Vinay Kumar - Shabir Hussain Wani
Penna Suprasanna - Lam-Son Phan Tran
Editors

Salinity

Responses and
Tolerance in Plants,
Volume 2

Exploring RNAi, Genome Editing and
Systems Biology

@ Springer



Salinity Responses and Tolerance in Plants,
Volume 2



Vinay Kumar ¢ Shabir Hussain Wani
Penna Suprasanna ¢ Lam-Son Phan Tran

Editors

Salinity Responses and
Tolerance 1n Plants, Volume 2

Exploring RNAi, Genome Editing and
Systems Biology

@ Springer



Editors

Vinay Kumar Shabir Hussain Wani

Department of Biotechnology Genetics and Plant Breeding

Modern College of Arts Science Mountain Research Center for Field Crops
and Commerce Khudwani, Anantnag

Savitribai Phule Pune University Sher-e-Kashmir University of Agricultural
Pune, India Sciences and Technology of Kashmir

. . mmu and Kashmir, Indi
Department of Environmental Science Jammu and Kas > India

Savitribai Phule Pune University

Pune, India Lam-Son Phan Tran

Stress Adaptation Research Unit
RIKEN Center for Sustainable
Resource Science

Yokohama, Japan

Penna Suprasanna

Nuclear Agriculture and Biotechnology
Division

Bhabha Atomic Research Centre (BARC)
Mumbai, India

ISBN 978-3-319-90317-0 ISBN 978-3-319-90318-7  (eBook)
https://doi.org/10.1007/978-3-319-90318-7

Library of Congress Control Number: 2018937101

© Springer International Publishing AG, part of Springer Nature 2018

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by the registered company Springer International Publishing AG

part of Springer Nature.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-319-90318-7

Preface

Hyper soil salinity has emerged as a key abiotic stress factor and poses serious
threats to crop yields and quality of produce. Owing to the underlying complexity,
conventional breeding programs have met with limited success. The conventional
genetic engineering approaches via transferring/overexpressing a single “direct
action gene” per event did not yield optimal results as expected. Nevertheless, the
biotechnological advents in the last decade coupled with the availability of genomic
sequences of major crops and model plants have opened new vistas for understand-
ing salinity responses and improving salinity tolerance in important glycophytic
crops. Through this two-volume book series entitled “Salinity Responses and
Tolerance in Plants,” we are presenting critical assessments of the potent avenues to
be targeted for imparting salt stress tolerance in major crops in the postgenomic era.

Specifically, this book series is an attempt to update the state-of-the-art on intrin-
sic mechanisms underlying salinity responses and adaptive mechanisms in plants,
as well as novel approaches to target them with assistance of sound biotechnologi-
cal tools and platforms for developing salt-tolerant crops to feed the ever-increasing
global population. Volume 1 deals with plant response to salinity stress and perspec-
tives for improving crop salinity tolerance via targeting the sensory, ion transport,
and signaling mechanisms.

Volume 2 aims at discussing the potencies of postgenomic era tools like DNA
helicases, RNAi, genomics intervention, and systems biology and other potent and
novel approaches enabling the breeders and biotechnologists to develop salt-tolerant
crops in the era of climate change.

This book series is an excellent and comprehensive reference material for plant
breeders, geneticists, biotechnologists, under/postgraduate students of agricultural
biotechnology as well as for agricultural companies, providing novel and powerful
options for understanding and targeting molecular mechanisms for producing salt-
tolerant and high-yielding crops. The chapters are written by internationally reputed
scientists, and all the chapters underwent review process for assuring scientific
accuracy and high-quality presentation.
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Chapter 1

Salinity Responses and Adaptive
Mechanisms in Halophytes and Their
Exploitation for Producing Salinity
Tolerant Crops

Karim Ben Hamed, Amira Dabbous, Hassan El Shaer, and Chedly Abdely

Abstract The increasing salinization of cultivated lands and associated annual
losses in agricultural production require a better understanding of key physiological
mechanisms conferring salinity tolerance in crops. The effective way of gaining
such knowledge comes from studying halophytes. Halophytes have the advantages
of tolerating and even benefitting from salt concentrations that kill most crop spe-
cies. This review summarized the main strategies of resistance of halophytes to salt
stress and the specificities in their responses that distinguish them from glycophytes.
Many studies showed that the superior salinity tolerance in halophytes is mainly
attributed to a set of complementary and well-orchestrated mechanisms for ion,
osmotic and reactive oxygen species (ROS) homeostasis. We also gave special
attention to the acclimation in halophytes that allows plants to improve stress toler-
ance to salt at a later period of plant growth. Armed with such information on halo-
phytes, it will be possible to produce salt tolerant crops through genetic modification,
priming and effective breeding strategies.

Keywords Halophytes - Signalling - Salinity - Priming - Osmolytes - ROS homeo-
stasis - Acclimation - Crops - Vacuolar compartmentation - Gene expression - H,O,
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NHX  Na/H+ exchanger

P5CS  Pyrroline-5-carboxylate synthetase
PDH  Proline dehydrogenase
PLC  Phospholipase C

PLD  Phospholipase D

POD  Peroxidases

ROS  Reactive oxygen species
SOD  Superoxide dismutase
SOS  Salt overly sensitive

TF Transcription factor
VHA  Vacuolar H* ATPase

1.1 Breeding for Salinity Tolerance: Current Stand

Worldwide, salt stress is one of the main environmental constraints that decrease
plant growth and crop productivity. Alarmingly, salinity is increasing particularly in
the most populous and least developed countries, in Central Asia and Africa, where
salinization affects up to 50% of irrigated areas. Every minute, 3 ha are lost for
agriculture due to inappropriate irrigation practices and between 10 and 20 M ha of
irrigated land deteriorates to zero productivity each year (Panta et al. 2014). Most
crop plants like cereals, forages and legumes are very sensitive to the presence of
sodium in the soil. Interestingly some plants called halophytes have developed orig-
inal adaptation to cope with the presence of salt.

The biological approach that consists in improving the performance of cultivated
plants has been proposed as one of the effective means to overcome salinity issue.
For example, the overexpression of genes encoding sodium and potassium trans-
porters like Na/H antiporter or HKT1 genes (Zhang and Blumwald 2001; Ruiz
2002; Shi et al. 2003; Apse and Blumwald 2002; Munns et al. 2012), improved the
growth of some salt sensitive species like rice, tomato, wheat rapeseed and
Arabidopsis under salt stress. Nevertheless, the progress towards improving the salt
tolerance of these crops remains disappointingly slow. Thus, in spite of the fact that
it is not a single crop that can be used seawater salinity (Flowers 2004). The main
reason for this is the multigenic nature of the salt response, which also involves
simultaneous changes at different levels (whole plant, tissues, cells and even organ-
elles). On the other hand, when a gene is over-expressed for example, the effects of
the modification will be attenuated by dilution at whole plant level. Thus, the analy-
sis of several bibliographic data shows that the improvement of tolerance to salinity
is only possible through coupling of genetic approach and functional genomics,
biochemical and physiological approaches of biophysics, ecophysiology taking into
account the interaction of the genome with its environment. The main aim is to look
for mechanisms which extend beyond the cellular scale and which are part of the
whole plant, which amounts to adopting an approach of integrative biology.

Moreover, Thellungiella salsuginea is a halophyte from the eastern coast of
China, very close to Arabidopsis thaliana since the degree of homology of the
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sequences between the two species is about 90%. Thellungiella becomes the
halophyte model for functional genomics. Curiously, very few genes are induced by
salt in this plant. On the other hand, many genes are constitutively expressed at a
level higher than that of Arabidopsis under salinity. Some of these genes are involved
in Na* excretion, antioxidant systems, osmolyte biosynthesis, protection against
desiccation etc. (Taji et al. 2004; Gong et al. 2005).

From the comparison of Arabidopsis and Thellungiella emerges the hypothesis
that halophyte is more salt tolerance is not associated with the acquisition of new
genes but with a change in the regulation of many pre-existing genes, thus the inter-
est of the investigation and the comparative analysis of these regulatory pathways in
plants with the same ability to tolerate salt stress.

In this chapter, we have summarized the main strategies of salt resistance in
halophytes and focus on the special hallmarks that are better activated or pre-
activated to elicit quick and better responses in halophytes than in glycophytes,
resulting in adaptation to saline environment. We continue with some proper
approaches that used halophyte specificities to develop salt tolerant crops.

1.2 Strategies of Salt Resistance in Halophytes

In salty environments, halophytes are experiencing three types of constraints, (1)
Osmotic constraint: the salt causes a lowering of the water potential of the medium
thus disrupting the water supply to the plant. (2) Ion stress associated with toxic
accumulation of Na* and CI~ in tissues. (3) Nutritional stress resulting from the
competition of Na* with the other essential cations K+, Mg*", Ca?* and CI- with
NO;~, H,PO,~ and SO,>". These three stresses have a common denominator is that
they may be responsible for an accumulation of reactive oxygen species (ROS).
Halophytes, plants living in a salt environment, had to develop adaptive mecha-
nisms for these stresses. These adaptations are located at different levels of the
plant, in organs, cells, membranes and at the molecular level (Pitman and Latichli
2002). Two main strategies are adopted by halophytes (Fig. 1.1), depending on
whether they are dicotyledons or monocotyledons, the former adopt an osmotic
regulation strategy (osmotic or tolerance strategy) and the latter adopt an avoidance
strategy. These strategies could not be mutually exclusive, and a particular plant
may use several of these different strategies depending on particular circumstances
(Souid et al. 2016; Shabala and McKay 2011) Fig. 1.2.

1.2.1 Tolerance Strategy or Osmotic Strategy

This strategy is based on a high ability to absorb and transport Na* and C1~ from
the roots to the aerial parts before their accumulation in the vacuoles of the halo-
phytes (Flowers 1985). This salt accumulation may be beneficial to these plants
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Fig. 1.1 Strategies of salt resistance in halophytes. (a) Salt tolerance (b) Salt avoidance

compared to glycophytes since it could lead to a lowering of the water potential of
the cells, which could increase their water supply and reduce sweating. In most
dicotyledonous halophytes, “inclusive” behavior is effective because it is associ-
ated with high growth rates and sequestration of large quantities of inorganic ions
in the vacuole (Flowers and Colmer 2008). Most halophytes used Na* and CI~ for
osmotic adjustment, some others used K* and SO,*>~. However, levels of accumula-
tion depend on species and environmental conditions. The accumulation of Na*
and Cl~in the vacuole also increases stem or leaf succulence. The succulence in
leaves or stems characteristic of numerous halophytes, is associated with an
increase in cell size, a decrease in surface area per tissue volume and a high water
content per unit surface area (Short and Colmer 1999). The increased succulence
being correlated with the water status of the leaves could be interpreted as an adap-
tation in terms of conservation of internal water and dilution of accumulated salts
(Debez et al. 2004).
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Fig. 1.2 Complementary mechanisms for ion homeostasis in the halophyte Cakile maritima
involving V H+-ATPase (at moderate salinity, up to 300 mM NaCl) and PM H+ ATPase (at high
salinity, 300-500 mM NaCl)

1.2.2 Avoidance Strategy

The avoidance of salt requires certain physiological and structural adaptations.
There are two main saline avoidance methods for halophytes. (1) Root exclusion:
Na* is transported in the xylem, transported to the leaves by transpiration, and then
partially recirculated by the phloem to the roots and excreted in the medium (Bradley
and Morris 1991; Berthomieu et al. 2003). (2) Excretion: Some halophytes are
capable to deposit high (molar) amounts of NaCl in specialized external (epidermal)
structures like salt glands and salt bladders (Dassanayake and Larkin 2017; Shabala
etal. 2014). About 50% of all halophyte plants contain salt bladders. With the diam-
eter of the bladder being often 10 times bigger than epidermal cells, each epidermal
bladder cell has about 1000 times larger volume, and hence, could sequester 1000-
fold more Na* compared with leaf cell vacuoles (Shabala et al. 2014). The mecha-
nism of excretion has been described particularly in the case of salt glands. Thus,
the movement of the liquid from the basal cell to the apical cell is done through the
connections of the plasmodesm between the two cells. A solution enriched with salt
is stored in the collecting chamber between the wall of the apical cell and the cuticle
which has peeled off. The latter stretches by bringing the saline solution to the sur-
face of the leaf via small open spaces of the cuticle (Gorham 1996).
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1.3 Learning from Signaling Pathways in Halophytes
in Response to Salinity

The general consensus is that there is nothing really unique to halophytes, neither in
their anatomical features, nor in their physiological mechanisms. The major differ-
ence to glycophytes is how efficiently these mechanisms are controlled in these two
plant groups (Shabala and Mackay 2011; Shabala 2013). The key to improving
salinity stress tolerance in crops may lie in understanding how salt stress-responsive
mechanisms are regulated in halophytes.

1.3.1 Regulation of Ion Homeostasis by SOS Signaling
Pathway in Halophytes

Several studies have established the Salt Overly Sensitive (SOS) pathway as the
canonical model for the mechanism responsible for salt tolerance. The SOS path-
way involves interplay among Na*-H* antiporters for transporting sodium, and the
activation of the kinase that phosphorylates the transporter (Ji et al. 2013). Among
them, SOS1, a plasma membrane Na*-H* antiporter, has been shown to be a critical
component for maintaining salt homeostasis by pumping sodium out of cells upon
activation. Considering the characterization of sodium extrusion based on SOS1 in
the highly sodium-sensitive, glycophytic Arabidopsis, it remained to be studied
whether the SOS pathway, and particularly SOS1, had any function and relevance
for the sodium tolerance of halophytic species. The function of SOS1 in Thellungiella
salsuginea has now been characterized (Bressan et al. 2001; Amtmann 2009) with
special emphasis on intracellular processes that might be altered by the inhibition of
SOSI1 expression. The study identified SOSI1 as an intrinsic part of the halophytic
nature of this species because the down-regulation of SOS1 transcript expression
converted Thellungiella into a glycophytic species (Oh et al. 2009a, b). A computa-
tional analysis of the primary and secondary structures of halophytes and glyco-
phytes showed that no major differences in SOS1 between both groups (Kim and
Bressan 2016). The major difference in Na* tolerance between A. thaliana and
T. salsuginea was due to a much higher Na* influx in A. thaliana. This observation
is consistent with others’ findings that SOS|1 is required for Na* tolerance but over-
expression of SOS1 from either A. thaliana or T. salsuginea does not result in a
major improvement in Na* tolerance (Shi et al. 2003).

1.3.2  Vacuolar Compartmentalization System

The vital control of intracellular sodium concentration for plants coping with salinity
was achieved by intracellular accumulation and compartmentalization of Na* pre-
dominantly in vacuoles, and thereby the cytoplasm keeps tolerable concentrations
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(Shabala 2013; Flowers and Colmer 2008).The sequestration of Na* in the vacuole is
possible thanks to Na*/H* antiporters located in the tonoplast. The great benefit of
the halophytes is that they could have a constitutive expression of this tonoplast anti-
porter and can stimulate their activity under a salt stress (Zhang et al. 2008). The
activity of NHX Na*/H* antiporters which use the pH gradient generated by vacuolar
V H*-ATPases to actively transport Na* against its electrochemical gradient toward
the vacuole (Zhu 2001; Hasegawa 2013). The combined stimulation of these both
transporters seems to be important in the adaptation of halophytes to salt stress (Qiu
et al. 2007). The compartmentalization of Na* in the vacuole contributes not only to
ion homeostasis and cell turgor, it also protects the metabolic enzymes from salt
toxicity (Aharon et al. 2003). The accumulation of Na* and CI~ in the vacuole also
increases stem or leaf succulence. The succulence in leaves or stems characteristic of
numerous halophytes, is associated with an increase in cell size, a decrease in surface
area per tissue volume and a high water content per unit surface area (Short and
Colmer 1999). In C. maritima the Na* concentration of the leaves increased with
increasing NaCl concentration in the medium (Debez et al. 2004) and no salt-related
toxicity symptoms were noted. Moreover high leaf Na* concentration was associated
with increased leaf thickness and succulence (Debez et al. 2006) suggesting the exis-
tence of mechanisms for compartmentalization of Na* in these organs (Fig. 1.2). The
increased succulence of the leaves could be interpreted as an adaptation in terms of
conservation of internal water and dilution of accumulated salts (Koyro and Lieth
2008). Moreover, the increased activity of V H*-ATPases since 300 mM NaCl in C.
maritima leaves has been reported (Debez et al. 2006). This activity could provide
the necessary proton driving force triggering sodium transport towards the vacuole
(Fig. 1.2).

1.3.3 Osmolyte Biosynthesis Pathways: Opposite Regulation
in Halophytes and Glycophytes

In halophytes, the accumulation of glycine betaine and proline two important
organic solutes is involved in osmotic adjustment in response to salt stress (Flowers
and Colmer 2008). Halophytes are more efficient in controlling the catabolism of
the proline and greatly accumulate it in salt stressed cells than glycophytes (Slama
et al. 2015). The leaves and roots of C. maritima present a proline pool similar to A.
thaliana in control situation but after 72 h of salt stress, the leaves of C. maritima
accumulate twofold more proline than A. thaliana and threefold in the roots (Ellouzi
et al. 2014). They have also the ability to accumulate 18-fold more betaine than the
glycophytes (Jdey et al. 2014). Thus, C. maritima could use organic osmolytes in
addition to Na* for osmotic adjustment. It is further noteworthy that glycine-betaine
as proline accumulation could also play a role in ROS homeostasis in halophytes
(Katschnig et al. 2013) and serve in preservation of the structural and functional
integrity at the cellular level (Jdey et al. 2014).The beneficial effect of proline accu-
mulation on salt tolerance has been demonstrated in a range of halophyte species
(Szabados and Savoure 2010; Slama et al. 2015). Thellungiella salsuginea and
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Fig. 1.3 Regulation of proline metabolism in plants. Most data were obtained using Arabidopsis
thaliana and Thellungiella salsuginea. Circles designate enzymes and rectangles the environmen-
tal context; open and black boxes correspond to the signalling pathways demonstrated in A. thali-
ana and T. salsuginea, respectively. Abbreviations: P5CS pyrroline-5-carboxylate synthetase,
ProDH proline dehydrogenase, PLC phospholipase C, PLD, phospholipase D, ROS reactive oxy-
gen species. (Modified from Ghars et al. 2012)

Lepidium crassifolium, two halophytic wild relatives of Arabidopsis, accumulated
more proline under control and salt-stressed conditions (Murakeozy et al. 2003; Taji
et al. 2004; Ghars et al. 2008). Proline hyperaccumulation in 7. salsuginea was
shown to be a result of enhanced proline synthesis via pyrroline-5-carboxylate syn-
thetase (PSCS) and reduced proline catabolism by proline dehydrogenase PDH
(Taji et al. 2004; Kant et al. 2006). Interestingly, in Arabidopsis, phospholipase D
(PLD) functions as a negative regulator of proline accumulation under control con-
ditions (Thiery et al. 2004) whereas phospholipase C (PLC) acts as a positive regu-
lator of proline accumulation during salt stress (Parre et al. 2007). However, this
regulation is opposite in Thellungiella, where PLD functions as a positive regulator
and PLC acts as a negative regulator (Ghars et al. 2012). This opposite regulatory
function exerted by 7. salsuginea on proline accumulation (Fig. 1.3) suggests that
halophytes have a ‘stress-anticipatory preparedness’ strategy (Taji et al. 2004).

1.3.4 ROS Homeostasis

Reactive oxygen species (ROS) are important in the cell for all organisms in their
signaling pathway. But, large accumulation of ROS in the cell triggered an oxidative
stress. This stress is a source of damages as lipid peroxidation, DNA damage, and
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protein denaturation for examples. The sensitivity to ROS seems to be different
between the glycophytes and halophytes. Actually, halophytes endure a higher level
of ROS since high salinity can lead to the formation of ROS. Scavenging of ROS is
thus critical in plant salt tolerance, and accordingly halophytes are equipped with
powerful antioxidant systems, including enzymatic and non-enzymatic components
to regulate the level of ROS in the cell (Bose et al. 2014). Halophytes have the
capacity to use the superoxide dismutase (SOD) at its better yield (Jithesh et al.
2006; Ozgur et al. 2013). This enzyme converts the O, in H,0,, a more stable ROS
that can be next transformed into H,O, thanks to the catalase (CAT) and the peroxi-
dase (POX).

The kinetics of H,0O, signalling appears to be much faster in halophytes than in
glycophytes (Bose et al. 2014). For example, the salt-induced H,0O, accumulation
peaked at 4 h upon salt stress onset in the leaves of a halophyte Cakile maritime and
declined rapidly afterwards. In the glycophyte A. thaliana, however, H,O, continued to
accumulate even after 72 h after salt application (Ellouzi et al. 2011) (Fig. 1.4).
Similarly, salt stress-induced H,O, production was higher in the leaves of a halophyte
(Populus euphratica) in comparison with the leaves of a glycophyte (P. popularis) after
24 h of salinity treatment (Sun et al. 2010), suggesting that elevated H,0O, levels upon
stress exposure are essential to confer salt stress signalling and adaptation to stress in
halophytes. Enhanced H,O, production in the chloroplasts of Thellungiella salsuginea
is pivotal for the “salt stress preparedness” mechanism in this halophyte species
(Wiciarz et al. 2015), consistent with this notion. While (transiently) elevated H,O,
appears to be essential for salt-stress signaling in halophytes, interaction between H,O,
and transition metals (Fe** or Cu**) present in cell walls may result in the generation of
highly reactive hydroxyl radicals (OH') via the Fenton reaction. Hydroxyl radicals
damage cellular structures, decrease cytosolic K*/Na* ratio by directly activating a

A

Superoxyde dismutase
n TN
”
N .

T

Peroxydase A

~ . J
. \T -,
! Ethylene, JA ~. L

Response amplitude

<— Antioxidant enzyme dependant = <— Antioxidant molecules dependant > _.
Time
Phase | Phase Il

Fig. 1.4 Early oxidative burst and coordination of the antioxidant response of C. maritima to salt
stress. Red dotted line: response in absence of salt. ABA abscissic acid, JA jasmonic acid
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range of Na*, K* and Ca**-permeable cation channels and eventually cause cell death
(Demidchik et al. 2010). The abundance of the metal binding proteins (e.g. ferritin) in
specific tissues or cellular compartments controls the concentration of the transition
metal ions available for the Fenton reaction, hence regulates the H,O,-mediated signal
propagation in plants. Salt stress increases ferritin deposits in the leaves of the halo-
phytic Mesembryanthemum crystallinum (Paramonova et al. 2004). Similarly, a green
micro-alga (Dunaliella salina) that grows only under highly saline conditions accumu-
lates large quantities of a triplicated transferrin-like protein (Liska et al. 2004).
Furthermore, there is a transient increase in the transcripts of ferritin gene (Fer/) in the
leaves of a mangrove Avicennia marina 12 h after salt stress (Jithesh et al. 2006). These
observations suggest that halophytes can indeed regulate the propagation of H,O,-
mediated signalling by increasing the abundance of metal binding proteins in all the
tissue/cellular organelles where H,O, accumulates, preventing it from being converted
into hydroxyl radicals.

1.4 Learning from the Acclimation of Halophytes to Their
Natural Biotopes

In saline environments, salinity is heterogenous spatially and temporally. For exam-
ple, halophytes naturally adapted to seasonal salinity fluctuations or unpredictable
changes in salinity, owing to their ability to keep a stress imprint or ‘memory’ that
improved plant responses when challenged by future salt stress events (Ben Hamed
etal. 2013). Our recent studies on the halophyte Cakile maritima, native to Tunisian
coasts, suggest a relatively long-term stress memory in plants pre-exposed to salin-
ity which resulted in a lower oxidative stress when subsequently exposed to salinity
(Ellouzi et al. 2014). This suggests that among the set of defence mechanisms trig-
gered by stress pre-exposure there are imprints which persist for several weeks after
relief of a first stress that allowed stress pre-exposed plants either to prevent and/or
scavenge reactive oxygen species more efficiently than non-pre-exposed plants. As
possible mechanisms for a stress imprint, Bruce et al. (2007) suggested the accumu-
lation of transcription factors or signalling proteins, epigenetic changes including
chemical changes at the DNA (DNA methylation and acetylation), histone modifi-
cation or accumulation of small RNAs.

1.5 How Can We Exploit Regulation Pathways
and Acclimation in Halophytes to Produce Salt Tolerant
Crops?

There are several possible practical ways of increasing the salt tolerance in crop
species. These include: (1) over-expression of genes from halophytes and (2) prim-
ing involving prior exposure to a biotic or abiotic stress factor making a plant more
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resistant to future exposure. Priming can also be achieved by applying natural or
synthetic compounds which act as signalling transducers, ‘activating’ the plant’s
defense system. It appears that each of these approaches targets intracellular K*/Na*
and ROS homeostasis and ion transport across cell membranes, improving the
cytosolic K*/Na* ratio and assisting cell osmotic adjustment (Fig. 1.4).

1.5.1 Over-Expression of Genes from Halophytes in Salt
Sensitive Species

The recent isolation and characterization of salt tolerance genes encoding signalling
components from halophytes has provided tools for the development of transgenic
crop plants with improved salt tolerance and economically beneficial traits (Fig. 1.5).
These genes encode protein implicated in Na* sequestration (H* ATPase, NHX
transporters) and exclusion (SOS1), synthesis of osmolytes, ROS detoxification,
signal perception and regulating factors and other unknown functions (Himabindu
et al. 2016).

Halophytic genes involved in salt tolerance mechanisms have been extensively
studied in various model species (approximately 80 genes), including E. coli, yeast,
Arabidopsis, tobacco and few crop species (only 20 genes) (Himabindu et al. 2016).
Few reports used these genes from monocot halophytes for crop improvement, in
comparison to the studies that used dicot halophytes genes (Himabindu et al. 2016).
For example, vacuolar H*-ATPases encoding genes from dicots halophytes were
proved to be potential key players of salt tolerance in glycophytes. We recently
showed that this gene (LmVHA-E1) is up-regulated in the halophyte Lobularia
maritima under different stress conditions (Dabbous et al. 2017), similar to what
was reported by Mesembryanthemum crystallinum (Kluge et al. 2009), Suaeda
salsa (Ratajczak 2000; Wang et al. 2001) and Tamarix hispida (Gao et al. 2011).
The overexpression of this gene in A. thaliana led to improved stress tolerance to
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salinity and osmotic stress in transgenic plants, mainly associated with reduced
relative water loss and oxidative damages and increased levels of sodium possibly
due to higher H+-ATPase activity compared to the wild-type plants (WT).
Accordingly, the higher levels of expression of different stress related genes such as
AtNHX1 AtP5CS, AtCAT, AtSOD, AtPOD and AtLEA, indicated higher levels of
activities in sodium sequestration into vacuoles, in osmotic regulation and in ROS
scavenging of transgenic plants. Altogether, our results suggest an essential role for
V-H*-ATPase subunit E1 in improving the tolerance of plants not only to to salinity
but also osmotic stress. In another study, Hu et al. (2012) found that tomato plants
overexpressing an MAVHA-B from apple (Malus domestica) exhibited improved
drought-stress tolerance. These results indicate that enhanced vacuolar H+ pumping
in transgenic plants could be an effective approach to improve the drought tolerance
of crops. In addition to their role in ion transport, V-H*-ATPases energize the trans-
port of solutes such as amino acids (proline), betaine, polyols and sugars, across the
tonoplast (Chen and Murata 2002). There is also evidence that the V-ATPase sub-
units may have additional functions independent of proton pumping, thus adding
another layer of complexity to the biology of V-ATPases. For example, VHA-B1 has
been identified in nuclear complexes with hexokinase, and a series of phenotypes of
a vha-B1 mutant indicate that this subunit is involved in glucose signalling (Cho
et al. 2006). According to our results, LmVHA-E1 improved the tolerance of A.
thaliana to mannitol-induced osmotic stress probably through an increased accu-
mulation of compatible solutes like proline, as indicated by an increased expression
of P5CS gene in transgenic lines. Further experiments are needed if a clear conclu-
sion on the relationship between V-H*-ATPases and osmotic stress tolerance is to be
drawn. It is evident from our study and several other reports that the over-expression
of a single gene could impart salt tolerance to plants. But, it is well-known that
salinity tolerance is a multi-gene trait and transformation with more than one gene
will be necessary to meet the requirements to obtain insights into the mechanisms
of tolerance improvement.

1.5.2 H,0, Priming

Several recent studies on plants have demonstrated that pre- treatment with exoge-
nous H,O, can induce salt tolerance (Table 1.1). These findings demonstrate that
H,O, priming can induce tolerance to salinity in plants by modulating physiological
and metabolic processes such as photosynthesis, proline accumulation and ROS
detoxification, and that this ultimately leads to better growth and development.
Importantly, ROS metabolism also plays a pivotal role in the development of stress
and cross stress tolerance.

H,O, priming represents a fruitful area of future research, which should help
plant scientists explore the molecular mechanisms associated with abiotic stress
tolerance and promote a more environmental friendly sustainable agriculture
(Hossain et al. 2015). As shown in previous section, halophytes have mechanisms
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Table 1.1 List of some successful studies showing the ameliorative effect of H,O, priming on the
response of crop species to salinity

Plant Method of application Response to salt stress after pre-treatment | Reference
Rice Low concentrations Greener leaves and a higher photosynthetic | Uchida
(<10 pM) of H,0, or activity increases in ROS scavenging et al.
NO enzyme activities and increased expression | (2002)
of genes encoding pyrroline-5-
carboxylatesynthase, sucrose- phosphate
synthase, and the small heat shock protein
26
Maize 1 uM H,O,for 2 days, By enhancing antioxidant metabolism and | Azevedo-
25 mM for 1, 5 and reducing lipid peroxidation in both leaves Neto et al.
10 days and roots (2005)
Triticum | Seeds were soaked in Lower H202 in seedlings from primed Wahid et al.
aestivum | H;O, (1-120 pM,8 h) seeds, better photosynthesis, maintained (2007)
and subsequently grown | turgor, under salt stress
in saline conditions
(150 mM NaCl)
Hordeum | Seedlings pre-treated Lower CI- leaf content, Higher rates of CO, | Fedina
vulgare with H,O, (1 and fixation and lower malondialdehyde (MDA) | et al.
5 mM), 150 mM NaCl and H,O, contents under salt stress (2009)
for4 and 7d
Wheat H,0, 0.05 pM Enhanced GSH content and increased the Lietal.
activities of APX, CAT, SOD, and POD (2011)
Avena H,0, 0.5 mM Up-regulation of the activities of CAT and | Hossain
sativa SOD et al.
(2015)
Maize Foliar H,0O, priming Less H,0, accumulation and maintenance Gondim
of the leaf RWC and chlorophyll contents et al.(2012,
2013)
Triticum | H,O,: 50, 100 pM Reductions in both Na* and CI- ion levels Ashfaque
aestivum and an increase in proline content and in N | et al.
assimilation. Improved water relations, (2014)
increased levels of photosynthetic pigments
and greater growth rates
Panax 100 pM H,0,, for 2 days | Better seedling growth, and chlorophyll and | Sathiyaraj
ginseng carotenoid contents, lower oxidative stress | et al.
increased activities of APX, CAT, and (2014)

guaiacol peroxidase,

to utilize ROS, especially H,O,, for signaling purposes that confer acclamatory
stress tolerance through the modulation of osmotic adjustment, ROS detoxifica-
tion, photosynthetic C fixation and hormonal regulation (Ben Hamed et al. 2016).
A large number of studies have suggested that H,O, treatment is capable of
inducing salt stress tolerance through the induction of a small oxidative burst.
This burst subsequently activates a ROS-dependent signalling network, thereby
enhancing the accumulation of latent defense proteins, such as ROS-scavenging
enzymes and transcription factors (TFs), resulting in a primed state and an
enhanced stress response (Borges et al. 2014). Many researchers have suggested
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a central role for H,O, in intracellular and systemic signaling routes that increase
tolerance and acclimation to abiotic stresses. Recent findings have shown that
effective ROS signaling may require an increased flux of thiol-dependent anti-
oxidants. With respect to signal transduction, ROS can interact with other signal-
ing pathways, such as the activation of NADPH oxidase dependent or monomeric
G protein; lipid-derived signals; induction of MAPK; redox sensitive TFs; regu-
lation of Ca**; and plant hormone signal transduction. An understanding of the
H,O, physiology of plants, particularly H,O, sensing and the identification of the
components of H,O, signaling network and H,O, cross-talk with other growth
factors, is of practical importance if we aim at improving the performance of
crop plants growing under salt stress conditions.

1.5.3 Salinity Pre-treatment

Plants exposure to low level salinity activates an array of processes leading to an
improvement of plant stress tolerance. This has already been demonstrated for dif-
ferent crop species such as soybean, rice, sorghum, pea and maize (Amzallag et al.
1990; Umezawa et al. 2000; Djanaguiraman et al. 2006, Pandolfi et al. 2012, 2016).
For example, soybean pretreated for 23 days showed a higher survival rate under
severe stress conditions (Umezawa et al., 2000); in rice, 1 week of pretreatment
decreased leaf area and total dry matter production, but improved growth rate and
shoot and root length after 1 week of severe salt treatment (Djanaguiraman et al.
2006); and in sorghum pre-treated plants maintained the same growth rate before
and after the exposure to high level of salt, and they could stand a concentration
much higher than non acclimated plants (Amzallag et al. 1990). In Pisum staivum
and Zea mays, 7 days were enough to activate an array of processes leading to an
improvement of plant stress tolerance (Pandolfi et al. 2012, 2016).

In many studies, acclimation to salinity was reported mainly to be related to
ion-specific rather than osmotic component of salt stress. For example, in Pisum
sativum, although acclimation took place primary in the root tissues, the control
of xylem ion loading and efficient Na* sequestration in mesophyll cells are found
to be important components of this process (Pandolfi et al. 2012). In maize, accli-
mation to salinity is not attributed to better ability of roots to exclude Na*, given
the lack of any significant difference in net Na* fluxes between acclimated and
non-acclimated roots (Pandolfi et al. 2016). These findings are in a full agree-
ment that acclimated plants accumulated more Na* in the shoot compared with
non-acclimated ones, although further investigations are needed in order to
unravel a clear picture of the ionic component of the acclimation mechanisms at
the molecular level. Reported results allow us to suggest that the contribution of
the root SOS1 plasma membrane transporters in this process is relatively minor,
and instead points out at the important role of vacuolar compartmentation of Na*
as a component of acclimation mechanism.
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1.6 Conclusions and Perspectives

There is an urgent need to obtain high salt tolerant crops, because salinity is con-
tinuously spreading, productivity of conventional crop plants is significantly
decreasing and world population is growing. This challenge can be achieved through
the exploitation of halophytes, either through the engineering of their salt tolerance
or miming acclamatory processes in salt sensitive crops. Most studies of halophytes
concentrate on changes in plant physiology and gene expression to understand the
mechanisms of salt tolerance. However adaptation to salinity is also connected with
complex ecological processes within the rhizosphere induced by microorganisms
(procaryotes and fungi) inhabiting roots and leaves of halophytes. It is therefore
necessary to also learn from such microorganisms in order to increase the salt toler-
ance in crop species.
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