakoids did not swell (Fig. 5).
They suggested that the ionic effects of NaCl induced the swelling of thylakoids and
the osmotic effects caused the destruction of chloroplast envelope.

Yamane et al. [26] further examined the effects of drought stress with different
intensities and durations on the ultrastructure of chloroplasts of rice plants in soil.
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Although a slight swelling of thylakoids was sometimes observed in the cells
adjacent to the vascular bundle, the thylakoids were generally less affected by
drought stress than the chloroplast envelope. Therefore, salinity stress and drought
stress have different effects on the ultrastructure of the chloroplasts, and the swelling
of thylakoid is characteristic of salinity stress.

Figure 5. Ultrastructure of chloroplasts in rice plants treated with PEG (a) and NaCl (b) for
2 days (Bars=1 um). Swelling of thylakoids is observed with NaCl treatment (b) while
changes in envelopes are prominent with PEG treatment (a) (arrows).

3.3. Light dependency of salinity-induced damage in leaf cells

Salinity stress is often observed to affect the shoots more severely in light than in the
dark. However, light dependency of salinity-induced damage is difficult to demonstrate.
Since salt is mainly transported by the transpiration stream to the shoot, it might be
natural that the salt concentration in the shoot is higher and the damage severer in
light than in the dark when the transpiration is reduced due to stomatal closure. In
addition a long-term experiment on salinity stress in the dark is difficult because
plants can not live long in the dark.

Mitsuya et al. [27] developed an in vitro culture system of sweet potato, in which
plantlets grew almost equally in both light and dark conditions. They examined
foliar ultrastructure after 30 days of culture with NaCl. Salinity-induced ultrastructural
damage was observed in the cytoplasm in both light and dark conditions. However,
the inner membranes of etioplasts in the plants in the dark maintained their
ultrastructural integrity while the thylakoids of chloroplasts in plants in the light
were severely damaged. Therefore, the degradation of thylakoids by salinity seems
dependent on light. However, etioplasts and chloroplasts were compared in this
experiment. The possibility of low sensitivity of etioplasts to salinity is not
excluded. Salt concentration in the plantlets in the light and dark conditions was not
estimated either.

When rice plants were grown on hydroponic culture solutions containing various
concentrations of NaCl, the sodium concentration in the shoot was always higher in
light than in the dark at the same NaCl concentration (Fig. 6). A similar trend was
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Figure 6. Na content in leaf blades of rice cultured in a solution containing various
concentrations of NaCl for 24 h in a light or dark condition.

obtained for chloride concentration. Mitsuya et al. [28] examined the leaf tissues
containing various concentrations of Na and Cl from rice plants treated with various
concentrations of NaCl for 24 h in light and dark conditions. They found a decrease
in the chlorophyll content and the damage to the chloroplasts only in leaf tissues of
the plants kept in light. The chlorophyll content was unchanged and the thylakoids
appeared intact in the plants grown in the dark even though the tissues contained
higher concentrations of Na and Cl than those of the plants grown in light. This
demonstrated the light dependency of salinity-induced chloroplast damage.

3.4. Involvement of reactive oxygen species in salinity-induced damage in
chloroplast ultrastructure

Involvement of reactive oxygen species is known in a wide range of environmental
stresses [29, 30]. The light dependency of salinity-induced chloroplast damage
suggests involvement of reactive oxygen species (ROS). Swelling of thylakoids is
also observed in the chloroplasts of plants treated with air pollutants and other
stresses and has been suggested to be induced by ROS [31]. Hernandez et al. [32]
also suggested the involvement of ROS in the damage of the thylakoidal structure by
NaCl stress. ROS are produced during photosynthesis even in normal chloroplasts
without stress. Figure 7 is a simplified scheme of the process of ROS production in
chloroplasts as reviewed by Asada [33]. In the normal photosynthetic electron
transport, electrons of H,O are transported to NADPH via photosystem II (PSII) and
photosystem I (PSI). Reducing power in the form of NADPH is used in the Calvin
cycle to assimilate carbohydrates. However, under strong light or under some stress
conditions or even under normal conditions, excess electrons or overproduction of
reducing power produces ROS [33]. Singlet oxygen molecules ('O,) are produced
by excited chlorophyll molecules near the PSII. Superoxide anions (O,) are
produced
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Figure 7. A simplified process of the production of reactive oxygen species. APX, ascorbate
peroxidase; SOD, superoxide dismutase.

by electron transfer from the electron acceptors of the PSI to oxygen. Superoxide
anions are converted to hydrogen peroxide (H,O,) by the reaction of superoxide
dismutase (SOD). Hydrogen peroxide is detoxyfied by ascorbate peroxidase (APX)
and converted to water by the ascorbate-glutathione cycle. However, the remaining
hydrogen peroxide is converted to more toxic hydroxyl radicals (- OH) by the
Fenton reaction. Under normal conditions, however, ROS are mostly removed by
antioxidants and scavenging enzymes.

To investigate the involvement of ROS Yamane et al. [34] examined the effects
of antioxidants or scavengers of ROS. If the ROS are involved in salinity-induced
chloroplast degradation, scavengers should protect the chloroplast from degradation.
The following antioxidants were examined: Tiron (1,2-dihydroxybenzene-3,5-
disulfonate), a scavenger of O, ; ascorbate (AsA), a versatile antioxidant reacting
with different antioxidants including H,O, and - OH; DABCO (1,4-diazabicyclo-
[2,2,2]-octane), a scavenger of 'O, ; and benzoate, a scavenger of - OH. Segments
were cut from the middle portion of rice leaves and incubated in 200 mM NaCl
solution for 24h in light after 12 h incubation with or without antioxidants. NaCl
caused swelling of thylakoids in chloroplasts of segments without antioxidant
pretreatment. AsA completely and benzoate partially suppressed the swelling of
thylakoids. However, Tiron and DABCO did not suppress the effects of salinity on
chloroplast ultrastructure. Therefore, * OH and H,O, seem to be involved in the
thylakoid swelling by salinity stress.

Yamane et al. [34] further examined enzyme activities relating to the metabolism
of ROS in the leaf segments treated with NaCl. Total activity of superoxide
dismutase (SOD) increased considerably by NaCl treatment. Particularly Fe-SOD,
which is located in chloroplasts, increased nearly ten times. Ascorbate peroxidase
(APX) activity was not different from the control. Catalase (CAT) activity was
rather decreased compared with the control.

These results are interpreted as follows. Salinity stress blocks the normal
electron flow. Overreduction of the electron transport system increases the
production of O,". An increased activity of SOD effectively converts O, into H,O,.
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However, APX activity is unfortunately not increased to cope with the increased
production of H,O,. Therefore, the excessive H,O, is converted to more toxic - OH
radicals by the Fenton reaction. Thus the salinity-induced ultrastructural changes in
chloroplasts seem to be caused by - OH and H,0,. At present the mechanism of
increased production of ROS by salinity stress is not known. Some researchers
suggest that stomatal closure upon salt stress may limit CO, supply, which then
causes the overreduction of the photosynthetic electron transport system. However,
stomatal closure is also a typical plant response to drought stress. Ultrastructural
damages in chloroplasts caused by salinity stress are completely different from those
caused by drought stress as described above. Although ROS has also been reported
to be involved in drought stress [30], the mechanism of the increased production of
ROS and the types of ROS involved in salinity stress seem to be different from those
involved in drought stress.

3.5. Ameliorative effect of exogenous glycinebetaine on chloroplast ultrastructure

Glycinebetaine is known as a compatible solute produced in plant cells and
functions as an osmoprotectant under salinity stress. In addition glycinebetaine has
protective effects on various enzymes, membranous structures and organelles [35].
Therefore, glycinebetaine is useful under salinity stress to protect cellular structures
and functions. However, rice plants cannot synthesize glycinebetaine [36], therefore
they are more sensitive to salinity than those plants that can synthesize and
accumulate glycinebetaine.

When rice seedlings were supplied with exogenous glycinebetaine, they
accumulated glycinebetaine and showed enhanced salt tolerance [37]. Rahman et al.
[38] further examined the effects of exogenous glycinebetaine on the ultrastructure
of rice seedlings under salinity stress. Rice seedlings were pretreated with 0 - 10
mM glycinebetaine in hydroponic culture for 3 days and were then treated with 150
mM NaCl for 4 days. Glycinebetaine was not effective in alleviating the salinity-
induced inhibition of root growth or rather enhanced the inhibition. On the contrary
glycinebetaine at 5 mM effectively alleviated the inhibition of shoot growth and the
ultrastructural damages in leaf cells such as swelling of thylakoids in chloroplasts
and destruction of mitochondria. However, glycinebetaine could not prevent the
vacuolation in root tip cells or rather increased vacuolation. The concentration of Na
was significantly lower and the concentration of K was significantly higher in the
shoots of the plants pretreated with glycinebetaine than in the plants without
application of glycinebetaine under salinity. One of the ameliorative effects of
glycinebetaine may be to function in the cytoplasm of roots as an osmoprotectant
and to balance the osmotic pressure between the cytoplasm and the vacuole while
Na is accumulating in the vacuole. The vacuolation of root tip cells seems to be an
adaptive response to store Na and to reduce transportation of Na to the shoot. It is
confirmed again that the reduction in root growth under salinity is not lethal to
plants as compared with the damages in the shoot.

Makela et al. [21] reported that foliar application of glycinebetaine increased the
size of starch grains in chloroplasts of tomato under salinity stress. According to
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their interpretation the increase of starch grains seems to be a reflection of increased
net photosynthesis and not a result of impaired translocation of photosynthates under
salinity.

4. CONCLUSION

Electron microscopic observation is effective to detect the ultrastructural damage in
plant cells under stress. It also helps consider the underlying mechanisms of stress
effects. The vacuolation of root tip cells and the swelling of thylakoids in
chloroplasts are major ultrastructural changes in rice plants under salinity. The
vacuolation may be an adaptive response to accumulate Na in root tip cells and to
protect the meristematic cells. It may also function to reduce transfer of Na to the
shoot. The swelling of thylakoids seems to be a result of photochemical oxidation.
Hydoxyl radical and hydrogen peroxide seem to be major ROS causing the
thylakoid swelling. Based on these observations, genetic manipulation to reduce
ROS, especially hydroxyl radical and hydrogen peroxide, seem to be promising to
confer salinity tolerance to rice plants. Chemical treatments and development of
cultivation practices to reduce ROS and to increase endogenous antioxidant levels
may also be useful. For example the application of cytokinin [39] and the
pretreatment with methyl viologen [40] was found effective to reduce the photooxidative
damage caused by salinity.
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Abstract. Traditional rice landraces from coastal Bangladesh are adapted not only to soil salinity
but also to excess magnesium, calcium and sulphate as well as zinc deficiency. They can also
tolerate water inundation to a certain extent, because they may be subjected to tidal saline intrusion
as well as water stagnation during the monsoon season. These landraces are diverse with respect to
their morphology, saline stress response as well as yield components. Characterization of these
landraces can suggest how they survive in adverse soils and indicate suitable target genes for
transfer to modern rice varieties. Genetic variation of 31 landraces (LRs) collected from the saline
coastal belt of Bangladesh, salt tolerant Pokkali, Nona Bokra and sensitive IR29 and BRRIdhan 29
were analyzed with 60 evenly distributed rice microsatellite DNA markers. A total of 196
reproducible polymorphic alleles were identified from the band loci. Computation of genetic
similarity with this data, using Jaccard’s coefficient followed by UPGMA clustering, divided the
landraces into 6 distinct groups. Three groups were composed of LRs only from the highly saline
southwest. Two groups consisted of LRs from the mild to moderately saline mid-east and northeast
coasts. The sixth group was heterogeneous, with LRs from the northeast, LRs from the southwest
and Nona Bokra. Pokkali and Gunshi, a LR of the southwest, branched out individually.
Morphological observations of plant type, such as tiller, leaf and flag leaf angle, height, as well as
yield in non-saline soil indicated low variability among the different LRs. The measure of seedling
Na and K concentration, Na/K ratios, affected leaf area as well as survival under salinity stress in
hydroponics identified 6 LRs from the highly saline southwest as the most tolerant. UPGMA
clustering using the Pearson product-moment correlation coefficient suitable for the quantitative
physiological data on seedling saline stress, grouped all 6 LRs with Pokkali. When the landrace
DNAs were analyzed with DNA markers linked to the major QTL of Pokkali within a 5¢M region
of chromosome 1, no similarity was detected between any of the traditional cultivars and Pokkali.
Primers homologous to the coding region and part of the upstream as well as downstream region of
the SOD, LEA and SalT genes when used for amplification show polymorphic DNA bands. These
analyses thus revealed that some of the salt tolerant landraces of the coastal region have unique
polymorphic loci, quite distinct from the popular salt tolerance donor Pokkali as well as Nona
Bokra. The similarity and distinction between the cultivars chosen for the study can be used as a
valuable tool for further study of specific landraces and also suggest a proper choice of parents for
mapping or breeding purposes.
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1. INTRODUCTION

Bangladesh needs to increase its rice production by more than 50% in the next 15
years to keep up with its population growth. With its high population density, there
is no scope of new agricultural lands being used for the increased production of rice
that is needed. One alternative is to use unfavorable land, which remains fallow, for
most of the year except for the monsoon season, such as the salt-affected coastal
areas in the south of Bangladesh. Salinity tolerance is complex both genetically as
well as physiologically. A wide variation in physiological response to salinity stress
has been observed in halophytes as well as tolerant glycophytes [1]. Evaluating
tolerance is made more complex by variation in sensitivity to salt during the life
cycle of the plant. The impact of NaCl varies with its concentration, its rate of
accumulation, the presence of other ions, such as K, Mg2+ and Ca®", the duration of
stress, its time of onset relative to the major stages of plant development, the
genotype of the plant and environmental factors such as temperature, humidity and
light intensity. A rapidly transpiring rice plant can change its leaf water ten times an
hour in daylight [2], which is 1000% of its body weight. The rice plant has to
replace this water from a soil solution over which it has no control. In case it
encounters saline water, tolerance depends on the plant conserving a defined micro-
environment in the cytoplasm, regulated in respect to both the quantity and quality
of inorganic ions. Study of the popular rice landraces growing in the saline coast
may identify target traits for incorporation into commercial varieties.

During progressive salt stress, three related problems are encountered, appearing
one after the other: water deficit, ion toxicity and nutrient deficiency. Active water
uptake into the xylem of plants is through the transcellular and symplastic pathways,
driven by the difference in osmotic potential across the plasma membranes of root
cells. Once in the xylem, the water flow is controlled by the leaf stomata aperture
and the difference in vapor pressure between the intercellular spaces and air [3]. A
third passive water uptake system is the apoplastic pathway, where water molecules
move in the intercellular spaces until hydrophobic barriers such as Casparian strips
block their progress. If the osmotic potential of saline water balances the osmotic
potential of the cytosol, net water uptake by the transcellular and symplastic
pathways cease [3]. Salt-treated roots produce ABA, which is transported to the
leaves via the xylem and leads to stomatal closure. This response is crucial to the
survival of the plant, because it can minimize the water deficit, caused by reduction
in net water uptake. Plants may wilt at this time, which is countered by accumulation
of osmotically active solutes such as glycine betaine and proline [4, 5] .

The ABA-induced closure of stomata prevents CO, uptake for photosynthesis.
Since the leaf continues to absorb light, photons carry on driving photosynthetic
electron transport. The lack of an ultimate electron acceptor causes the generation of
active oxygen species when the products of the light reactions (electrons) and
oxygen meet. The major product is superoxide O, [6]. Superoxide dismutase
converts superoxide to HyO, which can be converted non-enzymatically into the
hydroxyl radical OH" which, can cause extensive damage to all cellular components
[7]. H,0O, is detoxified by catalases and peroxidases and the reducing power of the
electrons generated due to photosynthesis are used up for this purpose via several



GENETIC DIVERSITY OF SALINE COASTAL RICE 231

intermediates [3]. Ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco) acts
as an oxygenase when there is lack of CO, due to stomatal closure. In this case the
photosynthetic reducing power is used for the production of ammonium ions.
Increased production of glutamine synthetase, therefore takes care of the ammonium
ions and enhances stress tolerance [8].

In order to survive the water deficit, water uptake by the symplastic and
transcellular pathways has to resume in salt tolerant plants, even if partially. One of
the main changes is the accumulation of Na" and CI ions in the vacuoles of root
cells, while K" ions accumulate in the cytosol. This differential compartmentation is
done by ion selective transporters and channels, which remains incompletely
understood. At low external concentrations, potassium may enter roots through K
carriers, while at higher concentrations, non-selective cation channels are probably
involved [9]. Channels that are activated when the transmembrane potential is
hyperpolarized are highly selective for K'. Other channels, which are activated when
the membrane potential is depolarized are less selective and can allow Na' entry into
cells [10]. Na' can also enter via the KUP/HAK/KT (K" uptake permease/high
affinity K'/K") transporters, cyclic-nucleotide-gated channels, LCT (low affinity
cation) transporters and HKT (high affinity potassium) transporters but there is a big
variation in the roles of each of these transporters in different species [10, 11].
HKT1 plays a role in net Na" accumulation in wheat [12] and into the distribution of
ions between roots and shoots of Arabidopsis [13]. Rice homologues of the HKT
transporter have shown differential shut down of expression in presence of Na” in
the salt tolerant and sensitive rice varieties, Pokkali and IR29 respectively. Two
HKT homologues have been found in Pokkali with a predicted amino acid identity
of 91% to each other. One homologue OsHKT1 appears to be a Na' transporter,
while OsHKT2, a Na'-K" coupled transporter. Halophytes have a superior capacity
to compartmentalize K" ions in the cytosol and Na' ions in the vacuole of older
leaves [14]. Salt tolerant glycophytes such as rice have also been shown to
efficiently partition Na" away from photosynthesizing leaves as well as the flag leaf
[15]. Vacuolar Na'/H" antiporters are responsible for compartmentalization of Na"
into the vacuoles of older leaves and are thought to play an important role in salt
tolerance [16].

One million hectares of the coastal area of Bangladesh is affected by mild to
moderate salinity. The variation in soil salinity levels is dependent on the season as
well as the location of rivers flowing into the basin from the north and into the Bay
of Bengal (Fig. 1). In general, coastal salinity levels start gradually increasing from
November at the beginning of the dry season and peaks in March until start of the
annual rains, from April till October. The Sundarban forest area spans one-third of
the southern portion of 3 districts in Bangladesh and is known to be highly saline.
From the west to east, these are respectively, Satkhira, Khulna and Bagerhat.
Salinity levels gradually decline from west to east; Satkhira being highly saline with
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Figure 1. Map of coastal area of Bangladesh affected by salinity. Electrical conductivity of
different districts is color-coded as well as numbered. Source: Soil Research Development
Institute, SRDI, Bangladesh.

70% of the area having soil salinity levels of 4-16 dS/m [17]. Further eastwards,
there are the coastal regions of Patuakhali, Barguna, Barisal and Pirojpur. These
areas are slightly saline (2-4 dS/m), with some pockets being non-saline. The
coastline extends north-eastwards, where there are the districts of Lakshmipur,
Noakhali and Feni. The salinity in Noakhali is moderate (4-8 dS/m), and extends to
larger areas compared to Lakshmipur and Feni. The coastal line moves southwards
into Chittagong and Cox’s Bazaar, where there are pockets of high salinity as well
as mild levels [17]. In the moderate to highly saline southwest coastal areas, farmers
can only grow a single rice crop during the monsoon season when the salinity levels
are relatively low. In the rainfed lowlands of Satkhira and Khulna in the southwest,
landraces still account for 80% of the top 20 rice varieties, despite introduction of
modern varieties [18]. Soil salinity in this region can be moderate even during the
monsoon season, if there is lower than average or early rainfall. The popular
landraces of this region are therefore well adapted to the prevailing soil stresses,
including soil salinity. In the slight to moderate saline northeastern coast, farmers
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grow Aus rice, which is planted in the dry season in late March, when soil and canal
water salinity levels are known to be moderate [19]. Landraces in the eastern coast
of Noakhali and Feni form 60% of the top 20 varieties grown there in the dry season
[18]. These wvarieties should therefore possess some resistance to salt stress,
particularly at the seedling stage.

Bangladesh coastal areas are affected by both tidal saline intrusion as well as
water stagnation because of lowlands in the monsoon season (July to October),
upward or lateral movement of saline ground water during the dry season
(November to May) and willful inundation with brackish water for shrimp
cultivation [17]. Soil profiles in the coastal areas of Bangladesh have an excess of
Magnesium, Calcium, and Sulphate and are generally deficient in Zinc [17, 19, 20].
Characterization of the landraces adapted to the variable nature of the saline coastal
region of Bangladesh with respect to any of the different mechanisms used to
combat saline stress will help identify useful donors for these traits. These can then
be used to transfer to modern varieties. Study of the mechanism of stress tolerance
in landraces can also indicate whether the trait can be separated from yield
components in order to attempt improvement in their yields. Any improved rice
variety will make major impacts in the livelihoods of the resource-poor farmers of
the region, since it has been shown that introduction of modern rice varieties
resulted in the production of staple food for 46% of the Bangladesh population
between the years 1985-1997 [21].

This chapter reports on the morphological assessment of 31 rice (O. sativa)
landraces collected from the Bangladesh coast. Traits noted were plant height, days
to maturity, panicle length and type, tiller, leaf and flag leaf angle, and yield
components under normal soil. Response to salinity stress at the seedling stage were
evaluated by Na" and K" concentrations, ratio and leaf damage area [20]. The DNA
from the landraces were further characterized by scoring polymorphism in simple
sequence repeats or SSR markers evenly distributed over the 12 chromosomes [22,
23]. DNA markers homologous to proteins involved in detoxification under salt
stress such as superoxide dismutase (AB026724) was also used. In addition DNA
markers homologous to three genes important in abiotic stress tolerance were used,
for example, SalT (Z25811), the Ca**-binding protein, calmodulin (calmod. Z12828)
as well as LEA3 (AF046884) [24]. Calmodulin is part of the network of signal
transduction pathways centered on calcium ions as second messengers in stress
tolerance [25]. LEA3, a late embryogenesis abundant protein 3 accumulates in cells
to protect them against ionic changes accompanying various stresses [26, 27]. SalT
accumulates in rice leaf sheaths and roots in response to salt and drought but its role
is not clear [28, 29, 30]. The DNA from the traditional landraces were also checked
for the presence or absence of markers linked to the major salinity tolerance QTL,
called Saltol of Pokkali within a 5cM region of chromosome 1 [31]. Only markers,
which were polymorphic between IR29 and Pokkali were used.
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2. RELATEDNESS OF TRADITIONAL LANDRACES BASED ON
MORPHOLOGICAL CHARACTERS

Morphological traits of the 31 traditional landraces were recorded in normal soil
conditions at the BRRI station fields. The yield components, panicles per plant,
spikelets per panicle, percent fertile grains and 1000 grain-weight were published
earlier [20]. Data on panicles with respect to type, secondary branching, exsertion as
well as spikelet properties of the traditional landraces collected following IRRI
recommendations [32] showed considerable variability (data not shown). Table 1
shows data on days to maturity, height, tiller number, leaf, tiller and flag leaf angle
and yields of landraces in normal soil (average of 10 randomly chosen hills). These
data were collected according to the description by Chang and Bardenas [33].

Table 1. Days to maturity, height, tiller number with panicles (eff.), without panicles (non
eff.), leaf, tiller and flag leaf angle and yields of landraces in normal soil (average of 10
randomly chosen hills).

SI. | Cultivars Life Plant | No. of Tillers Leaf | Tiller | Flag Yield
no. cycle | height | Eff. | Non | Total | angle | angle | leaf gm/pla
(days) | (cm) eff. angle | nt

1 | Binnatoa 130 1164 | 12.1 | 0.3 12.4 33.7 31.2 5.0
2 | Boilam 120 113.0 [ 156 | 0 15.6 28.9 40.5 43.2 -

3 | Gheegoj 152 131.8 | 10.1 | 0.2 10.3 30.7 20.9 24.8 27.6
4 | Kajalshail 150 127.1 | 123 | 04 12.7 19.1 21.0 63.5 20.9
5 | Madhumalati| 143 1375 | 148 | 0.2 15.0 23.5 273 19.9 17.8
6 | Nonashail 139 1284 | 11.7 | 0.3 12.0 22.7 31.0 24.8

7 | Gunshi 154 1489 | 83 0.3 8.6 30.3 40.0 87.5 -

8 | Kaliboro 121 1089 | 244 | 0.7 | 251 30.1 22.6 67.0 -

9 | Soloi 126 115.1 | 134 | 0.1 13.5 28.0 32.6 30.3 -

10| Khaiyaboro | 127 1226 | 12.7 | 0.6 13.3 22.0 36.8 63.4 -

11| Hida 145 1434 | 123 | 04 12.7 27.1 32.1 44.0 -

12| Razashail 128 10.8 | 0.3 11.1 24.0 20.5 253 6.8
13| Ashfal 162 1433 | 83 0.3 8.6 27.7 19.6 382 16.0
14| Benapole 143 146.6 | 10.8 | 0.2 11.0 26.9 26.9 27.0 10.1
15| Dakshail 145 146.6 | 104 | 0.3 10.7 34.6 20.3 27.0 6.8
16| Hoglapata 153 1357 | 12.7 | 0.3 13.0 33.6 17.5 333 22.0
17| Horkuch 158 1457 | 9.2 0.2 9.4 41.7 22.5 107.5 | 19.5
18| Jamainaru 158 117.1 123 | 04 12.7 19.1 21.0 16.7 28.7
19| Kachra 156 1443 | 11.6 | 0.1 11.7 37.5 20.3 62.0 243
20| Kalmilata 142 143.7 1 10.6 | 0.2 10.8 36.1 19.9 98.2 19.8
21| Lakshmikajal| 156 136.9 | 109 | 0.1 11.0 30.1 11.0 86.9 22.5
22| Mohini 142 135.0 [ 87 [ 03 9.0 322 18.5 92.5 18.7
23| Morichshail | 150 1362 | 82 [ 0.2 8.4 36.9 12.0 105.0 | 28.1
24| Patnai Balam| 148 1335 194 |02 9.6 334 21.0 37.0 243
25| Raniselute 152 1382 | 11.0 | 0.2 11.2 29.8 16.8 62.0 20.9
26| Capsule 140 142 12.1 | 0.1 12.2 36.1 20.6 1074 | 7.6
27| Chinikanai 141 137.5 | 83 0.1 8.4 33.1 19.2 100.8 | 6.9
28| Jatai Balam | 142 1414 | 11.0 | 0.1 11.1 322 31.8 55.5 35.7
29| Moynamati | 135 133.6 | 11.0 | 0.1 11.1 30.6 294 50.0 13.1
30| Pokkali 121 1572 | 63 0.3 6.6 223 35.0 14.0 15.1
31| BRRIdhan40 1279 | 11.0 | 0 11.0 30.8 32.2 24.4 31.7

*Yield was calculated from yield components obtained from our previous publication, Lisa et al. [20].
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Table 2. Percent survival, area leaf affected, shoot and root reduction in height, shoot sodium
and potassium concentration and ratio in hydroponically- grown 45 day-old seedlings of 31
landraces, 27 days after saline stress application at 12dS/m.

Percent | Percent Percent Shoot
SL | Variet Percent Percent shoot leaf Na leaf K at Na/K
Y Origin - leaf area | length at 12 12 dS/m .
no. | name survival . ratio at
affected reductio | dS/m
N 12 dS/m
. Noakhali . . 1.98 a 1.35bc
* > . . -
1 Binnatoa MNE2 60.0 c-i | 50.0 e 9.5 abc 1.47 a-d
2*| Boilam 3538 ;\IA‘I’S‘E}Z““" 200kl | 80.0m-q | 2550k | 27830 [ 128¢ 150044
3 | Gheegoj 2413 Noakhali, Het | 33.3jk | 70.0k-o | 21.0f5 | 3.03 a-i 1.98 abc| 2.06 a-d
4 GngalSha" Noakhali, Het | 66.7b-g| 40.0b-g | 9.5abc | 29031 | 220abc) 4,4
5 | Madbumalatl) Nookhali, Het | 15.0k1 | 85.00pg | 218g | 24 | 1) 1690
6 | Nonashail Noakhali, Het | 8.31 86.70pq | 3351 3.27d-i 1.73 abc| 2.52 de
7 | Gunshi 3869 | Barisal 63.3b-h| 40.0b-g | 16.5¢c-h| 3.06 a-i 2.28 abc| 1.35a-d
Kaliboro Faridpur' .| 3.56 ghi | 1.63 abc
* : - -
8 1281 MNEI 1833kl | 81.7n-q | 24.7 ijk 1.81 a-d
. Faridpur' 3.29 d-i 1.58 abe
* 5
9*| Soloi 1713 MNEI 10.01 91.7 pq 31.2kl 2.16 bed
10| Khaiyaboro | Habigonj', .. .| 3.46¢e-i 1.89 abc
* | 4539 MNE2 40.04j 76.7 1-p 28.1 14 1.79 a-d
11| Hida Rajshahi, Het | - - - - - -
12| Sashail Naail Het | 200K | 833n-q | 200 | 220 | 17T 5554
13| Ashfal Khulna, SW2 | 80.0 abc| 26.7 abc 6.9 ab 2.39 a-e 2.67 a 0.91 ab
14| Benapole Khulna, SW1 | 76.7a-d| 30.0a-d | 4.7a 249 a-g | 2.47 abc| 1.03 abc
15| Bajramuri Khulna, SW3 | - - - - - -
16| Dakshail Khulna, SW3 | 46.7g-j | 56.7g-k | 83abc | 3.11 b-i 1.82 abc| 1.85a-d
17| Hoglapata Khulna, SW1 | 56.7d-i | 43.3 c-h 10.3 a-d | 3.03 a-i 2.01 abc| 1.66 a-d
18| Horkuch Khulna, SW1 | 70.0 a-f | 33.3 a-e 7.4 ab 2.59 a-h 2.61 ab | 1.05abc
19|Jamainaru2039 Khulna, Het | 80.0abc| 233ab | 9.0abc | >1780¢ | 2688 1 g¢;,
20| Kachra 973 Khulna, Het 60.0 c-i | 46.7 d-i 11.4a-d| 3.08 b-i 2.16abc| 1.5a-d
21| Kalmilata Khulna, SW2 | 63.3b-h| 40.0 b-g 10.7a-d | 2.71a-h | 2.37abc| 1.17 abc
22| Lakshmikajol | Khulna, SW3 | 733 a-¢ | 36.7b-f | 7.5ab | ZS1ah | 245abel e e
23| Mohini Khulna, SW1 ﬁfj'” 6330 | (028 | F4led | 1O3abe) 5
24| Morichshail | Khulna, SW1 | 63.3b-h| 40.0b-g | 10.5a-d | 2.97 a-i 226 abc| 1.4a-d
25| Patnai Balam| Khulna, Het 70.0a-f | 30.0a-d | 83abc | 2.387a-e | 2.66a 0.89 ab
26| Raniselute Khulna, SW1 | 50.0fj | 40.0b-g [ 9.2abc | 3.32e-i 2.04 abc| 1.82 a-d
27| Capsule Satkhira, SW2 | 83.3ab | 26.7abc | 13.3b-f| 2.20a-d | 2.56abc| 0.86a
28| Chinikanai Satkhira, SW1| 16.7kl | 86.70pq | 243 h-k| 2.83 a-i 1.83 abc| 1.65a-d
29| Dhulubeej Satkhira, SW2 | 60.0c-i | 40.0b-g | 13.0a-f | 2.15ab 1.81 abc| 1.19 abc
30| Jatai Balam | Satkhira, SW2| 53.3 e-j | 50.0 e 12.5a-e | 247 a-f 2.51 abc| 1.12 abc
31| Moynamoti | Satkhira, SW2| 60.0c-i | 43.3c-h | 11.0a-d | 3.07 b-i 2.15abc| 1.48 a-d
32| Pokkali Sri Lanka 90.0 a 16.0 a 7.8 ab 2.19abc | 2.2abc | 1.03 abc
33| BRRIdhan29| MV 5.71 96.0 q 14.4b-g| 3901 1.48 abc| 3.40 ef

Cultivars marked with an asterisk (1-8) are photoperiod insensitive. Means followed by a common letter
are not significantly different at the 5% level by DMRT.

Gheegoj, Jamainaru and BRRIdhan 40 were found to be similar in agronomic
characteristics, while the others were grouped separately, if clustered into a
dendrogram (not shown). However the coefficient of dissimilarity was small.
BRRIdhan 40 is a photoperiod sensitive salt tolerant modern variety released by
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BRRI. However its plant type is intermediate, when compared to standard modern
varieties. Therefore, Gheegoj and Jamainaru also have intermediate plant type. Salt
tolerance of Jamainaru is close to Pokkali, whereas Gheegoj was found to be
moderate [20]. See below and Table 2.

3. ASSESSMENT OF RESPONSE TO SALT STRESS APPLICATION AT THE
SEEDLING STAGE

Evaluation of physiological response under seedling saline stress (12 dS/m)
identified 6 landraces whose performance was not significantly different from
Pokkali, the benchmark, or reference cultivar for assessment of tolerance [20]. These
cultivars are Ashfal, Benapole, Jamainaru, Lakshmikajol, Patnai Balam and Horkuch, all
farmer popular landraces of the Khulna region (Table 2). Data on percent survival,
leaf area affected, reduction in shoot height, Na and K concentration as well as ratio,
grouped these six cultivars with Pokkali in a dendrogram based on computation of
similarity using the Pearson’s product moment coefficient using the NTSYS-PC
version 2.11f (Fig. 2) [34] as described earlier [20]. All the cultivars that grouped
with Pokkali had lower Na/K scores (0.81-1.05) while that of Pokkali was 1.03. Low
Na/K ratios at the seedling stage are associated with tolerance due to Na exclusion
as well as partitioning of Na into older leaves [15, 35]. The capacity of plants to
maintain low Na/K ratio has been correlated with salt tolerance scores as reviewed
by Maathuis and Amtmann [36] and Tester and Davenport [11]. Under IRRI’s
standard system of evaluation [37], all 6 landraces scored between 3-5, which was
marked according to the percent leaf area affected after about a 25-day period of salt
stress and when the age of the seedlings was 45 days. Under these conditions, the
tolerant check, Pokkali scored 3 and the sensitive check BRRIdhan 29 scored 9. We
found the correlation between Na/K ratios and either percent leaf area affected (= 0.69)
or tolerance score (r* = 0.63), to be highly significant for all the landraces. Sodium
concentrations were expressed as percent of dry weight and these were found to
be higher than reported values for Pokkali [38], so that our Na/K ratios were
proportionately higher for all cultivars. The higher concentration of Na can be
explained by the fact that the sensitive control BRRIdhan 29 needs 5-7 days longer
to score 9 compared to IR29, the sensitive standard used by IRRI. Since BRRIdhan
29 is a farmer-accepted cultivar in the non-saline coastal region, we chose it as the
sensitive check.
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Figure 2. Grouping of LRs based on data obtained after salt stress to seedlings in
hydroponics. The data included percent survival, leaf area affected, reduction in shoot height,
Na and K concentration as well as ratio.

4. SHARED SSR ALLELES

A total of 196 reproducible polymorphic bands or alleles were identified using 60
microsatellite (SSR) primers [22, 23] after amplification of the DNA from the 35
rice genotypes. The 60 microsatellite primers were evenly distributed over the 12
rice chromosomes as described in detail previously [20]. Genetic relatedness
between the 31 LRs as well as the traditional standards, Pokkali, Nona Bokra and
sensitive IR29 and BRRIdhan 29 based on their shared SSR alleles was computed
using Jaccard’s coefficient followed by clustering into a dendrogram [39] (Fig. 3)
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after analysis of the data using the NTSYS-PC software [20]. Six groups are
apparent, at the coefficient value of 0.366. Three are named SW1, SW2 and SW3,

; 1Kaliboro
I 2 Soloi-

8 Khaiyaboro
10 Boilam

17 Binnatoa

3 Gheego)

._: 7 Kajalshail
] 6 Madhumalati

— 11 Jamainaru
- 4 Razashail Het
18 Hida

5 Kachra
] 14 Nonashail
13 Nonabokra
15 PatnaiBalam
12 BRRIdhan29
21 Pokkali
25 Lakshmikajal |SW2
| :30 Bajramuri

132 Dakshail
29 Ashfal
31 Kalmilata
I 34 Moynamati SW3
22 Jatai Balam
_—:23 Capsule
33 Dhulubegj
28 IR29

9 Gunshi
16 Hoglapata
| 19 Horkuch
20 Morichshail
24 Chinikanai |SWI

% 26 Raniselute
e |:27 Benapole

35 Mohini

MNEI

MNE2

I T T l T T T T T T T T T T T
0.24 0.33 0.42 0.51 0.60

Coefficient

Figure 3. Grouping of LRs based on shared bands (alleles) after amplification of their DNA
with microsatellite primers.

all of which contain photoperiod sensitive landraces from the highly saline
southwest coastal regions of Satkhira and Khulna. Two more groups, called MNE1
and MNE2 have photoperiod insensitive landraces from the mildly saline coast of
the mid northeast, Noakhali, as well as non-saline Faridpur and Habigonj, further
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north from the above coastal region. The 6™ group of the dendrogram consists of
landraces from all the different coastal regions, which include 3 landraces from the
southwest, 4 from the mid-northeast, 2 from non-coastal areas as well as Nona
Bokra. The internationally well-known standard for saline tolerant rice, Pokkali as
well as Gunshi, a landrace grown in the mildly saline Barisal (Table 2), did not
group with any of the 30 other landraces. Salt sensitive IR29 and BRRIdhan 29
(BRRI-released modern variety) also show independent lineage. Comparison of the
matrix of similarity generated with the cophenetic matrix of the dendrogram showed
a good fit (r = 0.79), indicating the reliability of the groups within the tree diagram
(Fig. 3).

Farmer’s preference for these above landraces, despite introduction of modern
varieties [18] suggests greater adaptability of these landraces in the variable coastal
environment, which includes unpredictable rainfall, variable water stagnation in low
lands, depending upon the season, sea-water intrusion due to upstream withdrawal
of water, again depending upon the amount of rainfall in the upper riparian areas in
our neighboring country. The landraces are also adapted to the ion toxicities as well
as deficiencies of the coastal soils. Computation of the relatedness of the landraces
based on their SSR alleles, separated cultivars growing in the southwest (SW1, SW2
and SW3) from those in the mid-northeast (MNE1 and MNE2). Due to lower levels
of saline stress in the mid-northeast, farmers grow Aus or dry season photoperiod
insensitive varieties, which are seeded in April. Some of these cultivars are also
popular in regions north from the coast (Table 2). These are the ones forming the
groups MNEI and MNE2. Therefore genetic variation relates to adaptability of the
cultivars in distinct coastal regions. The southwest coastal soil has a higher amount
of Ca, K and Fe compared to the mid-northeast, while its sulfur toxicity less [20]. Its
P and organic content is higher and drainage poor due to prevalence of clayey soil,
in contrast to poor organic matter and clay loam soil in the mid-northeast.

5. POLYMORPHISM IN LANDRACES WITH RESPECT TO ABIOTIC STRESS
PROTEINS

There was no difference between amplified products from the traditional landraces
when primers homologous to the calmodulin gene were used. However amplified
DNA from primers homologous to LEA3 and SalT showed distinct polymorphism
between Pokkali, sensitive IR29 and BRRIdhan 29 as well as the other landraces
(Table 3). Primers homologous to SOD gave amplification of polymorphic DNA
between Pokkali, IR29 and most LRs. However BRRIdhan 29 and Pokkali were not
polymorphic (Table 3). In the case of LEA3, the undigested product between
Pokkali and BRRIdhan29 were identical but IR29 was different. However when the
amplified DNA were digested either with Taq I or Hae 111, all the three were clearly
polymorphic. Among the traditional landraces, at least 4 different patterns of
digested DNA polymorphic to Pokkali were obtained. Moons and coworkers have
reported the existence of a small OSLEA3 gene family [40].
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Table 3. List of primers homologous to genes/chromosomal location used to check
polymorphism in rice landraces.

Chromoso | Primer Primer sequence Tm and |Polymorphic| Comments
mal locus expected | status with
location/ product | Pokkali in
gene type size specific gel
type
Abiotic SOD F atgcaagccatcctcge 50.5°C, | + 10 LRs, Nona Bokra &
stress AB026724 | R ctacaacggggtcagcccaa 636bp PAGE** | sensitive BRRIdhan 29
tolerance same as Pokkali
SalT 5°3’* | F ccacgaagactatgacgetggtg | 55°C, + 3 LRs and Nona Bokra
R ctttgaccactgggaatcaagg 574bp PAGE same as Pokkali
LEA3 F gcttaggatcaatggcttcccace 58°C +
5°37% R ccaaagggaaatcattcacggegtc| 941bp PAGE
Calmod F cgegegegectgegtegecaatgg | 55°C, -
53°* R cgatgcttcaacttacttggee 1254bp | agarose
Chromoso | AP003206 | F ttctcatcgcaccatctctg 61°C, - All LRs same as
me 1 60.6cM R ggaggaggaggaggaagaag 375bp sequence | Pokkali sensitive
Markers BRRIdhan 29
60.6- different
71.2cM RM3412 F aaagcaggttttcctcetee 55°C, + PAGE
62.5cM R cccatgtgcaatgtgtcttc 211bp
AP003722 | F cggctcttcctccattgtte 60°C, +
63.9cM R ttgaccgaattacccectct 301bp sequence
CP06224 F gtagcatgcaaccgtggtag 55°C, + PAGE
64.4cM R tactgctgctacccttgttc 170bp
RM140 F tgectetteectggeteecetg 55°C, +
64.9cM R ggcatgcegaatgaaatgcatg 261bp sequence
RM493 F tagctccaacaggatcgacc 55°C, +
64.9 R gtacgtaaacgcggaaggtg 211bp PAGE
AP003211 | F gtgtcatcgtgtccttgtge 55°C, + 18 LRs, BRRIdhan 29
65.4cM R cgtcaaaacagaatgagtcca 216bp agarose and Nona Bokra same
as Pokkali
AP004358 | F gagggagggttgatgatagg 57°C, +
66.6cM R aataaaaccggcactcttga 385bp PAGE
AP002869 | F gecttctctaccagectect 57°C, +
67.6cM R aagggagcagtggtgacttg 233bp sequence
CP10136 F gctctacaatggtttgtgag 55°C, +
71.2cM R gaggttatcaggtagaacgc 170bp PAGE

* Primers were located in the 5’-and 3°- untranslated regions immediately outside the coding region of the '
genes and therefore amplify the entire coding region as well as any intron [24]. **PAGE: polyacrylamide
gel electrophoresis.

6. POLYMORPHISM IN DNA MARKERS LINKED TO THE MAJOR SALT
TOLERANT LOCUS IN POKKALI

Working with recombinant inbred lines between Pokkali and IR29 [41] we have
linked the major QTLs for Na“ and K" concentration as well as Na'/K" to a 5¢cM
region of chromosome 1 [31]. Primers within 1 ¢cM distance of each other (Table 3)
within this region were used to amplify DNA from the traditional landraces as well
as Pokkali. All the traditional landraces were polymorphic with respect to the
molecular weight of the bands obtained when compared to Pokkali. A dendrogram
based on Jaccard’s coefficient for qualitative data [39], clustered the traditional
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landraces into 6 groups (Fig. 4). Pokkali was totally separated at a coefficient value
of 0.88. Therefore it seems apparent that the major QTLs responsible for salt
tolerance of Pokkali are not shared by any of the traditional landraces of coastal
Bangladesh.
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Figure 4. Grouping of LRs based on their polymorphism with Pokkali DNA using primers
homologous to a 5 cM region of chromosome 1 which was shown to be linked to the major
salinity tolerance QTL of Pokkali (see text for explanations).
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7. CONCLUSION

The LRs, Ashfal, Benapole, Jamainaru, Patnai Balam have good salinity tolerance
scores and possess intermediate plant type. The LRs, Hoglapata, Kajalshail and
Raniselute have moderate tolerance scores and intermediate plant type. Their genetic
background based on SSR alleles is different from the traditional donor Pokkali and
originates from 3 different groups (Fig. 3). There is polymorphism between these
LRs and Pokkali with respect to proteins involved in abiotic stress such as LEA3,
SalT and SOD. Although these LRs show low Na/K ratio as well as low Na
concentrations and low leaf damage when subjected to salt stress, these do not share
QTLs with Pokkali responsible for low Na/K and low Na concentrations (Fig. 4). It
will be worthwhile to study the physiology of these LRs further under saline stress
up to maturity along with using them as donors in breeding programs in order to
widen the genetic basis of salt tolerance in existing modern rice varieties
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17. DEVELOPMENT OF MARKER-FREE AND
GENE-EXCHANGE VECTORS, AND ITS
APPLICATION
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Forest Science Laboratory, Nippon Paper Industries Co., Tokyo, Japan

Abstract. For the next decade, recombinant DNA technologies will make rapid progress and
generate many kinds of transgenic crops and trees. It will become more crucial for
commercialization of transgenic crops and trees to reduce their environmental impacts and to
increase their reliability. In this review, I describe two approaches to address these problems.

1. INTRODUCTION

Dominant genes encoding either antibiotic or herbicide resistance are widely used as
selectable markers in plant transformation [1]. Selectable marker genes remain in
transgenic plants, and their gene products need to be assessed for safety and
environmental impact [2]. Regardless of their scientific assurance, recent public
concerns about their safety have caused considerable delays in the market performance
of transgenic crops. Although transgenic trees do not need the assessment for their
food safety, the use of antibiotic resistance genes as selectable markers also causes
the particular concern that these genes may be transferred into pathogenic bacteria.
The removal technology of marker genes is very useful to obtain both regulatory and
public approval for transgenic trees due to reduce their environmental impacts.

It is difficult to introduce a second gene of interest into a transgenic plant that
already contains a resistance gene as a selectable marker. There are a large number
of desirable traits and genes worth incorporating into plants, but only a limited
number of selectable marker genes are available for practical use. The problem
becomes even more difficult if one wants to introduce a number of genes, and it is
impossible to introduce them simultaneously [1]. It is desirable, therefore, to develop a
system for the removal of selectable marker genes to produce environmentally safe
transgenic plants and pyramid a number of transgenes by repeated transformation.
We developed the MAT (multi-auto-transformation) vector system [3,4] which can
remove marker genes without sexual crossings and stack valuable genes in sterile
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clones, is a promising technology to simplify obtaining both regulatory and public

approval and to accelerate commercialization of transgenic trees (Figs. 1, 2).

Phytohormone (cytokinin) biosynthetic genes are used
for selection of transgenic plants

L Gene of Interest

R/Rs recombination system ipt gene of A. tumefaciens
Recombine between two Rs sites Catalyze cytokinin biosynthesis

194

a
e
Regeneration of Multiple- Shoots

Transmission e e .
Elimination

Figure 1. Schematic figure for ipt-type MAT vector

2. MAT VECTOR SYSTEM

MAT vector system uses the cytokinin genes for selection of transgenic plants. The
ipt gene encodes the enzyme isopentenyl transferase which catalyzes the
condensation of isopentenyl pyrophosphate with adenosine mono phosphate (AMP)
to produce isopentenyl AMP, a precursor of several cytokinins [3]. Cytokinins
stimulate organogenesis in many cultured plant tissues and are widely used to
regenerate transgenic plants from cultured cells after transformation. When a
chimeric ipt gene under the control of the (CaMV) 35S promoter was introduced
into plant cells, transgenic cells proliferated and adventitious shoots differentiated in
hormone-free medium. These transgenic plants exhibited an extremely shoot
phenotype (ESP) and loss of apical dominance. Therefore, it is easy to detect
visually transgenic plants that carry a functional ipt gene. Chimeric ipt genes are not
commonly used as selectable markers because the resulting transgenic plants lose
apical dominance and are unable to root due to overproduction of cytokinins.

The maize transposable element Ac has the ability to move to new locations within
a genome. We used Ac to remove the chimeric ipt gene from transgenic cells of ESP
shoots after transformation. In the transposition process, about 10% of the Ac
elements that excise do not reinsert and therefore disappear, or reinsert into a sister
chromatid that is subsequently lost by somatic segregation. When the chimeric ip?
gene is inserted into Ac in the MAT vector, the chimeric ipt gene may transpose or
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become lost along with 4c in transgenic cells. Consequently, we were able to obtain
phenotypically normal transgenic plants that had lost the chimeric ipt gene.
“Kitakami Hakuyo” is elite clones of hybrid aspen (Populus sieboldii x P.
grandidentata) used for paper production. The hybrids are vegetatively propagated
to maintain the elite genome. The current co-transformation systems for eliminating
selectable marker genes cannot be applied to the hybrids because they need sexual

The ipt gene regenerates transgenic shoots and then the
R/Rs system removes it to generate marker-free plants.

(A) introduction

ipt-type MAT Vector
ﬂ, : | (D) marker-free
(B) regeneration O@) ipt-shooty

< R
%@W

Figure 2. Schematic figure for two-step transformation

o> e

crossings to generate marker-free plants. We developed the GST-MAT vector
(pRBI11) to generate marker-free transgenic aspen plants independent of sexual
crossing at the stage of an in-vitro grown primary transformant (Fig. 3) [5]. In the
MAT vector, the chimeric isopentenyltransferase (ipf) gene is combined with the
site-specific recombination system (recombinase gene R/ recognition site Rs) to
remove it from the transgenic cells after transformation (Fig. 1, 2). The GST-MAT
vector pRBI11 has the ipt gene with the ribulose 1,5-bisphosphate carboxylase/
oxygenase small subunit (rbcS) 3B promoter and the R recombinase gene with the
glutathione S-transferase (GST)-II-27 promoter (Fig. 3).
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Figure 3. GST-MAT vector for hybrid aspen

Figure 4. Transformation of hybrid aspen

The rbcS 3B promoter is induced by light and expressed actively only in green
tissues. The GST-II-27 promoter is induced by wounding and expressed actively in
the cutting sites of stem segments. We infected stem segments of hybrid aspen with
A. tumefaciens containing the pRBI11 vector and cultivated on the hormone-free
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modified MS agar medium (800 mg/l ammonium nitrate, 2 g/l potassium nitrate)
containing 500 mg/l carbenicillin without kanamycin (nonselective medium) (Fig.
4). Within three months after infection, about half of regenerated shoots were clearly
identified as ip#-shooty phenotypes. The rbcS 3B-ipt gene efficiently produced B-
glucuronidase (GUS)-positive ipt-shooty plants from 38.0% of infected stem
segments. We independently cut 14 GUS-positive ipt-shooty clones into small
pieces and transferred then to a modified MS medium containing 0.5 mg/l zeatin and
500 mg/l carbenicillin (shoot-inducing medium). Eleven normal shoots appeared
from three of 14 (21.4%) ipt-shooty clones within 2 months of induction by
wounding. We subjected eight developed shoots to PCR analysis. All eight normal
shoots were marker-free transgenic plants and no non-transgenic escapes appeared.

3. SITE-DIRECTED INTEGRATION (SDI) VECTOR SYSTEM

Agrobacterium and particle bombardment have been widely used to transform a
wide variety of plant species. However, current transformation methods have two
drawbacks for manipulation of the plant genome, a lack of control of the copy
number, and a lack of specificity in the site of integration. To overcome these
drawbacks, more precise and predictable technologies are highly desirable for
increasing the quality of transgenic events and for manipulating the plant genome.
The site-directed integration (SDI) system [6] may offer a solution to upgrade the
reliability of transgenic technologies and their suitability for genome manipulation.
Since precise integration of a desired gene into a well-characterized genomic locus
would improve the stability of gene expression and the reliability of transgenic
plants.

Site-specific recombination system (R/Rs) is used for gene
replacement and removal of randomly integrated copies.

| Target vector |

Two oppositely oriented Rs sites:
Exchange gene by double-crossover

<

Exchénge ipt gene f1 R gene Desired gene
veCtOI: sy — Rs *'Rs

Cytokinin biosynthesis genes: Two directly oriented Rs sites:
Use it as a negative marker Remove extra copies

Figure 5. Construction of SDI vectors
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Recombinase catalyzes gene replacement and removal.

Figure 6. Principle of SDI system

We developed the SDI system to replace a target gene with a desired gene by
using a site-specific recombination system (R/Rs) (Fig. 5, 6) [7]. This system consists a
target vector to introduce the target gene and an exchange vector to re-introduce the
desired gene (Fig. 7). We introduced a target vector into tobacco plants and

The SDI system consists of a target vector with a target gene
and an exchange vector with a desired gene.

Figure 7. Diagram of SDI system
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produced transgenic plants containing a single copy of target genes (neomycin
phosphotransferase gene npfll, cytosine deaminase gene codA) in a homozygous or
heterozygous condition (Fig. 8). We re-introduced an exchange vector containing
desired genes (hygromycin phosphotransferase gene /Apt, firefly luciferase geneluc)
into the transgenic plants by Agrobacterium (Fig. 6). Two oppositely oriented
recognition site (Rs) sites flank both the target and desired genes, and recombinases
catalyze double-crossover between the two Rs sites to replace the target genes with
the desired genes. Transgenic plants with an exchanged copy were selected on
shoot-inducing medium containing hygromycin.

Figure 8. Targeted transgenic lines

Two directly oriented Rs sites flank the isopentenyl transferase gene (ip?),
recombinase gene gene (R) and desired genes, and recombinases remove randomly
integrated copies of these genes. Incompletely integrated copies with a partial deletion
remain on a chromosome. The ipt gene in these copies overproduces cytokinin and
inhibits rooting. Transgenic plants with only an exchanged copy were selected as a
normal phenotype on root-inducing hormone-free medium.

Our results indicate that 8% and 17% of independent normal transgenic plants
from randomly selected calluses have a complete exchanged copy in homozygous
and heterozygous conditions, respectively (Fig. 9, 10). Interestingly, the SDI system
can be used to efficiently replace a target gene with a desired gene in a homozygous
condition. Furthermore, the selection efficiency of transgenic plants with an exchanged
copy can be improved by using the codA gene as a negative marker. Thus, this
system may be effective for transformation of cereal crops since seeds that have a
target gene in a homozygous condition are available.



252

HIROYASU EBINUMA

Normally rooted plants were separated and analyzed.

4| 2-1A (heterozygous) I

I 2-1B (homozygous) Ii

/166 buds from 48

per one callus

less nbuds

60 calluses
I | different calluses
4 -

¢ 28D
a5

38 plants from 23
different calluses

&

60 calluses 141 buds from 45

a different calluses

62 plants from 26
different calluses

per one callus

Figure 9. Transformation and selection

Figure 10. Southern analysis
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Abstract. Biotechnology involves the harnessing of natural processes of microbes, plant and animal
cells for the human life. In this chapter, we review the status of biotechnology at the commercial
level, especially the development of genetically modified crops in Asia.

1. INTRODUCTION

Nature and scope of biotechnology have become broader and more complex from
the simple classical fermentation to the modern genetic engineering. The
biotechnology should fulfil the following conditions: increase the crop productivity;
conserve the biodiversity; keep the sustainable agriculture; keep high productivity
even under abiotic and biotic stresses; improve the economical and social benefits;
and alleviate the poverty in the developing countries [1].

In the last decade, Asia has achieved the rapid growth including the biotechnologies
but at a phase lagging behind developed countries. The development of biotechnology is
affected by various factors such as a) funding, b) capabilities, c¢) public awareness,
d) risk management, e) public sector investment in agriculture, f) private sector
investment in biotechnology, g) Overseas Development Administration (ODA) for
biotechnology, and h) intellectual property rights [2]. Development of biotechnology
in Asia has been made possible through the various networking. Some of them are
presented in Table 1 [3]. All networks cited are generally for the development of
biotechnology for a specific commodity. The network can function through
collaborative research, training, and exchange of information. A distinct feature of
the Papaya Biotechnology Network of the Southeast Asia is the involvement of the
private sector which forms a so-called “partnership arrangement”. In this review, we
review the status of biotechnology at the commercial level, especially the
development of genetically modified crops in Asia.
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Table 1. Summary of some networking for biotechnology in Asia.

Extension

Network Lead Year Countries Funding Source
Institution | Estab- Involved
lished
Asian Rice IRRI 1993 | China, Indonesia, Asian Development Bank
Biotechnology Pakistan, (ADB),
Network Philippines, German Gov’t.
Thailand Bundesministerium fur
(full),Vietnam, Technische Zusam
Bangladesh, and minarbeit (BNZ)
Sri Lanka
(Associate)
Asian Maize CMMYT 1998 | China, India, ADB
Biotechnology Indonesia,
Network Philippines,
Thailand
Papaya ISAAA 1998 | Malaysia, Private Sector
Biotechnology Indonesia, “partnership
Network of Philippines, arrangement” 1) delayed
Southeast Asia Thailand, Vietnam | ripening gene of Zeneca
2) PRSV-R gene of
Monsanto
Cassava Int’] Center | 1992 | Asian Countries Netherlands Directorate
Biotechnology | for Tropical General for International
Network (CBN) | Agriculture Cooperation, IDRC
Intermediary Int’l Service | 1993 | China, Indonesia, Governments of Japan
Biotechnology | for National Malaysia, and UK, Netherlands,
Service Agricultural Philippines, Directorate General for
Research Thailand, Taiwan, | International
(ISNAR) Vietnam Cooperation; Swiss
Agency for Development
and Cooperation
Asia Network | ISNAR 1992 | Bangladesh, India, | Appropriate Technology
for Small-scale Indonesia, Nepal, International (ATI)
Agricultural Philippines, Sri
Biotechnology Lanka, Thailand,
(ANSAB) Vietnam
Seed Network | Asia and the | 1999 | Asian Countries FAO
for Asia and Pacific Seed
the Pacific Association
(SNAP) (APSA) and
Thai Depart-
ment of
Agricultural
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2. STATUS OF BIOTECHNOLOGY IN VARIOUS COUNTRIES IN ASIA

China

Based on a report made in 2000 by Dr. Zhangliang Chen, Vice President of Peking
University and Director of the National Laboratory of Protein Engineering and Plant
genetic Engineering, China started the research on transgenic crops in 1983, initiated
the field-test in 1989, and established the Regulatory Office of Genetic Engineering
Safety Administration in 1996. In 1997, Monsanto and the Chinese Academy of
Agricultural Sciences (CAAS) started a commercial production of Bt cotton. This
was followed with commercial production of virus resistant and shelf life- altered
tomato, virus resistant sweet pepper, and flower color-altered petunia. Field trials
and biosafety test for other major crops have been continued. Since 1999, no other
crops have been approved for commercialization due to external, mostly European
pressures.

The amount of biotech products of China is fourth in the world, first the U.S.,
then Argentina, Canada. and China followed. But China has more professionals in
the field than any other country in the world. With the full support by government,
China developed the biotechnology on GM crops very rapidly [4]. While its industry
is at its infancy, 65 GM plants have already been licensed for environmental release.
In comparison, less than 50 GM plants are approved in U.S. A.

In 2002, China grew 2.1 million hectares of transgenic crop (4% of the total
global transgenic crop area) and displayed the highest percentage year-on-year
growth with a 40% increase in its GM crop area of Bt cotton between 2001 and
2002 [1].

Following to the U.S.A., China is second in the production of maize in the world.
Approximately 130 million MT of maize are produced on 25 million hectares. An
average yield loss of 10% by Asian corn borer prompted China to conduct Bt maize
yield trials as early as 1997. Field trials with Bt maize show the yield gains in favor
of Bt maize about 9-23% (1997~2003).

On rice biotechnology, China has three leading institutes, namely China National
Rice Research Institute (CNRRI) in Zhejiang, the National Hybrid Rice Engineering
Technical Centre (NHRETC) in Hunan and the Institute of Genetics and Developmental
Biology (IGDB) in Beijing. The Chinese government has deeply involved in plant
breeding programs to deliver high-yield rice varieties [5].

Indonesia

Indonesian government established the National Committee on Biotechnology in
1988 to prepare the national biotechnology policy and the development program.
The economic crises in 1997 prompted them to make the changes in priorities of
biotechnologies to include: 1) immediate application of existing biotechnology for
food production, 2) strategic research, and 3) increased participation of private
companies. In addition to Universities, various private companies also conducted
biotechnology. Biosafety regulations were established in 1997 covering genetic
manipulation of microbes, plants, fish and livestock, and amended in 1999 to
include plantation and forestry plants and food products [6].
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In 2001, Indonesia started the commercializing of GM cotton. The global
transgenic crop area in 2001 and 2002, were 52.6 and 58.7 million hectares,
respectively. Indonesia grew 1% of global transgenic crops that is ninth among the
top twelve countries. About 2,700 farmers continue to grow Bt cotton in South
Sulawesi, Indonesia [1].

In 2002, Indonesia was the ninth among the top ten countries in maize
production. Among 602 million MT, 9.3 million MT (1.54%) are produced by BT
maize. They were produced by 3.3 out of 140 million hectares (2.36%) and 6.2 out
of 196 million maize farmers (3.15%).

Philippines

Development of transgenic crops such as rice with insect and pathogen resistance,
papaya and mango with delayed ripening trait, papaya with resistance to ring spot
virus, banana with resistance to bunchy top virus, and coconut with modified fatty
acid is ongoing at several institutions [7].

In December, 2002, Monsanto announced the approval of Bt maize containing
the cry1 Ab gene that confers the resistance to Asian corn borer which is a major pest
in most parts of Asia. Bt maize is the first GM crop to be approved in the
Philippines. The approval was made after a series of field trials from 2001.

Singapore

As early as the 1980s, the Institute of Molecular and Cell Biology (IMCB) affiliated
to the National University of Singapore was established. Drug companies such as
Glaxo/Welcome offered the research funding for studies on the central nervous
system. Other studies are on cell regulation, neurology, recombinant proteins,
DNA/peptide synthesis and sequencing, and HIV. In 1990, Singapore Biolnnovations
(SBI) was established to take the charge of commercialization of local bio-
technology and to attract foreign investors to Singapore.

Thailand

Aas early as 1983, the National Center for Genetic Engineering and Biotechnology
(BIOTECH) was establishe. As of 2000, six limited field trials of Bt corn and Bt
cotton and confined experiments of GM tomato, rice, corn, with various traits had
been conducted in Thailand. Importation of 40 species of GMOs has been allowed
only for experimentation and not commercialization. The government of Thailand
has maintained no commercialization of GM crops as a national policy.

Vietnam

As a result of the economic reforms initiated by the Vietnam government over the
past 10 years, the crop production, especially of rice, increased. The priority
researches in Biotechnology in Vietnam are GM rice, maize, potato, and sweet
potato resistant to pest and diseases, and abiotic stress. The main institutes for
biotechnological research are the Institute of Biotechnology (IBT) at the National
Center of Natural Science and Technology, Institute of Agricultural Genetics (IAG),
and Institute of Agricultural Sciences (IAS) [8].
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In addition to rice and maize, fruits and vegetables such as asparagus and leafy
green vegetables are important targets that should be improved by biotechnology.
Legumes and livestock are also importance. The development of transgenic crops
which could reduce the viral and fungal disease is not well developed, but already
tested at laboratory levels. Various interesting genes have been cloned or imported
from other countries (Table 2) and have been applied to several plants.

The enetic modification is one of important crop biotechnologies which have
been applied on several crop plants (Table 3). To promote the application of
biotechnology in agriculture and health care, the Vietnam government has set up the
fund in the amount of approximately US$ 130M to support the companies who
commercialise the biotechnological products.

Table 2. Genes used in Vietnam for plants (Nguyen, 2000).

Gene Expression Origin

1. Cry IA (a,b,c,d) | Insect resistance Ottawa Univ., Canada
2. GNA Bacterial resistance John Inne Institute, England
3. Xa2l Bacterial resistance UC, Davis, USA

4. Aspl Increase store protein Demegen, USA

5. Chitinase Fungal resistance UG, Belgium

6. P5CS Drought tolerance VUB, Belgium

7. OAT Drought tolerance VUB, Belgium

8. HAL Drought tolerance PUV, Spain

9. Nha Salt tolerance PUV, Spain

10. Bar Herbicide tolerance PMB, France

11. Dhpds Drought tolerance VUB, Belgium

12.CP RSV resistance IBT, Vietnam

13. ACC antisense | Increase shelf-life IBT, Vietnam

14. Chil442 Chilling tolerance IBT, Vietnam

15. Tps Drought tolerance PUV, Spain

16. myb family Rice crop improvement NIAR, Japan

Table 3. Crop biotechnology in Vietnam (Nguyen, 2000).

Crops Biotechnology Crops Biotechnology
Sugarcane Germplasm, borer Soybean | Abiotic stress tolerance, Rhizobia
resistance for Mekong Delta soil
Maize Diagnosis Cassava | Propagation
Potato In Vitro Tuberization | Cotton Transgenic BT plants
Sweet potato BT transgenic plants | Fruits PSV resistance (papaya)
Rice Hybrid, gene transformation
Malaysia

Historically, the development of agricultural biotechnology in Malaysia is divided
into three phases. 1) Establishment Phase (prior to 1995). The basic infrastructures
for molecular and cellular biology laboratories were establishment. These are
Malaysian Research and Development Institute (MARDI), Palm Oil Research
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Institute of Malaysia (PORIM), now Malaysian Palm Oil Board (MPOB), and Rubber
Research Institute of Malaysia (RRIM), now Malaysian Rubber Board (MRB), and
various universities such as Universiti Putra Malaysia (UPM), Universiti
Kabangsaan, Malaysia (UKM), University of Malaysia (UM), and Universiti Sains
Malaysia (USM). 2) Development Phase (1996-2000). The National Biotechnology
Directorate (BIOTEK) was established. BIOTEK promotes the commercialization of
biotechnology. BIOTEK covers the areas of plant-, animal-, food-, environmental/
industrial-, medical-biotechnology, molecular biology and bio-pharmacy. In this
phase, some of pharmaceutical companies have moved to make the biotech-based
pharmaceuticals. Companies involved in agricultural biotechnology are mainly on
plantation (palm oil), herbal-based, and on aquaculture for sustainable fish and
prawn breeding.

Overview of the Development of Biotechnology in Asia

India intends to have a biotechnology policy as quickly as possible to supply the
pest-resistant and drought-resistant seeds with high nutritional values. South Africa
planted 400,000 hectares of GM crops, and a large percentage was grown by
smallholder emergent farmers. GM food had spread throughout the South African
food chain during the past six years and been consumed by 40-million people.
Commercial farmers producing GM maize on dry land realised higher yields on
average of 400 kg/ha. GM cotton farmers producing under irrigation also increased
yields by 400 kg/ha. Thus GMO food production is growing worldwide.

The Cartagena Protocol on Biosafety is an international agreement on biosafety.
The protocol makes clear that products from new technologies must be based on the
precautionary principle and allow developing nations to balance public health
against economic benefits. It will for example let countries ban imports of a
genetically modified product if they feel there is not enough scientific evidence the
product is safe. Both development of biotechnology and regulatory frameworks for
assuring food safety are important subjects for future.
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