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Foreword

Salinity imposes a serious problem to agriculture and biomass production. Several
important crop species are sensitive to increased salinity which results in decreased
photosynthetic performance and lower yield. Increased salinity of arable lands fre-
quently is accompanying drought stress in arid and semiarid areas. On the other
hand there are numerous species which not only tolerate increased salinity but they
need salty soils and waters as their natural environment. Therefore, the under-
standing molecular basis of salt stress and the mechanisms of its tolerance is of
utmost importance. The volume entitled “Ecophysiology and Responses of Plants
under Salt Stress” gives up-dated information about recent achievements and future
trends in research on salt stress in plants. International team of authors contributed
eighteen chapters on various aspects of salt stress in plants, dealing both with the
ecological and physiological responses, biochemical mechanisms, processes of salt
stress damage and factors contributing to its defense and tolerance. The volume
edited by the group of competent Editors brings together recent results in the broad
area of salt stress in plants and gives good overview of the recent literature. In my
opinion the volume is well prepared and necessary on the market and it may be rec-
ommended to researchers and students working in the field of salt stress in plants.

Krakow, Poland Kazimierz Strzatka






Preface

Soil is the soul of life and is an invaluable natural resource. Healthy soil is essential
for high-quality food production. Therefore, it is necessary to maintain soil fertility
for sustainable crop production. Since the cultivable land is declining day by day
because of urbanization, there is need to use the uncultivable land for food produc-
tion to feed teeming population. Changing environment (biotic and abiotic stress)
has a negative impact on the growth and development of the plants. Salinity stress is
one of the major abiotic stresses that limit agricultural yield. Salinity is responsible
for the induction of primary effects like ionic and osmotic stress, which in turn
induce oxidative stress in plants.

In plants exposed to salt stress, all the major processes such as photosynthesis,
protein synthesis, and energy and lipid metabolisms are affected. Reactive oxygen
species (ROS) generated as a result of salt-imposed oxidative stress is highly delete-
rious for plants. ROS destroys the structure and functions of biomolecules such as
membrane lipids, proteins and nucleic acids, and in higher concentrations causes
death of the plant cells. Nonetheless, plants have mechanisms to counteract the
deleterious effects of primary and secondary stresses through the generation of
osmolytes or antioxidants.

This volume consists of 18 chapters which deal with the effect of salt stress on
plants. Chapter 1 deals with the causes and types of salt stress and responses of
plants. Chapter 2 describes how exogenous protectants help plants to withstand the
negative effect of salt stress. Chapter 3 highlights the effect of salt stress on ion
transport, water relations and oxidative damage in plants. Chapter 4 is about symbi-
otic coalition of lichens against salt stress. Chapter 5 deals with the changes in
photosystem II under salt stress. Chapter 6 describes the effect of salt stress on the
root system and its tolerance. Chapter 7 highlights the effect of salt stress on rice
yield and the mechanism of salt tolerance in rice plants. Chapter 8 deals with aqua-
porins’ activity, functions and their role in plant growth and development. Chapter
9 describes production of oil seed crops under salt stress and improving salt toler-
ance by different methods. Chapter 10 narrates the response of tomato plants to

vii



viii Preface

salinity and the role of ABA in plants under salt stress. Chapter 11 deals with changes
of phenolic compound content in various plants under salt stress. Chapters 12 and
13 highlight the role of polyamines in plants under salt stress. Chapter 14 describes
the physiological functions of jasmonates in relation to environmental stress in
plants. Chapter 15 deals with the role of nitric oxide in osmoregulation, ion homeo-
stasis and signalling in plants under salt stress. Chapters 16 and 17 highlight the role
and metabolism of nutrients under salt stress. Chapter 18 describes a case study of
Neretva river valley about soil and water management for sustained agriculture in
alluvial plains and flood plains exposed to salinity.

In this volume, we have tried to provide the readers a background for under-
standing salt stress and tolerance mechanisms in plants. We are thankful to all the
authors for their valuable contributions. We are also thankful to several colleagues
who helped us directly or indirectly in completing this volume. We appreciate
Hanna Smith (Associate Editor, Springer) and Margaret Burns (Developmental
Editor, Springer) for their prompt help, suggestions and punctuality in publication
of this collective volume.

Srinagar, India Parvaiz Ahmad
Qena, Egypt M.M. Azooz
Hyderabad, India M.N.V. Prasad
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Chapter 1
Salt Stress: Causes, Types and Responses
of Plants

Saiema Rasool, Asiya Hameed, M.M. Azooz,
Muneeb-u-Rehman, T.O. Siddiqi, and Parvaiz Ahmad

1.1 Introduction

Abiotic factors like temperature, drought, salt stress, etc. results in the depletion of
large number of food production in today’s world and as a result these global
changes have led to alarmist projections that seem to argue for additional strategies
by which food supply can be guaranteed (Miflin 2000). Moreover, the increased
productivity achieved in irrigated areas still do not benefit people because saliniza-
tion following prolonged irrigation is unavoidable (Flowers and Yeo 1995; Postel
1999). These considerations have aroused strong interest in studying plant abiotic
stress responses. Salinity has severely affected the agricultural productivity and the
damaging effects of salt accumulation have influenced both ancient and modern
civilizations. It is estimated that about 20% of the irrigated land in the present world
is affected by salinity that is exclusively classified as arid and desert lands comprising
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25% of the total land of our planet (Yeo 1999). Saline soils with soluble salts affect
plant growth at various stages leading to yield differences between crops and also
the differences in their ion compositions at maturity. The loss of farmable land due
to salinization directly affects the food requirement of the world population, which
is projected to increase by 8.5 billion over the next 25 years. Since the cultivable
land is declining day by day because of urbanization, there is need to use the uncul-
tivable land for food production to feed teeming population. The maximum area of
uncultivable land belongs to salt affected area. In developed and developing coun-
tries, the intensive use of agricultural practices has led to the degradations of farm-
ing land and water supplies. Preferably, use of crops that tolerate the high levels of
salinity in the soils would be a practical contribution towards addressing the prob-
lem. Most crops tolerate salinity to a threshold level (Khan et al. 2006), a ‘threshold’
for a crop is defined as the value below which crop growth is generally not affected
due to salinity.

According to Flowers et al. (1977) plants can be divided in to glycophytes and
halophytes on the basis of their abilities to grow on different salt concentrations.
Halophytes are the plants that grow and complete their life cycle on high concentration
of salt, e.g. Atriplex, Vesicaria. Majority of the terrestrial plants including agricul-
tural crops are glycophytic and cannot tolerate high concentration of salt. Plant
growth and development is hampered due to salinity stress through: (1) low osmotic
potential of soil solution (water stress), (2) nutritional imbalance, (3) specific ion
effect (salt stress) or (4) a combination of these factors (Ashraf 1994). During the
onset and development of salt stress within a plant, all the major processes such as
photosynthesis, protein synthesis and energy and lipid metabolisms are affected.

Osmotic stress is caused due to the excess of Na* and CI~ in the environment that
decrease the osmotic potential of the soil solution and hence water uptake by the
plant root. During osmotic stress plant also accumulate low molecular mass com-
pounds known as compatible solutes or osmolytes like, proline, protein, mannitol,
sorbitol, glycine betaine, etc. Salt induced osmotic stress is responsible for the oxi-
dative stress caused by reactive oxygen species (ROS).

ROS, such as singlet oxygen (,0%), superoxide ions (O,") and peroxides, the most
widely distributed being hydrogen peroxide (H,0,) are toxic molecules (Apel and
Hirt 2004; Triantaphylides et al. 2008). ROS is capable of inducing damage to
almost all cellular macromolecules including DNA (Jaleel et al. 2007a, b, ¢, 2008;
Tuteja et al. 2009). ROS targets high-molecular mass molecules, such as membrane
lipids or mitochondrial DNA, with the formation of lipid or nucleotide peroxides,
especially at the level of thymine.

The harmful effect of ROS is primarily due to their ability to initiate a variety of
autoxidative chain reactions on unsaturated fatty acids (Smirnoff 2000). Oxidative
attack on proteins results in site specific amino acid modifications, fragmentation of
the peptide chain, aggregation of cross linked reaction products and increased sus-
ceptibility to proteolysis (Ahmad et al. 2010b, c, 2011). ROS can also induce numer-
ous lesions in DNA that cause deletions, mutations and other lethal genetic effects
(Srivalli et al. 2003; Tuteja et al. 2009).
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Table 1.1 Different classes of salinity

Salinity class ECe range (dS/m)
Non-saline 0-2

Low salinity 2-4

Moderate salinity 4-8

High salinity 8-16

Severe salinity 16-32

Extreme salinity >32

The toxic effects of ROS are counteracted by enzymatic as well as nonenzymatic
antioxidative system such as: superoxide dismutase (SOD), catalase (CAT), ascor-
bate peroxidase (APX), glutathione reductase (GR), ascorbic acid (AsA), tocoph-
erol, glutathione and phenolic compounds, etc. (Shi and Zhu 2008; Sharma and
Dietz 2009; Ashraf 2009; Ahmad et al. 2008a, b, 2010a, b, ¢, 2011, 2012b). Normally,
each cellular compartment contains more than one enzymatic activity that detoxifies
a particular ROS.

1.2 Salinity in India and World

In the arid and semi-arid regions, low rainfall coupled with ambiguity of its occur-
rence has been the major limiting factors in crop production. This is mainly true for
India because most of the agricultural productive regions lie in hyper-arid to sub-
humid regions where evaporation far exceeds the rainfall. The data collected for salt
affected areas in different states by Soil Resource Maps has been published by the
NBBS and LUP, Nagpur (Bhargava 2005). The NBSS and LUP (National Bureau of
Soil Survey and Land Use Planning) had mapped saline soils into six classes on the
basis of ECe (electrical conductivity of the saturation extract) viz., slight, moderate,
moderately strong, strong, severe and very severe (Table 1.1). While compiling the
figures for salt affected soils the values for ECe ranging between 2—4 dS/m were
discarded because they constitute non-saline class as per norms evolved by (Richards
1954). Similarly, Bureau categorized the soil sodicity classes in three classes on the
basis of ESP (exchangeable sodium percentage) namely high (< 5), moderate (5-15)
and strong (>15). All the soils with less than 5 ESP have been considered non-sodic
or non-alkali. But all black soils or vertisols with >5 ESP have been considered
sodic or alkali. The Rann of Kutchchh (Bangalore), which has an area of 2.1507
million ha and comprises a saline marsh, has been separated in the Maps published
by the Bureau. The figures so extracted have been presented in Table 1.2.

At global scale more than 77 mha of land are salt affected and about 43 mha are
attributed to secondary salinization as reported by FAO (2007). It is estimated that
about one-third of the irrigated land in the major countries with irrigated agricul-
ture is badly affected by salinity or is likely to be salinized in the near future.
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Table 1.2 Distribution of saline/sodic soils in India (,000 ha)

State Saline Sodic Total
Punjab 10.2 190.9 201.1
Haryana 175.2 255.7 430.9
Rajasthan 490.4 9.5 499.9
Dehli 21.2 Nil 21.2
Uttar Pradesh 128.9 3,394.1 3,523.0
Bihar - 229.0 229.0
West Bengal 377.7 - 371.7
Maharashtra 317.3 114.6 431.9
Andhra Pradesh 312.7 217.2 529.9
Madhya Pradesh 1,743.4 26.6 1,770.0
Karnataka 100.0 10.0 110.0
Orissa 74.5 - 74.5
Tamil Nadu 50.0 46.2 96.2
Goa 1.0 - 1.0

A & N Islands 91.9 - 91.9
Karaikal 1.7 1.8 3.5
Pondicherry 1.5 1.9 34
Kerala 203.3 - 203.0
Jammu & Kashmir 40.0 20.2 60.0
Gujarat 3,598.4 846.2 4,444.6
Rann of Kutchchh 2,150.7 - 2,150.7
Total 9,889.7 5,363.7 15,253.4

Source: (Bhargava 2005)

Current estimates of the salt-affected soils as percent of the irrigated lands for
different countries are: 27% for India, 28% for Pakistan, 13% for Israel, 20% for
Australia, 15% for China, 50% for Iraq, and 30% for Egypt (Stockle 2001). In only
New South Wales (NSW) state of Australia, salinity is estimated to affect 15% of
the irrigated land.

There has been a sequential increase in the level and strength of salinity that
affects soil. A number of major irrigation schemes throughout the world have suf-
fered to some extent from the effect of salinity and/or sodocity. Many once-productive
areas have become salt affected wastelands. Salt related problems occur within the
boundaries of at least 75 countries (Szabolcs 1994). An alphabetical list of the coun-
tries with serious salinity problems include Australia, China, Egypt, India, Iraq,
Mexico, Pakistan, the Soviet Union, Syria, Turkey and the United States (Rhoades
1998). It has been reported by different international organizations like ICID
(International Commission on Irrigation and Drainage), UNEP (United Nations
Environment Programme) and FAO (Food and Agriculture Organization) that salini-
zation and water logging of the soil in arid and semi-arid regions are highly respon-
sible for the loss of agricultural productivity on irrigated land. Therefore, the focus
should be on urgent measures to combat desertification via modification of farming
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techniques and amelioration of salt affected and water logged soils with a resultant
improvement in social and economic conditions of people dependent on agriculture
(Rhoades 1998).

1.3 Causes and Types of Soil Salinity

Salinity has also been categorized as primary and secondary on the basis of their
source of cause. Former occurs as natural salt in the landscape like salt marshes, salt
lakes, tidal swamps or natural salts clads. While as latter results due to human activity
such as urbanization and agriculture (irrigated and dry land). Following are the factors
responsible for soil salinity:

For Primary salinity:

I.  Weathering of rocks

I. Capillary rise from shallow brackish groundwater
III. Intrusion of sea water along the coast

IV. Salt laden sand blown by sea winds

V. Impeded drainage

Secondary salinization is due to human activities like:

I.  Introduction of irrigation without proper drainage system

II. Industrial effluents

III. Overuse of fertilizers

IV. Removal of natural plant cover

V. Flooding with salt rich waters

VI. High water table and the use of poor quality ground water for irrigation

1.3.1 Types of Salinity

There are two types of salt affected soils:

(i) Sodic soils
(i) Saline soils

The main differences between these two lies in the nature of anions and the pH of
the soil. Studies demonstrate that carbonate or bicarbonate ions constitute the sodic
soils with pH above 8.5, whereas chloride or sulphate ion dominates the saline soils
with pH below 8.5. Some plants grow well in salt affected coastal areas, shores of
backwaters lakes and marshy lands. The plants that thrive well in high salt concen-
trations are called halophytes. However, some plants that cannot withstand even
10% of seawater are called glycophytes or non-halophytes (Gorham 1995; Cherian
et al. 1999; Parida and Das 2005; Yadav et al. 2011; Mane et al. 2011).
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1.4 Reclamation and Management Strategies

Reclamation is the process of restoring disturbed land into a cultivable soil. While
as management is the sum total of all procedures to protect soil and increase its per-
formance. This reclamation process of saline soil includes the following methods:

1.4.1 Physical Method

Physical method of reclamation of saline soil includes the following processes:

1.4.1.1 Scarping

Scraping is the temporary method for soil reclamation in which salt layer of soil
surface is scrapped off by mechanical means and the lower layer with less salt con-
tent is used for cultivation. Since, with the lowering of ground level in relation to
water table salt accumulates again, this method has resulted in limited success.
Thus, it again intensifies the problem. This method is rarely used because it involves
high cost (Gupta and Gupta 1987).

1.4.1.2 Flushing

Another method of desalinization is to flush the soil with water. In this method
accumulated salt on the surface is washed away by water which is associated with
very low permeability and high salinity content in their surface layer. This method
has little practical significance and shows high efficiency at the beginning but grad-
ually decreases as saline concentration begins to fall.

1.4.1.3 Leaching

In this method, the excess amount of salt can be removed by applying water onto the
soil surface. The soluble salts dissolved and transported through the soil are conse-
quently removed from the root zone through drainage. Nevertheless, the amount of
liquid required for this process varies and depends on the various characteristics of
the soil (Gupta and Gupta 1987). The quantity of soluble salt leached per unit vol-
ume of water applied describes the efficiency of leaching (Tanji 1990) and this
depends on the (a) uptake of water (b) uniformity of distribution of water on the soil
surface, and (c) sufficiency of drainage. The major factors like primary salt content,
soil salinity requirement after leaching and depth of root zone becomes imperative
to provide a reliable estimate of the quantity of water required for leaching. Leaching
of the salts from the soil is usually done by two methods (a) continuous leaching
(b) intermittent leaching.
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Continuous ponding is the traditional method for leaching of salts from surface
irrigated lands (Tanji 1990). In this method of leaching, the water flows in the
macropores with salts in the micropores to diffuse to the mobile water. Being faster,
this method is also extensively used when time becomes the limiting factor.

Intermittent ponding is most effective method for leaching when water is the limiting
factor. Less than 30-35% of water is needed for intermitted ponding than continu-
ous ponding, but the main disadvantage of this method is that it is much slower than
continuous ponding method (Gupta and Gupta 1987).

1.4.2 Chemical Method

Gypsum, sulfuric acid and farm yard manure amendments are applied especially in
sodic or saline sodic soils. Sodic and saline sodic soil reclamation needs a different
approach than saline soils which might be more costly. Furthermore an increase in
the infiltration rates is to be required in sodic soils for reclamation that can be
achieved by mechanical and chemical measures. Gypsum is considered as one of
the most helpful soil amendment to leach out cations (Na*) from the soil. Gypsum
is a slight soluble salt of calcium and sulphate and hence it will react slowly with the
soil. The gypsum amount required will vary widely depending on the percentage of
exchangeable sodium and soil texture.

It has been investigated that chemical amendment-based technology has been
established to reclaim the alkali/sodic soils for proper regulation of salts in root
zone (Singh 2009). This includes field leveling, bunding, soil sampling to know the
sodicity status for working out amendment dose application of gypsum/pyrite as per
the need of the soil followed by rice-wheat rotation for 3—4 years including sesbania
as a green manure crop after wheat harvest in April.

1.4.3 Biological Method

Leaching and water quality appears to be limited for the knowledge of soil amend-
ments. By biological reclamation the use of saline wastelands can be made possible
through effective management strategies by using salt tolerant plants. To reclaim
salt affected soils of unproductive agricultural lands by biological means may be a
feasible choice. Agricultural land fed with rain water, lack of irrigation water, shal-
low and brackish groundwater suggests that the salt affected lands may better be
cultivated with crops tolerant to low to moderate saline conditions. Several varieties
of salt tolerant crops like rice, wheat and mustard have been developed with a good
economic yield both in high pH alkali soils and in saline soils (Singh and Sharma
2006). Among these rice varieties like CSR10, CSR13, CSR19, CSR23, CSR27,
and CSR30 can be cultivated in soils with pH ranging from 9.4 to 9.8 and EC values
of 6-11 dSm™". Salt tolerant varieties with their level of tolerance to soil salinity and
alkalinity has been shown in Table 1.3.
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Table 1.3 Suggested salt tolerant varieties

Adaptability

Crop Tolerant varieties Sodic with pH  Saline with EC (dSm™")
Rice CSR 10*, CSR 11, CSR 12, CSR 13*  9.8-10.2 6-11
CSR19, CSR23%, CSR27%, CSR30%, 9.4-9.8 6-11
CSR1,
CSR2, CSR3, CSR4%, CST7-1%, 9.4-9.8 6-9
Wheat KRL 142, WH157 <9.3 6-10
Raj3077, KRL19* <9.3 6-10
Barley DL200, Ratna, BH97, DL.348 8.8-9.3
Indian Pusa Bold, Varuna 8.8-9.2 6-8
Mustard  Kranti, CS52¢, CSTR330-1, 8.8-9.3 6-9
CST609-B 10, CS54¢ 8.8-9.3 6-9
Gram Karnal Chana 1 <9.0 <6.0
Sugar beet Ramonskaaya 06, Maribo 9.5-10 <6.5
Resistapoly
Sugarcane Co453, Col341 <9.0 ECe-10

“Institute varieties released by central varietal released committee.
Source: (Singh 2009)

Physical
method

Chemical
method

— Scraping Amendment

Organic matter
application
-Tree plantation

Biological
method

— Flushing Soil conditioning

— Leaching Mineral fertilizer

Green manuring
Saline agriculture

Fig. 1.1 Integrated management practices for the reclamation of salt affected soils

The biological reclamation techniques provide the earnings to the farmers without
the need of costly drainage and reclamation work. Salt-tolerant trees and shrub
species especially Atriplex, Eucalyptus, Chenopodium, Suaeda, Salicornia, Kochia,
Sesbania, Salsola, Juncus and others can be grown efficiently in those areas of the
land that cannot be restored (Aronson 1985; Le-Houerou 1986). For land reclamation
purpose several investigators have studied the cultivation of salinity and sodocity-
tolerant plants like grasses (Qadir et al. 1996), agronomic and horticultural crops
(Ahmad et al. 1992, 2006, 2008a, b, 2010a, 2012a; Azooz et al. 2011), forest species.
Furthermore this process can be made more effective by combining various amelio-
rative methods. As a result the outcome of this interaction becomes more impressive
rather applied singly (Fig. 1.1).
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1.5 Plant Adaptations to Salt Stress

Under osmotic stress, plants accumulate osmotically active compounds called
osmolytes in order to lower the osmotic potential. These are referred to as com-
patible metabolites because they do not apparently interfere with the normal cel-
lular metabolism of the cell (Ahmad and Sharma 2008; Ahmad and Prasad 2012a, b).
The primary function of compatible solutes is to maintain cell turgor and thus
providing the driving gradient for water uptake. Recent studies indicate that
compatible solutes can also act as free-radical scavengers or chemical chaperones
by directly stabilizing membranes and/or proteins (Mc Neil et al. 1999; Diamant
et al. 2001). Glycerol and sucrose helps by were discovered by empirical meth-
ods to protecting the biological macromolecules against the damaging effects of
salinity. Later, a systematic examination of the molecules, which accumulate in
halophytes and halo-tolerant organisms, led to the identification of a variety of
molecules also able to provide protection (Arabawa and Timasheff 1985;
Wiggins 1990). These molecules are not highly charged, but are polar, highly
soluble and have a larger hydration shell. Such molecules will be preferentially
solubilized in the bulk water of the cell where they could interact directly with
the macromolecules.

1.5.1 Glycine-Betaine

Plants synthesise glycine betaine-a major osmolyte that have been widely observed
in various plant species conferring salt-tolerance (Rhodes and Hanson 1993; Hanson
et al. 1994; Ahmad and Sharma 2008; Chen and Murata 2011; Koyro et al. 2012).
Highly tolerant species, i.e., Spartina and Distichlis show highest accumulation,
low tolerant accumulate average levels while as sensitive one’s show low levels of
accumulation of glycine-betaine (Rhodes et al. 1989). Glycinebetaine is synthesized
from choline in two steps, the first being catalyzed by choline mono-oxygenase
leading to synthesis of betaine aldehyde, which is further oxidized by betaine-aldehyde
dehydrogenase (Ahmad and Sharma 2008; Chen and Murata 2011; Koyro et al.
2012). Genetic evidence showed that glycine-betaine has been obtained to develop
the salinity tolerance for barley and maize (Rhodes et al. 1989; Grumet and Hanson
1986). Among these two plants, isogenic barley lines show different abilities to
adjust osmotically. Transgenic rice plants expressing betaine-aldehyde dehydroge-
nase converted high levels of exogenously applied betaine aldehyde to glycine-
betaine than did wild-type plants. The elevated level of glycinebetaine in transgenic
plants conferred significant tolerance against salt, cold and heat stress (Chen and
Murata 2011). Transgenic plants expressing bacterial gene for the synthesis of GB
is given in table 1.4.
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Table 1.4 Transgenic plants expressing bacterial gene for the synthesis of GB and their tolerance
to salt stress

Gene Plant species Tolerance to Reference

codA Arabidopsis Salt, Chilling stress Hayashi et al. 1997
cox Arabidopsis Salt, drought, freezing Huang et al. 2000
codA Arabidopsis Salt Sulpice et al. 2003
codA Brassica juncea Salt Prasad et al. 2000
codA Diospyras kaki Salt Gao et al. 2000
codA Lycopersicon esculantum Chilling, salt Park et al. 2004

cox Nicotiana tabacum Salt Huang et al. 2000
codA Oryza sativa Salt Mohanty et al. 2002
cox Oryza sativa Salt Su et al. 2006

codA Soalnum tuberosum Salt, drought Ahmad et al. 2008
BADH Nicotiana tabacum Salt Zhou et al. 2008
BADH Nicotiana tabacum Salt Yang et al. 2008
CMO Nicotiana tabacum Salt, drought Zhang et al. 2008
BADH Lycopersicon esculantum Salt Zhou et al. 2007
CMO Oryza sativa Salt Shirasawa et al. 2006
OsCMO Nicotiana tabacum Salt Luo et al. 2012
SoBADH Ipomoea batatas Salt Fan et al. 2012

1.5.2 Polyamines

Any stress factor like osmotic stress, low pH, potassium deficiency, nutrient
deficiency or light leads to accumulation of polyamines. Among polyamines,
putrescine accumulation is correlated with increased argenine decarboxylase
(ADC) activity in oats. Similar studies reports that transgenic carrot cells over
expressing ornithine decarboxylase (ODC) cDNA considerably show that these
cells were significantly more tolerant to both salt stress as well as water stress
(Bohnert et al. 1995). It has been demonstrated that increased ethylene synthesis
and seed germination leads to the suppression of polyamine biosynthesis (Gallardo
etal. 1995). Lin and Kao (1995) observed that spermidine increases and putrescine
decreases in the shoot and roots of rice seedlings and their accumulation including
spermine with ADC activity signifies a specific role in salt-tolerance (Ahmad et al.
2012b). Polyamines such as spermine and spermidine are derived from methionine
and ornithine while as putriscine from arginine. The first step involves the decar-
boxylation of ornithine catalysed by ODC (Ahmad et al. 2012b). Furthermore
polyamines and their corresponding enzyme activities are substantially enhanced
under salt and drought stress (Lefevre and Lutts 2000). Nuclear DNA is found to be
stabilized by histones in eukaryotic organisms while as putrescine and polyamines
take over the role of histones in bacteria besides the regulation of DNA in plant
mitochondria and chloroplasts. Moreover polyamines stimulate several protein
biosynthesis mostly through nucleic acid interaction. They also play a key role in
stabilization of bio-membranes.
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Fig. 1.2 Multiple function of
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1.5.3 Proline

Proline plays a key role in osmoregulation in plants subjected to hyperosmotic
stresses, primarily drought and salinity stress (Ahmad and Jhon 2005; Ahmad et al.
2006, 2010a, 2012a; Ahmad and Sharma 2010). Accumulation of proline is a means
of adaptation to abiotic stress and has been observed in rye grass for the first time
by Kemble and MacPherson (1954). There are various other compatible solutes
including glycine betaine (Mc Cue and Hanson 1990), and polyols that have been
shown to accumulate in plants subjected to osmotic stress conditions (Adams et al.
1992). Proline accumulation influences stress tolerance in different ways (Fig. 1.2).
Proline acts as a molecular chaperone protecting protein integrity and thereby
increase the activities of many enzymes. Besides plants, proline accumulation has
been found most widely distributed osmolyte in eubacteria, protozoa, marine inver-
tebrates and algae (Mc Cue and Hanson 1990). Investigations shows that enhance-
ment of proline is due to the stimulation of biosynthetic pathway in plants. Glutamate
or ornithine is utilized for the synthesis of proline, glutamate being the primary
precursor in osmotically stressed cells (Ahmad and Sharma 2008; Koyro et al.
2012). Transcripts corresponding to both cDNAs that accumulate against NaCl
stress are found to play a regulatory key to build up strategies for overproduction of
proline in a selected plant species. Furthermore the intermediates of proline biosyn-
thetic pathways also enhance the expression of numerous genes that are regulated
osmotically in rice (Iyer and Caplan 1998). Evidence also shows that proline degra-
dation in the mitochondria is linked to respiratory electron transport system as well
as ATP production. Expression of P5SCS transgenic rice from moth-bean led to
stress-induced overproduction of the P5SCS enzyme and proline accumulation in
transgenic rice plants under the control of an inducible promoter. While as second
generation (RI) transgenic plants observed an enhancement of biomass in response
to salt and water stress (Zhu et al. 1998.). Table 1.5 shows response of different
plants towards proline accumulation under salt stress.
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Table 1.5 Responses of biochemical attributes under salt stress

S. Rasool et al.

Response to

Species salinity References
Soluble Pisum sativum Increase Ahmad and Jhon 2005
protein Oryza sativa Decrease Alamgir and Ali 1999
Vicia faba Decrease Gadallah 1999
Amaranthus tricolor Decrease Wang and Nil 2000
Bruguiera parviflora Decrease Parida et al. 2002
Pancratium maritimum Increases at low  Khedr et al. 2003
salinity
Decrease at high
salinity
Arabidopsis thaliana Increase Quintero et al. 1996
Morus alba Increase Ahmad and Sharma 2010
Brassica juncea var. Bio902  Increase Mittal et al. 2012
Brassica juncea var. Urvashi ~ Decrease Mittal et al. 2012
Beta vulgarus Decrease Jamil et al. 2012a
Oryza sativa Decrease Jamil et al. 2012b
Portulaca oleraceae Decrease Rahdari et al. 2012
Setaria italica Increase Hendawy et al. 2012
Portulaca oleraceae Increases Rahdari et al. 2012
Prunus species Decrease Sorkheh et al. 2012
Borago officinalis Decrease Enteshari et al. 2011
Proline Pisum sativum Increase Ahmad and Jhon 2005
Portulaca oleraceae Increases Rahdari et al. 2012
Matricaria chamomilla Increases Heidari and Sarani 2012
Borago officinalis Increases Enteshari et al. 2011
Brassica juncea var. Bio902  Increase Mittal et al. 2012
Brassica juncea var. Urvashi ~ Decrease Mittal et al. 2012
Suaeda maritima Increase Rajaravindran and
Natarajan 2012
Lycopersicon esculantum Increase Babu et al. 2012
Morus alba Increase Ahmad and Sharma 2010
Carbohydrates  Portulaca oleraceae Increases Rahdari et al. 2012
Matricaria chamomilla Increases Heidari and Sarani 2012
Beta vulgaris L. Increases Dadkhah 2010
Borago officinalis Decrease Enteshari et al. 2011
Prosopis alba Increase in Meloni et al. 2004
soluble
carbohydrate
Morus alba Increase Ahmad and Sharma 2010

1.5.4 Carbohydrates

Osmotic potential accounts more than 50% of sugar in glycophytes subjected to
saline conditions (Cram 1976). Despite a significant decrease in net CO, assimilation
rate its accumulation in plants have been widely reported (Murakeozy et al. 2003).
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Accumulation of carbohydrates plays a central role in osmoprotection, osmotic
adjustment, carbon storage and radical scavenging under salt stress (Ahmad and
Sharma 2008; Koyro et al. 2012). Trehalose, have shown to accumulate and protects
membranes and proteins in cells against water deficit and reduced aggregation of
denatured proteins (Singer and Lindquist 1998). At the same time suppressive effect
has been observed by trehalose on apoptotic cell death (Yamada et al. 2003) sug-
gesting the presence of trace amounts in vascular plants, including major crops,
though the definite role of this osmolyte in metabolism is still unclear.

Role of sugars in adaptation of plants to salinity have been concluded to be uni-
versally associated with salt tolerance. However, this does not signify the role of
indicator for salt tolerance in breeding programs for some species. Table 1.5 shows
response of different plants towards carbohydrate accumulation under salt stress.

1.5.5 Proteins

Salt-induced proteins in plants have been classified into two major groups (Mansour
2000), i.e., salt stress proteins, which accumulate only due to salt stress, and stress
associated proteins, that accumulates in response to various abiotic stress like heat,
cold, drought, water logging, and high and low mineral nutrients. Protein accumula-
tion also provides a storage pool of nitrogen to be re-utilized later (Singh et al. 1987)
and also a key role in osmotic adjustment. Large number of cytoplasmic proteins
cause alterations in cytoplasmic viscosity of the cells stimulated by salinity
(Hasegawa et al. 2000). Proteins have shown to increase on exposure to salt stress
and can be synthesized de novo in response to salt stress or may be present constitu-
tively at low concentration (Pareek et al. 1997). Protein with 26 kDa named as
osmotin have been detected in tobacco in response to salt stress (Singh et al. 1987).
In salt stressed Mesembryanthemum crystallinum another osmotin-like protein was
also observed to increase as compared to non-stressed plants (Thomas and Bohnert
1993). In barley, two 26 kDa polypeptides, identified as germin which is not immu-
nologically related to osmotin, have been found to increase in response to salt stress
(Hurkman et al. 1991). Similar reports have been found in radish with 22 kDa pro-
tein (Lopez et al. 1994). Salt tolerant shows higher soluble proteins than salt sensitive
species of barley (Hurkman et al. 1989), sunflower, finger millet (Uma et al. 1995),
and rice (Pareek et al. 1997). Table 1.5 shows response of different plants towards
protein accumulation under salt stress.

1.6 Reactive Oxygen Species and Antioxidants

Adaptation of the plant cell to high salinity involves osmotic adjustment and the
compartmentation of toxic ions, whereas an increasing body of evidence suggests
that high salinity also induces the generation of reactive oxygen species (ROS) and
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oxidative stress (Savouré et al. 1999; Ahmad et al. 2008a, b, 2010a, b, c, 2011,
2012a). The oxygen in the atmosphere enabled respiratory mechanism and electron
transport system which use molecular oxygen (O) as final electron acceptor, which
led to the formation of ROS in cells (Temple et al. 2005; Ahmad et al. 2008a, b,
2010a, b, ¢, 2011, 2012a). Although, atmospheric oxygen is relatively non-reactive,
it can give rise to reactive oxygen intermediates which include superoxide anion
(0,), hydrogen peroxide (H,0,), hydroxyl radical (OH") and singlet oxygen ('O,)
(Scandalios 2005).

ROS are produced continuously by photosynthesis, photorespiration and CO,
assimilation in plants. ROS will act as damaging, protective or signaling factor
depends on the delicate equilibrium between ROS production and scavenging at the
proper site and time (Ahmad et al. 2008a, b, 2010a). Plant cells have developed a
comprehensive array of antioxidant defense to prevent the formation of ROS or to
limit their damaging effects.

1.6.1 Antioxidants

Salt stress is complex and imposes a water deficit because of osmotic effects on a
wide variety of metabolic activities (Greenway and Munns 1980; Cheeseman 1988).
Although a wide range of genetic adaptations to saline conditions has been observed
and a number of significant physiological responses have been associated with toler-
ance, underlying mechanisms of salt tolerance in plants are still poorly understood.
The effects of various environmental stresses in plants are known to be mediated, at
least in part, by an enhanced generation of reactive oxygen species (ROS) including
‘0,, H,0,, and ‘OH (Hernandez et al. 2000; Benavides et al. 2000; Ahmad et al.
2008a, b, 2010b, c, 2011). These ROS are highly reactive and can alter normal cel-
lular metabolism through oxidative damage to membranes, proteins, and nucleic
acids; they also cause lipid peroxidation, protein denaturation, and DNA mutation
(Imlay 2003; Ahmad et al. 2008a, b, 2010b, ¢, 2011). To prevent damage to cellular
components by ROS, plants have developed a complex antioxidant system. The
primary components of this system include carotenoids, ascorbate, glutathione, and
tocopherols, in addition to enzymes such as superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPX), peroxidases, and the enzymes involved in
ascorbate—glutathione cycle (Foyer and Halliwell 1976), such as ascorbate peroxi-
dase (APX) and glutathione reductase (GR) (Ahmad et al. 2008a, b, 2010b, c, 2011).
Many components of this antioxidant defense system can be found in various sub-
cellular compartments (Hernandez et al. 2000; Ahmad et al. 2011). The scavenging
of ROS by increased activation of antioxidant enzymes can improve salt tolerance
(Alscher et al. 2002). A relationship between salt tolerance and increased activation
of antioxidant enzymes has been demonstrated in Plantago (Sekmen et al. 2007),
pea (Hernandez et al. 2000; Ahmad et al. 2008a, b), Arabidopsis, rice (Dionisio-Sese
and Tobita 2007), tomato, soybean, maize (Azevedo Neto et al. 2006), broad bean
(Azooz et al. 2011), mustard (Ahmad 2010; Ahmad et al. 2010a, 2012a).
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Under salt stress, increase in activity of SOD, APX, GR, DHAR, CAT and POX as
well as higher antioxidant activity in tolerant species/varieties have been reported by
various workers (Ahmad et al. 2010a, 2012a; Azooz et al. 2011; Koyro et al. 2012).

Superoxide dismutase (SOD) is the first defense agent against ROS being the
major scavenger of ‘O,” (Almoguera et al. 1995). High SOD activity protects the
plant against the superoxide radical, it cannot be considered solely responsible for
membrane protection against peroxidation because it converts O~ to H,O,, which
is also a ROS. Current studies have shown that over-expression of mitochondrial
Mn-SOD in transgenic Arabidopsis thaliana (Wang et al. 2004) and chloroplastic
Cu/Zn-SOD in transgenic Nicotiana tabacum (Badawi et al. 2004) can provide
enhanced tolerance to salt stress. Similar results have been found in Morus alba
(Sudhakar et al. 2001; Ahmad et al. 2010a), Triticum aestivum (Sairam et al. 2002),
Lycopersicon sp (Mittova et al. 2002), Pisum sativum (Ahmad et al. 2008a, b), Vicia
faba (Azooz et al. 2011) and Brassica juncea (Ahmad 2010; Ahmad et al. 2010a,
2012a). Earlier studies suggested that the increased SOD activity enables the plant
to resist the potential oxidative damage caused by NaCl salinity exposure (Khan
et al. 2002; Panda and Khan 2003; Ahmad and Umar 2011).

Ascorbate peroxidase is a hydrogen peroxide-scavenging enzyme found in higher
plants, algae, and some cyanobacteria (Asada 1992). Ascorbate peroxidase (APX) is
a multigenic family with various isoforms in which cytosolic APX plays a funda-
mental role in non-photosynthetic tissues, by preventing H,O, dependent inhibition
of cytosolic enzymes (Verniquet et al. 1991). APX in the mechanisms of salt toler-
ance has been substantiated at protein level (Elkahouia et al. 2005; Masood et al.
2006; Koca et al. 2007). APX activity had a key role in response to salt stress in the
comparison of the activities of antioxidant enzymes in salt-sensitive and salt-tolerant
cultivars (Gueta-Dahan et al. 1997; Ahmad et al. 2008a, b, 2010a, 2012a; Ahmad
and Umar 2011).

GR is one of the three enzymes, which catalyze reactions that maintain large
pool of GSH and ascorbate in the H,O, scavenging path way in chloroplasts (Yousuf
et al. 2012). There are reports showing that GR activity increased in NaCl-tolerant
pea variety as compared to NaCl-sensitive pea (Hernandez et al. 2000). The salt
treatment had little effect on the activity of glutathione reductase (Lee et al. 2001),
and it was suggested that its lower activity in the stressed roots could be due to some
acclimation or an inability to maintain a high GSH/GSSG ratio (Mittova et al. 2000;
Khan and Panda 2008).

Catalase is the main scavenger of H,O, in peroxisomes, converting it to water
and molecular oxygen (Willekens et al. 1995). CAT activity has been found to
increase under salt stress in soybean (Comba et al. 1998), tobacco (Bueno et al.
1998), cucumber (Lechno et al. 1997), mulberry (Sudhakar et al. 2001; Ahmad et al.
2010a) and mustard (Ahmad et al. 2012a). Azevedo Neto et al. (2006) also found
higher CAT activity in two maize cultivars differing in salt tolerance.

In plant cells, the most important reducing substrate for H,O, detoxification is
ASC. Ascorbic acid is an important antioxidant, which reacts not only with H,O,
but also with O*~, OH and lipid hydroperoxidases (Reddy et al. 2004; Ahmad et al.
2008a, b, 2010a, b, ¢, 2011). Ascorbic acid can act as the “terminal antioxidant”
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because the redox potential of the AA/monodehydro ascorbate (MDA) pair is lower
than that of most of the bioradicals (Scandalios et al. 1997). Several studies have
revealed that ascorbic acid plays an important role in improving plant tolerance to
abiotic stress (Shalata and Neumann 2001; Athara et al. 2008; Ahmad et al. 2008a,
b, 2009, 2010b, c, 2011; Ahmad and Umar 2011).

Glutathione plays an important role in the protection against oxidative stress
(Ahmad et al. 2008a, b, 2009, 2010b, c, 2011). It is involved in the ascorbate/gluta-
thione cycle and in the regulation of protein thiol-disulphide redox status of plants
in response to abiotic and biotic stress (Mullineaux and Rausch 2005; Yousuf et al.
2012). Ruiz and Blumwald (2002) and Mullineaux and Rausch (2005) reported that
glutathione content in wild canola plants increased under salt stress, this suggests a
possible protective mechanism against salt induced oxidative damage.

1.7 Conclusion and Future Perspective

Plants always experience the fluctuations of environment that causes stress and
leads to crop loss worldwide. Salt stress is one of the most damaging abiotic stresses
caused due various factors including human activities. In arid and semi-arid regions
the salinity is intensified due to fertilizers and irrigation with saline ground water.
Salinity in soils affect water availability due to limitation of water uptake of the
plants. The ions Na* and CI~ also hampers the assimilation, transport and distribu-
tion of essential mineral nutrients within the plant. It has been observed that nutrient
assimilation especially K* and Ca?* is reduced in the rooting medium under high
levels of the NaCl, which ultimately leads to ion imbalances of K*, Ca’** and Mg**
compared to Na*. It has been reported that salinity is responsible for the inhibition
of cell division and cell enlargement in plants. Overall growth of the plant is also
affected with salinity that is why plants showed stunted growth under saline envi-
ronment. Osmotic damage due to osmotic stress could occur as a result of high
concentrations of Na* in the leaf apoplast, since Na* enters leaves in the xylem
stream and is left behind as water evaporates. During stress conditions plants need
to maintain internal water potential below that of soil and maintain turgor and water
uptake for growth. This requires an increase in osmotica, either by uptake of soil
solutes or by synthesis of metabolic (compatible) solutes.

Accumulation of different compatible solutes have been reported during salt
stress in different plants. The compatible solutes protect the plants from stress
through different courses, including contribution to cellular osmotic adjustment,
detoxification of reactive oxygen species, protection of membrane integrity, and sta-
bilization of enzymes/proteins. Some solutes perform an extra function of protection
of cellular components from dehydration injury and are called as osmoprotectants.
These solutes include proline, sucrose, polyols, trehalose and quaternary ammonium
compounds (QACs) such as glycine betaine, alaninebetaine, proline, etc.

Apart from osmotic stress salt is responsible for the generation of ROS in cells
that leads to oxidative stress. The generation of these ROSs is due to the imbalance
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between the production and scavenging machinery of ROS. The unquenched ROS
react spontaneously with organic molecules and cause membrane lipid peroxida-
tion, protein oxidation, enzyme inhibition and DNA and RNA damage.

Under severe stress conditions this ROS ultimately leads to cell death. Plants
have evolved mechanisms that allow them to adapt and survive under abiotic stress.
The production of ROS is however kept under tight control by a versatile and coop-
erative antioxidant system that modulates intracellular ROS concentration and sets
the redox-status of the cell. Plants overexpressing antioxidant enzymes have been
engineered with the aim of increasing stress tolerance by directly modifying the
expression of these ROS scavenging enzymes. Many workers have reported the
positive effects of SOD, CAT, APX, GR, MDHAR, AsA, glutathione, etc. in com-
bating oxidative damage to the cell. There can be no doubt that transgenic plants
will be invaluable in assessing the precise role that main antioxidants and ROS play
in the functional network that controls stress tolerance.

One of the most important problems before the plant biologists is to develop
stress tolerant plants with maximum yield. Since the development of modern bio-
technology, a vast research has been carried out to understand the various approaches
that plants have adopted to overcome the environmental stresses. Transgenic
research proved to be invaluable tool for the development of stress tolerant crops.
The advancement in omics is being used in elucidating important plant processes in
response to various abiotic stresses. The road to engineering such tolerance into
sensitive species is still far from us. Much effort is still required to uncover in detail
each product of genes induced by salt stress and signal transduction pathways. Plant
biologists should look forward for defined set of markers to predict tolerance
towards a particular type of stress with a definite degree of assurance.
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Chapter 2

Plant Response to Salt Stress and Role
of Exogenous Protectants to Mitigate
Salt-Induced Damages

Mirza Hasanuzzaman, Kamrun Nahar, and Masayuki Fujita

2.1 Introduction

World agriculture is facing a lot of challenges like producing 70% more food for an
additional 2.3 billion people by 2050 while at the same time fighting with poverty
and hunger, consuming scarce natural resources more efficiently and adapting to
climate change (FAO 2009). However, the productivity of crops is not increasing in
parallel with the food demand. The lower productivity in most of the cases is attrib-
uted to various abiotic stresses. Curtailing crop losses due to various environmental
stressors is a major area of concern to cope with the increasing food requirements
(Shanker and Venkateswarlu 2011).

As a sessile organism, plants often experience abiotic stress like salinity, drought,
high or low temperature, flooding, metal toxicity, ozone, UV-radiations, herbicides,
etc., which pose serious threat to the crop production (Bhatnagar-Mathur et al. 2008;
Ahmad and Prasad 2012a, b). The complex nature of the environment along with its
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unpredictable conditions and global climate change are increasing gradually which
is creating the situation more adverse (Mittler and Blumwald 2010). Abiotic stresses
remain the greatest constraint to crop production worldwide. It has been projected
that more than 50% of yield reduction is the direct result of abiotic stresses
(Rodriguez et al. 2005; Acquaah 2007). The major abiotic stresses like drought,
high salinity, cold, and heat negatively influence the survival, biomass production
and yield of staple food crops up to 70% (Vorasoot et al. 2003; Kaur et al. 2008;
Ahmad et al. 2010a; Thakur et al. 2010; Mantri et al. 2012; Ahmad et al. 2012);
hence, threaten the food security worldwide.

Salinity is one of the most brutal environmental factors limiting the productivity
of crop plants because most of the crop plants are sensitive to salinity caused by
high concentrations of salts in the soil. A considerable amount of land in the world
is affected by salinity which is increasing day by day. More than 45 million hectares
(M ha) of irrigated land which account to 20% of total land have been damaged by
salt worldwide and 1.5 M ha are taken out of production each year due to high salinity
levels in the soil (Pitman and Léauchli 2002; Munns and Tester 2008). On the other
hand, increased salinity of agricultural land is expected to have destructive global
effects, resulting in up to 50% loss of cultivable lands by the middle of the twenty-
first century (Mahajan and Tuteja 2005). In most of the cases, the negative effects of
salinity have been attributed to increase in Na* and CI- ions in different plants hence
these ions produce the critical conditions for plant survival by intercepting different
plant mechanisms. Although both Na* and CI- are the major ions which produce
many physiological disorders in plants, CI” is the most dangerous (Tavakkoli et al.
2010). Salinity at higher levels causes both hyperionic and hyperosmotic stress
and can lead to plant demise. The outcome of these effects may cause membrane
damage, nutrient imbalance, altered levels of growth regulators, enzymatic inhibition
and metabolic dysfunction, including photosynthesis which ultimately leads to
plant death (Mahajan and Tuteja 2005; Hasanuzzaman et al. 2012a). High salt
concentration in the soil or in the irrigation water can also have a devastating effect
on plant metabolism, disrupting cellular homeostasis and uncoupling major
physiological and biochemical processes. Biochemical and molecular studies of
salt stress responses in plants have revealed significant increases of reactive oxy-
gen species (ROS), including singlet oxygen ('O,), superoxide (O,"), hydroxyl radi-
cal (OH") and hydrogen peroxide (H,O,) (Tanou et al. 2009; Ahmad et al. 2010a,
2012; Ahmad and Umar 2011). However, the effect of salt stress on plants
depends on the concentration and time of exposure of salt, plant genotypes and
environmental factors.

Mechanisms of salt tolerance, not yet completely clear, can be explained to some
extent by stress adaptation effectors that mediate ion homeostasis, osmolyte biosynthesis,
toxic radical scavenging, water transport and long distance response co-ordination
(Hasegawa et al. 2000). However, attempts to improve yield under stress conditions
by plant improvement have been largely unsuccessful, primarily due to the multi-
genic origin of the adaptive responses. Therefore, a well-focused approach combin-
ing the molecular, physiological, biochemical and metabolic aspects of salt tolerance
is essential to develop salt-tolerant crop varieties. Exploring suitable ameliorants
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or stress alleviant is one of the tasks of plant biologists. In recent decades exogenous
protectant such as osmoprotectants (proline, glycinebetaine, trehalose, etc.), plant
hormone (gibberellic acids, jasmonic acids, brassinosterioids, salicylic acid, etc.),
antioxidants (ascorbic acid, glutathione, tocopherol, etc.), signaling molecules (nitric
oxide, hydrogen peroxide, etc.), polyamines (spermidine, spermine, putrescine),
trace elements (selenium, silicon, etc.) have been found effective in mitigating the
saltinduced damage in plant (Hoque et al. 2007; Ahmad et al. 2010a, 2012; Azzedine
et al. 2011; Hasanuzzaman et al. 2011a, b; Hayat and Ahmad 2011; Hossain et al.
2011; Poor et al. 2011; Ioannidis et al. 2012; Nounjan et al. 2012; Rawia et al. 2011;
Igbal et al. 2012; Tahir et al. 2012; Yusuf et al. 2012). These protectants showed the
capacity to enhance the plant’s growth, yield as well as stress tolerance under
salinity.

This chapter provides a comprehensive review of the major responses of plants to
saline environments and the mechanisms by which growth and development and
physiology of plants are affected by salinity. We also discuss the nature and types of
salinity and the possible mechanism of salt stress in plants. Finally, we focus the
issue of using exogenous protectants to mitigate the salt-induced damages in plants.

2.2 Causes and Types of Salinity

Among the abiotic stresses, salinity is the most destructive factor which limits the
crop productivity considerably. A large area of land in the world is affected by salin-
ity which is increasing day by day. Salinity is more prominent problem in irrigated
crop lands. Worldwide, around 17% of the cultivated land is under irrigation and
irrigated agriculture contributes more than 30% of the total agricultural production
(Hillel 2000). It is estimated that at least 20% of total irrigated lands in the world is
salt-affected (Pitman and Lduchli 2002). However, the statistics varies depending
on sources. According to the FAO Land and Nutrition Management Service (2008),
6.5% of the total land in the world is affected by salt (either salinity or sodicity)
which accounts for 831 M ha of land (Table 2.1).

There are different causes of the development of soil salinity. The major forms
are viz. (i) natural or primary salinity and (ii) secondary or human-induced salinity.
Primary salinity is occurred due to the long-term natural accumulation of salts in
the soil or surface water. This is a natural process which is caused mainly by weath-
ering of parent materials containing soluble salts through break down of rocks
containing CI- of Na*, Ca** and Mg** and sometimes SO,> and CO,*". In addition,
deposition of sea salt carried by wind and rain is also a reason, which varies with
the types of soil. Secondary salinity occurs due to anthropogenic activities that
disrupt the hydrologic balance of the soil between water applied (irrigation or rain-
fall) and water used by crops (transpiration) (Munns 2005; Garg and Manchanda
2008). In many irrigated areas, the water table has raised due to excessive amounts
of applied water together with insufficient drainage. Most of the irrigation systems
of the world have caused secondary salinity, sodicity or waterlogging (Garg and
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Table 2.1 Variation in salt-affected areas in the world, in million hectares (M ha)

Saline soils Sodic soils

Region Total area (M ha) M ha % M ha %

Africa 1,899 39 2.0 34 1.8
Asia, the Pacific and Australia 3,107 195 6.3 249 8.0
Europe 2,011 7 0.3 73 3.6
Latin America 2,039 61 3.0 51 2.5
Near East 1,802 92 5.1 14 0.8
North America 1,924 5 0.2 15 0.8
Total 12,781 397 3.1 434 34

Source: FAO land and plant nutrition service (2008)

—Water and salts move upward
stafrom high water table

Fig. 2.1 Salinization in crop lands caused by salty irrigation water or rise of water table with
saline water

Manchanda 2008). In irrigated lands, after irrigation, the water applied to the soil
is consumed by the crop or evaporates directly from the moist soil. The excess salt
is remained and accumulated in the soil which is called salinization (Fig. 2.1a).
It is sometimes recognizable by a whitish layer of dry salt on the soil surface.
In addition, salted groundwater may also contribute to salinization. Due to exces-
sive irrigation and improper drainage the water table rises which allow the salty
groundwater to reach in the upper soil layers and rhizosphere (Fig. 2.1b).

Based on the nature, characteristics and plant growth relationships in salt affected
soils, two main types of soils have been coined by Szabolcs (1974). These are:

A) Saline soils-The soluble salts are chiefly NaCl and Na,SO, and sometimes also
contain appreciable quantities of CI- and SO, of Ca** and Mg**. These soils
contain sufficient neutral soluble salts to pose negative effect on growth of most
crop plants.
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Table 2.2 Classification of water quality based on total salt concentration
(Pitman and Lauchli 2002)

Water designation Total dissolved salts (mg L") EC (dS m™)
Fresh water <500 <0.6
Slightly brackish 500-1,000 0.6-1.5
Brackish 1,000-2,000 1.5-3.0
Moderately saline 2,000-5,000 3.0-8.0
Saline 5,000-10,000 8.0-15.0
Highly saline 10,000-35,000 15.045.0

Table 2.3 Different measures of soil salinity

Measurement and units Application
Conductivity (dS m™) Soils

Conductivity (uS cm™) Irrigation and river water
Total dissolved salts (mg L) Irrigation and river water
Molarity of NaCl (mM) Laboratory

Sodic soils — These soils contain Na* salts capable of alkaline hydrolysis, mainly
Na,CO,. Previously these soils have also been termed as ‘Alkali’.

Further categories of salt-affected soils which, though less extensive, are
commonly found in different parts of the world are:
Acid-sulfate soils: These soils have pH below 3.5 to 4.0 and found within a
50 ¢cm depth that is directly or indirectly caused by H,SO, formed by the oxida-
tion of pyrite (FeS,)) or other reduced S compounds which is accelerated by
brackish and saline mangrove swamps. Apart from high salinity, this soil also
responsible for iron (Fe) and aluminium (Al) toxicities and deficiency of phos-
phorus (P) (Pons 1973; Abrol et al. 1988).
Degraded sodic soils: These soils are an advanced stage of soil development
coming from the washing out of salts. In this process there is a affinity for the
dispersed clay and organic matter to move down the profile resulting in the
formation of a dark, extremely compact layer having a sharply defined upper
surface and merging gradually into the subsoil with increasing depth. These
soils originally had enough exchangeable Na* but that most of this Na* has been
lost through leaching (Abrol et al. 1988).

Based on the salt concentration, the saline water is classified into different types as
presented in Table 2.2.

Soil salinity is measured by electrical conductivity (EC). The international sys-

tem (SI) unit of EC is dS m™!. Salinity is also measured as mM which is vastly used
in laboratory experiment (Table 2.3). In the field, the salinity of soil water or irriga-
tion water is measured in terms of its electrical conductivity or in terms of osmotic
potential. Pure water is a very poor conductor of electric current; the conductivity of
a water sample is due to the ions dissolved in it. Generally, the higher the salt con-
centration in water, the greater it’s electrical conductivity and the lower its osmotic
potential/pressure (Taiz and Zeiger 2006).



30 M. Hasanuzzaman et al.
2.3 Nature and Mechanisms of Salt Stress

Most crops do not grow well on soils that contain salts. One reason is that salt
causes a reduction in rate and amount of water that plant roots can take up from the
soil. Also, some salts are toxic to plants when present in high concentration. The
highly tolerant crops can withstand a salt concentration of the saturation extract up
to 10 gL-'. The moderately tolerant crops can withstand salt concentration up to
5 gL' The limit of the sensitive group is about 2.5 gL' (Brouwer et al. 1985).
Some plants are more tolerant to a high salt concentration than others. Some exam-
ples are given in the Table 2.4.

Some of the negative effects of salinity have been caused mainly by Na* and CI-
ions in plants and these ions produce the decisive conditions for plant survival by
intercepting different plant mechanisms. Plant roots are generally affected due to
Na* and CI™ along with other cations present in the soils in different concentration
(1-150 mM for glycophytes; more for halophytes). However, the uptake of these
ions depends on the plant growth stage, genetic characters and environmental fac-
tors like temperature, relative humidity and light intensity. Excessive amount of salt
in cultivated soils retards the growth, limits economic yield and even lead plants to
death. There are some points at which salt transport is regulated. These are: (i)
selective uptake from the soil solution, (ii) loading of xylem, (iii) removal of salt
from the xylem in the upper part of the plant, (iv) loading of the phloem and (v)
excretion through salt glands or bladders (Munns et al. 2002a, b; Fig. 2.2). For a salt
tolerant plant growing for some time in a soil solution of 100 mM NaCl, the root
concentrations of Na* and CI" are typically about 50 mM, the xylem concentration

Table 2.4 Major crops showing different salt-tolerance levels (Brouwer et al. 1985)

Highly tolerant Moderately tolerant Sensitive
Hordeum vulgare (Barley) Triticum aestivum (Wheat) Pisum sativum (Pea)
Beta vulgaris (Sugarbeet) Lycopersicon esculentum Phaseolus spp. (Beans)
(Tomato)
Gossypium spp. (Cotton) Avena sativa (Oat) Saccharum officinarum
(Sugarcane)
Asparagus spp. Medicago sativa (Alfalfa) Trifolium pratense (Red clover)
Spinacia oleracea (Spinach) Oryza sativa (Rice) Pyrus communis (Pear)
Phoenix dactylifera (Date palm) Zea mays (Maize) Malus domestica (Apple)
Linum usitatissimum (Flax) Citrus aurantium (Orange)

Solanum tuberosum (Potato)  Prunus spp.
Daucus carota (Carrot)
Allium cepa (Onion)
Cucumis sativus (Cucumber)
Punica granatum
(Pomegranate)
Ficus carica (Fig)
Olea europaea (Olive)
Vitis vinifera (Grape)
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Uptake from soil

Fig. 2.2 Transport and regulation of salt in soil-plant system

about 5 mM, and the concentration in the oldest leaf as high as 500 mM (Munns
2002a). The toxic ions move into the plant with the water flow. The ions move from
soil to the vascular system of the root by symplastic and apoplastic pathways. In
symplastic pathway, water enters into the roots through plasma membranes of
epidermis and further cell-to-cell movement occurs through plasmodesmata until
the xylem becomes saturated. In apoplastic pathway, water enters through intracel-
lular spaces to unload the salt in xylem (Fig. 2.2). Differential osmotic potential
is the dynamic force of energy driven pathways, i.e. symplastic, while apoplastic
is a non-energy driven pathway. Hence, based on osmotic potential, plant can con-
trol the toxic ions like Na* to enter into the cell through energy driven pathway
(Garciadeblas et al. 2003).

2.4 Plant Responses to Salt Stress

High salinity causes both hyperionic and hyperosmotic stresses and can lead to
plant death (Hasegawa et al. 2000). It is reported that plants growing under saline
conditions are affected in three ways: reduced water potential in root zone causing
water deficit, phytotoxicity of ions such as Na* and Cl- and nutrient imbalance
depressing uptake and transport of nutrients. Na* competes with K* for binding sites
essential for cellular functions (Munns 2002a). Excess salt concentration also
enhances the osmotic potential of soil matrix which restricts the water uptake by
plants. Sodium is the primary toxic ion, because it interferes with K* uptake as well
as and disturbs stomatal regulation which ultimately causes water loss and necrosis.



32 M. Hasanuzzaman et al.

On the other hand, Cl-induces chlorotic toxicity symptoms due to impaired production
of chlorophyll (Chl). Although both Na* and Cl- are the major ions which produce
many physiological disorders in plants, especially CI-, which is the most dangerous
than Na* (Tavakkoli et al. 2010). In plant cells, Cl- is required for the regulation of
some enzyme activities in the cytoplasm. It is also a co-factor in photosynthesis and
is involved in turgor and pH regulation. However, it is toxic to plants at high concen-
trations, with critical levels for toxicity reported to be 4—7 mg g! for Cl--sensitive
species and 15-50 mg g™!' for Cl-tolerant species (Xu et al. 2000; White and
Broadley 2001). Higher accumulation of CI- led to a significant reduction in growth
and water use efficiency in plants.

2.4.1 Germination

Seed germination is one of the most fundamental and vital phases in the growth
cycle of plants that determine plant establishment and the yield of the crops. The
available literature revealed the effects of salinity on the seed germination of various
crops like Oryza sativa (Xu et al. 2011), Triticum aestivum (Akbarimoghaddam
et al. 2011), Zea mays (Carpici et al. 2009; Khodarahmpour et al. 2012), Brassica
spp. (Ibrar et al. 2003; Ulfat et al. 2007), Glycine max (Essa 2002), Vigna spp.,
(Jabeen et al. 2003) and Helianthus annuus (Mutlu and Buzcuk 2007). It is well
established that salt stress has negative correlation with seed germination and vigor
(Rehman et al. 2000). Higher level of salt stress inhibits the germination of seeds
while lower level of salinity induces a state of dormancy (Khan and Weber 2008).
Salinity have many-fold effects on the germination process: it alters the imbibition
of water by seeds due to lower osmotic potential of germination media (Khan and
Weber 2008), causes toxicity which changes the activity of enzymes of nucleic acid
metabolism (Gomes-Filho et al. 2008), alters protein metabolism (Yupsanis et al.
1994; Dantas et al. 2007), disturbs hormonal balance (Khan and Rizvi 1994), and
reduces the utilization of seed reserves (Promila and Kumar 2000; Othman et al.
2006). It may also negatively affect the ultrastructure of cell, tissue and organs
(Koyro 2002; Rasheed 2009). However, there are various internal (plant) and external
(environmental) factors that affect seed germination under saline conditions which
includes nature of seed coat, seed dormancy, seed age, seed polymorphism, seedling
vigor, temperature, light, water and gasses (Wahid et al. 2011). The germination
rates and percentage of germinated seeds at a particular time varies considerably
among species and cultivars. Liuchli and Grattan (2007) proposed a generalized
relationship between percent germination and time after adding water at different
salt levels (Fig. 2.3).

In Solanum lycopersicum, high concentrations of salt (150 mM NaCl) in the
germination media significantly delays onset and reduced the rate of germination
(Foolad and Lin 1997, 1998). Further investigation in S. lycopersicum, Kaveh et al.
(2011) found a significantly negative correlation between salinity and the rate and
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Fig. 2.3 Relationship between rate of germination and time after sowing at different salinity
levels

percentage of germination which resulted in delayed germination and reduced
germination percentage. Cuartero and Fernandez-Munoz (1999) reported that seeds
need 50% more days to germinate at 80 mM NaCl and about 100% more days at
190 mM NacCl than control. Neamatollahi et al. (2009) reported that increasing of
NaCl concentration in priming treatments reduced germination percentage due to
higher osmotic pressures. Lombardi and Lupi (2006) reported that an increase in
NaCl concentration progressively retarded and decreased germination of Hordeum
secalinum, where 10-day treatment with 400 and 500 mM NaCl caused 40% and
38% reductions in germination rate, respectively. Bordi (2010) reported that the
germination percentage in B. napus significantly reduced at 150 and 200 mM NacCl.
Germination rate also decreased on increasing concentration of salinity levels.
Compared with control, germination percentage and germination speed were
decreased by 38% and 33%, respectively at 200 mM NaCl. This was caused due to
ionic imbalance, osmotic regulation disorders and finally decreased water absorp-
tion by seeds. While studying with four rice cultivars, we observed a significant
reduction in germination rate when exposed to various concentration of salt (30—-150 mM).
However, the sensitive cultivars were more prone to germination reduction under
salt stress (Hasanuzzaman et al. 2009). In Vigna radiata, germination percentage
decreased up to 55% when irrigated with 250 mM NaCl (Nahar and Hasanuzzaman
2009). In a recent study, Khodarahmpour et al. (2012) observed drastic reduction in
germination rate (32%), length of radicle (80%) and plumule (78%), seedling length
(78%) and seed vigor (95%) in Zea mays seeds exposed to 240 mM NaCl.



34 M. Hasanuzzaman et al.

Table 2.5 Time-dependent effect of salinity on plant growth

Time scale Causes Effects

Second to minutes Water stress Morphological: Immediate reduction in
root and leaf elongation rate which is
sometimes partially recoverable.

Cellular: Shrinkage of cell volume followed
by restoration due to regaining turgor

Hours Water stress, Ca* Morphological: Permanent reduction in root
deficiency and leaf elongation
Cellular: Changes rheological behavior of
cell wall
Days Water stress, Ca* Morphological: Reduction in leaf
deficiency emergence, increase in root: shoot ratio
Cellular: Inhibition of cell development
Weeks Water stress, ion toxicity Morphological: Reduced branches/tiller

formation, death of older leaves
Cellular: Alteration of apical development,
excessive accumulation of Na* and CI-
Months Water stress, ion toxicity Morphological: Alteration in flowering time
and reduced seed production. Immature
death of plants
Cellular: Alteration in the development
of reproductive organs, Reduction of
assimilate production

2.4.2 Growth

One of the initial effects of salt stress on plant is the reduction of growth rate.
Salinity can affect growth of plant in various ways. First, the presence of salt in the
soil reduces the water uptake capacity of the plant, and this causes quick reduction
in the growth rate. This first phase of the growth response is due to the osmotic
effect of the soil solution containing salt, and produces a package of effects similar
to water stress (Munns 2002b). The mechanisms by which salinity affects growth of
a plant depend on the time scale over which the plant is exposed to salt (Table 2.5).
Munns (2002b) summarized the sequential events in a plant grown in saline envi-
ronment. He stated that “In the first few seconds or minutes, water is lost from cells
and shrinked. Over hours, cells recover their original volume but the elongation
rates are still reduced which led to lower growth rates of leaf and root. Over days,
cell division rates are also affected, and contribute to lower rates of leaf and root
growth. Over weeks, changes in vegetative development and over months changes
in reproductive development can be seen”. Later on, Munns (2005) developed the
‘two-phase growth response to salinity’ for better understanding the temporal
differences in the responses of plants to salinity (Fig. 2.4). The first phase of growth
reduction is a quicker process which is due to osmotic effect. The second phase, on
the other hand, is much slower process which is due to the salt accumulation in
leaves, leading to salt toxicity in the plants. The later one may results in death of
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Fig. 2.4 Overview of the two-phase growth response to salinity for plant differing in salt
sensitivity

leaves and reduce the total photosynthetic leaf area which reduce the supply of
photosynthate in plants and ultimately affect the yield. With annual species, the
timescale is day or week, depending on species and salinity level. With perennial
species, the timescale is months or year. During phase 1, growth of both genotypes
is reduced due to the osmotic effect of the saline solution adjacent to roots. During
phase 2, leaves of more sensitive genotype are died and the photosynthetic capacity
of the plant is greatly reduced which imposes an additional effect on growth. Upon
addition of salt at one step, the growth rate plummets to zero or below and takes
1-24 h to regain the new steady rate, depending on the extent of the osmotic shock
(Munns 2002a).

In plants, where Na* and CI” build up in the transpiring leaves over a long period
of time, resulting in high salt concentration and leaf death. Leaf injury and death are
attributed to the high salt load in the leaf that exceeds the capacity of salt compart-
mentation in the vacuoles, causing salt to build up in the cytoplasm to toxic levels
(Munns 2002a, 2005; Munns et al. 2006). There are abundant literature indicating
that plants are particularly susceptible to salinity during the seedling and early veg-
etative growth stage. In our study, we observed a remarkable reduction in plant
height and tiller number and leaf area index in O. sativa plants grown in saline soil
(Hasanuzzaman et al. 2009). Under saline condition, some crops are most sensitive
during vegetative and early reproductive stages, less sensitive during flowering and
least sensitive during the seed filling stage. In all these studies, seed weight is the
yield component of interest but similar conclusions regarding growth stage sensitiv-
ity were obtained with both determinate crops (the grain crops) and indeterminate
(cowpea) crops (Laduchli and Grattan 2007). Khatun and Flowers (1995) studied the



36 M. Hasanuzzaman et al.

effect of salinity on sterility and seed set in O. sativa. Salinity increased the number
of sterile florets and viability of pollen, becoming more pronounced with increased
salinity. Seed set was reduced by 38% when female plants were grown in as low as
10 mM NaCl. In Suaeda salsa, plant height, number of branches, length of branches
and diameter of shoot were significantly affected by salt stress which was due to the
increased content of Na* and CI- (Guan et al. 2011). While studying with G. max,
Dolatabadian et al. (2011) observed that salinity stress significantly decreased shoot
and root weight, total biomass, plant height and leaf number. However, leaf area was
not affected by salinity stress.

2.4.3 Photosynthesis

The reduction in photosynthetic rates in plants under salt stress is mainly due to the
reduction in water potential. Photosynthesis is also inhibited when high concentra-
tions of Na* and/or CI™ are accumulated in chloroplasts. As photosynthetic electron
transport is relatively insensitive to salts, either carbon metabolism or photophos-
phorylation may be affected due to salt stress (Sudhir and Murthy 2004). A positive
correlation between salt stress induced photosynthetic rate and yield has been
obtained in different crops (Pettigrew and Meredith 1994; Sudhir and Murthy 2004).
Fisarakis et al. (2001) reported a positive growth inhibition caused by salinity asso-
ciated with a marked inhibition of photosynthesis. However, there are many reports
showing no or little relationship between growth and photosynthetic capacity
(Rogers and Noble 1992; Hawkins and Lewis 1993). In fact, the effect of salinity on
photosynthetic rate depends on salt concentration as well as plant species or geno-
types. There is evidence that at low salt concentration salinity sometimes stimulate
photosynthesis. For instance, in Bruguiera parviflora, Parida et al. (2004) observed
that rate of photosynthesis increased at low salinity while decreased at high salinity,
whereas stomatal conductance remained unchanged at low salinity and decreased at
high salinity. There are some other factors that reduced photosynthetic rates under
salt stress are: enhanced senescence, changes in enzyme activity, induced by altera-
tions in cytoplasmic structure and negative feedback by reduced sink activity
(Iyengar and Reddy 1996). The reduction in stomatal conductance which results in
restricting the availability of CO, for carboxylation reactions is also a factor that
reduces photosynthesis under stress (Brugnoli and Bjorkman 1992). It was reported
that stomatal closure minimizes loss of water through transpiration and this affects
light-harvesting and energy-conversion systems thus leading to alteration in chloro-
plast activity (Iyengar and Reddy 1996). Higher stomatal conductance in plants is
known to increase CO, diffusion into the leaves and thereby favor higher photosyn-
thetic rates. One of the most notable effects of salt stress is the alteration of photo-
synthetic pigment biosynthesis (Maxwell and Johnson 2000). The decrease in Chl
content under salt stress is a commonly reported phenomenon and in various studies
and the Chl concentration were used as a sensitive indicator of the cellular meta-
bolic state (Chutipaijit et al. 2011). In Oryza sativa leaves, the reduction of
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Bl >

Control 150 mM NaCl 300 mM NaCl Control 100 mM NaCl 200 mM NaCl

Fig. 2.5 Salt-induced chlorosis in wheat and rapeseed leaves. Hydropinically grown wheat
(6-day-old) and rapeseed (12-day-old) seedlings were exposed to salt stress for 4 days and 2 days,
respectively

Chl a and b contents of leaves was observed after NaCl treatment (200 mM NacCl,
14 days) where reduction of the Chl b content of leaves (41%) was affected more
than the Chl a content (33%) (Amirjani 2011). In another study, Oryza sativa
exposed to 100 mM NaCl showed 30%, 45% and 36% reduction in Chl a, Chl b and
carotenoids (Car) contents as compared to control (Chutipaijit et al. 2011). Saha
et al. (2010) observed a linear decrease in the levels of total Chl, Chl a, Chl b, Car
and xanthophylls as well as the intensity of Chl fluorescence in Vigna radiata under
increasing concentrations of NaCl treatments. Compared to control, the pigment
contents decreased on an average, by 31% for total Chl, 22% for Chl a, 45% for Chl
b, 14% for carotene and 19% for xanthophylls (Saha et al. 2010). Associated with
the decline in pigment levels, there was an average 16% loss of the intensity of Chl
fluorescence as well. In our recent study, we observed a higher chlorosis in wheat
and rapeseed leaves when subjected to salt stress (Fig. 2.5).

2.4.4 Water Relation

According to Romero-Aranda et al. (2001) increase of salt in the root medium can
lead to a decrease in leaf water potential and, hence, may affect many plant pro-
cesses. Osmotic effects of salt on plants are the result of lowering of the soil water
potential due to increase in solute concentration in the root zone. At very low soil
water potentials, this condition interferes with plant’s ability to extract water from
the soil and maintain turgor. However, at low or moderate salt concentration (higher
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soil water potential), plants adjust osmotically (accumulate solutes) and maintain a
potential gradient for the influx of water. Salt treatment caused a significant decrease
in relative water content (RWC) in sugar beet varieties (Ghoulam et al. 2002).
According to Katerji et al. (1997), a decrease in RWC indicates a loss of turgor that
results in limited water availability for cell extension processes. Steudle (2000)
reported that in transpiring plants, water is thought to come from the soil to the root
xylem through apoplastic pathway due to hydrostatic pressure gradient. However,
under salt stressed condition, this situation changes because of the restricted tran-
spiration. Under these situations, more of water follows cell-to-cell path, flowing
across membranes of living cells (Vysotskaya et al. 2010).

2.4.5 Nutrient Imbalance

It is well-established that crop performance may be adversely affected by salinity-
induced nutritional disorders. However, the relations between salinity and mineral
nutrition of crops are very complex (Grattan and Grieve 1999). The nutritional disorders
may result from the effect of salinity on nutrient availability, competitive uptake,
transport or distribution within the plant. Numerous reports indicated that salinity
reduces nutrient uptake and accumulation of nutrients into the plants (Rogers et al.
2003; Hu and Schmidhalter 2005). However, very few evidences exist that addition
of nutrients at levels above those considered optimal in non-saline environments,
improves crop yield (Grattan and Grieve 1999). In fact, these processes may occur
simultaneously and whether they affect the crop yield or quality depends on the
toxic level, composition of salts, the crop species and surrounding environment
(Grattan and Grieve 1999). Numerous plant studies have demonstrated that salinity
could reduce N accumulation in plants. Decreased N uptake under saline conditions
occurs due to interaction between Na* and NH,* and/or between Cl- and NO," that
ultimately reduce the growth and yield of the crop (Rozeff 1995). This reduction in
NO,™ uptake is associated with Cl- antagonism (Bar et al. 1997) or reduced water
uptake under saline conditions (Lea-Cox and Syvertsen 1993). The availability of P
was reduced in saline soils due to (a) ionic strength effects that reduced the activity
of PO,*, (b) phosphate concentrations in soil solution was tightly controlled by
sorption processes and (c) low solubility of Ca-P minerals. Hence, it is noteworthy
that phosphate concentration in field grown agronomic crops decreased as salinity
increased (Qadir and Schubert 2002). Different plant studies indicated that high
level of external Na* caused a decrease in both K* and Ca?* concentrations in plant
tissues of many plant species (Hu and Schmidhalter 1997, 2005; Asch et al. 2000).
This reduction in K* concentration in plant tissue might be due to the antagonism of
Na* and K* at uptake sites in the roots, the influence of Na* on the K* transport into
xylem or the inhibition of uptake processes (Suhayda et al. 1990). In another study,
Hu and Schmidhalter (1997) also stated that Mg?* concentration decreased due to
salinity in 7. aestivum leaves.
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Fig. 2.6 Relative yield in response to different salinity levels and varying degree of salt tolerance
(Mass 1986)

The availability of micronutrients in saline soils is dependent on the solubility of
micronutrients, the pH of soil solution, redox potential of the soil solution and the
nature of binding sites on the organic and inorganic particle surfaces. In addition,
salinity can differently affect the micronutrient concentrations in plants depending
upon crop species and salinity levels (Oertli 1991). Micronutrient deficiencies are
very common under salt stress because of high pH (Zhu et al. 2004).

2.4.6 Yield

The above mentioned effects of salt stress on plants ultimately lead to reduction of
yield of crop which is most countable effect of salt stress in agriculture. Except some
halophytes, yield of most of the crops reduced greatly due to salt stress. Tolerance
and yield stability are multigenic traits that are complicated to establish in crops
since salt stress may be imposed continuously or intermittently, or become gradually
more severe and at any stage during development (Yokoi et al. 2002). Crop species
have exhibited substantial differences in salt tolerance based on their relative yields.
Relative yield often exhibits a linear decrease after a threshold salinity has been
reached (Fig. 2.6), and salt tolerance has been defined in terms of two parameters: the
threshold electrical conductivity and the percent decrease in relative yield per unit of
electrical conductivity in dS m™ above the threshold. It was observed that relative
yield varied greatly depending on the salinity levels and the degree of tolerance
(Mass 1986). Different yield components of V. radiata were significantly affected by
salinity stress as reported by Nahar and Hasanuzzaman (2009). Number of pods per
plant, seeds per pod and seed weight were negatively correlated with salinity levels.
The reproductive growth of V. radiata was also affected by salinity as the number of
pods per plant substantially decreased with increasing salinity levels. An application
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of 250 mM NaCl reduced 77%, 73% and 66% yield in V. radiata cv. BARI mung-2,
BARImung-5and BARImung-6, respectively over control (Nahar and Hasanuzzaman
2009). This reduction of yield and its component rated under salt stress condition
may also be attributed to low production, expansion, senescence and physiologically
less active green foliage (Wahid et al. 1997), thus reduced photosynthetic rate might
be a supplementary effect (Seemann and Critchley 1985). In O. sativa varieties, grain
yield, which is the ultimate product of yield components is greatly influenced by
salinity levels. The loss of grain yield due to 150 mM salinity are 50%, 38%, 44%
and 36% over control for the cultivars BR11, BRRI dhan41, BRRI dhan44 and BRRI
dhan46, respectively (Hasanuzzaman et al. 2009). The severe inhibitory effects of
salts on fertility may be due to differential competition in carbohydrate supply
between vegetative growth and constrained supply of these to the developing pani-
cles (Murty and Murty 1982). Also reduced viability of pollen under stress condition
could result in failure of seed set (Abdullah et al. 2001). Grain yield reduction of rice
varieties due to salt stress is also reported earlier by Linghe and Shannon (2000) and
Gain et al. (2004). As reported by Greenway and Munns (1980), after some time in
200 mM NaCl, a salt-tolerant species such as sugar beet might have a reduction of
only 20% in dry weight, a moderately tolerant species such as cotton might have a
60% reduction, and a sensitive species such as soybean might be dead. On the other
hand, a halophyte such as Suaeda maritima might be growing at its optimum rate
(Flowers et al. 1986).

2.4.7 Salinity Induced Oxidative Stress

Salt stress can lead to stomatal closure, which reduces CO, availability in the leaves
and inhibits carbon fixation, exposing chloroplasts to excessive excitation energy
which in turn increase the generation of reactive oxygen species (ROS) such as
superoxide (O,"), hydrogen peroxide (H,0,), hydroxyl radical (OHe) and singlet
oxygen (102) (Parida and Das 2005; Ahmad and Sharma 2008; Ahmad et al. 2010a,
2011). On the other hand, as salt stress is complex and imposes a water deficit because
of osmotic effects on a wide variety of metabolic activities (Greenway and Munns
1980; Cheeseman 1988). This water deficit leads to the formation of ROS (Halliwell
and Gutteridge 1985; Elstner 1987). ROS are highly reactive and may cause cellular
damage through oxidation of lipids, proteins and nucleic acids (Pastori and Foyer
2002; Apel and Hirt 2004; Ahmad et al. 2010a, b). In many plant studies, it was
observed that production of ROS is increased under saline conditions (Hasegawa
et al. 2000) and ROS-mediated membrane damage has been demonstrated to be a
major cause of the cellular toxicity by salinity in different crop plants such as rice,
tomato, citrus, pea and mustard (Gueta-Dahan et al. 1997; Dionisio-Sese and Tobita
1998; Mittova et al. 2004; Ahmad et al. 2009, 2010b). Long-term salinity treatments
(EC 5.4 and 10.6 dS m™', 60 days) caused significant increase in H,O, and lipid per-
oxidation in wheat seedlings, which were higher in salt-sensitive cultivar than salt-
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tolerant cultivar (Sairam et al. 2002). In recent study, increased lipid peroxidation
and levels of H,O, was observed with increased salinity in B. napus (Hasanuzzaman
et al. 2011a) and T. aestivum (Hasanuzzaman et al. (2011b).

2.5 Role of Exogenous Protectants to Mitigate
Salt-Induced Damages

Numerous research results have indicated that exogenous application of osmo-
protectants, plant hormones, antioxidants, signaling molecules, polyamines and
trace elements provided significant protection against salt-induced damages in
plants (Table 2.6). These protectants enhanced salt stress tolerance by enhancing
their germination, growth, development, photosynthesis, antioxidative capacities
and yield.

2.5.1 Osmoprotectants

2.5.1.1 Proline

The accumulation of osmolytes such as proline (Pro) is a well-known adaptive
mechanism in plants against salt stress conditions. It has also been suggested that
Pro accumulation can serve as a selection criterion for the tolerance of most species
to stressed conditions (Parida and Das 2005; Ashraf and Foolad 2007; Ahmad et al.
2009). Since the first report on Pro accumulation in wilting perennial rye grass
(Kemble and MacPherson 1954), a number of research works has been carried out
concerning the role of Pro as a compatible osmolyte and osmoprotectant and its
roles in salt stress tolerance. Several studies have attributed an antioxidant feature to
Pro, suggesting ROS scavenging activity and Pro acting as a 'O, quencher (Smirnoff
and Cumbes 1989; Matysik et al. 2002). Working with Arabidopsis mutants, Werner
and Finkelstein (1995) found that a Pro-deficient mutant, selected for its ability to
germinate on saline media, was unable to continue growth on that media because it
could not accumulate Pro to the equivalent level of the wild type. Proline also
induces the expression of salt-stress-responsive proteins and may improve the plant
adaptation to salt-stress (Khedr et al. 2003). They reported that severe salt stress
inhibited the activities of antioxidant enzymes catalase (CAT) and peroxidase (POD)
in Pancratium maritimum plants, but the activities of these enzymes were significantly
higher in the presence of Pro than in its absence. It was expected that up-regulation
of antioxidant system offered by Pro protect plants against NaCl-induced oxidative
damage. Hoque et al. (2008) showed that Pro improves salt tolerance in Nicotiana
tabacum plants by increasing the activity of enzymes involved in the antioxidant
defense system. Earlier, it has been reported that Pro protects higher plants against
osmotic stresses not only by adjusting osmotic pressure but also by stabilizing many
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functional units such as complex II electron transport, membranes, and proteins and
enzymes such as RuBisCo (Hamilton and Heckathorn 2001). Proline perform these
functions by protecting the photosynthetic apparatus (Ashraf et al. 2008), by func-
tioning as an oxygen radical scavenger (Heuer 2003), and by displaying an antioxi-
dant activity (Okuma et al. 2004). While studying with olive trees, Ahmed et al.
(2010) observed that Pro supplements seemed to improve salt tolerance in olive tree
by modulating some antioxidative enzyme activities, photosynthetic activity, and
thus maintained better plant growth and water status. Moreover, the decrease of
soluble sugar content in Pro treated-plants revealed the important osmoprotective
effect played by added Pro. The Pro application mitigated the reduction of growth
and photosynthetic activity under salt stress in olive trees. The increment rate of leaf
RWC in the presence of 25 and 50 mM Pro was 4.45% and 6.67%, respectively, in
comparison to values recorded in 100 mM NaCl-treated plants. In 200 mM NaCl
plus Pro-treated plants, this increase was 1.14 times for 25 mM Pro and 1.19 times
for 50 mM Pro higher than those recorded in severe salt stress treatment (200 mM
NaCl). Deivanai et al. (2011) demonstrated that rice seeds pretreated with Pro (1, 5
and 10 mM) and grown at different NaCl concentrations counteracted the adverse
effect of salt. Pretreatment of Pro with a concentration of 1 mM was found to be
effective and stimulated cellular activities, whereas 10 mM Pro was ineffective in
improving plant growth under high level of salt (300 and 400 mM NaCl).

Hoque et al. (2007) examined the growth and activities of antioxidant enzymes
in tobacco Bright Yellow-2 (BY-2) culture cells in suspension under salt stress and
found that both Pro and betaine mitigated the inhibition of growth of BY-2 cells
under salt stress. Salt stress significantly decreased the activities of superoxide dis-
mutase (SOD), catalase (CAT) and peroxidase (POD) in BY-2 cells. However, exog-
enous application of Pro or betaine alleviated the reduction in CAT and POD
activities but not SOD activity under salt stress. Neither Pro nor betaine directly
scavenged O, or H,O,. They also concluded that the mitigating effect of Pro was
more than that of betaine because of its superior ability to increase the activities of
antioxidant enzymes. Sobahan et al. (2009) further reported that exogenous Pro and
betaine suppressed Na*-enhanced apoplastic flow to reduce Na* uptake in rice
plants. In their study, addition of Pro or betaine to the saline medium suppressed
Na-induced trisodium-8-hydroxy-1,3,6-pyrenetrisulphonic acid (an apoplastic
tracer) uptake and Na* accumulation, while the K* content was slightly increased,
which led to a high K*/Na* ratio under saline conditions. Lima-Costa et al. (2008)
cultured a salt-sensitive Citrus sinensis ‘Valencia late’ cell line which had a lower
growth rate and accumulates Pro when exposed to salt (>200 mM NaCl). However,
the addition of exogenous Pro to this cell line was evaluated in terms of cell metabo-
lism. Thus, a positive influence on the relieve of salt stress symptoms due to the
presence of exogenous Pro 5 mM and 100 mM NaCl was obtained, with increased
growth of this salt sensitive citrus cell line. Yan et al. (2011) found that application
of exogenous 0.2 mM Pro to salinized nutrient solution alleviated the decrease in
fresh and dry weights of Cucumis melo seedlings. Exogenous Pro significantly alle-
viated the decrease of Pn, Fv/Fm, ®PSII and Chl content under saline conditions.
Compared with NaCl alone, exogenous Pro also reduced the O, level and the H,O,
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content which was accompanied by the enhanced activities of SOD, POD, APX,
CAT and DHAR. In a recent study, Nounjan et al. (2012) observed that salt stress
resulted in growth reduction, increase in the Na*/K* ratio, increase in Pro level and
up-regulation of Pro synthesis genes (pyrroline-5-carboxylatesynthetase, PSCS;
pyrroline-5-carboxylate reductase, PSCR) as well as accumulation of H,O,,
increased activity of antioxidative enzymes (SOD, POX, APX, CAT) and transcript
up-regulation of genes encoding antioxidant enzymes (Cu/ZnSOD, MnSOD,
CytAPX, CatC) of O. sativa seedlings. On the other hand, exogenous Pro supple-
mentation under salt stress condition reduced the Na*/K* ratio, further increased the
endogenous Pro and transcript levels of PSCS and P5CR, but decreased the activity
of the antioxidant enzymes. In addition, the transcription of genes encoding several
antioxidant enzymes was upregulated.

2.5.1.2 Glycinebetaine

Glycinebetaine (GB) is a small organic metabolite soluble in water and non-toxic at
high concentrations which can potentially play a protective role against salt stress
(Ashraf and Foolad 2007; Chen and Murata 2008). The major role of GB in plants
exposed to salt is probably protecting cells by osmotic adjustment (Gadallah 1999),
protein stabilization (RuBisCo) (Mikeld et al. 2000), photosynthetic apparatus
protection (Allakhverdiev et al. 2003; Cha-Um and Kirdmanee 2010), and reduc-
tion of ROS (Ashraf and Foolad 2007).

Lutts (2000) suggested that GB may have a positive impact on both absorption
and translocation of monovalent cations in salt-stressed rice plants and that its syn-
thesis by transferring gene coding for choline monooxygenase (CMO) may consti-
tute an interesting goal for genetic engineering in this species. From their study, it
was observed that the presence of GB in nutrient solution had no deleterious effect
on unstressed plants, but it clearly improved surviving percentages and growing abil-
ities of salt-treated plants. The positive effect of exogenous GB was associated with
reduced Na* accumulation and with the maintenance of K* concentration in all parts
of salinized plants. Rahman et al. (2002) reported the beneficial effect of GB on the
ultrastructure of salt-stressed O. sativa seedlings. While exposed to 150 mM NaCl,
the seedlings ultrastructural damages such as swelling of thylakoids, disintegration
of grana staking and intergranal lamellae and disruption of mitochondria have been
reported. However, these damages were largely prevented by pretreatment of plants
with GB. These effects might be due to the production of many vacuoles in the root
cells which acted as store of Na* and prevented its accumulation in the shoots. In
their experiment, Cha-Um and Kirdmanee (2010) applied GB as foliar spray in salt-
sensitive O. sativa plants exposed to 150 mM of NaCl stress. The results showed that
GB treated plants maintained water use efficiency (WUE) and pigment stabilization,
leading to high photosynthetic performance in Chl a fluorescence and CO, assimila-
tion, and increasing plant height under salt stress condition which provided a notion
that exogenous application of GB in optimum doses should be used as a short-term
technique for the improvement of salt tolerance in O. sativa.
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2.5.1.3 Trehalose

Trehalose (Tre) functions as compatible solute and is upregulated in plants under
abiotic stress (Zeid 2009; Lépez-Gémez and Lluch 2012). It plays an osmoprotective
role in physiological responses, enhancing the plant’s tolerance to abiotic stress.
Nounjan et al. (2012) reported that exogenous Tre treatment under salt stress condi-
tion reduced the Na*/K* ratio and strongly decreased endogenous Pro in O. sativa
seedlings. Transcription of PSCS and PSCR was enhanced while the activities of SOD
and POX were decreased and the activity of APX increased and the transcription of all
antioxidant enzyme genes upregulated. However, exogenous Tre did not alleviate
growth inhibition during salt stress. Pre-soaking maize seeds with Tre (10 mM)
showed better performance under salinity stress condition as reported by Zeid (2009).
Trehalose pretreatment alleviated the adverse effects of salinity stress in maize seed-
lings. Hill-reaction activity, photosynthetic pigments and nucleic acids content
increased in response to Tre application. Trehalose treatment also ameliorated salinity
stress through stabilization of plasma membranes by decreasing the rate of ion leakage,
and increasing the ratio of K*/Na* in the leaves of Z. mays seedlings.

However, some results indicated that Tre genetically engineered plants exhibit
altered morphology, possibly caused by toxicity of high trehalose concentrations,
indicating that Tre is a noncompatible solute (Schluepmann et al. 2003; Cortina and
Culianez-Macid 2005). Thus the role of Tre as compatible solute in plants under
abiotic stress is still under discussion. Although transgenic plants with microbial
Tre biosynthesis often lead to developmental aberrations, diverse studies have
shown that Tre accumulation is involved in protecting plants from stress like salinity
(Lépez-Gémez and Lluch 2012). These results are promising for the generation of
crops resistant to stress. Further studies are required for better understanding the
role of Tre in plant protection.

2.5.2 Plant Hormones

2.5.2.1 Abscisic Acid

Abscisic acid (ABA) is an important phytohormone that plays an important role in
response to various abiotic stresses and stress signaling. ABA also play important
roles in many physiological processes like seed dormancy and delays in germination,
development of seeds, acceleration of stomatal closure, synthesis of storage proteins
and lipids, leaf senescence, etc. (Tuteja 2007). One of the major functions of ABA
seems to be the regulation of plant water balance and osmotic stress tolerance.
Although the direct relation between stress tolerance and increased levels of ABA
does not always exist during the last two decades, it has been well established that
ABA is a vital cellular signal that mediates the expression of a number of salt and
water deficit-responsive genes. Koornneef et al. (1998) reported several ABA
deficient mutants viz. abal, aba2 and aba3 in Arabidopsis. ABA deficient mutants
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for N. tabacum, L. esculentum and Z. mays have also been reported (Swamy and
Smith 1999). It was observed that without any stress treatment the growth of these
mutants is comparable to wild type plants. However, under salt stress ABA deficient
mutants showed poor growth (Xiong et al. 2001).

Upon exposure to salinity, plant shows a proportional increase in ABA concen-
tration which is mostly correlated with water potential of leaf or soil. This suggests
that salt-induced endogenous ABA is due to water deficit rather than ionic toxicity
(Zhang et al. 2006a). This may not be similar to the prolonged increasing of endog-
enous ABA levels that can occur in association with slowly increasing salinity
stresses in nature or field situations (Etehadnia et al. 2008). Increase of endogenous
ABA concentration in leaf tissue for salt stressed crop were reported in many plant
studies (Cramer and Quarrie 2002; Kang et al. 2005; Cabot et al. 2009; Atkinson
and Urwin 2012; Babu et al. 2012). Jeschke et al. (1997) reported that the increase
of ABA concentration in the xylem is correlated with reduced leaf conductance and
general inhibition of leaf growth. Salt stress stimulated ABA synthesis in roots and
its xylem transport are well correlated to the stomatal reactions. This may be
explained by the fact, when roots are directly exposed to salt, ABA in roots stimu-
lates ion accumulation in vacuoles which may be necessary for adaptation to saline
conditions (Jeschke et al. 1997). Later, Fricke et al. (2004) observed that ABA
induced the increase of xylem water potential as well as water uptake to the plant
under saline condition.

While studying with salt sensitive (IR29) and tolerant (IR651) varieties of indica
rice (O. sativa) to a range of salinity (0 and 100 mM NacCl), Saeedipour (2011)
observed that tolerance of IR29 to saline stress was generally improved by ABA
treatment and leaf Na* content reduced to their respective control treatment. This
ABA effect was evident in IR29 (sensitive) the ability to recover from stress
increased up to 7-fold. Independent of the saline treatment, the absolute endogenous
leaf ABA content in sensitive variety was significantly more than tolerant one.
However, upon stress, the increase in endogenous ABA synthesis was higher in
tolerant than in sensitive varieties. On the other hand, using inhibitor of ABA
synthesis, the opposite effect was observed in most of the cases. In another experi-
ment, Gurmani et al. (2011) found that the addition of ABA to O. sativa cv. IR-6 has
a significant role in reducing salinity stress. ABA was found to be effective in reduc-
ing Na* and CI- concentrations and Na*/K* ratio, increasing K* and Ca?* concentra-
tions, Pro accumulation, soluble sugar content. Compared to NaCl alone, ABA
treatment increased grain yield by 21%. Keskin et al. (2010) reported that the
MAPK4-like, TIP1 and GLPI genes were induced more rapidly in response to ABA
treatment in 7. aestivum.

2.5.2.2 Indole Acetic Acid

Although there are very few reports regarding the relationship between auxin level
and salt stress in plants as well as the role of auxin in alleviating salt-induced
damages. Some research reports indicated that indole acetic acid (IAA) responded
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to salinity in crop plants. The differences in IAA content under stress conditions
appeared to be similar to those of ABA (Ribaut and Pilet 1991).

A significant decline in the level of IAA in the root system of 7. aestivum plants
under salinity was reported by Sakhabutdinova et al. (2003). Similar reduction of
IAA level after NaCl treatment was reported in O. sativa (Nilsen and Orcutt 1996)
and L. esculentum (Dunlap and Binzel 1996). Pre-soaking 7. aestivum seeds with
TAA alleviated the growth inhibiting effect of salt stress (Sastry and Shekhawa
2001; Afzal et al. 2005). There is a report that an increase in IAA contents promotes
the formation of an attraction signal in the leaf growth zone in response to salt stress
(Akhiyarova et al. 2005). It was reported that germination of wheat seed declined
with higher salinity level, while this adverse effect was reversed by treatment of
seeds with IAA (Gulnaz et al. 1999). Later, Akbari et al. (2007) showed that appli-
cation of auxin increased hypocotyls length, seedling fresh and dry weight and
hypocotyls dry weight of wheat plants under salinity. In Z. mays plants, foliar appli-
cation of TAA, especially at 2 mM, counteracted some of the salt induced adverse
effects by enhancing essential inorganic nutrients as well as by maintaining mem-
brane permeability (Kaya et al. 2009). Exogenous TAA significantly reduced Na*
concentration and increased those of Ca** and K*. Application of IAA also increased
Chl content, RWC and grain yield while electrolyte leakage and Pro content
decreased (Kaya et al. 2009). In contrary, it was observed that when IAA was added
with NaCl, the root growth was inhibited (Jemaa et al. 2011).

2.5.2.3 Gibberellic Acid

Gibberellic acids (also called Gibberellin A3, GA, and GA3) are generally involved
in growth and development; they control seed germination, leaf expansion, stem
elongation and flowering (Magome et al. 2004; Kim and Park 2008). Additionally,
GAs interact with other hormones to regulate various metabolic processes in the
plants. However, many conflicting theories have been put forward concerning their
interactions (Yang et al. 1996; Van Huizen et al. 1997). In order to alleviate deleterious
effects of salinity, different types of phytohormones have been used. Among them,

GA, have been the main focus of some plant scientists. Innumerable works have
conﬁrmed the potential of GA, to synergistically improve crop performance under
normal conditions. In recent decades light has been thrown on the influence of GA,

during salt stress (Kaya et al. 2009). Maggio et al. (2010) reported that GA, treat—
ment in L. esculentum reduced stomatal resistance and enhanced plant Water use at
low salinity. GA -priming-induced increase in T aestivum grain yield was attributed
to the GA,-priming-induced modulation of ions uptake and partitioning (within
shoots and roots) and hormones homeostasis under saline conditions (Igbal and
Ashraf 2010). Under saline conditions, seed germination has been improved by
application of GA, and in this experiment, growth and grain yield of wheat were
decreased with increasing salinity levels, but increased relatively by seed treatment
with GA, (Kumar and Singh 1996). In addition, GAs interacts with other hormones
to regulate various metabolic processes in the plants. In B. juncea, the application of
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10 uM GA, appeared to mitigate the adverse effects of salinity stress on the overall
performance and productivity. Application of GA, significantly increased leaf area,
dry mass, leaf Chl content, stomatal conductance and photosynthesis rate compared
to salt alone (Shah 2007). In another study, application of GA, counteracted the
adverse effects of NaCl salinity on relative water content, electrolyte leakage and
Chl content (Ahmad et al. 2009). GA, was sufficient to attenuate partially the stimu-
latory effect of NaCl supply on Pro and GB biosynthesis in B. juncea (Ahmad
2010). Application of GA, also reduced lipid peroxidation in the leaves, which was
increased during salt stress and thus indicated that application of GA, reduced the
harmful effects of salinity and increased resistance to salinity (Ahmad et al. 2009).
In sugarcane plantlets, foliar application of GA, (100 ppm) play an important role
on imparting salt tolerance in terms of enhancing nutrient uptake, as well as the
morphological and physiological aspects. The inhibition of the growth of sugarcane
plantlets by salt stress was removed by GA,. Exogenous GA also increased sugar
and soluble protein content, while Chl content remained unchanged (Shomeili et al.
2011). The application of GA, reduced the inhibitory effect of NaCl on growth
attributes and photosynthetic pigments in Hibiscus sabdariffa by inducing the
enzyme activity and enhancing RWC and thus GA, helped in the tolerance of plants
to salt stress (Ali et al. 2011). Priming of Beta vulgaris seeds with GA, increased the
final germination percentage and germination rate under saline condition. Priming
is also responsible for the alleviation of adverse effect of salt stress on sugar beet in
terms of root and shoot length and root and shoot fresh weights of plants. (Jamil and
Rha 2007). Hamayun et al. (2010) reported that exogenous GA, also mitigated the
adverse effects of salt stress in Glycine max by regulating the level of phytohor-
mones, thus aids the plant in resuming its normal growth and development.
Phytohormonal analysis of soybean showed that the level of bioactive gibberellins
(GA, and GA ) and jasmonic acid increased in GA, treated plants, while the endog-
enous ABA and salicylic acid (SA) contents declined under the same treatment
(Hamayun et al. 2010). Recently, Igbal and Ashraf (2010) reported that increased
grain yield in Triticum aestivum was attributed to the GA,-priming-induced modu-
lation of ions uptake and partitioning (within shoots and roots) and hormones
homeostasis under saline conditions. However, the mechanisms by which GA -
priming induce salt tolerance in plants are not yet clear. Salinity perturbs the hor-
monal balance in plants. The hormonal homeostasis under salt stress therefore might
be the possible mechanism of GA -induced plant salt tolerance. Igbal and Ashraf
(2010) hypothesized that pre-sowing treatment with GA, could modulate growth by
interacting with other endogenous plant hormones.

2.5.2.4 Jasmonic Acid

Jasmonic acid (JA) and its methyl esters are ubiquitous in plants and have hormone
properties. These are important cellular regulators involved in diverse developmental
processes, such as seed germination, root growth, fertility, fruit ripening, senescence
and stomatal closure (Wasternack and Hause 2002; Cheong and Choi 2003; Hossain
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et al. 2011). Like other phytohormones JA have both synergistic and antagonistic
effects. Jasmonate derivatives induce the accumulation of so-called JA-induced-
proteins that were found in all plant species tested. However, the role of most of the
derivatives of JA is still unclear.

Jasmonates are involved in plant responses to various abiotic stresses and elicit
unique responses (Rohwer and Erwin 2008). There are few reports on the role of
exogenous JA in plant response to salt stress. It has been reported that jasmonate
treatments (or endogenous of these compounds) is accompanied by the synthesis of
abundant proteins in response to abiotic stress, called JIPs (Sembdner and Parthier
1993). Pretreatment of Pisum sativum seedlings with 10 puM JA counteracted the
effect of salt stress by increasing the photosynthesis, RWC and protein content
(Fedina and Tsonev 1997). Exogenously supplied JA itself plays the role of a stressor
that causes typical stress responses like accumulation of free Pro, high photorespira-
tion, etc. Pretreatment with JA also leads to a decrease of Na* and CI- accumulation
in the shoot. This protection established the involvement of MeJA in osmoregula-
tion or osmoprotection based on increased Pro accumulation and decreased ion
accumulation (Fedina and Tsonev 1997). Pedranzani et al. (2003) reported that JA
levels in L. esculentum cultivars changed in response to salt-stress and JA increase
was observed in salt tolerant cultivar from the beginning of salinization, while in
salt sensitive cultivar JA level decreased after 24 h of salt treatment. Exogenous JA
application after salt treatment may change the balance of endogenous hormones,
such as ABA, which provides an important clue for understanding the protection
mechanisms against salt stress (Kang et al. 2005). Seo et al. (2005) reported that
treatment with JA in the presence of salt stress increased the GAs content. However,
endogenous content of bioactive GA| was higher in post-treatment by JA than in
pre-treatment by JA. In G. max, treatment with exogenous JA mitigated the harmful
effect of NaCl (50 mM NaCl). The greatest yield (157% of control) was obtained
from soybean plants sprayed with JA (Sheteawi 2007). JA also reduced the salt
effects on seed carbohydrates, lipids, proteins, N, P and K. Yoon et al. (2009)
observed that pretreatment with MeJA (20 and 30 uM) counteracted the negative
effects of NaCl stress on plant growth, Chl content, leaf photosynthetic rate, leaf
transpiration rate, and Pro content of hydroponically gown G. max seedlings.
Pretreatment with MeJA also significantly increased ABA levels. Kang et al. (2005)
reported that post-application with exogenous JA can ameliorate salt-stressed rice
seedlings, especially the salt-sensitive rather than the salt-tolerant cultivar. However,
there seems to be little information about how salinity affects endogenous JA levels
in plants.

2.5.2.5 Salicylic Acid

Salicylic acid (SA) is a common plant-produced phenolic compound and a potential
endogenous plant hormone that plays an important role in plant growth and devel-
opment. The role of SA is intensively studied in plant responses to biotic stress.
In recent years the involvement of SA in the response to abiotic stresses has widely
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been studied (El Tayeb 2005; Ahmad et al. 2011). However, the actual role of SA in
abiotic stresses remains unresolved. Several methods of application (soaking the
seeds prior to sowing, adding to the hydroponic solution, irrigating, or spraying
with SA solution) have been shown to protect various plant species against abiotic
stress by inducing a wide range of processes involved in stress tolerance mecha-
nisms (Horvath et al. 2007).

El Tayeb (2005) found that SA application to barley induced a pre-adaptive
response to salt stress, enhanced the synthesis of Chl a, Chl b and Car, and main-
tained membrane integrity, leading to improvement of plant growth. SA-pretreated
plants exhibited less Ca?* and more accumulation of K*, and soluble sugars in roots
under saline condition (El Tayeb 2005). Zea mays treated with SA exhibited
increased growth, decreased lipid peroxidation and membrane permeability, which
were increased by salt stress (Gunes et al. 2007). In mungbean plants SA alleviates
salt-induced decrease in photosynthesis and minimizes the leaf Na*, CI-, and H,0,
content (Nazar et al. 2011). This was accompanied by increased N and S assimila-
tion through inducing the activity of NR and ATPs. Exogenous SA also improves
grain yield under salt stress in 7. aestivum (Arfan et al. 2007). The application of SA
via root drenching protected Lens esculentum against NaCl stress and increased
photosynthetic rates under salt stress (Stevens et al. 2006; Podr et al. 2011).

It was found that SA treatment caused accumulation of both ABA and IAAin T.
aestivum seedlings under salinity. However, the SA treatment did not influence on
cytokinin content. Thus, protective SA action includes the development of antistress
programs and acceleration of normalization of growth processes after removal of
stress factors (Sakhabutdinova et al. 2003). Gémes et al. (2011) suggested that, the
cross-talk of signaling pathways induced by SA and high salinity may occur at the
level of ROS and NO production. They observed that SA-induced generation of
H,0, and NO are considered to be functional links of cross-tolerance to various
stressors. SA-stimulated pre-adaptation state was beneficial in the acclimation to
subsequent salt stress in Solanum lycopersicum (Gémes et al. 2011). At the whole-
plant level, SA-induced massive H,O, accumulation only at high concentrations
(1-10 mM), which later leads to death of the plant. Torabian (2011) reported that
pre-treatment with SA induced adaptive responses in Medicago sativa plant under
salinity stress and consequently, encouraged protective reactions in biotic mem-
branes which improved the growth of seedlings. SA pre-treatment improved growth
and resulted in higher resistance of plants to salinity, so that it increased germina-
tion percentage, seed vigor index and growth parameters of the seedlings. Also,
salinity intensified electrolyte leakage, while SA decreased it and this decrease was
stronger at SA concentration (Torabian 2011).

Erdal et al. (2011) investigated the effects of foliar-application of SA on salt
sensitivity of 7. aestivum. They observed that salt-induced deleterious effect in
wheat seedlings were significantly alleviated by the SA treatment. SA can be used
as a signal molecule to investigate plant defense to abiotic stress. After the applica-
tion of SA, increasing tolerance of wheat seedlings to salt stress may be related to
increases in antioxidative enzyme activity. Exogenous SA treatment significantly
increased the fresh and dry weights in both root and shoots of wheat plants under
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salt stress. In parallel to increasing antioxidant activity, SA treatment decreased
H,0, content when compared to plants growing under salt stress without SA. In
Brassica juncea, Yusuf et al. (2012) reported that SA enhanced the level of antioxidant
system (SOD, CAT and POX) both under stress and stress-free conditions. However,
the influence of SA on antioxidant system was more pronounced under stressful
condition, therefore, suggesting that the elevated level of antioxidant system might
be responsible for increased tolerance of B. juncea plants to NaCl stress.

However, some studies demonstrate that application of SA (0.5 mM) may
promote the formation of ROS in the photosynthetic tissues and increase oxidative
damage during salt and osmotic stresses. For instance, Barba-Espin et al. (2011)
studied the effect of SA treatment on the response of P. sativum plants to salinity.
NaCl-induced damage to leaves was increased by SA, which was correlated with a
reduction in plant growth. The content of AsA and GSH in leaves of salt-treated
plants increased in response to SA, although accumulation of the respective DHA
and GSSG occurred. An increase in H O, also occurred in leaves of salt-exposed
plants treated with SA. Negative effect of SA in the P. sativum plants exposed to
NaCl was also correlated with an imbalance in antioxidant metabolism. Generally,
deficiency of SA or a very high level of SA increases plant susceptibility to abiotic
stresses. The optimal concentration (0.1-0.5 mM for most plants) enhances abiotic
stress tolerance.

2.5.2.6 Brassinosteroids

Brassinosteroids (BRs) is the most recent group of phytohormones and is a class of
over 40 polyhydroxylated sterol derivatives, ubiquitously distributed in all kinds of
plant. Their strong growth-inducing capacity, recognized as early as prior to their
identification in 1979, tempted the scientists to visualize the practical importance of
this group of phytohormones (Hayat and Ahmad 2011). Recently, the physiological,
cellular, and molecular mechanisms by which BRs regulate various aspects of plant
development are being discovered (Yang et al. 2011). Although there are different
kinds of BR, 24-epibrassinolide (EBR) is one of the most widely used BR. The BRs
have a potential application in agriculture to increase yield and to stimulate crop
growth under stress (Houimli et al. 2010; El-Mashad and Mohamed 2012; Hayat
and Ahmad 2011).

The effect of EBR and 28-homobrassinolide (HBR) on the inhibition of germi-
nation and seedling growth of rice (O. sativa) induced by salinity stress was studied
by Anuradha and Rao (2001). They reported that application of BRs reverse the
inhibitory effect on germination and seedling growth. The activation of seedling
growth by BRs under salinity stress was associated with enhanced levels of nucleic
acids and soluble proteins (Anuradha and Rao 2001). The effect of BR on H. vulgare
leaf cell ultrastructure was examined under salt stress. Leaf segments were pre-
incubated in either BR solution or water and then incubated in 0.5 M NaCl solution
in presence or absence of BR. BR had no effect on leaf cell ultrastructure under
normal conditions. However, damages imposed by salt stress on nuclei and chloro-
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plasts were significantly reduced by BR treatment (Krishna 2003). When Capsicum
annuum seedlings were sprayed with EBR in the presence of NaCl, it significantly
ameliorated the adverse effects of salinity by increasing the RWC, photosynthetic
pigments and decreasing the electrolyte leakage. Exogenous BR also increased the
fresh and dry weight of plant parts under salt stressed condition (Houimli et al.
2010). Another recent study reported the ameliorative effect of EBR and ethylene
on germination of Cucumis sativus seeds in presence of NaCl (250 mM). The reduction
in ethylene evolution from imbibed seeds by salt stress was attenuated by EBR. In
maize seedlings, pre-sowing treatments of HBR enhanced the activities of antioxidative
enzymes (SOD, GPX, CAT, GR, APX) and minimized the lipid peroxidation thus
helps the plants to withstand the oxidative stress induced by salt stress. In 7. aestivum,
exogenous application of EBR increased plant biomass under saline condition, but
it had no prominent effect on accumulation of different mineral nutrients (Shahbaz
and Ashraf 2007). Foliar application of BRs also increased yield attributes of salt
treated 7. aestivum and significantly overcome the negative effect of salinity on
crop productivity and photosynthetic pigments (Eleiwa et al. 2011). Salinity reduced
sugar (reducing and non-reducing), total carbohydrate and protein percentage of
grains while foliar application with BRs significantly increased gradually all the
chemical constituents. Foliar application of BRs also significantly increased the
concentration and total uptake of macro and micronutrients (N, P, K, Fe, Mn, Zn
and Cu) in straw and grains (Eleiwa and Ibrahim 2011). El-Mashad and Mohamed
(2012) also reported that brassinolide enhanced tolerance of V. sinensis plants to
NaCl. They observed that foliar spray of BR (0.05 ppm) mitigated salt stress by
inducing activities of enzymatic and non-enzymatic antioxidants, e.g., SOD, POX,
polyphenol oxidase, AsA, tocopherol, and GSH. Recently, Samira et al. (2012)
showed that the EBR treated plants had greater relative growth rate compared to
untreated plants when exposed to salt stress. Application of EBL increased photo-
synthesis by increasing stomatal conductance in salt stressed plants and may have
contributed to the enhanced growth. The water use efficiency was also improved by
the application of EBL.

2.5.3 Antioxidants

2.5.3.1 Ascorbic Acid

Ascorbate (AsA) or ascorbic acid (Vitamin C) is an important antioxidant in plant
tissue which is synthesized in cytosol of higher plants primarily from conversion of
D-glucose to AsA. AsA has been shown to have an essential role in several physio-
logical processes in plants, including growth, differentiation, and metabolism. It
functions as a reductant for many free radicals, thereby minimizing the damage
caused by oxidative stress. Plant with higher amount of AsA content showed better
protection against oxidative stress. Ascorbate influences many enzyme activities,
minimizing the oxidative damage through synergic function with other antioxidants
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(Foyer and Noctor 2005a, b). Ascorbic acid reacts with a range of ROS such as 'O,
0,7, HOe and H,0,, which is the basis of its antioxidant action (Shigeoka et al.
2002; Foyer 2004). The role of AsA as a cofactor for a range of oxygenase and
hydroxylase enzymes is also dependent on its reducing activity (De Tullio 2004).
Upon oxidation, by loss of one electron, the monodehydroascorbate (MDHA) radi-
cal is formed and this is usually the initial product of AsA oxidation in biological
systems (Smirnoff and Pallanca 1996; Noctor and Foyer 1998). AsA can also
directly scavenge and regenerate tocopherol from tocopheroxyl radicals, thus pro-
viding membrane protection (Li and Jin 2007). AsA also plays a role as a co-factor
of violaxanthin de-epoxidase, thus sustaining dissipation of excess excitation energy
(Pourcel et al. 2007).

AsA plays an important role in plant stress tolerance. Under stressed condition
plants showed different capacity of AsA metabolism which is due to the variation of
AsA synthesis and regeneration. Different studies showed that AsA content in
leaves of stressed plants tends to increase with increasing levels of salt stress
(Mohamed et al. 2010). Agarwal and Shaheen (2007) reported that AsA concentration
in leaves of Momordica charantia increased under NaCl stress as compared to
control. Increase in AsA concentration due to salinity was reported by other
researchers (Panda and Upadhyay 2004; Parida et al. 2004).

Exogenous application of AsA influences many enzyme activities and minimizes
the damage caused by oxidative processes through a synergic function with other
antioxidants (Shalata and Neumann 2001; Athar et al. 2008). This multiplicity of
functions has led some researchers to suggest that, in addition to being a powerful
antioxidant and redox buffer, ASA may be a signaling molecule involved in the
regulation of complex processes such as the senescence of plants and their response
to O,, photo-oxidative conditions, or pathogen attack (Pastori etal. 2003). Exogenous
application of AsA helps the L. esculentum seedling to recover from salt stress
(Shalata and Neumann 2001). They observed that the addition of exogenous AsA to
the root medium remarkably increased seedling survival and decreases lipid peroxi-
dation. Hamada and Al-Hakimi (2009) found that exogenously applied AsA were
generally effective partially or completely countering the inhibitory effects of salt
stress on net photosynthetic rate, pigments biosynthesis and membrane integrity by
exerting a stimulatory action on these parameters, especially in plants subjected to
moderate and low salinity levels. The leakage of K* was also reduced by the appli-
cation of AsA. Khan et al. (2006) applied AsA as foliar spray (0, 50, 100 mg L) on
T. aestivum grown in hydroponics. They observed that foliar spray with AsA
improved the growth of non-stressed plants of both cultivars, but did not alleviate
the adverse effects of salt stress on plants. However, salt-induced reduction in leaf
Chl a was improved with AsA application. AsA application enhanced the Na* accu-
mulation in the leaves of salt stressed plants of both cultivars, but it did not change
the K* accumulation in the leaves and roots of the salt stressed plants. In vitro exper-
iments were performed by Zeid et al. (2008) in H. annuus seedling, to determine
responses of 7. aestivum calli to AsA concentrations (0, 250, 500, 1,000 and
2,000 ppm) under different levels of sea water (0%, 15%, 30% and 45%) and to
determine suitable concentrations of AsA to enhance tolerance to salinity. Beltagi
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(2008) observed significant synergistic effect between NaCl (40 mM) and AsA
treatment, where AsA increased the contents of Chl a and Chl stability index (CSI
%) in Cicer arietinum. Khafagy et al. (2009) observed that pre-soaking of
C. annuum seeds in AsA partially counteracted the harmful effect of NaCl salinity.
Chl a and b concentrations significantly increased in AsA pre-soaked salt-stressed
seedlings compared to the seedlings subjected to salt only.

In a recent study, Azzedine et al. (2011) reported that the application of vitamin
C was effective to mitigate the adverse effect of salt stress on plant growth due to
increased leaf area, improved Chl and Car contents, enhanced Pro accumulation and
decreased H,O, content. Dehghan et al. (2011) reported that exogenously applied
AsA counteracts the adverse effects of salt stress on growth of Glycine max seedlings
which was cultivar specific. AsA induced enhancement in growth of salt-stressed
plants coupled with an increase in CAT, POD and SOD activities. Ascorbic acid
pretreatment to in vitro-grown sugarcane plants enhance their salt tolerance by
enhancing CAT and POD activities soluble protein contents as well as better root
length (Munir and Aftab 2011).

2.5.3.2 Glutathione

Glutathione (GSH) is a strong antioxidant which prevents damage to important
cellular components caused by ROS (Pompella et al. 2003). It also plays an indirect
role in protecting membranes by maintaining o-tocopherol and zeaxanthin in the
reduced state. It can also function directly as a free radical scavenger by reacting
with 'O, O, and HO". GSH protects proteins from denaturation caused by oxida-
tion of protein thiol groups under stress. In addition, GSH is a substrate for glutathi-
one peroxidase (GPX) and glutathione-S-transferases (GST), which are also
involved in the removal of ROS (Noctor et al. 2002).

Glutathione accumulates to high concentrations, especially in stress situations.
Increase in GSH concentrations during stress offsets stress-initiated oxidation of
GSH and causes changes in gene expression directly or through interaction with
regulatory proteins and/or transcription factors. This increase is equally important
in signal transduction and defense against ROS and is through a multilevel control
mechanism, which includes coordinate activation of genes encoding GSH biosyn-
thetic enzymes and GR (Srivalli and Khanna-Chopra 2008). Thus, GSH acts as a
redox sensor of environmental cues, and increase in GSH helps plants to tolerate
oxidative stress. Likewise, GSH also plays a protective role in salt tolerance by
maintaining the redox state. Investigation on the enzymatic pathways leading to
GSH synthesis in wild type and salt-tolerant B. napus plants showed assimilation of
sulfur and the biosynthesis of cysteine and GSH in order to mitigate salt-induced
oxidative stress (Ruiz and Blumwald 2002; Hussain et al. 2008). Sumithra et al.
(2006) found that GSH concentration in the salt-stressed mungbean leaves of
cv. Pusa Bold was higher than cv. CO 4, whereas GSSG concentration was higher
in the leaves of CO 4 than in those of Pusa Bold, indicating that Pusa Bold was
more tolerant than CO 4 as the levels of lipid peroxidation and H,O, concentration
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in Pusa Bold was lower than in CO 4 under salt stress. In addition, maintaining a
high ratio of GSH/GSSG plays an important role in salt tolerance (Hasanuzzaman
et al. 2011a, b). Salt-tolerant cultivars of cotton had a higher GSH/GSSG ratio
than salt-sensitive lines under saline conditions (Gossett et al. 1996).

Using buthionine sulfoximine (BSO) and exogenous GSH, Gossett et al. (1996)
investigated the importance of maintaining sufficient GSH pools. BSO reduced the
growth of the control cell line by 94%, whereas the NaCl-tolerant cell line showed
significantly less growth reduction (Gossett et al. 1996). When medium containing
BSO was supplemented with exogenous GSH, growth was restored in both cell
lines; however, when GSSG was added to medium with BSO, growth was almost
completely restored in only the NaCl-tolerant cell line. This was most likely due to
the elevation of GR activity and an increased ability to convert GSSG to GSH.
Kattab (2007) reported that B. napus seed priming with GSH improved seedling
resistance probably by enhancing the activities of antioxidant enzymes (SOD, GPX,
POX and APX. Exogenous GSH (0.5 mM) maintained plasma membrane permea-
bility under NaCl stress and cell viability in Allium cepa (Salama and Al-Mutawa
2009). However, this effect could partially alleviate the harmful effect of salinity
stress which reflected on growth and yield of T. aestivum plant. In Tagetes erecta,
application of GSH (100 or 200 ppm) was found to be effective in increasing plant
height, no. of branches, fresh and dry weight of herb and flowers, no. of flowers,
total carbohydrates (%), total phenols, xanthophyll pigment content and mineral ion
percentage under saline (1,500 ppm NaCl) conditions (Rawia et al. 2011).

2.5.3.3 Tocopherol

Tocopherols belong to Vitamin E family of amphiphilic antioxidants, with the sub-
family of tocotrienols. Tocopherols and tocotrienols are synthesized by higher plant
plastids and by cyanobacteria. There are four tocopherol and tocotrienol isomers (c,
B, v and 8). Relative antioxidant activity of the tocopherol isomers in vivo is
a>B>y>6 and hence o-tocopherol has the highest antioxidant activity (Garg and
Manchanda 2009). Tocopherols contribute to reduce ROS levels (mainly 'O, and
OHe) in photosynthetic membranes and limits the extent of lipid peroxidation by
reducing lipid peroxyl radicals (LOO") to their corresponding hydroperoxides (Maeda
et al. 2005). In addition, tocopherols are part of an intricate signaling network con-
trolled by ROS, antioxidants, and phytohormones, and are therefore good candidates
to influence cellular signaling in plants (Munné-Bosch 2007). However, the ability to
critically assess the physiological roles of tocopherol has only recently become avail-
able with characterization of plant and cyanobacterial mutants affected in its biosyn-
thesis and transgenic plants with increased tocopherol and tocotrienol content.
Several lines of evidence indicate that a-tocopherol plays a major role in plant
stress tolerance, keeping an adequate redox state in chloroplasts (Munné-Bosch 2005).
However, studies on tocopherol-deficient plants have recently revealed that o-
tocopherol is not essential for plant survival under optimal conditions, and
that o-tocopherol deficiency leads to only a slightly increased susceptibility to
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photooxidative stress (Kanwischer et al. 2005). Rady et al. (2011) presoaked
H. annuus seeds with exogenous o-tochopherol and exposed to saline soil with dif-
ferent salinity levels (EC 1.56, 4.68 and 7.83 dS m™"). They observed that salinity
induced decreased in total soluble sugars content and the activities of CAT, POX, PPO
and PAL were significantly altered by exogenous o-tochopherol. Treatment with
a-tochopherol also improved the mineral nutrient content in the plant with con-
comitant increase in Pro, free amino acids and total phenol contents in both culti-
vars. Farouk (2011) reported that a-tocopherol could minimize salt-induced leaf
senescence in T. aestivum. Exogenous o-tocopherol also enhanced the antioxidant
enzyme activities under salt stress which rendered the lower level of H,O, and lipid
peroxidation. Salt stressed plants supplemented with a-tocopherol decreased the
Na* and CI- content but increased the K*, Ca?* and Mg?* contents (Farouk 2011).

2.5.4 Signaling Molecules

2.5.4.1 Nitric Oxide

Nitric oxide (NO) is a gaseous biological molecule which is involved in physiological
responses to various abiotic stresses. Recently, NO has emerged as an important
signaling molecule and antioxidant. NO triggers many kinds of redox-regulated
(defense-related) gene expressions, directly or indirectly, to establish plant stress tol-
erance (Sung and Hong 2010). Several reports indicated that the application of exog-
enous NO donors confers tolerance to various abiotic stresses including salinity
(Hossain et al. 2010; Xiong et al. 2010; Hasanuzzaman et al. 2011a; Bai et al 2011;
Liuetal. 2011). NO exerts a protective function against oxidative stress mediated by
reaction with lipid radicals, which stops the propagation of lipid oxidation; scavenge
the O, and formation of peroxynitrite (ONOO") that can be neutralized by other
cellular processes. It also helps in the activation of antioxidant enzymes (SOD, CAT,
APX, GPX, GR, POX, etc.) and functions as a signaling molecule in the cascade of
events leading to gene expression. These mechanism together confer enhance protec-
tion against oxidative stress (Hasanuzzaman et al. 2010a; Misraetal. 2011). However,
whether or not endogenous NO has an antioxidant function is debatable.

Uchida et al. (2002) reported enhanced tolerance to salt stress (100 mM NacCl, 8
days) in rice seedlings pre-treated with NO (1 uM SNP, 2 days). This pre-treatment
induced the activity of antioxidant enzymes (SOD, CAT and APX). Enhanced seed
germination and root growth of Lupinus luteus seedlings (Kopyra and Gwézdz
2003) and increased growth and dry weight of Z. mays seedlings (Zhang et al.
2006b) were also observed with the treatment of NO donor under salt stressed condition.
Fan et al. (2007) showed that exogenous NO (100 uM SNP) significantly alleviated
the salt injury to cucumber seedlings and increased seedling growth. In addition,
photosynthetic pigment content, Pro as well as the activity of SOD, POD, CAT and
APX were also increased. Similarly, net photosynthetic rate, stomatal conductance,
and transpiration rate also increased significantly. However, exogenous NO donor
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markedly decreased membrane permeability, rate of O, production, the contents of
MDA and H,O,, and intercellular CO, concentration. Treating H. vulgare leaves
with exogenous NO (50 uM SNP), Li et al. (2008) observed that NO could alleviate
the damage of salt stress (50 mM NaCl) which was reflected by decreased ion leakage,
MDA and H,O, content. Additionally, the presence of the NO donor enhanced the
activities of SOD, APX and CAT. David et al. (2010) reported that NO enhanced
biochemical adaptation during the seedling growth of H. annuus under salinity con-
ditions (40—120 mM NaCl). They found an increased Na*/K* ratio (4-fold) in roots,
and Na* was rapidly transported to the cotyledons, which registered a concomitant
increase in this ratio. They also concluded that the origin of this endogenous genera-
tion of NO appears to be mediated by NO synthase (NOS) activity (David et al.
2010). Exogenous NO supplementation as SNP has significant ameliorating effect
against NaCl induced oxidative damage in Cicer arietinum leaves as observed by
Sheokand et al. (2010) who exposed 5-day-old plants to NaCl treatment (250 mM)
alone and in combination with two concentrations of SNP (0.2 and 1 mM) for 2, 4
and 6 days. Both the SNP treatments had a positive effect on antioxidant enzymes
SOD, CAT, APX, GR and DHAR under salt stress. NaCl treatment resulted in a
decline in the GSH/GSSG and AsA/DHA ratio; however, SNP treatments increased
the reduced form of both the metabolites thus elevating the ratio of GSH/GSSG and
AsA/DHA. Exogenous NO partially decreased MDA and H,O, content. When
exposed to NO donors, NO-associated salt priming action was evident in halophytes
in tolerating high salinity during germination and early growth stages (Molassiotis
et al. 2010) which was due to the better induction of antioxidant enzyme activity in
response to high salinity conditions. Recently, Corpas et al. (2011) reported that
under salt stress the osmotic stress-activated protein kinase (NtOSAK) is activated
by NO and confer stress signals. While studying with L. esculentum cv. Hufan1480
and Hufan2496, Wu et al. (2011) observed notable improvement of growth and
enhanced antioxidant defense in salt-stressed (100 mM NaCl) plants when treated
with exogenous NO (100 uM SNP). They observed that in presence of 100 uM SNP
under salt stress, the reduction in shoot and root dry mass declined to 16% and 3%,
respectively in Hufan1480, and to 21% and 6%, respectively in Hufan2496. The
MDA content of Hufan1480 and Hufan2496 decreased significantly by 22% and
12% over the salt treatment, respectively. The rate of O, production in Hufan1480
and Hufan2496 decreased significantly by 20% and 17%, respectively by applica-
tion of 100 uM SNP under salt stress. A remarkable increase in the activities of
SOD, POD, CAT, APX, AsA and GSH were recorded by NO treatments under stress
condition. In our recent study, we observed that exogenous NO modulated the
ROS detoxification systems in 7. aestivum seedlings (Hasanuzzaman et al. 2011a).
The seedlings pretreated with NO donor (1 mM SNP, 24 h) when exposed to salt
(150 and 300 mM NaCl, 4 days) showed an increase in the AsA and GSH contents
and the GSH/GSSG ratio as well as the activities of monodehydroascorbate
reductase (MDHAR), dehydroascorbate reductase (DHAR), GR, GST and GPX as
compared to the seedlings without NO pretreatment, which ultimately decreased the
contents of MDA and H,O,.
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2.5.4.2 Hydrogen Peroxide

Itis generally thought that H O, is a ROS and for many years and it was viewed as the
inevitable but unwanted by-product of an aerobic respiration. But recent studies have
shown that it has important role in redox signaling in regulating normal processes,
including oxidative stress and thus it has been established as a ‘necessary evil for cell
signaling” (Rhee 2006). The function of H,O, as a signaling molecule in transduction
of stress signals to the alteration of expression profiles of target genes was also studied
in plants (Hung et al. 2005; Hernandez et al. 2010). The connection between H,O, and
signaling networks has been extensively documented for a number of stress responses
(Larkindale and Knight 2002; Apel and Hirt 2004; Cheeseman 2007).

Recent studies have demonstrated that pretreatment of plants with exogenous
H,0, confers abiotic stress tolerance including salinity. Azevedo Neto et al. (2005)
reported that addition of H,O, to the nutrient solution induces salt tolerance by
enhanced activities of antioxidants and reduced peroxidation of membrane lipids in
leaves and roots of maize as an acclimation response. Wahid et al. (2007) reported
that 7" aestivum seeds soaked in 1, 40, 80 and 120 mM H,0, and subsequent growing
in saline condition (150 mM NaCl) showed that the level of H,O, in seedlings arising
from H,O,-treated seeds grown under salinity was markedly lower than the salinized
controls, suggesting the operation of antioxidant system in them. These seedlings
also exhibited better photosynthetic capacity, particularly the stomatal conductance
(gs), thus improving the leaf gas exchange due to stomatal component of photosyn-
thesis. Moreover, H,O, treatment improved leaf water relations and maintained tur-
gor. Although Na* and CI” content increased due to salinity, H,O,-treated seedlings
displayed greater tissue K*, Ca**, NO,” PO,* levels and improved K*:Na* ratio.
Exogenous H,0, treatment enhanced the membrane properties, as revealed from
greatly reduced relative membrane permeability (RMP) and less altered ion leakage
pattern (comparable to water controls). Fedina et al. (2009) reported that pretreated
Hordeum vulgare seedlings with 1 and 5 uM H,O, for 2 days followed by exposure
to 150 mM NaCl for 4 and 7 days showed higher rate of '“CO, fixation with lower
MDA, H,O, and Pro contents in comparison to the seedlings subjected NaCl stress
only. In addition, CI- content in the leaves of NaCl treated plants considerably less in
pre-treated plants. These results clearly indicated that H,O, metabolism is involved
as a signal in the processes of salt tolerance. Recently, Yadav et al. (2011) observed
that seeds of C. annuum primed with H,O, (1.5 mM) showed enhance tolerance to
salt stress (NaCl, 200 mM, 10 days). The plants grown from primed seeds flowered
earlier and also produced more number of fruits.

2.5.5 Polyamines

Polyamines (PAs) are ubiquitous low-molecular-weight aliphatic amines that are
involved in regulation of plant growth and development. PAs are also implicated in
a wide range of environmental stress tolerance in plants. New roles are being
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discovered every day for these interesting molecules in the plant world. In higher
plants, the most common PAs are spermidine (Spd), spermine (Spm) and their
diamine obligate precursor putrescine (Put). Like PAs displaying high biological
activity are involved in a wide array of fundamental processes in plants, such as
replication and gene expression, growth and development, senescence, membrane
stabilization, enzyme activity modulation and adaptation to abiotic stresses
(Kuznetsov and Shevyakova 2007; Gill and Tuteja 2010; Hussain et al. 2011b; Shu
etal 2012; Alet et al. 2012). However, the precise physiological function and mech-
anism of action of PAs still remain unclear. In contrast to the reliable works on the
role of PAs in plants defense against biotic and abiotic stresses, few reports recently
indicated that PAs may act as cellular signals in intrinsic talk with hormonal
pathways including ABA (Alcazaretal.2010a, b; Gill and Tuteja2010). Additionally,
PAs like Spm and Spd are regarded as potent inducers of NO in plants which is
another potent signaling molecule (Tun et al. 2006).

Changes in plant PA metabolism occurs in response to a variety of abiotic stresses
(Alcazar et al. 2006; Gill and Tuteja 2010). These changes in cellular PA under
stress only provide clues on its possible implication in stress response, but they do
not provide evidence of its role in counteracting stress. Hence, to understand whether
PA actually protect cells from stress-induced damages, exogenous application of
PA, which is expected to increase endogenous PA, has been investigated before or
during stress (Velikova et al. 2000; Navakouidis et al. 2003; Wang et al. 2007). It has
been reported that exogenous application of PAs could alleviate salt-induced reduc-
tion in photosynthetic efficiency, but this effect is strongly depended both on PAs
concentration or types and stress levels (Duan et al. 2008). The efficiency of PSII
(Fv/Fm) measured in leaves of salt-stressed Cucumis sativus seedlings was not
much influenced by 1 mM Spd application, although Spd could ameliorate plant
growth and increase net photosynthetic rate (P, ), Gs, intercellular CO, concentration
(Ci), actual efficiency of photosystem II (dPSII) and the coefficient of photochemical
quenching (qP) of C. sativus seedlings subjected to salinity (Li et al. 2007). In
another study, 10 mM Put alleviated the reduction of salt stress on P,. However, Put
had no effect on gas exchange and transpiration rate (Tr), and aggravated the reduc-
tion of salt stress on Ci. The result obtained by Zhang et al. (2009) suggested that
Put strongly affects photosynthetic apparatus involving in enhancement of photo-
chemical quenching rather than regulation of stomatal closure or opening. Several
publications have reported that changes of endogenous PA level and forms are
involved in regulating the photochemical efficiency of salt-stressed plants, and PAs
metabolism-related enzymes are closely correlated with photosynthesis. Exogenous
PAs increased bound Spd contents in chloroplasts to enhance the photosynthetic
capacities of Z. mays exposed to salt stress (Liu et al. 2006). Yamaguchi et al. (2006)
reported specific role of Spm during high salt stress using an Arabidopsis double
knockout mutant plant (acl5/spms) which cannot produce Spm. The mutant showed
higher sensitivity to high salt than wild type plants. This phenotype was cured by
exogenous Spm but not by other PAs, i.e. Put and Spd, suggesting a strong link
between Spm-deficiency and NaCl-hypersensitivity. Duan et al. (2008) applied
exogenous Spd to salinized nutrient solution which resulted in alleviation of the
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salinity-induced membrane damage, growth and photosynthesis inhibition, together
with an increase in PA and Pro contents as well as antioxidant enzyme activities in
the roots of C. sativus. Seedlings of Sorghum bicolor were subjected to salt stress
(180 mM NaCl, 7 days) supplemented with 0.25 mM Spm, showed improved
growth and partial increase in activities of POX and GR with concomitant decreased
in MDA content. However, Spm had no effects on soluble protein and Pro content
in response to salt stress (Chai et al. 2010).

Quinet et al. (2010) found that Put differently influences the effect of salt stress
on PA metabolism and ethylene synthesis in O. sativa cultivars differing in salt
resistance. Exogenous Put reduced Na* accumulation in shoots and roots of salt-treated
plants of susceptible cultivar while no change was obtained in tolerant one. Amri
et al. (2011) showed that the use of different degrees of exogenous PA can reduce
the effects of salt stress on growth of Punica granatum. PA treated seedlings under
salt stressed condition did not show clear differences in plant growth, however it
significantly reduced the Na* and CI" content and increased Pro content. Application
of Put reduced the membrane injury index and increased RWC, photosynthetic rate,
and pigments content of Citrus karna under saline conditions compared to plants
exposed to NaCl in the absence of Put (Sharma et al. 2011). Application of Put
alone or in combination also improved the activities of SOD, POD and Pro content
under saline conditions. More importantly, application of Put increased K* and
reduced Na* and CI~ concentrations in leaf tissues which indicated that Put could
improve the tolerance of salt-susceptible Karna khatta by regulating absorption
and accumulation of ions as well as improving antioxidant enzyme activities
(Sharma et al. 2011). In C. sativus seedlings, exogenous Put regulated ion distribu-
tion in salt-stressed plants, especially, by preventing the accumulation of Na* and
CI" in the leaves which were associated with an improvement of the actual PS II
efficiency which rendered the plants more tolerant to salt stress (Shu et al. 2010).
The photosynthesis of salt-stressed C. sativus was enhanced by exogenous Spd that
mitigates the decreased stomatal conductance under salt stress as reported by Li
et al. (2007). Spd had better effects on the growth and photosynthesis in leaves of
salt-stressed seedlings than roots. Recently, Zhang et al. (2011) observed that exog-
enous Put concentrations significantly increased growth, photosynthesis and
decreased lipid peroxidation of C. sativus seedlings under salt stress. Improved pho-
tosynthesis in plants due to Put application was due to its modulation capacity of
photosynthetic proton circuit as recently reported by Ioannidis et al. (2012). Gupta
et al. (2012) found a Ca* independent auto regulatory cytoplasmic protein which is
phosphorylated in root cytosolic fraction during NaCl/ABA/Spd treatment indicat-
ing its importance in salinity mediated signal transduction. Anjum (2011) reported
that application of Spd (0.1 or 0.5 mM) to the saline nutrient solution and its weekly
sprays (1 or 5 mM) on NaCl-stressed plants improved leaf number, Chl content, Fv/
Fm, net photosynthetic rate, and N content; increased total Spd and Spm contents;
and reduced Na* contents in Troyer citrange (Poncirus trifoliata x Citrus sinensis).
In O. sativa seedlings, exogenous PAs (Spd and Spm) reversed the inhibitory effect
of salinity which was conferred by preventing growth inhibition or various forms
of cellular damages, maintaining proper K*/Na* balance or triggering the level of
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osmolytes and activity of antioxidant enzymes and thus led the plants to tolerate the
salt stress (Roychoudhury et al. 2011). Saleethong et al. (2011) investigated the effects
of exogenously supplied Spd in two rice cultivars differing in salt tolerance. The
major effect of exogenous Spd offered protective roles on salinity-stressed plants by
stabilizing membrane, scavenging free radicals and maintaining K*/Na* status.
These results indicated that exogenous PAs can be applied as short-term pretreat-
ment prior to introduction of salt stress to increase salt tolerance.

2.5.6 Trace Elements

Selenium (Se), and silicon (Si) are considered as beneficial elements for plants: they
are not required by all plants but can promote plant growth and may be essential for
particular taxa. These beneficial elements have been reported to enhance resis-
tance to abiotic stresses such as drought, salinity, and nutrient toxicity or deficiency
(Hasanuzzaman et al. 2010a, b; Hasanuzzaman and Fujita 2011b; Tahir et al. 2012).
In case of Se, the beneficial effects of low doses of Se have received little attention
compared to toxic effects that typically occur at higher concentrations. Better under-
standing of the effects of beneficial elements is important to improve crop produc-
tivity and enhance plant nutritional value for a growing world population.

2.5.6.1 Selenium

During last two decades the physiological roles of Se in plants have been studied by
many researchers although Se has not been confirmed to be an essential micronutri-
ent in higher plants. There are several evidences on its positive effect on plant growth
and productivity at low concentrations (Turakainen et al. 2004; Hasanuzzaman et al.
2010a, b; Hasanuzzaman and Fujita 2012; Hasanuzzaman et al. 2012b). However,
the specific physiological mechanisms underlying the beneficial role of Se in plants
have not been clearly elucidated. It is already established that the plants supple-
mented with Se have shown enhanced resistance to certain abiotic stresses includ-
ing salinity (Djanaguiraman et al. 2005; Filek et al. 2008; Hawrylak-Nowak 2009;
Cartes et al. 2010; Chu et al. 2010; Djanaguiraman et al. 2010; Hasanuzzaman and
Fujita 2010; Hasanuzzaman et al. 2010b; Yao et al. 2010a, b; Hasanuzzaman
and Fujita 2011b; Hasanuzzaman et al. 2011b). One of the major effects of Se on
abiotic stress tolerance is associated with its antioxidative capacity (Djanaguiraman
et al. 2005; Hasanuzzaman et al. 2011b; Hasanuzzaman and Fujita 2011a).

A plenty of research results have shown the ability of Se to protect plants from
salt stress-induced damages when applied at low concentration. The interaction of
Se with soil salinity has been studied earlier by Terry et al. (2000). Kong et al.
(2005) reported that at low concentrations (1-5 uM), Se tends to stimulate the
growth, the activities of SOD and POD, as well as the accumulation of water-
soluble sugar in leaves of sorrel (R. patientia X R. tianshanicus) seedlings. However,
at higher concentrations (10-30 uM), Se exerted diminished beneficial effects on
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growth and enzyme activities. Results revealed that SOD and POD activity of
salt-stressed seedlings increased when exposed to concentrations ranging 1-5 uM
Se. At concentrations between 10 and 30 uM, there were adverse effects on both
enzymes compared with that at 5 uM Se. In C. sativus leaves, Se treatments at 5 and
10 uM significantly improved the growth rate and increased the photosynthetic pig-
ments and Pro contents when subjected to salt stress (Hawrylak-Nowak 2009).
Additionally, Se enhanced the salt tolerance of G. max seedlings by protecting the
cell membrane against lipid peroxidation (Djanaguiraman et al. 2005). Se-treated
plants have also increase Pro content (Djanaguiraman et al. 2005). However, the
mechanisms and the reasons for Pro accumulation in Se-supplied plants have not
been fully investigated. Walaa et al. (2010) observed that NaCl-induced lipid
peroxidation which led to increase the percentage of electrolyte leakage, were
effectively minimized when the seedlings were pretreated with Se. Se-supplemented
seedlings also showed enhanced antioxidant activities and Pro content. In our recent
study, we investigated the regulatory role of exogenous Se in the antioxidant defense
systems in B. napus seedlings exposed to salt stress (Hasanuzzaman et al. 2011b).
Twelve-day-old seedlings, grown in Petri dishes, were supplemented with Se
(25 uM Na_SeO,) and salt (100 and 200 mM NaCl) separately and in combination,
and grown for 48 h. The AsA content of the seedlings decreased significantly with
increased salt stress, while the amount of GSH and GSSG increased. In addition, the
APX and GST activity increased significantly with increased salt concentration
(both at 100 and 200 mM NacCl), while GPX activity increased only at moderate salt
stress (100 mM NaCl). Glutathione reductase activity remained unchanged at
100 mM NacCl, while it decreased under severe (200 mM NaCl) salt stress. The
CAT, MDHAR and DHAR activities decreased with increasing concentration of salt
stress, whereas a sharp decrease of these activities was observed under severe salt
stress (200 mM NaCl). Concomitant increases in the levels of H O, and MDA were
also measured. However, further investigation revealed that Se treatment had a
synergistic effect: in salt-stressed seedlings, it increased the AsA and GSH contents,
and the activities of CAT, APX, MDHAR, DHAR, GR, GST and GPX. As a result,
addition of Se in salt-stressed seedlings led to a reduction in the levels of H,O, and
MDA as compared to salt stress alone.

2.5.6.2 Silicon

Silicon (Si) is the second most abundant element on the earth crust after oxygen and
it is accumulated in plants at a rate comparable to those of macronutrient elements
like Ca, Mg and P (Epstein 1999). Although Si is a major constituent of plants, to
date its essentiality has not been completely established. It may be considered a
‘quasi essential’ element for plants because its deficiency can cause various dys-
function in regards to plant growth, development and reproduction. In addition,
supplementation with Si exerts a number of beneficial effects on growth and yield
of several plant species (Richmond and Sussman 2003; Pilon-Smits et al. 2009).
Over last two decades, numerous studies have been performed to understand the
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possible mechanism(s) for Si-enhanced resistance and/or tolerance of higher plants
to abiotic stresses as well as the mechanism of Si uptake and transport in higher
plants (Liang et al. 2007). It was found to stimulate enzymatic and non-enzymatic
antioxidant under stressful condition (Liang et al. 2007). The possible mechanisms
of Si-mediated protective effects under salt stress may include increased plant water
status (Romero-Aranda et al. 2006), enhanced photosynthetic activity and mainte-
nance of ultra structure of leaf organelles (Shu and Liu. 2001), Dismutation of ROS
(Zhu et al. 2004), immobilization of toxic Na* (Liang et al. 2003), reduced Na*
uptake in plants and enhanced K* uptake (Liang et al. 2005; Tahir et al. 2006) and
higher K*: Na* selectivity (Hasegawa et al. 2000). In particular, Si was recently
proven to mitigate salinity stress by enhancing Na* exclusion and decreasing lipid
membrane peroxidation through stimulation of enzymatic and non-enzymatic anti-
oxidants (Saqib et al. 2008; Hasanuzzaman and Fujita 2011b). The protective effect
of Si on salinity has been examined in O. sativa (Lekklar and Chaidee 2011),
T. aestivum (Tuna et al. 2008; Tahir et al. 2012), Z. mays (Moussa 2006), H. vulgare
(Liang et al. 2005), B. napus (Hashemi et al. 2010), L. esculentum (Romero-Aranda
et al. 2006), and C. sativus (Zhu et al. 2004).

In B. napus, exogenous Si ameliorated the deleterious effects of salinity on the
growth through lowering tissue Na* contents, maintaining the membrane integrity
of root cells as evidenced by reduced lipid peroxidation and lignifications; and
increased ROS scavenging capacity (Hashemi et al. 2010). While studying with
Z. mays, Parveen and Ashraf (2010) reported that under saline condition exoge-
nously applied Si significantly increased growth of plant. Exogenously applied Si
also improved some key plant gas exchange characteristics such as net CO, assimila-
tion rate (A), stomatal conductance (gs), transpiration (E), and leaf sub-stomatal
CO, concentration (Ci) and thus acted as beneficial elements for improving salt
tolerance of Z. mays plants. Applying Si to Medicago sativa could alter the activity
of antioxidative enzyme of one or several organs of plants to improve the salt tolerance
(Wang et al. 2011b). The plants under NaCl stress supplemented with Si significantly
increased APX activity in root, shoot and leaves, and CAT activity in leaves, and
POD activity in shoots, but decreased the SOD activity in roots under salt stress
(Wang et al. 2011b). Ali et al. (2011) found that Si supplementation into the root
medium significantly improved the K* and K*:Na* ratio, leaf water potential and
stomatal conductance, but reduced the Na* in 7. aestivum. These plants also showed
a concomitant increase in number of tillers, number of grains per spike, grain and
straw yield with Si application both under optimal and stressful conditions which
suggested that Si application in soil medium is beneficial in profoundly affecting
physiological phenomena and improving wheat growth under salt stress. Lima et al.
(2011) reported that Si application in the nutrient solution significantly increased
growth parameters and decreased ion leakage in Z. mays seedlings, whereas this
response was not observed in Vigna unguiculata. In Glycine max, an addition of Si
to salt stressed plants substantially alleviated the adverse effects of NaCl on growth,
as it enhanced endogenous GA,, while reducing the levels of ABA and Pro (Lee
et al. 2010). In Saccharum officinarum, Si-enhanced tolerance to salt which was
ascribed to decreased Na* concentration and increased K* with a resultant improvement
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in K*/Na* ratio (Ashraf et al. 2010). Recently, we investigated the beneficial role of
exogenous Si (I mM Si0O,) in the antioxidant defense and MG detoxification
systems of rapeseed seedlings exposed to salt stress (100 and 200 mM NacCl).
We observed that Si treatment had a synergistic effect on salt-stressed seedlings by
increasing the AsA and GSH contents, the GSH/GSSG ratio, and the activities of
APX, MDHAR, DHAR, GR, GST, GPX, CAT, Gly I, and Gly II. The addition of Si
also showed reduced levels of H,0, and MDA in salt-stressed seedlings compared
to salt stress alone. Our results suggested that the exogenous application of Si ren-
dered the plants more tolerant to short-term salt stress-induced oxidative damage by
enhancing their antioxidant defense and MG detoxification systems (Hasanuzzaman
and Fujita 2011b). Tahir et al. (2012) reported that application of Si increased shoot
and root dry weight and plant water contents in both normal and saline conditions.
Shoot Na* and Na*:K* ratio also decreased with Si application under stress condi-
tions. Improved growth of salt-stressed wheat by Si application was mainly attrib-
uted to improved plant water contents in shoots, chlorophyll content, decreased Na*
and increased K* concentrations in shoots as well as maintained membrane
permeability (Tahir et al. 2012).

2.6 Conclusion and Future Perspectives

Based on a plenty of research findings, it is clear that salt stress has devastating effect
on the growth, development, physiology and yield of plants. However, the response
to salinity differs greatly among various plant species, the levels of stress as well as
the environmental condition. In recent years, the biochemical responses of plants to
salt stress have been studied intensively. Information on the tolerance mechanism is
useful for developing new cultivars that are adaptable in salinity environments
although defining salt tolerance is quite difficult because of the complex nature of
salt stress and the wide range of plant responses. The use of exogenous protectants
under salt stress condition has been found to be very much effective to alleviate salt-
induced damages. Phytohormones are thought to be the most important endogenous
substances involved in the mechanisms of tolerance or susceptibility of plants.
However, the exact mechanism of protection and signal transduction pathways are
still unclear. The appropriate dose and duration of treatment of the exogenous
protectants and the proper methods of application should be studied more precisely.
In addition, further investigations considering molecular approaches are needed to
reveal the underlying mechanisms of protection under stressful condition.
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Chapter 3
Effects of Salinity on Ion Transport, Water
Relations and Oxidative Damage

Maduraimuthu Djanaguiraman and P.V. Vara Prasad

3.1 Introduction

Soils with high salt concentration can limit productivity of agricultural and other
economically important crops (Ahmad and Prasad 2012a, b). Salt affected soils are
generally categorized into three types: saline soils (containing excess water-soluble
salts), sodic soils (containing excess exchangeable sodium), and saline-sodic soils
(containing excess salts and exchangeable sodium). In saline soils, the dominant
exchangeable cations are calcium and magnesium. Saline soils have electrical
conductivity (EC) above 4 dSm™!, sodium adsorption ratio (SAR) below 13, and
exchangeable sodium percentage (ESP) below 15, and soil structure and soil water
movement is not a serious problem. Sodic soils have EC below 4 dSm™!, have pH
greater than 8.5, SAR above 13, and ESP above 15, and generally have poor soil
structure that prevents water movement into and through the soils. Sodic soils have
high exchangeable sodium, compared to calcium and magnesium. Saline-sodic soils
are high in both sodium and other salts, with EC above 4 dSm™!, SAR above 13, and
ESP above 15, soil pH can be below or above 8.5, and generally have good soil
structure and adequate water movement through soil profile.

Dramatic increase in world population in recent times challenges the present
agricultural production system, since more food is needed for growing populations.
Increased food production can be achieved by increasing cultivated land, increasing
crop productivity or increasing cropping intensity and minimizing pre- and post-
harvest yield losses. Increasing pressure on land area brought agriculture to marginal
and salt-affected regions. Similarly, increased crop intensification, fertilizer use and
hot and dry environments and depletion of underground water have increased
problems associated with salts. It is estimated that at least 20 % of all irrigated lands
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are salt-affected (Pitman and Lauchli 2002). The total global area of salt-affected
soils has recently been estimated to be approximately 830 million hectares (Martinez-
Beltran and Manzur 2005) and most of it associated with saline or associated
sodic soils. Among the various sources of soil salinity, irrigation combined with
poor drainage is the most serious because water will evaporate but salts remain and
accumulate in the soil. In addition, salts in irrigation water are serious problem in
certain regions.

In saline condition the soil solution has many dissolved toxic ions, which can
cause external and internal stress and damage to the plants. Sodium chloride consti-
tutes majority of the salts. Higher concentration of sodium ion is toxic to most
plants, and in some plants growth is also inhibited by chloride ions. High salt content
in the soil solution causes decreased water potential representing osmotic stress in
the root zone, further entry of ions in the cell creates ionic stress. Hence, salinity
stress is a combination of osmotic and ionic effects. Many plants have evolved
several mechanisms either to exclude salt from their cells or to tolerate its presence
within the cells. However, the physiological, biochemical and molecular mecha-
nisms of salt tolerance in plants are not yet sufficiently understood, which slows
development of salt tolerant crops. This chapter provides a brief overview of effects
of soil salinity on plant growth and tolerance mechanisms.

3.2 Effects of Salinity on Growth, Development and Yield

Plant responds to salinity in two phases: in a rapid phase, plants exhibit osmotic
effects and inhibits growth of young leaves, and in a slower ionic phase, plants
accelerates senescence of mature leaves (Munns and Tester 2008). Plants undergo
characteristic morphological changes from the time of imposition of stress until
maturity. Immediately after salinization, cells will dehydrate and shrink, but after
some time it absorbs water and maintains its volume (i.e. recovery) (Ahmad and
Prasad 2012a, b). Even though, recovery favors cell elongation, cell division is
reduced, leading to lower rates of leaf and root growth. If the stress intensity is
severe the plants will show visual injury due to excessive ions absorbed. During
salinity stress the growth reduction occurs immediately after exposure due to
osmotic changes outside the root zone (physiological drought). Later slower effects
are created by salt accumulation in leaves leading to toxicity (Munns et al. 2006).
Most of the annuals are tolerant to salinity at germination stage but sensitive during
emergence and early vegetative stage (Maas and Grattan 1999). Tolerance towards
salinity increases with plant age as the plants develops adaptation window and
acclimates. Tolerance during seed germination and emergence is based on percent
survival and during later stages it is based on relative growth reductions and rate of
senescence. Salinity decreased seed germination percent and it was associated with
synthesis of antioxidant enzymes; in addition elevated synthesis of antioxidant
enzymes were observed in tolerant genotypes of rice (Djanaguiraman et al. 2003).
Salinity also delays seedling emergence and if the stress is severe enough, crop
production can be decreased severely (Maas and Grattan 1999). Salinity stress
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affects both vegetative and reproductive development; salinity often reduces shoot
growth more than root growth (Djanaguiraman et al. 2006) and can reduce the
number of florets per panicles, increase sterility and affect the time of flowering and
maturity in rice (Djanaguiraman et al. 2003). In rice the total shoot biomass was
much reduced in salt stressed plants relative to non-stressed plants (Djanaguiraman
et al. 2003). The decrease in biomass is mainly attributed to ion imbalance. In
experiments with wheat, sorghum and cowpea (Maas and Poss 1989a, b; Maas et al.
1986), vegetative and early reproductive stages were found to be more sensitive
than seed filling stages. In wheat, salt stress is imposed when the shoot apex is in
vegetative stage, can adversely affect spike development and decrease yields of
wheat (Maas and Grieve 1990). Similarly, stress during spike or panicle differentia-
tion, causes earlier reproductive stage development but with reduced number of
spikelets per panicle. Anthesis also occurred earlier in salt-stressed plants compared
to non-stressed plant. In addition, salinity stress during reproductive stages of devel-
opment decrease pollen viability and fertilization, resulting in decreased grain num-
bers in several cereal and legume crops. In terms of crop management, avoiding
salinity stress just prior to and during flower (spike) development will help to set
initial yield potential, actual grain numbers and minimizes yield losses.

3.3 Effects of Salinity on Ion Transport

Light and nutrients are the main inputs for plants to grow and complete its life cycle.
The essential elements of plant growth and development significantly contribute to
the metabolic processes. The essential mineral nutrients are of importance in numer-
ous biological functions and each had its own function in the cell (Hajiboland 2012;
Nieves-Cordones et al. 2012). Energy storage, structural integrity and roles in redox
reactions were some of the biological functions of these nutrients. Although these
essential mineral nutrients were imperative for plant survival, excessive soluble
salts in the soil had some deleterious effects on most plants. According to their
response to high salt concentrations, plants could be divided into two groups.
Glycophytes, that are sensitive to high salinity, and halophytes that are tolerant to
saline soils. Experimentally, halophytes are of importance since they have the ability
to cope with salinity stress and studies on them might lead to the discovery of salin-
ity tolerance mechanisms.

The effect of salinity stress in plants could be generally classified into primary
and secondary effects. Primary salt injuries include direct and specific toxic effects
as well as indirect effects, such as metabolic disturbance and inhibition of growth
and development. Secondary salt effects include nutrient deficiency and osmotic
dehydration. Sodium chloride stress decreased growth and yield by (i) nutritional
deficiencies shown by decrease in nitrate, potassium, water content, and increase in
root to shoot ratio, (ii) lowered nitrogen compound synthesis via inhibition of nitrate
reduction and ammonia assimilation and (iii) protein catabolism at high salt
concentration, since sodium chloride enhanced the proteolytic activity and ammo-
nia production.
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3.3.1 Ion Homeostasis

Homeostasis can be defined as the tendency of a cell or organism to maintain its
internal steady state, even in response to any environmental stimulus tending to disturb
normality, because of the coordinate responses of its constituent components.
Homeostasis of ion concentration plays an important role in the physiology of all living
cells. Regulation of ion fluxes is important to regulate such that the concentration of
essential ions is greater and the toxic ions is below the range that can create ion imbalance
(Hajiboland 2012; Nieves-Cordones et al. 2012). Cells use mainly two transport sys-
tems for ions, primary active transport that uses energy, and secondary transports that
occurs through channel proteins and co-transporters. The two main ions that play
important role in cell are K* and Na*. Cells generally maintain high concentrations of
K* and low concentrations of Na* (Hajiboland 2012; Nieves-Cordones et al. 2012).
Intracellular K* and Na* homeostasis is important for active function of enzymes,
maintenance of membrane potential and osmotic potential of the cell for cell volume
regulation and cell function (Hajiboland 2012; Nieves-Cordones et al. 2012).
Homeostasis of K* and Na* is even more important under salinity. Plants survival
under saline condition mainly depends on the ion homeostasis. In salinity stress, when
Na* moves into plant cells and reaches toxic levels it disrupts enzymes and cell function
(Ahmad et al. 2010a, b, ¢, 2011, 2012a). To prevent negative effects on plant cells,
excessive Na* have to be moved out of cytoplasm and compartmentalized in vacuole.
Unlike animal cells, plant cells do not have special Na* or K* driven ATPase, and are
dependent upon H* driven ATPase and pyrophosphatases. In recent years many transports
of K* and Na* have been identified (Zhu 2003). The increase in salt concentration
inside the plant reduces the cellular osmotic potential, which confronts ion toxicity
and oxidative stress (Ahmad et al. 2010a, b, ¢, 2011). Under salinity conditions, variations
in proton gradients that are generated by membrane bound H* pumps are crucial for
maintaining cytoplasm homeostasis (Pons et al. 2011). Rapid activation of tonoplast-
bound pumps was observed in lines that were tolerant to salinity stress. The Na*/H*
antiportactivity was generally limited totolerantlines (Ponsetal. 2011). Overexpression
of Sodium proton antiport (NHX) genes are shown to improve salt tolerance (Pons
etal. 2011; Li et al. 2011).

3.3.2 Ion Transport

Salinity stress imposes two stresses in plants. First is water deficit, which is due to
high solute concentration, and the second is ion stress, which alters the Na* and CI-
ion concentration mainly by reduction in K* ion concentration and increase in Na*
concentration. This increase in Na* is mainly due to similarity between hydrated
Na* and K* radii, and is difficult to discriminate between them. In vitro protein
synthesis requires protein concentration of 100—150 mM whereas these K* concentra-
tions can be inhibited by Na* concentration of 100 mM mainly through competition
by Na* on K* binding site.



3 Effects of Salinity on Ion Transport, Water Relations and Oxidative Damage 93
3.3.3 Sodium Transport

It is important to know the sodium uptake, transport and compartmentation under
saline environmental condition. In order to ameliorate Na* toxicity three major
strategies have been observed: (a) inhibition of Na* influx; (b) improving Na* com-
partmentation in vacuoles via tonoplast Na*/H* antiporters; and (c) increasing Na*
extrusion via plasma membrane Na*/H* antiporters (Blumwald et al. 2000; Zhu
2001; Munns and Tester 2008).

Na* flux upon NaCl shock showed two phases of responses with high Na* influx,
with drastic reduction in net influx and within several minutes there exhibited a
drastic Na* efflux in the plant (Shabala 2000). Further Babourina et al. (2000) con-
cluded that Na* efflux was mainly due to Na-extrusion system. The NaCl induced
Na*/H* exchange in root tissues and cells was inhibited by amiloride (a Na*/H* anti-
porter inhibitor), indicating that the Na* extrusion in stressed roots is the result of an
active Na*/H* antiport across the plasma membrane. In case of salt sensitive plants,
salt induced Na* efflux was correspondingly inhibited by the application of
amiloride, the inhibitor of Na*/H* antiporter (Sun et al. 2009).

Sodium entry into cells of roots is mainly by enormous negative membrane
potential across the plasma membrane with passive transport system of Na*. Sodium
enters into plants mainly by high affinity K* transporter HKT1 (Maser et al. 2002)
and non-selective cation channels (Amtmann and Sanders 1999). Na* uptake through
the apoplast also plays a major role in entry of Na* into plants especially by transpi-
ration stream (Yeo et al. 1999). This apoplast pathway is affected by root develop-
ment and silica deposition in the cell wall. Na* uptake through non-selective cation
channels is partially sensitive to calcium. This shows that calcium ion plays very
important role in preventing Na* uptake by the plants (Tester and Davenport 2003).

The Arabidopsis AtHKT]I protein mediation of Na* influx was observed by Uozumi
et al. (2000). A screen for suppressor mutations of the salt-hypersensitive Arabidopsis
mutant sos3 leads to identification of mutant alleles of AtHKT1 (Laurie et al. 2002).
athktl suppression of salt overly sensitive, (sos3) is due to reduced Na* accumulation.
In wheat, HKT1 (K*- Na* transporter) also helps in Na* influx under salt stress. AtHKT1
shows negative regulation to salt overly sensitive 3 (SOS3) and its compartments whereas
there is no regulation from SOS3 on AtHKT1 but suppresses athkt! due to Na* entry.
Even though, ArtHKT1 (Na* influx carrier) has intracellular Na* toxic effect, it has an
important role in plant salt tolerance mainly by acting as a transporter in the long-
distance transport of Na* from root to shoot (Maser et al. 2002).

Calcium sensors (Calcium Binding Proteins) CBLI0 belongs to the family of
calcineurin-B-like-proteins (CBLs) which specifically interact with a family of serine-
threonine protein kinases designated as CBL-interacting protein kinases (CIPKs)
(Ahmad et al. 2012a; Sarwat et al. 2012). ¢b/10 mutants are involved in mediating
salt stress tolerance which could be revealed by T-DNA insertion showing a reduced
Na* and increased K* content. Localization studies of green fluorescent protein
fusion proteins suggest that CBLI0 is localized to moving punctate structures
(endosomes) and at the tonoplast. Yeast-two hybrid and BiFC analysis identified the
salttolerance factor CIPK24 (SOS2) as predominant interaction partner and revealed
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CBLI10/CIPK24 complex formation at the tonoplast. CBL10 and CIPK24 constitute
a novel Ca?*-regulated salt tolerance pathway that regulates the sequestration/
compartmentalization of Na* into vacuoles of green tissues.

3.3.4 Sodium Compartmentalization

Vacuolar sequestration of Na* not only lowers the Na* concentration on the cytoplasm
but also contributes to osmotic adjustment to maintain water uptake from saline
solutions. Other organelles like plastids and mitochondria are also involved in the
Na* compartmentation at the subcellular level. Cytosolic concentration of Na*
remains non-toxic both in halophytes and glycophytes in spite of Na* influx. The
compartmentalization of Na* into vacuoles has altered deleterious effect on Na* in
the cytosol. This thus allows NaCl to act as osmoticum maintaining osmotic poten-
tial, thereby driving water inside the plant.

In the current model for intracellular Na* sequestration, yeast cells rely on an
endosomal H*-ATPase to establish a H* gradient that can drive Na* and CI influx
via Na*/H* antiporters and chloride channels, respectively (Gaxiola et al. 1999).
According to this model, increased H* influx into an endosomal compartment will
enhance cation sequestration via the Nhx1 Na*/H* antiporter. In Arabidopsis, the
AtNHX family (Na*/H* antiporters) is involved in Na* compartmentation. AtINHX
and AtNHX? are localized in the tonoplast and they are upregulated by abscisic acid
(ABA) or osmotic stress. The vacuolar H*- ATPase components also increased in
response to salt stress. Thus, over expression of AtNHX1 in various plants or of the
vacuolar H*-pyrophosphatase in Arabidopsis was reported to enhance plant salt
tolerance substantially (Gaxiola et al. 2001).

Salt stress regulation of AtNHX expression is not impaired in the Arabidopsis
sosl, sos2 or sos3 mutants. However, mutations that causes ABA deficiency or the
ABA-insensitivel (abil) mutation partially disrupts AtNHX up-regulation by salt
stress (Yokoi et al. 2002). This suggests that SOS-independent, ABA-dependent
pathway regulates the expression of the vacuolar antiporter in response to salt stress.
However, the SOS pathway appears to regulate the activity of vacuolar Na*/H* anti-
porters (Qiu et al. 2002).

Interestingly, loss-of-function mutations in the plasma membrane H*-ATPase
(PMA1) confer Na* tolerance. The mutant cells (pmal-4) had a number of pheno-
types, which includes reduced Na* influx, increased Na* tolerance in response to
low extracellular pH and increased intracellular Na* levels. These results suggested
that in addition to the limited Na* influx, a mechanism for intracellular sequestration
of Na*" might exist (Nass et al. 1997).

3.3.5 Sodium Efflux

Na* efflux from one cell to another cause problem, therefore, it is must to consider
the efflux on specific tissues in whole plants. In Arabidopsis, Na*/K* antiporter
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present in the plasma membrane encoded by SOS1 gene catalyzes Na* efflux. SOS1
family is present in salt stress condition and involved in transport of Na* and not K*
or Li* ion. Its activity is mainly in root epidermal cells especially at the root tip and
in cells bordering the vascular tissue throughout the plant. Thus maximum efflux of
Na* was observed via roots rather than leaves. SOS1 has various roles like (a) Na*
efflux into root medium; (b) providing time for Na* storage in the vacuole by slow-
ing down Na* accumulation in the cytoplasm; and (c) controlling long-distance Na*
transport between roots and leaves by loading Na* into and unloading Na* from the
xylem and phloem. Its role in long distance transport plays an important part in
coordination between transpirational Na* flow and the vacuolar sequestration of Na*
in leaves. H*-ATPase in plasma membrane generates the driving force for Na* transport
by SOSI. Disruption of AHA4 (root endodermis specific plasma membrane H*-
ATPase) in Arabidopsis plants increase sensitivity to salt stress, whereas overexpression
of H*-pyrophosphatase, AVP1 has shown to increase salt as well as drought tolerance.

SOS3 is a myristolated calcium binding protein that is capable of sensing the
calcium signal that is elicited by salt stress. SOS2 is a serine/threonine protein
kinase. In the presence of calcium, SOS3 activates SOS2 recombinant protein to
plasma membrane which ultimately activates SOS1 gene, which on activation pro-
vides salt tolerance to mutant plants which was defective in all endogenous Na*
transporters (sosl, sos2 and sos3) in yeast (Quintero et al. 2002).

The research has shown that a better understanding of mechanism of Na* transport
in the plants will help improve salinity tolerance in plants (Plett and Moller 2010).

3.3.6 Potassium Transport

Under salt stress condition, high K*/Na* ratio is important for maintaining cellular
metabolism. Plasma membrane is depolarized under this condition and reduces the
electrochemical driving force of Na* uptake and cause drastic K* efflux from both
roots and mesophyll cells and reduces K* pools and comprises the metabolic
competence of the cell. Increased uptake of K* is difficult to attain during saline
condition due to direct competition of Na* under K* binding sites on transport sys-
tem and also by reduced electrochemical potential difference for passive K* uptake.
Hence it is too difficult to maintain the cytosolic K* ion concentration. These can be
done mainly by either up-regulation or down-regulation of K* transporter genes
(AtKC1I), which will reflect the tolerance or sensitivity to saline condition (Pilot
et al. 2003). At the active level of these genes, K* channels are regulated by protein
kinases and phosphatases. The Arabidopsis sos mutants have a growth defect under
K*-limiting conditions. Athkt] mutations suppress not only the salt-hypersensitivity
but also the K* acquisition defect of the sos3 mutant. The involvement of the SOS
pathway could be indirect. A defect in Na* efflux in the sos mutant may lead to
excessive cytoplasmic Na* that is inhibitory to K* uptake transporters such as AKT1.
Under K* limiting conditions, inhibitory levels of cytoplasmic Na* may arise in the
sos mutants, even when grown in media that is not supplemented with extra NaCl
(Zhu et al. 1998). Salinity tolerant genotypes are capable of maintaining higher
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xylem K*/Na* ratios and efficiently sequester the accumulated Na* in the leaves,
which is achieved by efficient loading of K* into xylem (Shabala et al. 2010). They
also showed that K* — permeable voltage-sensitive channels are involved in xylem
loading and operate in a feedback manner to maintain a constant K*/Na* ratio in the
xylem sap.

3.3.7 Chlorine Transport

CI toxicity plays a major role in case of woody plants in response to salt stress condi-
tion. However, these are less investigated comparing with the Na*, which has intensive
studies (Teakle and Tyerman 2010). CI" influx is coupled with Na* thermodynamically
in the mesophyll cells of leaves (Shabala 2000). An increase in Cl” influx was observed
through protoplast (Teakle and Tyerman 2010). In case of P. euphratica resistant plant,
CI efflux was more comparing with the salt sensitive plants.

3.3.8 Calcium

Calcium ion (Ca?*) can regulate and also alleviate negative influence of salinity
stress on plant growth (Ahmad et al. 2012a; Sarwat et al. 2012). Application of Ca?*
can minimize the leaves of K* and also protect cell membranes from damage caused
by Na* through minimizing its uptake and prevent Na* to the cell walls. Wu and
Wang (2012) showed that at low salinity, Ca** decreased root Na* accumulation,
increased shoot K* accumulation and enhanced the selective absorption and trans-
port capacity of K* over Na* in rice. However, at high salinity Ca?* did not have any
effect on Na* and K* accumulation. Na* efflux and Na* influx were remarkably
reduced Ca?* under both low and high salinity, their ratio was lowered only under
low salt stress (Wu and Wang 2012). They suggest that Ca** could regulate K*/Na*
homeostasis in rice at low salinity by enhancing the selectivity for K* over Na*,
reducing the Na* influx and efflux, and lowering the futile cycling of Na*.

3.4 Effects of Salinity on Water Relations
and Osmotic Adjustment

Salinity causes negative effects on the plant water status (Ahmad and Sharma 2010;
Ahmad et al. 2010a, 2012b; Azooz et al. 2011). The mechanism controlling the
internal plant water status may involve water uptake or water conservation by
the plant; and also internal plant water conductance during drought. The plant water
status differed significantly among cultivars exposed to the same period of water
exclusion. Leaf water content is a better indicator of the water status of a plant.
Plants are able to maintain the turgor potential at the same value for lower values of
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leaf water potential owing to their osmotic adjustment. Salinity decreases leaf relative
water content, stomatal conductance, leaf water potential, solute potential and turgor
potential (Ahmad et al. 2012b; Ahmad and Prasad 2012a, b). Water use efficiency
of plants; calculated, as the ratio between total plant dry weight and total plant water
uptake did not change under salinity stress conditions. Under salinity stress condi-
tions, plants with high water content were more tolerant than plants with lower
values. Increasing the salinity of irrigation water caused a reduction in the water
potential, osmotic and pressure potentials of both leaf and root in plants. The detri-
mental effects of salinity on plant water status and metabolism of plants were more
pronounced at flowering rather than the vegetative stage.

Salinity imposes turgor loss in plant tissue, is due to decrease in water potential.
In salinity stress, plants escape from dehydration, by reducing their osmotic potential
and by adjusting with osmolytes, which helps in transport, accumulation and com-
partmentation of inorganic ions and organic solutes. Leaf osmotic potential and leaf
ion accumulation are highly correlated with total dry matter production of a plant.
External high osmotic potential reduces the plant water retention, which in turn
affects the gas exchange, photosynthetic rate and protein synthesis.

The role of decreased turgor potential on growth is unclear. In some plants
species it was observed that salinity causes decrease in turgor potential that leads to
growth cessation, while in other species it was observed that salinity increased
turgor potential. This cellular response may be due to osmotic adjustment and also
due to differences in sensitivity of these plant species to salinity stress. Cultivars
within species are also known to differ in water relations in response to salinity
stress. In general, salt sensitive cultivars have higher leaf turgor than salt tolerant
cultivars, this may be related to reason that salt sensitive plants may not be able to
efficiently exclude salts from their roots when compared to salt tolerant cultivars
(Ashraf 2004; Ahmad et al. 2006, 2010a; Ahmad 2010; Ahmad and Sharma 2010).

The relation between turgor, tissue elongation and growth is contradictory due to
the reasons for what controls cell wall expansion. In addition to turgor there are
several other factors which influences growth, such as phytohormones (Ahmad
et al. 2010c). Ashraf (2004) suggested although salinity influences water relations
in plants, the response and measurements of water potential and turgor potential
alone may not help in discriminating differences among salt tolerant and salt sus-
ceptible genotypes. A better and improved understanding of mechanisms that con-
fer tolerance to salinity are necessary. Aquaporins are water channel proteins that
are present in most organisms from bacteria to higher plants; they are known to be
the major facilitators of the movement across membranes (reviewed in chapter 3).
The role of these water channels in maintaining water balance and movement across
membranes under osmotic stress is not clear. Water channels could facilitate water
uptake in roots if their presence is associated with accumulation of metabolites that
help in osmotic adjustment. In contrast, removal of water channels on the mem-
branes can restrict water movement or water loss. In addition, the amount of water
channels in the membranes of the vacuole may help in separation or concentrations
of ions. As the knowledge about role of aquaporins is increasing, it is important to
understand the influence of salinity on the aquaporins and water movements and
water relations in plants.
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Osmotic adjustment refers to the lowering of the osmotic potential due to the net
accumulation of solutes in response to water deficit or salinity stress (Ahmad and
Sharma 2008; Ahmad et al. 2012b). Osmoregulation could be defined as the regula-
tion of osmotic potential within a cell by the addition or removal of solutes from
solution until the intracellular osmotic potential is approximately equal to the poten-
tial of the medium surrounding the cell. Osmotic adjustment is an important mecha-
nism in salinity tolerance, because it enables (a) continuation of cell expansion; (b)
stomatal and photosynthetic adjustments; (c) better plant growth; and (d) yield pro-
duction. The compounds mainly involved in osmotic adjustment are the soluble
sugars, organic acids, free amino acids and potassium ion. The degree of the osmo-
regulatory processes is affected by the rate of stress, stress preconditioning, the
organ type and age, and the genetic variation between and within species. The non-
toxic compatible organic solutes are accumulated in the cytoplasmic compartment
of cells; and inorganic ions toxic to metabolic processes were restricted to the vacu-
olar compartment. The leaf osmotic adjustment of plants was linearly proportional
to salinity stress tolerance. Water flow through the soil-plant-atmosphere continuum
is mainly due to gradient of decreasing water potential. Water potential of pure
water is 0, and increasing salinity or concentrations of salts in the water decreases
water potential and as such sharp increases in salt will hold water osmotically away
from plants, and to limit restrictions on water uptake, plants must generate increas-
ingly lower water potentials to allow continued water flux. This is often achieved
through salt tolerance, where solute concentrations can be changed through produc-
tion of compatible solutes. Osmotic adjustment in plant cells can also be mediated
through accumulation of Na* and Cl to generate sufficient turgor for survival and
growth at higher salinity stress. Such salt tolerant plants generally decrease leaf
water potential below the soil water potentials. Research also showed that geno-
types tolerant to salinity stress had mechanisms to prevent high Na* and Cl™ in
leaves (Nemati et al. 2011).

Photosynthesis is an important biochemical pathway for survival and growth of
plants. Photosynthetic rate are reduced due to ultra-structural changes in chloroplast
under salinity condition. Photosystem II, electron transport chain and CO, assimila-
tion were the photosynthesis components mainly affected by salinity. The stomatal
conductance was decreased by salinity stress. Leaf photosynthetic rates were main-
tained in salt tolerant varieties, but declined in the sensitive varieties at higher salin-
ity levels. This reduction in photosynthetic rate may be due to the increased stomatal
resistance and thereby lower intercellular carbon dioxide concentration. Under
salinity treatment, plants expressed two phases of photosynthetic inhibition: in the
first phase, decrease in photosynthesis was gradual, whereas in the second phase it
was rapid and accompanied by a decline of the energy conversion efficiency of
photosystem II strongly related to adverse effects of salinity. The decrease was due
to reduced carbon dioxide assimilation associated with a decline in stomatal con-
ductance, water use efficiency and Rubisco activity, as well as slower electron trans-
port of photosystem II under severe salinity stress. Photosynthesis is decreased due
to two main reasons, (a) reduction in chlorophyll content; and (b) reduction in leaf
area. Chlorophyll pigments play a major role in plant productivity, as they are one
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of the principal pigments responsible for photosynthesis. Decrease in the total
chlorophyll and chlorophyll fractions may be attributed to the increased chlorophyl-
lase activity and partly due to the interference of ions with the de novo synthesis of
proteins; the structural components of chloroplast. Compartmentalization of ions
into vacuoles, cytoplasm and chloroplast may decrease the damage to photosyn-
thetic system under salinity stress.

3.5 Effects of Salinity on Compatible Solutes

Some plants have the potential to increase cellular concentrations of osmotically
active compounds called as compatible solutes (Ahmad and Jhon 2005; Ahmad
et al. 2006, 2010a,2012b; Ahmad and Sharma 2008). This happens when cells are
stressed (particularly drought or increased salinity). They are termed compatible
due to the fact that they allow normal cellular metabolism at high concentrations.
Compatible solutes help in maintenance of ion homeostasis and water relations
(Ahmad 2010; Ahmad et al. 2010a; 2012b; Azooz et al. 2011; Katare et al. 2012).
Compatible solutes do not interfere with function or structure of the protein, but
only help in alleviating the negative effects of high ion concentrations on the
enzymes, stabilizing proteins, protein complexes, membranes and cell function
under stress conditions. To accumulate the ionic balance in the vacuoles, cytoplasm
accumulates compatible solutes as they are low-molecular-mass compounds and do
not interfere with normal biochemical reactions (Parida and Das 2005; Zhifang and
Loescher 2003; Ahmad and Sharma 2008).

Some examples of compatible solutes include proline, mannitol, glycine betaine,
sugars, and some nitrogen containing compounds. Their function is mostly an
osmoregulatory function; in addition some compatible solutes are also capable of
scavenging free radicals. Salinity caused an increase in the proline content in leaves,
stem and roots of most plants (Ahmad and Sharma 2008; Ahmad 2010; Azooz et al.
2011; Katare et al. 2012). Proline is an important compatible solute in halophytic
plants as well as some glycophytes. Intermediates of proline biosynthesis and catab-
olism induced the expression of several osmotically regulated genes. Proline accu-
mulation may be due to the increased activity of pyroline-5-carboxylase reductase
and reduced level of proline oxidase observed during episodes of salinity (Nounjan
et al. 2012). Accumulation of proline in rice was a symptom of salt stress injury,
which was due to increase in the levels of Ornithine-A-Aminotransferase (OAT) and
its precursor glutamate. Mannitol, a sugar alcohol produced to cope with salt stress,
is synthesized via the action of mannose-6-phosphate reductase (M6PR) (Zhifang
and Loescher 2003). Arabidopsis plants were transformed with M6PR gene, the
plants were phenotypically similar and mature plants showed high levels of salt
tolerance compared to wild type, and completed their normal life cycle and pro-
duced seeds in soils with high salt (300 mM NaCl). These results demonstrates role
of developing tolerance by means of increased biosynthesis of mannitol (Zhifang
and Loescher 2003).
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Transgenic cotton plants that accumulated glycinebetaine in larger quantities
generally more tolerant to salt stress than wild-type (Zhang et al. 2011). Levels of
endogenous glycinebetaine were positively correlated with relative water content
and osmotic adjustment. These results indicate that glycinebetaine in transgenic
plants not only maintains the integrity of the cell membranes but also alleviated
osmotic stress caused by high salinity (Zhang et al. 2011). Other solutes such as
polyols, carbohydrates (glucose, fructose, sucrose, fructons, starch), nitrogen con-
taining compounds (amino acids, proteins, quaternary ammonium compounds), and
polyamines are accumulated under salt stress (Parida et al. 2002; Ahmad and Sharma
2008.

In some cases, although exogenous application of osmoprotectants did not allevi-
ate growth inhibition during salt stress, they exhibited pronounced beneficial effect
during recovery period showing higher percentage of recovery in plants treated with
salt stress and protein or trehalose (Nounjan et al. 2012). Recent study showed that
osmotic adjustment provided by various compound can vary based on the intensity
of the salinity stress. Under low and moderate salinity, inorganic cations were the
major contributors of the osmotic adjustment in roots, followed by the sugars, while
the relative contribution of proline and free amino acids was less (Misic et al. 2012).
While, osmotic adjustment under severe salinity stress appeared to be mediated by
accumulation of organic compounds. In addition inorganic ions can also play
significant role for osmotic adjustment and plants ability to maintain K* levels and
the involvement of compounds such as putrescine efflux in maintaining ionic bal-
ance under high salinity conditions (Orsini et al. 2011.

3.6 Effects of Salinity on Oxidative Damage

Oxygen molecule, a free radical was introduced in the earth’s atmosphere by the O,
evolving photosynthetic organisms. In chloroplast, oxygen generated as a product
of photosynthesis is capable of accepting electrons passing through the photosystem
thereby producing reactive oxygen species (ROS) (Ahmad et al. 2010b, c, 2011).
Under normal conditions of plant growth, there is a dynamic equilibrium between
ROS and antioxidants; this balance is interrupted by salinity stress. The change in
equilibrium cause sudden increase in intracellular level of ROS favoring oxidative
reactions and promotes oxidative stress in plants (Ahmad et al. 2008, 2010b).
Salinity, accompanied by high concentrations of salts primarily induces ionic imbal-
ance and hyper-osmotic stress in plants. Due to disruption of homeostasis and water
balance, cellular membranes, enzyme activity and photosynthetic apparatus are
affected with an over production of ROS in salt stressed plants. The increase in ROS
is responsible for causing oxidative damage to cells known as oxidative burst.
Membranes are primary targets of salinity injury to cell and cellular organelles due
to the fact that ROS has high potential to react with unsaturated fatty acids resulting
in peroxidation of essential membrane lipids in the membranes of cell and intercel-
lular organelles (Ahmad et al. 2010b, c, 2011). Peroxidation of membranes leads to
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leaky membranes leading to loss of electrochemical gradient, loss of homeostasis,
loss of cellular contents, rapid desiccation and cell death. The damage associated
with salt stress increases the lipid peroxidation, electrolyte leakage and hydrogen
peroxide to a greater extent in salt sensitive genotypes or species (Hu et al. 2012;
Ahmad et al. 2008, 2010a).

3.6.1 Reactive Oxygen Species

Oxygen is essential for plant life. It is generated in the electron transport during light
reaction of photosynthetic pathway. The reduction of O, to H,O is a mixed blessing
that provides energy for higher organisms. Due to incomplete reduction of O, favored
by stress factors, excess production of ROS takes place, which are highly reactive and
capable of oxidizing biological molecules. Under salt stress, stomatal closure limits
the availability of CO, but the light driven electron transport continues at higher rates.
The demand for photosynthesis is thereby limited at the expense of light absorption by
leaves and hence the excess excitation energy causes decrease in electron transport.
The transport of electrons to alternate acceptors was created due to imbalance between
the consumption of NADPH during carbon fixation and regeneration of NADP at PS
I (Tanaka et al. 1999; Foyer and Noctor 2000; Tausz et al. 2004). In plants, ROS such
as H,0, (hydrogen peroxide), 'O, (singlet oxygen), O, (superoxide radical) and OH
(hydroxyl radical, it is a neutral form of the hydroxide ion OH") are produced in
different cellular components as byproducts of various metabolic pathways (Ahmad
et al. 2008, 2010b, 2011; Ahmad and Umar 2011). Under steady state, these ROS are
scavenged by the respective antioxidants. Abiotic stress factors cause rapid increase in
accumulation of ROS that cannot be balanced by the antioxidative defense system
(Ahmad et al. 2008, 2010b, c, 2011). The formation of ROS is initiated by the reduc-
tion of molecular oxygen. Reduction of molecular oxygen continues in a series of
steps leading to formation of several O, radical species. The steps involve the produc-
tion of O,", H,O, and OH" by using one or two or three electrons respectively in reduc-
tion of oxygen. Decreased photosynthesis under salinity stress increases the formation
of ROS molecules and also changes the dynamics of enzymes that detoxify ROS
species (Ahmad et al. 2008, 2010b, c, 2011).

3.6.2 Superoxide Radical (O,)

Superoxide radical is generated by univalent reduction of molecular oxygen during
electron transfer. Here, only one electron is involved for reduction. O, is moder-
ately reactive and first generated ROS with approximately 2—4 us of half-life. It is
generated in the thylakoid membrane bound primary electron of photosystem I. O,
induces the formation of other ROS like 'O, and OH~ (Halliwell 2006) and these
highly reactive molecules cause lipid peroxidation in membranes. 'O, is generated
from superoxide radical by the reduction of Fe** and furthermore, O, generates
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H,0, through dismutation catalysed by superoxide dismutase and OH" is produced
by the production of H,O, radicals. The generation of OH" by the reactions involv-
ing O,, H,0, and iron is called Haber-Weiss reaction and Fenton’s reaction is the
oxidation of Fe** by H,O,. Salinity results in increased production of superoxide
radicals (Ahmad et al. 2010b, 2011; Ahmad and Umar 2011).

3.6.3 Hydrogen Peroxide (H,0,)

H,0, is moderately reactive ROS generated by the univalent reduction of O, cata-
lyzed by superoxide dismutase and has long lifetime of 1 ms. It plays an important
role in physiological processes such as photorespiration, photosynthesis, senes-
cence, stomatal movement and growth and development. At high concentrations,
H,0, causes cell death in plants.

3.6.4 Singlet Oxygen ('0,)

'0, is generated by transfer of excess excited energy of O, and not electron transfer.
The primary source of 'O, is the chlorophyll pigments associated with the electron
transport system and its lifetime is approximately 3 ps (Hatz et al. 2007). During pho-
tosynthesis, chlorophyll triplet state reacts with *O, to form 'O,. This 'O, is responsible
to cause detrimental effect on whole photosynthetic machinery. 'O, act as an oxidizing
agent of biological molecules causing cell death in plants (Krieger-Liszkay et al. 2008)
and also induces the production of anti-microbial secondary metabolites (Flors et al. 2006).
Salinity stress produces higher quantities of singlet oxygen species.

3.6.5 Hydroxyl Radical (OH")

Hydroxyl radical is the most reactive oxidant in cells and is generated from O, and
H,0, in the presence of Fe through Fenton’s reaction. OH™ plays a key role in lipid
peroxidation and also damages DNA, protein and other cell constituents leading to
cell death (Vranova et al. 2002). As other oxidants, higher salt concentrations in
cells results in accumulation of hydroxyl radical.

3.7 Effects of Salinity on Antioxidants

Plants have the ability to protect themselves from oxidants (e.g. ROS) by employ-
ing specific mechanisms in the organelles such as chloroplast, mitochondria and
peroxisomes. The mechanism includes the activation of enzymatic antioxidants
and non-enzymatic antioxidants. The enzymatic antioxidants include superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), monodehydro
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ascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione
reductase (GR) (Noctor and Foyer 1998; Smirnoff 2002; Ahmad et al. 2009, 2010a,b;
2012a, b; Ahmad and Umar 2011), glutathione-S-transferases (GST) and glutathione
peroxidases (GPX), and non enzymatic antioxidants are ascorbic acid (AA), flavones,
carotenoids, anthocyanins and tocopherols (Mittler 2002; Ahmad et al. 2009, 2010b,
¢, 2011). These antioxidants are generally increased under salinity stress conditions
and often provide protection to membranes and cell function. However the response
of antioxidant can be stage specific, at some stages the activities can be decreased
due to high salinity stress, and these changes the activities can be increased once the
plants are recovered from the stress (Sekmen et al. 2012). Salinity tolerance among
different genotypes can be related to induction and sustained expression and
production of highly regulated antioxidant mechanisms (Mhadhbi et al. 2011).
Furthermore, tolerance behavior of certain genotypes could be related to induction
of antioxidant genes in plant roots, leading to more efficient enzyme stimulation and
protection.

3.7.1 Superoxide Dismutase (SOD)

SOD belongs to the family of metaloenzymes and is ubiquitous in every cellular
component of the plant. It catalyses the disproporationation of O, to molecular
oxygen and H,O, (Giannopolitis and Ries 1977). SOD exists in different isoforms
such as manganese containing SOD (Mn-SOD), copper-zinc containing SOD (Cu/
Zn-SOD), iron containing SOD (Fe-SOD) and nickel containing SOD (Ni-SOD),
which are localized in different cellular components. Mn-SOD is found in mito-
chondria and peroxisomes, Cu/Zn-SOD is predominant in cytosolic fractions and
chloroplasts and Fe-SOD in chloroplast compartments. Several environment stresses
induce the generation of SOD in plants cells, which is the first line of defense against
the toxic oxygen radicals. Salinity increases the activity of SOD in different plant
species and a different mechanism was reported to operate in oxidative stress injury
(Yu and Rengel 1999a, b; Ahmad et al. 2008, 2010b, c, 2011).

3.7.2 Catalases (CATs)

CATs present in peroxisomes are tetrameric heme containing enzymes involved in
dismutation of H,O, into H,O and O,. They play a significant role in scavenging
H,0O, generated during B-oxidation of fatty acids in seed germination, photorespira-
tion and purine catabolism. CAT exhibit high turnover rate i.e., one molecule of CAT
can detoxify nearly 6 million molecules of H,O, to H,O and O, per minute. Though
CAT mainly reacts with H,O,, it also can react with some organic hydroperoxides
such as methyl hydrogen peroxide (MeOOH) (Ali and Alqurainy 2006). Like SOD,
CAT also exists in different isoforms in higher plants (Polidoros and Scandalios
1999). A significant increase in CAT activity was noted in C. arietinum leaves
(Eyidogan and Oz 2005) and roots (Kukreja et al. 2005) under salt stress treatment.
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Catalase activity assays were performed before and after salt stress treatments in
B. gymnorrhiza and it was found that the enzyme activity increased 4.9 fold under
salt stress compared to non-stressed plants (Takemura et al. 2000).

3.7.3 Ascorbate-Glutathione Cycle Enzymes

The enzymes of ascorbate-glutathione cycle include APX, MDHAR, DHAR and
GR. Ascorbate peroxidase is involved in oxidation of ascorbate to MDA (monodehy-
droascorbate). It is essential for regeneration of ascorbate from MDA to maintain the
H,0, scavenging system in chloroplasts (Ahmad et al. 2008, 2010b, ¢, 2011; Ahmad
and Umar 2011; Yousuf et al. 2012). MDHAR catalyses reduction of MDA to ascor-
bate. Dehydroascorbate is generated if MDA is not converted to ascorbate.
Dehydroascorbate is converted into ascorbate by the thiol enzyme, DHAR, but the
contribution of MDHAR s greater than that of DHAR (Asada 1994; Minkov et al.
1999). Another potential enzyme belonging to the ascorbate-glutathione cycle is
glutathionereductase (GR). Glutathioneisinvolvedinconversion of Dehydroascorbate
to ascorbate through DHAR. Glutamyl cysteine glycine (GSH), a metabolic regula-
tory molecule is oxidized to glutathione di sulphide (GSSG) and GSH is being
regenerated by GR. Many studies indicated that ascorbate-glutathione pathway
enzymes were up regulated under salinity stress. The increases in the activity of the
above enzymes are higher in tolerant variety than susceptible varieties. Lee et al.
(2001) showed that salinity stress increased the activity of APX in rice leaves but not
in rice roots. There was an early increase in GR activity in NaCl-exposed shoot cul-
tures of rice (Fadzilla et al. 1997). Salinity stress enhanced the expression of APX
and GR genes (Kawasaki et al. 2001). However, Lopez et al. (1996) demonstrated
that APX activity and not the mRNA level, was enhanced under salinity stress in
Raphanus sativus plants. Transgenic tobacco seedling that overexpress a cDNA
encoding an enzyme with both GST and GPX stimulated and improved seed germi-
nation and seedling growth under salt stress (Roxas et al. 1997).

Sulfur is part of several organic molecules in plants and present it thiol (—SH)
groups in proteins such as GSH or non protein thiols such as glutathione. Cysteine is
the precursor or S-donor for most of the other organic S compounds in plants. Under
salinity stress there is a high demand for cysteine which emphasizes the role of sul-
furic compounds as osmolytes or antioxidants. Nazar et al. (2011) provided a detailed
review on aspects related effects of salinity on physiology and metabolism of plants
and the importance of S in salinity tolerance or salinity induced responses.

3.7.4 Non-enzymatic Antioxidants

Apart from the enzymatic antioxidants, plants also produce different non-enzymatic
antioxidants that are capable of scavenging the toxic ROS and reduce oxidative
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stress (Ahmad et al. 2008, 2009, 2010b, ¢, 2011). The most important non-enzymatic
antioxidants are ascorbic acid (AA) and glutathione. Ascorbic acid/vitamin C is the
most powerful, abundant and water-soluble antioxidant, which reduces the harmful
effects of ROS. It is found in many plant cell types, organelles especially in photo-
synthetic cells, meristems and in some fruits and apoplast. Higher concentration of
AA is found in mature leaves. In leaves and chloroplasts, AA remains available in
reduced form under normal physiological conditions. In mitochondria, AA is syn-
thesized and transported to other cell components by proton-electron chemical
gradient or by facilitated diffusion AA is the most powerful ROS detoxifying
compound because it has the ability to donate electrons in a number of enzymatic
reactions. AA can directly quench H,O,, O,, and OH. H,O, is reduced by AA to H,O
through ascorbate peroxidase reaction (Foyer et al. 1997). It imparts membrane
protection by regenerating tocopherols from tocopheroxyl radical. Therefore, a
higher level of AA is important to minimize oxidative stress and regulate plant
metabolic processes (Athar et al. 2008). Increase in ascorbate levels and the main-
tenance of the redox state in the cell is very critical for root growth and development
in salt stress (Hernandez et al. 2010). Several findings indicated that the salinity
induced wilting was associated with increases in the cellular activity of damaging
ROS and the elevating effect of AA on seedling survival was associated with the
partial inhibition of ROS production. The decrease in level of lipid peroxidation by
ROS in root, stem and leaf tissues during salt stress was decreased by exogenous
ascorbic acid application (Shalata and Neumann 2001). Zhang and Kirkham (1996)
reported similar inhibitory effects of exogenous AA on lipid peroxidation in
sunflower seedlings exposed to osmotically induced water-stress. Tripeptide gluta-
thione is a major source of non-protein thiols and a crucial metabolite in plants. It
has been detected as reduced form in all cell compartments such as cytosol, chloro-
plasts, endoplasmic reticulum, vacuole, mitochondria, chloroplasts, peroxisomes
and apoplast. It is essential to regulate the normal reduced state of cells which
thereby reduces the injurious effects of stress induced ROS (Wang et al. 2008).
Reduced glutathione (GSH) plays an important role in regeneration of ascorbic
acid, water-soluble antioxidant through the ascorbate-glutathione cycle and marks
its role in antioxidative defense system. It is also involved in the detoxification of
dehydroascorbate reductase. Glutathione maintains the redox equilibrium of cellular
compartments in combination with oxidized form of glutathione (GSSG). Ruiz and
Blumwald (2002) observed a threefold increase in glutathione content in wild-type
Brassica napus L. plants exposed to salinity stress. The induction of glutathione
synthesis during salinity stress suggests a possible protective mechanism against
salinity induced oxidative damage. Some other non enzymatic antioxidants such as
carotenoids, flavonoids, tocopherols and polyamine have some protection against
oxidative stress by acting as scavengers of ROS molecules. Salinity also induce
changes in phenolic compounds (Petridis et al. 2012) where biosynthesis of phenols
and oleuropein was stimulated in leaves. There was strong correlation between total
phenol content and antioxidant activity in both leaves and roots (Petridis et al. 2012).
In addition to antioxidants, plant hormones especially brassinosteriods and salicylic acid
can influence tolerance of plants to salinity stress. The role of exogenous application
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of brassinosteriods and salicylic acid in regulation of various biochemical and
physiological processes that can lead to improved salt tolerance (Ashraf et al. 2010).
It was observed that although salicylic acid is not essential for germination under
normal growth conditions, but is plays a promotive role in seed germination under
high salinity by reducing oxidative damage (Lee et al. 2010).

3.8 Possible Strategies to Improve Salt Tolerance

Identification of reliable morphological, physiological or biochemical traits under
salinity stress are an integral part of any successful breeding program. Ashraf and
Harris (2004) conducted review of various biochemical indicators of salinity toler-
ance in plants. They argued that at present there are no well-defined indicators for
salinity tolerance available to assist plant breeders in the improvement of salinity
tolerance in important agricultural crops. Thus, there is a need to determine distinct
traits and underlying biochemical mechanisms of salinity tolerance. Ashraf and
Harris (2004) provided about 11 different biomarkers which include soluble sugars,
proteins, amino acids, ammonium compounds, polyamines, polyols, antioxidants,
ATPase. As there is a large variability in responses to salinity stress by various plant
species and genotypes within species, it is more valuable if biochemical indicators
are specified for individual species rather than generalized for all species (Ashraf
and Harris 2004).

Salinity stress is complex in nature; hence there is no single definite morphological
marker available for identification of tolerant or sensitive lines. Therefore, several
parameters may be used in combination for the effective and reproducible screening.
The tolerance of plants to salinity stress mainly depends on the low Na* and CI™ as
well as maintenance of high nutrient concentration especially K* homeostasis. There
are extensive genetic diversities in plants varying from halophytes (native to saline
environment) to glycophytes (salt sensitive) for preferential K* accumulation.
Halophytes tolerate extreme salinity because of special anatomical and morphological
adaptations or mechanisms (Flowers et al. 1986). The cytotoxic ions like Na* and CI”
are compartmentalized in vacuoles and used as osmotic solutes both in halophytes and
glycophytes (Blumwald et al. 2000; Niu et al. 1995). It follows then that many of the
molecular entities that mediate ion homeostasis and salt stress signaling are similar in
all plants (Hasegawa et al. 2000). Plant genetic model Arabidopsis a glycophyte, will
be required to delineate if salt tolerance is affected most by formation or function of
genes or more by differences in the expression of common genes either due to tran-
scriptional or post-transcriptional control (Zhu 2001).

NaCl is the principal stress-causing agent; research focus has been the transport
systems that are involved in utilization of Na* as an osmotic solute (Blumwald et al.
2000). Intracellular Na* homeostasis and salt tolerance are modulated by Ca®* and
high [Na*]  negatively affects K* acquisition. Na* competes with K* for uptake
through common transport systems and does this effectively since the [Na*]_ in
saline environments is usually considerably greater than [K*] . Ca** enhances K*/
Nat* selective intracellular accumulation (Maathuis et al. 1996). Research of the last
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decade has defined many of the molecular entities that mediate Na* and K*
homeostasis and given insight into the function of Ca*" in the regulation of these
transport systems. The salt overly sensitive (SOS) stress-signaling pathway was
identified to be a pivotal regulator of plant ion homeostasis and salt tolerance
(Hasegawa et al. 2000; Sanders 2000). This signaling pathway functionally resem-
bles the yeast calcineurin cascade that controls Na* influx and efflux across the
plasma membrane (Bressan et al. 1998). Expression of an activated form of cal-
cineurin in plants enhances salt tolerance further implicating the functional similar-
ity between the calcineurin and the SOS pathways (Pardo et al. 1998). Little is
known about the mechanistic entities that are responsible for CI- transport or the
regulation of Cl- homeostasis (Hedrich 1994).

Role of cytosolic N* exclusion in roots as a means of salinity tolerance and
method of functional assessment was developed (Cuin et al. 2011). They showed
that active efflux of N* from root epidermal cells was mediated by a SOS1-like
homolog, energized by the plasma membrane H*-ATPase. SOS1-like efflux activity
was highest in salt tolerant genotypes. The salt tolerant plants had an enhanced abil-
ity to sequester large quantities of Na* in to the vacuoles of roots cells, as revealed
by confocal microscopy using sodium green stain, while the sensitive lines had
greater proportion of Na* in the root cell cytosol (Cuin et al. 2011).

Zhang et al. (2001) found that transgenic Brassica napus plants overexpressing
AtNHX1, a vacuolar Na*/H* antiport from Arabidopsis thaliana, were able to grow,
flower, and produce seeds in the presence of high sodium chloride. Although the
transgenic plants grown in high salinity accumulated higher sodium; the dry weight
and growth of these plants were only marginally affected by the high salt concentra-
tion. Moreover, seed yields and the seed oil quality were not affected by the high
salinity of the soil. Strategies to modify ion transport and understanding the mecha-
nisms of transport will help improve our knowledge and help develop strategies to
improve salinity tolerance (Plett and Moller 2010). These results demonstrate the
potential use of these transgenic plants for agricultural use in saline soils. They
concluded, that the modification of a single trait significantly improved the salinity
tolerance of this crop plant, suggest that with a combination of breeding and trans-
genic plants it could be possible to produce salt-tolerant crops with far fewer target
traits than had been anticipated.

Munns and Tester (2008) provided a comprehensive review on mechanisms of
salinity tolerance with particular emphasis on food grains crops. They summarized
that plant adaptation to salinity are of three distinct types (a) osmotic stress toler-
ance — in this case a reduced response to osmotic stress would result in greater leaf
growth and stomatal conductance, but the resulting increased leaf would benefit
only plants that have sufficient soil waters; (b) Na* exclusion from leaf blades — in
this case Na* by roots ensures that Na does not accumulate to toxic concentrations
within leaves, a failure to exclude Na* manifests its toxic effects and causes prema-
ture death of older leaves; and (c) Tissue tolerance to Na* and Cl~ — this focuses on
compartmentalization of Na* and CI™ at the cellular or intercellular level to avoid
concentrations within cytoplasm, especially in the mesophyll cells of the leaf.
In addition to these increased production of osmoprotectants and antioxidant pro-
ductions systems also have some potential and needs further exploration.
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3.9 Conclusion and Future Perspective

Salinity is an important abiotic stress that limits growth and yield of many crop
species. Salinity stress causes changes in ion homeostasis and ion transport (Na, K,
Cl), water relations (changes water, osmotic and turgor potential of plants), and
associated osmotic adjustments. Salinity stress results in production of several ROS
or free radicals resulting in oxidative damage of membranes leading to loss of cell
function. Salinity stress can also cause accumulation of compatible solutes and
stimulate production of antioxidants which can protect membranes and cell organ-
elles. Some of the adaptations to salinity stress in plants include (i) accumulation of
osmoprotectants; (ii) sodium (Na*) or chloride (CI) exclusion; (iii) tissue tolerance
to accumulated Na* or ClI~; and (iv) detoxification of ROS. Plant species and geno-
types within species show differential responses to salinity stress. Various traits that
govern salinity tolerance can be identified by studying physiological and biochemi-
cal mechanisms, which can lead to identification of new genetic sources of salinity
tolerance. Salt tolerance in crop plants can be improved by identifying new genetic
materials through screening for individual and combinations of above mentioned
adaptation traits. Plant species and genotypes within species are known to differ in
their tolerance to salinity. In addition, several transgenic plants with increased
expression of specific transports, sequesters, compatible solutes have shown
increased tolerance to salinity. Therefore, opportunities exist for selection, tradi-
tional breeding method and molecular approaches. Although our understanding of
physiological basis for tolerance, susceptibility or genetic variability has improved,
there are still several issues related to screening large populations, efficient pheno-
typic techniques, relevance of field and controlled environment studies, perfor-
mance of transgenic under field conditions, identification of key genes associated
with tolerance and their function at whole crop level and on crop productivity.
Recent advances in molecular genetics, functional genomics, proteomics, and
metabolomic analyses along with enhanced understanding of biology of tolerance,
certainly provides hope for improving salinity tolerance of food crops.
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Chapter 4
Halotolerance in Lichens: Symbiotic
Coalition Against Salt Stress

David Delmail, Martin Grube, Delphine Parrot, Jeanne Cook-Moreau,
Joél Boustie, Pascal Labrousse, and Sophie Tomasi

4.1 Introduction

Lichens cover about 8% of land surface, they occur in almost all terrestrial habitats
of the world, including the most inclement environments such as continental areas
of Antarctica to sand deserts (Green et al. 2012; Maphangwa et al. 2012). Among
these extreme habitats, coasts and rocky sea shores are colonized by adapted halot-
olerant species (Ahmadjian 1995; Gilbert 2000; Grube 2010; Grube and Blaha
2005). Certain lineages of lichens are abundant in the littoral to supralittoral belts,
where they are exposed to both salt and dry stress and towards the poles, to cold
stress as well. On rocky seashores, they form an ecological zonation with each level
subjected to different exposures of salt and immersion (Sibaja-Cordero and
Troncoso 2011). Maritime influences are not limited to seashores, but may also
extend many kilometers inland (Nash IIT and Lange 1988). For example, the prehis-
toric monument of Stonehenge in England is colonized by maritime specimens
(Gilbert 2000).

In intertidal environments, salinity is the main factor influencing lichen zonation,
but there are still few available data concerning the different levels of halotolerance.
These lichens tolerate fluctuating conditions of humidity and salt that are unsuitable
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for most other organisms, and adapt at various levels of organization. In this chapter,
ecology and mechanisms of adaptation to complex stressful environmental condi-
tions at cellular and biochemical levels are described in relation to symbiont diversity
as well as implications of phenotypic characteristics and genetics.

4.2 Ecology, Diversity and Morpho-anatomical Adaptations

As salt-rich habitats of lichens are mostly represented by marine and maritime envi-
ronments, our focus will be on lichens encountered in coastal areas, although some
lichens also can occur inland (e.g. arid steppes) with elevated salt conditions. The
upper zones along coasts are influenced by prolonged sun exposure, wind-dependent
fluctuations in salinity and temperature, whereas lower zones are subjected to almost
constant submersion and wave action. Organisms and particularly lichens have
developed diverse means of adapting to survive such environmental extremes.

According to Fletcher (1973a, b) sublittoral, littoral, supralittoral, and terrestrial
zones can be differentiated. In these zones, most of lichens are weathered on rocks
and distributed according to three levels of immersion: (i) permanently immersed in
sea water, corresponding to marine lichens, (ii) partially immersed and (iii) above
the upper water line but exposed to saline particles suspended in the atmosphere,
corresponding to maritime lichens.

The zone below the littoral belt hosts about a dozen of described lichen species
but this number is regarded as low in comparison to the number of marine fungi
(Kohlmeyer and Kohlmeyer 1979), some of which might be involved in other asso-
ciations with photoautotrophs. The crustose lichen genus Verrucaria is particularly
well represented along the littoral belt. Only one submersed lichen, Halographis
runica has been described recently (Kohlmeyer and Volkmann-Kohlmeyer 1988).

The littoral zone is easily recognized by the black belt on rocks corresponding to
lichens with dark pigments (melanins) visible in sea-tide environments.
Hydropunctaria maura is the most ubiquitous species forming distinct dark band.
Additional pyrenocarpous lichens dominate this area: the hardly distinguishable
Collemopsidium halodytes and Lichina pygmea form dark spots on rocks (and on
barnacles and limpets for C. halodytes) appearing during low-tide periods (Fig. 4.1).
This intertidal zone is inhabited by a limited number of lichen species (16 species in
Great Britain according to Gilbert (2000)). Although not really proven to be in strict
correlation with salinity, the genus Lichina and some members of Pyrenocollema
and Verrucaria, are usually found in marine habitats (Hawksworth 2000).

Unusual forms are also found on macroalgae and are described as mycophyco-
biosis or parasitism. These cases include a symbiosis with brown algae: Mycophyscias
ascophylli on Ascophyllum nodosum or Pelvetia caniculata, Collemopsidium pelve-
tiae on the latter, and Wahlenbergiella tavaresiae recently described on Petroderma
maculiforme (Gueidan et al. 2011; Moe 1997; Sanders et al. 2004).

In the supralittoral zone, most of species are saxicolous lichens which form three
to four colour belts (dark, orange, grey-green and white). Exposure to waves and saline
foam decreases from the mesic-supralittoral zone to the aerohaline zone. To some
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Fig. 4.1 A patch of brown halophilic Lichina pygmaea (a) among barnacles (b), limpets (c), mussels
(d) and sea anemones (¢) (Plouzané, France). Total immersion of this patch during ~12 h per day
at ~34 g.1"' NaCl

extent, the intertidal zone can overlap the mesic supralittoral level. There, a second
fructicose brown-dark Lichinomycetes, Lichina confinis can be encountered in asso-
ciation with various orange Caloplaca species (e.g. Caloplaca thallincola). Such pla-
coid lichens form the characteristic “orange belt” due to anthraquinones as typical
secondary metabolites (Arup 1995). In the upper part of this zone, the foliose and
ubiquitous Xanthoria lichens may develop (e.g. X. aureola along coasts of Brittany).

In the xeric supralittoral zone (or terrestrial “white” zone), a variety of crustose
(e.g. Buellia, Lecanora, Ochrolechia), foliose (e.g. Parmelia, Xanthoria) or fructi-
cose (e.g. Roccella, Ramalina) lichens are present.

Most of the 700 species recognized in tidal zones can be found in this upper part
(aerohalin zone) but the optimal habitats could be under salt-free conditions for
some of them (e.g. Cladonia species). A number of these species are halophilic or
halotolerant but not strictly dependent on salt levels as most of them are also found
at a distance from the coast.

In the aerohaline zone, fructicose lichen species are restricted from coastal to
inland sites influenced by maritime conditions of fog and high humidity. The
Californian species Ramalina menziesii, with thalli resembling hair-nets, maintains
low levels of photosynthesis for only 2—-3 h per day. Their morphological adaptation
includes surface increase by reticulate structures that enhance water holding capac-
ity of the thallus when tresses are ventilated off the ocean (Rundel 1974). This
adaptation is apparently unrelated to salinity but considerable variations in salt sen-
sitivity exist among other maritime and marine species. Nash III and Lange (1988)
reported that species growing near the ocean, such as Caloplaca coralloides,
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Dendrographa minor and Niebla cephalota were tolerant to sea salt while the species
restricted to inland sites were very sensitive. Fletcher (1976) reported that marine
and maritime lichens are relatively tolerant to long-term salinity fluctuations.
Nevertheless, no intraspecific variation could be observed for the effect of NaCl on
growth inhibition of maritime and non-maritime Ramalina species (Takahagi et al.
2002). The ability to develop salt tolerance seems to fluctuate according to the spe-
cies. No consistent trends were thus noted such as morpho-anatomic adaptations of
haloterant lichen species. As for algae, morphologically analogous lichen species
have similar nutrient-uptake characteristics, independently of their taxonomic
classification. Species distribution on the shore depends on their ability to grow
according to salt concentrations, light exposure and nitrogen load. As reported
above, a distribution of the thallus shapes and organization is observed. While
lichens with anatomically poorly stratified thallus such as the black Verrucaria
appear in the littoral fringe, followed by stratified crustose lichens with apothecia in the
lower supralittoral zone (e.g. Caloplaca). The stratified foliose lichens appear in
the middle and upper supralittoral zones (e.g. Xanthoria). Moreover, the presence in
the lower supralittoral zone of microfructicose lichens (such as Lichina or Spilonema
species) attached loosely to rocks could be due to their inability to physically with-
stand the pounding of waves on upper zones (Brodo and Sloan 2004). Constant
anatomical differences are observed among closely related crustose and foliose
Lecanorales species from coastal (supralittoral) and inland zones, and suggest a
possible role of hyphal walls for osmotic buffering (Grube and Blaha 2005).
However, the morphological differences in species of the littoral zones (i.e. high
content of melanised pigments strongly conglutinated and densely arranged hyphae)
cannot be strictly related to the salt-rich habitat. Crustose lichens are known to grow
more slowly than foliose lichens, possibly explains their ability to survive in the
presence of various stress factors (polyextremotolerance).

4.3 Salt Stress and Halotolerance

High salt concentrations in the environment lead to a decrease in hydric potential
affecting water availability in poikilohydric organisms such as lichens (Hasegawa
et al. 2000). Indeed, poikilohydry means (i) that lichens rely directly on the environ-
ment for water and (ii) that their hydric potential tends to equilibrium with the
ecosystem water status. When sufficiently hydrated, lichens are active but when
their water content falls, they become inactive and/or dormant.

In addition to the hyperosmotic shock due to high salinity and the generated
subsequent oxidative stress (Bohnert et al. 1995), deleterious consequences of high
NaCl concentration also include ion toxicity and nutrient imbalance (Serrano et al.
1999; Hasegawa et al. 2000; Rodriguez-Navarro 2000). In consequence, lichens
have developed various biochemical and physiological mechanisms to respond and
adapt to these stresses and thus acquire tolerance. Like in plants, adaptation to stress
may be mediated by both pre-existing and induced defenses (Jakab et al. 2005).
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4.3.1 Desiccation

One of the main consequences of salt stress is the loss of intracellular water.
Desiccation tolerance could be summarized as the ability to equilibrate the internal
water potential with that of the environment, and then resume normal function when
rehydrated. Indeed, below a water-content threshold of 10% there is not enough
water to form a monolayer around macromolecules thus stopping enzyme reactions
and metabolism (Billi and Potts 2002; Green et al. 2011). Moreover, water loss is a
dynamic phenomenon and seasonal acclimation can occur in lichens (Lange and
Green 2005). Therefore, physiological processes involved in desiccation tolerance
are directly linked to the autoecological conditions and recent history of the consid-
ered organisms. The association of water-loss-sensitive lichens with autoecological
changes influence desiccation suggests that there are some forms of metabolic cost
to maintain tolerance (Green et al. 2011).

4.3.1.1 General Physiological Effects

In salt-resistant species, cells present several acclimation mechanisms that allow
their survival. They have the capability to mediate reversibility of disturbances and
to maintain the integrity of all cell organelles and components. To prevent desicca-
tion and protect all cell elements, lichens react with antioxidant systems. During the
steps of water loss and recovery, reactive oxygen species (ROS) may accumulate in
lichen tissues, especially when received-light intensity is excessive as photosynthe-
sis is disrupted and declines with loss of water content (Green et al. 2011). ROS are
involved in many damages and disturbances as, for example, they could affect
enzyme structure and induce membrane-lipid peroxidation (Kranner et al. 2005).

Moreover, lichens produce and accumulate many metabolites also known as
compatible solutes which do not disrupt the normal metabolic pathways. Frequently
observed metabolites with an osmolyte function are sugars (e.g. fructose, sucrose),
sugar alcohols and complex sugars (e.g. fructans). In addition, charged metabolites
such as glycine-betaine, amino acids (e.g. proline (Sekmen et al. 2012)) and ectoin,
are also produced. The accumulation of these osmolytes facilitates the osmotic
adjustment in cells. Water moves from high water potential to low water potential
and accumulation of these osmoprotectants reduces the water potential preventing
intracellular water loss (Mahajan and Tuteja 2005).

4.3.1.2 TImpact on Photosynthesis

To live well, you must live hidden (bene vixit, bene qui latuit). This famous dic-
tum from the French philosopher René Descartes well defines the necessity of
protecting photobionts in halotolerant lichens to ensure efficient photosynthesis.
As intertidal lichens live in sunny environments without any shade, they have devel-
oped a photoprotection system including the synthesis of photoprotective pigments



120 D. Delmail et al.

Fig. 4.2 Upper side (a) and lower side (b) of halotolerant Xanthoria aureola. (a) parietin derivatives
confer dark pigmentation to the cortex; (b) despite rock fragments, scarce pigmentation confers a
lighter shade. Scale bar: 1 cm

(e.g. atranorin, calycin, 1’-chloropannarin, epiphorellic acid (I and II), pannarin,
parietin, rhizocarpic acid, usnic acid) (Ferndndez et al. 1998; Hidalgo et al. 2002;
@vstedal et al. 2009; Raikou et al. 2011; Rancan et al. 2002). For instance, the
coastal Xanthoria aureola like most species from the Teloschistales order, has a yellow
(or orange) pigmentation due to the presence of parietin derivatives (anthraquino-
nes) in its cortex. The intensity of pigmentation is variable and linked to the envi-
ronment. In shady conditions, the thallus is drab (grey and green) without any hint
of yellow (Smith et al. 2009). Parietin synthesis is correlated with light intensity as
this compound is approximately five times more concentrated in specimens exposed
to sea cliffs than in those living in underbrush or growing on trees (Gauslaa and
Ustvedt 2003). Parietin efficiently absorbs solar radiation both in the 400-500 nm
photosynthetically-active-radiation (PAR) band and in the ultraviolet (UV)-B range
(Solhaug and Gauslaa 1996). These pigments are usually located as tiny extracel-
lular crystals in the top layer of the upper cortex next to microalgal and cyanobacte-
rial photobionts. Depending on their absorption spectrum, these pigments protect the
photosynthetic partner, and therefore its physiological processes from solar radia-
tion (Gauslaa and Solhaug 2004; Solhaug and Gauslaa 1996). A concentration
gradient can also be observed in thallus of Xanthoria with its upper side colored by
photoprotective compounds and its lower one less- or un-colored, suggesting
involvement of the mycobiont in protection of the photobiont (Fig. 4.2). These pig-
ments protect against UV radiation especially within lichen genus or species that
synthesize brown melanin pigment which has an excellent absorption (from 240 to
320 nm) (Gauslaa and Solhaug 2001) (e.g. Lichina confinis, Lichina pygmaea).
However, Solhaug et al. (2003) highlight that, during desiccation, the parietin and
melanin biosynthesis pathways are disrupted leading to ineffective protection of the
photobiont photosystems. In the absence of these photoprotectors, free mycobionts
show severe light damage which causes a permanent reduction in quantum efficiency
(Fv/Fm) and in quantum yield for photosynthetic O, production and photosynthetic
capacity (Solhaug and Gauslaa 1996). Because metabolism is lower or absent during
desiccation, photooxidative damage especially due to ROS and their oxidative con-
sequences, accumulates with length of exposure to light radiation while metabolic



4 Halotolerance in Lichens: Symbiotic Coalition Against Salt Stress 121

repair of disruptions is not possible (Gauslaa and Solhaug 1999; Gray et al. 2007).
Other UV-absorbing compounds such as mycosporine-like amino acids are known
to be produced by algae, cyanobacteria and marine lichens such as Lichina (Roullier
etal. 2011) along with other amino-acid derivatives (Roullier et al. 2010) and sugar-
derivative compounds.

A few studies have addressed the impact of salinity stress on lichen photosynthesis
(Matos et al. 2011; Matthes-Sears et al. 1987; Nash III and Lange 1988; Smith and
Gremmen 2001). Parameters other than CO, exchanges and chlorophyll fluorescence,
will be considered as impact of salt stress on photosynthesis of halotolerant species
are obvious when considering the correlation between water content, external level
of salinity and photosynthesis response. When exposed during 4.5 days to 70 g L'
NaCl (natural conditions 34 g L' NaCl), four intertidal species from France give
different responses depending on their location on the seashore and therefore their
halotolerance potential (Fig. 4.3). One less adapted species seems to be Xanthoria
aureola as its respiration rate, raw photosynthesis, net photosynthesis and water con-
tent decrease by 79%, 85%, 88% and 24%, respectively. All these losses are corre-
lated together (0.97> | p | >0.76) at a significant level of p=0.05. This species is
located higher up on the seashore and is never immersed but only subject to sparse
saline ocean spray. This could explain its poor halotolerance and low capability to
rapidly acclimate during salt stress. Ramalina cuspidata and Ramalina siliquosa,
which often co-occur on rocks, present analogous variations in their physiological
parameters, respectively: respiration rate (—78% and—70%), raw photosynthesis
(=72% and —71%), net photosynthesis (—=66% and —71%) and water content (—28%
and —29%). However, R. cuspidata shows more significant correlations between
parameter variations. Respiration is correlated with raw photosynthesis (—0.76) and
water content (—0.76); the last two also being correlated (0.95 and 0.87 in R. siliquosa).
Located closer to the shore line than X. aureola, some Ramalina patches may be
immersed for a few minutes when the tide comes in, or when sprayed with saline
droplets due to wind or waves. Despite drastic effects, the impact of NaCl on physi-
ological parameters reveals better salt-stress acclimation in Ramalina rather than
X. aureola, especially as net photosynthesis is less affected. As seen further, photo-
synthesis remains one of the most important processes in lichens as it provides the
carbon backbone necessary for osmoprotective synthesis and the pool of reduced
nicotinamide adenine dinucleotide phosphate (NADPH) involved in antioxidant-
system functioning. Lichina pygmaea has a negative correlation (—0.71) between
reduced rates of respiration (—42%) and raw photosynthesis (—18%). In contrast, net
photosynthesis and water content increase by 14% and 5%, respectively, and are
positively correlated (0.84). These results are consistent with the extreme adaptation
capabilities of L. pygmaea to salt stress as this species is located near exclusive
marine animals on the foreshore (Fig. 4.1) and remains totally immersed during sev-
eral hours per day. The positive correlation between net photosynthesis and water
content seems to be consistent with the involvement of this physiological process in
the regulation of water loss through the production of osmolytes. Moreover, respira-
tion and photorespiration losses may be linked to a reduced catabolism to maintain
the intracellular osmoprotector rates as high as possible.
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Fig. 4.3 Evolution of respiration (- ¢ —), raw-photosynthesis (— —), net-photosynthesis (* * ¢) and
water-content (—) rates of four halotolerant lichen species during 108 h of exposure to 70 g.1™!
NaCl (photoperiod: 14 h:10 h, ~500 lux; dioxygen measured with dissolved oxygen meter HI
9146, HANNA Instruments) (Delmail et al. unpublished data). (a) Lichina pygmaea; (b) Ramalina
cuspidata; (¢) Ramalina siliquosa; (d) Xanthoria aureola
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Fig. 4.4 Perithecium of Lichina pygmaea (longitudinal section) with fungus (a) (a) and cyanobacteria
Calothrix (b) (a, b, ¢). Scale bars: (a), 10 um; (b), 5 um; (¢), 1 pm

4.3.1.3 Osmotic Stress Tolerance
Osmotic Metabolites Associated with Photobiont Biodiversity

Although the common genera of lichen photobionts are cyanobacteria Nostoc, as
well as the green algae Trebouxia and Trentepohlia, it should be noted that on the
basis of Tschermak-Woess (1988) data, nearly 40 genera of photobionts may exist
(e.g. Cryptococcus, Calothrix (Fig. 4.4)) (Friedl and Biidel 2008; Grube and Muggia
2010; Keddy 2007).

According to Ahmadjian (1993a) there were several misidentifications and taxo-
nomic changes, and the number of photobionts is approximately 25. The photobiont
genera commonly recognized are listed in Table 4.1. These classifications are in
urgent need of revision, as it has been noticed that some genera (e.g. Chlorella) are
polyphyletic. Recent molecular work also suggests that the species concepts within
the photobiont genera are poorly defined (e.g. Muggia et al. 2010), and there are yet
undescribed lineages in the Trebouxia genus.

As mentioned above, poikilohydric organisms do not control their water rela-
tions with the environment. During the water loss induced by salt stress, lichens and
especially their associated photobiont(s) must survive severe drought stress. During
this disturbance, lichen cells (from mycobionts and photobionts) display similar
features: deformation of the cell membrane system and strong condensation of the
protoplast (Honegger 1998). However, cyanobionts and phycobionts show some
peculiarities at the physiological level during desiccation.
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Table 4.1 List of the main lichen photobionts (Ahmadjian 1993b; Friedl and Biidel 2008; Keddy
2007; Ozenda and Clauzade 1970). Taxonomic synonyms are not listed here. Cyanobacterial genera
including anhydrobiotic species are marked with an asterisk (*)

Photobiont Genus Main representative lichen taxa ~ Main osmolytes
Cyanobacteria ~ Anabaena Stereocaulon Sugars:
Anacystis sucrose
Aphanocapsa trehalose
Calothrix* Lichina Sugars derivatives:
Chroococcidiopsis* 2-O-glucopyranosyl-
Chroococcus* Cora, Phylliscum, glycerol

Cyanosarcina
Dichothrix*
Entophysalis
Fischerella
Gloeocapsa*

Hyella
Hyphomorpha*

Myxosarcina*
Nostoc*

Rivularia*
Scytonema*

Stigonema*

Pyrenopsidium,
(Lichinella?)

Placynthium nigrum

Anema, Gloeoheppia, Peccania,
Psorotichia, Pyrenopsis,
Synalissa, Thyrea

Thelidium litorale,
Paraphysothele halodytes

Collemaceae, Cyanophyllineae,
Nephromaceae,
Pannariaceae, Peltigeraceae,
Pyrenidiaceae,
Stereocaulon, Stictaceae

Ephebaceae, Heppiaceae,
Pannariaceae,
Pyrenothricaceae,
Stereocaulon,
Thelotremaceae

Ephebe, Spilonema,
Stereocaulon

glucosyl glycerol
glucosyl glycerate
Betaines:
glycine-betaine
glutamate-betaine
Amino acids:
arginine

proline

(continued)



Table 4.1 (continued)

Photobiont Genus Main representative lichen taxa ~ Main osmolytes
Green algae Asterochloris Sugars :

Cephaleuros Strigula sucrose
Chlorella Caliciales, Lecanorales, Sugars derivatives:

Lecidea, (Cladonia?) glycerol
Chlorococcum ribitol
Chlorosarcina Lecidea lapicida and L. plana sorbit(?l
Cladophora Blodgettia f:rythrl.t ol .

. . isofloridoside

Coccobotrys Verrucariales, Lecidea humosa mannitol
Coccomyxa Baeomycetaceae, Icmadophila, Amino acids:

Peltigeraceae proline
Desmococcus Verrucariales glycine
Dictyochloropsis Peltigeraceae, Stictaceae alanine
Dilabifilium Verrucariales glutamate
Elliptochloris
Friedmannia
Gloeocystis Catillaria, Gloeolecta

bryophaga, Lecidea
Hyalococcus Dermatocarpon
Leptosira Thrombium epigeum
Myrmecia Bacidia, Catillaria,

Dermatocarpon, Lecidea,

Psomora hypnorum,

Sarcogyne simplex,

Verrucaria
Phycopeltis Arthoniaceae, Opegraphaceae,

Strigulaceae,

Thelotremaceae
Physolinum
Pleurococcus Dermatocarpon miniatum,

Xanthophyceae

Phaeophyceae

Prasolia sp.
Pseudochlorella

Pseudochlorococcus

Stichococcus

Trebouxia

Trentepohlia

Trochiscia
Botrydiopsis
Heterococcus

Petroderma

Endocarpon pallidum,
Lecidea coarcta, Staurothele
umbrina, S. catalepta,
Thelidium, Verrucaria
Mastodia tessellate
Lecidea

Caliciaceae, Staurothele
Buellia, Caloplaca, Cladonia,
Lecanora, Lecidea,
Parmelia, Physcia,
Pilophoron, Stereocaulon,
Verrucaria, Xanthoria
Arthoniales, Cystocoleus
ebeneus, Gyalecta jenensis,
Ostropales, Sphaeriales
Polyblastia

Verrucariales, Verrucaria
elaecomelaena and
V. Laevata
Verrucariales
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In cyanobacteria, one mechanism of water loss tolerance is known as “anhydrobiosis”.
This phenomenon consists in their capability to survive to nearly total dehydration
(Biidel 2011). Before establishment of any symbiosis relationships, only 10-28% of
Chroococcidiopsis cells in aggregates avoid subcellular damages (e.g. DNA fragmen-
tation, loss of phycobiliprotein autofluorescence, plasmalemma disruption) whereas
in the lichenized state, all cells survive desiccation. This observation could be gen-
eralized to all lichenized cyanobacteria and Biidel (2011) indicates that the mycobiont
provides an optimal environment for a damage-free drying of the cyanobiont.
Numerous cyanobionts belong to genera including anhydrobiotic species (Table 4.1).
To cope with this stress, the cyanobacteria produce compatible solutes also designed
as osmolytes or osmoprotective compounds, including sugars (sucrose and trehalose
particularly), sugar derivatives (e.g. 2-O-glucopyranosyl-glycerol) and betaines
(e.g. glycine-betaine, glutamate-betaine) (Kldhn and Hagemann 2011; Liittge 2011;
Mao et al. 2010). During salt stress in Synechocystis, Ferjani et al. (2003) demon-
strated the importance of the compatible solute glucosylglycerol to avoid deleterious
effects of NaCl on cell division and size. In addition, a close relationship exists
between the synthesis of this compound and salinity levels as glucosylglycerol-
phosphate synthase, the key enzyme of glucosylglycerol biosynthesis in salt-stressed
Synechocystis cells, activated by NaCl addition (Hagemann et al. 2001). Heat Shock
Proteins (HSP), a class of molecular chaperones (Al-Waibi 2011), and a 36 kDa
Acidic Water Stress Protein (WspA; a class of polypeptides with a structural role in
cell stability (Dadheech 2010)) protecting cell structure are also secreted during the
dehydration/rehydration phase in cyanobacteria like Tolypothrix byssoidea and
Nostoc commune (Adhikary 2003; Potts et al. 2005). During saline adaptation a set
of salt-stress proteins such as flavodoxin in Synechocystis is expressed (Fulda and
Hagemann 1995). Flavodoxin is a very potent counterstress molecule now used in
transgenic plants to enhance their salt stress resistance (Coba de la Peiia et al. 2010;
Matias et al. 2008). A major threat to cyanobacteria during desiccation is photoin-
hibition. To cope with this stress the desiccation tolerant cyanobacteria maintain
their chlorophyll and are defined as homoiochlorophyllous. To dissipate energy
particularly during drought stress, cyanobacteria develop several defense systems:
(i) carotenoid pigments (zeaxanthin and cathaxanthin) prevent oxidative stress,
(i) inactivation of PSII and (iii) rapid turnover of protein D1 from the PSII reaction
centre. Each of them leads to a rapid recovery of photosynthetic activity during
rehydration. Thus homoiochlorophylly allows a rapid restoration of photosynthetic
activity during rehydration (Liittge 2011).

In phycobionts, green algae are able to produce polyols that can be allocated to
the mycobionts. Depending on the genus of green alga, the polyol composition dif-
fers in the lichen thallus. Coccomyxa, Myrmecia or Trebouxia containing lichen
produce ribitol whereas sorbitol and erythritol are synthesized by Hyalococcus and
Trentepohlia lichens (Hill and Ahmadjian 1972). Polyols such as sugars certainly
enhance the desiccation tolerance of lichens as they significantly increase the intra-
cellular osmotic potential and limit water loss. A possible mechanism of protection
is the formation of a glassy-state in the cytoplasm, known as vitrification, limiting
harmful chemical reactions and preventing cellular collapse and modification of pH
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and ionic strength (Beckett et al. 2008). Specific proteins named dehydrins are
synthesized during dehydration and rehydration and are certainly involved in desic-
cation tolerance of Trebouxia (Gasulla et al. 2009). Due to their random coil struc-
ture, dehydrins protect cells against dehydration through water binding and
protection of protein structure (Rorat 2006). As in cyanolichens, photoprotection
mechanisms exist in chlorolichen like Lobaria pulmonaria but the molecular mech-
anisms of energy dissipation are still unclear leading Heber et al. (2010) to suggest
the existence of desiccation-responsive chlorophyll protein. Similarly, Kosugi et al.
(2009) suggested that a fungal product enhanced the desiccation tolerance of the
photobiont through increased resistance to photoinhibition.

To conclude, an important feature should be pointed out: photobiont stress toler-
ance, if existing in the sole photosynthetic organism, is generally enhanced by sym-
biosis with the fungal partner. This quite expected feature needs many more studies
to understand the underlying mechanisms of stress tolerance in lichens (Kranner
et al. 2008).

Osmotic Metabolites in Mycobionts

The majority of recent studies on mechanisms of mycobiont desiccation-tolerance
have focused on antioxidant activities. Recently developed tools of molecular biol-
ogy, particularly from the -omics disciplines, have just started to be applied to
lichens and especially mycobionts. Thus, many unsolved questions remain includ-
ing how mycobionts survive desiccation and what is the relationship between myco-
biont taxon and osmolyte diversity. Only information generalized to fungal cells
exists concerning the fundamental mechanism of osmoprotection during salt stress
and water loss (e.g. metabolite synthesis and storage). As the main strategy for
halotolerance, fungi use compatible solutes. These metabolites are found in halotol-
erant species and could constitute amount of weight of the mycobiont. The dry
weight of the intertidal Xanthoria elegans contains approximately 5.4% arabitol,
4.3% mannitol and 1.7% ribitol (Aubert et al. 2007). The suggested protection
mechanism of these species during dehydration is preferential exclusion: sugars and
polyols are all preferentially excluded from the surface of proteins keeping the pro-
teins preferentially hydrated (Green et al. 2011). These taxa synthesize glycerol as
one of the main osmolytes and its accumulation correlates with environmental NaCl
concentration. Polyols like mannitol are also naturally produced but their synthesis
is reduced when salt stress is intense. Their exclusive implication in osmoprotection
and osmoregulation is discussed. As in plants, they may also act as ROS scavenger
to prevent oxidative stress (da Silva Graca 2004).

Uptake of compatible solutes from the immediate environment has often been
implicated in osmoregulation. Acyclic polyols such as D-arabinitol, erythritol,
galactitol, mannitol, ribitol, sorbitol and xylitol, are a group of polyols that can be
used as storage compounds or osmoprotective compounds. Fungi poorly metabolize
these compounds and it has been reported that they are transported through the fun-
gal plasmalemma by a non saturable process (Canh et al. 1975). It has also been
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reported that most of these polyols could be transported through a proton symporter
which seems to be active only starting at 1 M NaCl in the environment (Lages et al.
1999). Glycerol may also be absorbed from the exterior cell environment. Previous
studies suggested the existence of active glycerol transport in halotolerant fungi
through co-transport of this polyol with Na* or K*, resulting in Na-detoxification
and water-loss regulation (Lucas et al. 1990; Van Zyl et al. 1991). Later, a second
active-transport system still involved in glycerol absorbance, was also described:
a H*-symporter (da Silva Graca 2004; Lages and Lucas 1995, 1997).

In lichens, there is no experiment which determines the origin of these environ-
mental osmolytes. However, as some new symbiotic partners (epilichenic bacteria)
are recently considered in the lichen association, these organisms may be implied in
osmolyte production in the external environment of the mycobiont. They can release
metabolites during stress regulation or after death during cell-wall destruction. As a
consequence, they may play one of the main roles in water-loss inhibition and there-
fore in lichen halotolerance.

In mycobionts, betaine lipids are also represented but to a lesser extent than pho-
tobionts (~40-50% of total extrachloroplastic polar lipids, whereas it does not
exceed 5-10%) (Kotlova and Sinyutina 2005). These compounds remain more sta-
ble than phospholipids during dehydration, certainly due to their differences in
chemical structure and less sensitivity to hydrolysis. As betain lipids can substitute
for phospholipids as a plasmalemma constituent (Kiinzler and Eichenberger 1997),
Kotlova and Sinyutina (2005) implies that lichen plasmalemma is enriched with
diacylglyceroltrimethylhomoserine (DGTS) during dehydration. Long-term conser-
vation of DGTS rates is important for the maintenance of intact membrane struc-
tures, but also for water-potential regulation. Acidic lipids such as betaine lipids are
actively bound by dehydrins (proteins enhancing the water-retaining capacity of the
cytosol) involved in the regulation of intracellular water potential (Koag et al. 2003;
Kotlova and Sinyutina 2005).

Osmotic Metabolites Associated with Bacteriobiont Biodiversity

Lichens present a wide variety of microbial communities, commonly known as
microbionts or bacteriobionts (Grube and Berg 2009; Grube et al. 2009; Bates et al.
2011) (Fig. 4.5). Studies reveal that the lichen-associated bacterial community con-
stitutes an integrative part of the lichen thallus. Thus, lichens may be considered as
a mini-ecosystem where bacteria contribute to nutrient acquisition, recycling and
antagonism (Cardinale et al. 2012b; Schneider et al. 2011). Lichen symbiosis can
adapt to a wide range of habitat conditions (e.g. osmotic stress conditions) by devel-
opment of adaptation mechanisms (Grube 2010).

Bacterial communities are abundant and millions of bacteria cells can be present
per gram of lichen thallus (Cardinale et al. 2008; Grube et al. 2009). Their abun-
dance and diversity are dependent on many factors (lichen species, age and part of
thallus, sun exposure, substrate, geographic region and patterns of fungal secondary
metabolites) (Bjelland et al. 2011; Cardinale et al. 2012b).
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Fig. 4.5 Scanning electron
micrography of the upper
cortex of Stereocaulon
montagneanum showing
epilichenic bacterial colonies.
Scale bar: 10 pym

Before the rise of genomics, studies based on culture-dependent approaches
detected the presence of various bacterial taxa such as Azotobacter, Bacillus,
Beijerinckia, Clostridium and Pseudomonas (Grube and Berg 2009). Approaches
based on 16 S rRNA gene sequencing have revealed a greater diversity of lichen-
associated bacterial communities than previously supposed (Cardinale et al. 2006;
Gonzdlez et al. 2005; Liba et al. 2006). Several recent studies reported that
Alphaproteobacteria are dominant in these communities (Bates et al. 2011; Cardinale
et al. 2008; 2012a, b; Grube et al. 2009; Schneider et al. 2011). This taxon can rep-
resent more than 60% of all lichenized Proteobacteria in the studied lichens
(Cardinale et al. 2008; Schneider et al. 2011). However, recent reports demonstrated
that other bacterial lineages could also be abundant, such as Acidobacteria
(Hodkinson et al. 2011). Other taxa are also described like abundant Firmicutes,
Actinobacteria and other Proteobacteria (Cardinale et al. 2006, 2008, 2011, 2012a)
and less-represented Chloroflexi, Deinococcus or Verrucomicrobia (Bates et al.
2011; Cardinale et al. 2006, 2008; Grube et al. 2009) (Table 4.2).

Studies focused on these communities show new species. An et al. (2008, 2009)
and Li et al. (2007) isolated and identified three new strains of Actinobacteria from
lichens collected in Japan: Schumannella luteola sp. nov., Leifsonia lichenia sp.
nov. and Nocardioides exalbidus sp. nov. New strains of Streptomyces were also
isolated from Cladonia (C. gracilis (strain L-4-4) and C. uncialis (Streptomyces
uncialis)) and from Japanese lichens (strains RI104-LiC106 and RI104-LiB101)
(Cheenpracha et al. 2010; Davies et al. 2005; Motohashi et al. 2010; Williams et al.
2008). However, little information on the diversity and abundance of these bacterial
communities is currently available, as most of them are uncultivable yet. It could be
noted that Bjelland et al. (2011) have highlighted for the first time Archaea (abun-
dant and highly diversified community) to be associated with rock-inhabiting
lichens like intertidal Hydropunctaria maura.

During osmotic stress caused by salt stress, bacteria accumulate cytoplasmic sol-
utes (Csonka 1989; Kempf and Bremer 1998) (Table 4.2). Like Eukaryotes, they
increase their intracellular solute pool by storing large amounts of compatible solutes,
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either by in vivo synthesis or by direct uptake from the close environment to restore
the internal-external balance (Kempf and Bremer 1998). The spectrum of osmopro-
tectant compounds used by microorganisms is generally limited: K* ions, sugars
(threhalose), polyols (glucosylglycerol and glycerol), free amino acids (alanine,
y-aminobutyrate, glutamate, glutamine and proline), derivatives thereof (ectoin and
proline-betaine), quaternary amines and their sulfonium analogues (carnitine, dim-
ethylsulfoniopropionate and glycine-betaine), sulfate esters (choline-O-sulfate),
N-acetylated diamino acids and small peptides (N-acetylglutaminylglutamine amide
and No-acetylornithine) (Csonka 1989; Kempf and Bremer 1998). However ectoin,
glycine-betaine, proline and threhalose are probably the most used compatible sol-
utes among bacteria (Morbach and Krdamer 2002).

Various responses against osmotic stress occur within the different bacteria
phyla. Gram-positive (Firmicutes and Actinobacteria) and Gram-negative bacteria
do not use the same mechanisms. Killham and Firestone (1984) and Morbach and
Kriamer (2002) reported that Gram-positive bacteria belonging to Actinobacteria
(e.g. Streptomyces, Corynebacterium) or Firmicutes (Bacillus, Paenibacillus), accu-
mulate different osmolytes depending on the intensity of osmotic stress. During salt
stress, these bacteria preferentially accumulate proline and y-aminobutyrate while
Gram-positive bacteria stock glutamate, particularly during hyperosmotic stress
(Killham and Firestone 1984; Morbach and Kramer 2002). Bacillus subtilis and two
Streptomyces (S. griseus and S. californicus) answer to osmotic stress by increased
proline synthesis (Morbach and Kridmer 2002) and free amino-acid pools (alanine,
glutamine and proline) (Killham and Firestone 1984). In contrast, Gram-negative
bacteria accumulate glutamate (in lesser amount glutamine) and free amino acids
such as proline and/or alanine in response to salt stress (Csonka 1989).
Gammaproteobacteria, particularly Enterobacteriales like Escherichia coli or poten-
tial epilichenic bacteria (Pantoea sp. and Serratia sp.) accumulate glycine-
betaine and threhalose (Csonka 1989). Proline synthesis increases in Firmicutes
(e.g. Bacillus sp., Paenibacillus sp.) with severity of osmotic stress (Csonka 1989).

Exceptions occur among halotolerant Eubacteria and halophilic Archaea whose
entire physiology has been geared to life in saline environments. These bacteria
store very high intracellular concentrations of ions to limit any nutrient imbalance
(Kempf and Bremer 1998).

Lichen-associated bacterial communities appear to be abundant and diverse, but
their functional involvement in the lichen symbiosis still remains largely unex-
plored. However, Schneider et al. (2011) demonstrated that proteins implied in the
transport of amino acids, nucleotides, coenzymes and lipids, exist in bacteria and
fungi. Accordingly, the reallocation of resources in lichens could also be mediated
by bacteria (Schneider et al. 2011).

4.3.2 Induction of Oxidative Stress and Antioxidant Activity

Salt toxicity causes damage to the cytoskeleton, makes leaky membranes, and changes
protein structures so their activity is disturbed and/or reduced (Beckett et al. 2008).
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All these consequences could lead to oxidative stress. Lichens use dioxygen as an
energy source for their development through microalgae and/or cyanobacteria.
However, due to ionic imbalance and photooxidation, this aerobic process could
lead to the production of ROS which are chemically diversified reactive molecules
containing oxygen (Kranner et al. 2003). ROS are natural byproducts of metabolism
and play important roles in homeostasis, cell signaling and apoptosis. However,
under salt stress, their levels can increase dramatically leading to disruption and
damage in cell compartments (Kranner et al. 2005).

Incomplete dioxygen reduction through cytochromes from the respiratory chain
implies ROS production as singlet oxygen ('O,) and superoxide radical (O,™) that
leads to the synthesis of hydroxyl radical (‘OH), hydroperoxyl radical (O,H) and
hydrogen peroxide (H,0,) (Fig. 4.6). The alkoxyl (RO") and peroxyl (RO,’) radicals
are the consequences of the membrane phospholipid peroxidation or lipoperoxida-
tion, by ROS (Edreva 2005; Delmail and Labrousse 2012; Lagadic et al. 1997; Li
et al. 1994; Thompson et al. 1987).

At the same time, the photosynthetic electron transport chains could produce
high concentrations of ROS. Electrons tetravalently reduce intracellular oxygen to
water. But some electrons could leak from many sites along the electron transport
chain, resulting in a univalent reduction of dioxygen to form the extremely reactive
superoxide radical which can dismutate to form hydrogen peroxide (Alscher et al.
2002). This last reaction is spontaneous or catalyzed by one of the superoxide
dismutases (Fig. 4.6) depending on the cell compartment where the reaction occurs:
manganese-superoxide dismutase (peroxisome, microalga mitochondria), iron-
superoxide dismutase (microalga chloroplast or cyanobacteria cytosol) or copper/
zinc-superoxide dismutase (cytosol, microalga chloroplast) (Delmail and Labrousse
2012; Fornazier et al. 2002; Gill and Tuteja 2010; Pereira et al. 2002).

Hydrogen peroxide is not a free radical due to all its matched electrons. However,
it has a strong toxic potential and diffuses far from its synthesis site. It can pass
through biological membranes via aquaporins as its chemical structure is close to
water (Bienert et al. 2006, 2007; Parent et al. 2008). The concentration of this oxida-
tive compound is regulated by antioxidant enzymes such as the ascorbate peroxi-
dase, catalase or glutathione peroxidase (Fig. 4.6) (Chou et al. 2012). These proteins
use NADPH produced during the photosynthesis for their functioning (Fig. 4.6).
However, ROS could disrupt the photosynthetic electron transport chains in thyla-
koid membranes and some electrons are deflected. Without NADPH normal synthe-
sis, lichens use a cytosolic secondary catabolic pathway to produce it, the pentose
phosphate pathway (Delmail and Labrousse 2012; Kranner 2002; Kruger and von
Schaewen 2003).

Hydrogen peroxide could be also produced through the bivalent reduction of
oxygen in the presence of oxidases like peroxisomal glycolate oxidase or amine
oxidase (Parent et al. 2008). Hydrogen-peroxide toxicity is also linked to its implica-
tion in the synthesis of hydroxyl and hydroperoxyl radicals through the Haber-Weiss
and Fenton reactions (Fig. 4.6). Like their ROS parent, these short-lifespan radicals
diffuse easily through biological membranes and could affect and disturb all organ-
elles and cell compartments. They are also mainly implied in lipoperoxidation
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Fig. 4.6 Main antioxidant pathways including enzymes and scavengers (based on Delmail and
Labrousse 2012). For easier comprehension, certain reactions are not equilibrated due to the sub-
strate diversity. Chl a, chlorophyll a; GSH, glutathione; GSSG, glutathione disulfide; NADP*,
oxidized nicotinamide adenine dinucleotide phosphate; NADPH, reduced nicotinamide adenine
dinucleotide phosphate
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Fig. 4.7 Mechanism of H,O, detoxification through the tyrosinase catalase cycle. His, histidine.
Modified and reprinted (adapted) with permission from Garcfa-Molina et al. 2005. Copyright 2005
American Chemical Society

(Cortés-Rojo et al. 2011; Edreva 2005; Lagadic et al. 1997). The produced fatty-acid
radical then reacts with molecular oxygen, thereby creating a peroxyl fatty acid
radical. This latter reacts with another phospholipid, producing a new radical and
a lipid peroxide, or a cyclic peroxide if it reacts with itself. This cycle continues as a
chain reaction mechanism (Schaich 2005). The process terminates when two radicals
react and produce a non-radical compound. It happens when the radical concentration
is sufficiently high. Living organisms have evolved different molecules that increase
termination by trapping ROS (Paramesha et al. 2011). Among such compounds, the
most important are scavengers mainly constituted with lipid-soluble antioxidants:
a-tocopherol (or vitamin E) and carotenoids (-caroten, xanthophylls) (Fig. 4.6) which
are the key antioxidants in membranes (Delmail et al. 2011; Delmail and Labrousse
2012; Kranner and Lutzoni 1999; Smirnoff 1993). Water-soluble antioxidants of
low molecular weight also exist such as glutathione (y-glutamyl-cysteinyl-glycine)
and ascorbate (Fig. 4.6). They are hydrophilic and their main function is cell protec-
tion from oxidative damage in liquid phases, particularly in the cytosol (Beckett
etal. 2008). They act as scavengers and produce radicals that are reduced by NADPH-
dependent enzymes.

In a particular case, ROS do not only affect internal cell structures. Oxidants
such as H,O, may diffuse across the plasmalemma and stay in the mixed apoplast of
lichens (Henzler and Steudle 2000). This last compartment corresponds to the con-
tact area between photobiont cells and mycobiont hyphae and is constituted by the
cell walls of these symbionts. H,O, can damage plasmalemma-bound and cell-wall-
bound proteins and therefore their respective integrity and permeability. As lichens
are mainly constituted with fungi, they lack extracellular peroxidases and catalases
despite their strong capacity to detoxify external ROS (Beckett and Minibayeva
2007). However in the sub-order Peltigerineae, significant extracellular tyrosinase
activity is correlated with reduction of H,O,. This copper-containing enzyme cata-
lyzing the oxidation of phenols (e.g. tyrosine) may function here through a catalase-
like mechanism (Garcia-Molina et al. 2005) (Fig. 4.7). As the Peltigerinean lichens
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are more sensitive to water loss than other species (Beckett et al. 2003), they
produce more ROS during dehydration process and need better protection against
oxidative stress. In this case, the tyrosinase catalase cycle may play a major role in
maintaining the integrity of cell-wall and plasmalemma components (Beckett et al.
2008). However, as this detoxification process among lichens was discovered early,
one point remains unclear. H,O, has always been considered as an inactivator of
several copper containing enzymes, such as fungal tyrosinase (Andrawis and Kahn
1985). High H,O, concentrations oxidize a methionine residue in position 374 of
the fungal tyrosinase active site to methionine sulfoxide, and this event inactivates
the protein (Schweikardt et al. 2007). Moreover, all methionine sulfoxide reductases
(msrA and msrB) which keep check on methionine sulfoxide in fungi are very sensi-
tive to ROS (Soriani et al. 2009). As a significant correlation was previously estab-
lished between the mixed-apoplast H,O, content among Peltigerineae and their
tyrosinase activity, it is essential to elucidate in further studies about the mecha-
nisms involved to prevent inactivation of tyrosinase in lichens.

Considering all these elements, ROS are considered as lichenotoxic compounds.
However, it is currently admitted that their synthesis in relation to respiratory and
photosynthetic metabolism plays an essential role in life and death of cells. They
could play an alternative role and act as cell signalization molecules to establish
some defense mechanisms towards xenobiotic stress (Delmail and Labrousse 2012;
Parent et al. 2008).

4.3.3 Nutrient Imbalance and Toxicity

Symbiotic association in lichens is an opportunity for all symbionts to benefit from
nutrient mobilization and compound synthesis by each organism. They influence
the mineral-nutrient input composition by enhancing or selecting uptake of certain
nutrients. As each symbiotic partner has its own sensitivity to salt stress, symbiotic
dependency increases with NaCl concentration and remains a necessary step to
colonize and live in extreme environments.

4.3.3.1 Nitrogen

Fungi are unable to fix dinitrogen as it is a characteristic of prokaryotes. They
obtain nitrogen through the absorption of amino acids, nucleotides and other
organic compounds. In the case of lichens, photobiont cyanobacteria provide in
addition to carbon, fixed nitrogen to other symbionts (fungi and/or microalgae).
The importance of molecular nitrogen fixation is reflected in the phenotypic and
physiological adaptations of lichen-associated cyanobacteria (e.g. numerous
nitrogen-fixing heterocysts, or specialized nitrogen-fixing cells, in symbiotic
Nostoc compared to free-living filaments) (e.g. Lichina species). Further adaptation
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is found in tripartite symbiosis where cyanobacteria are concentrated in specific
organs called cephalodias, where they fix nitrogen and are protected from high
oxygen concentrations. In tripartite symbiosis, photosynthesis is mainly due to
micro-alga photobionts which supply fungi and cyanobacteria with photosynthates
(Honegger 2001; Kneip et al. 2007). In case of salt stress, NaCl interferes with
nitrogen acquisition and utilization by influencing different stages of nitrogen
metabolism such as NO,™ uptake and reduction, and protein synthesis (Frechilla
et al. 2001). Indeed, NaCl induces a sharp decline in nitrogenase activity as it is
reported to inhibit the assembly of nitrogenase components by binding to the iron-
containing protein. In addition, inhibition of nitrogenase activity is due to (i) dis-
turbed electron transport, (ii) protection reduction of heterocyst nitrogenase from
oxygen due to disturbed plasmalemma permeability and (iii) inadequate supply of
photosynthetically generated ATP and reductants from the photosynthetic microor-
ganisms. The heterocyst number is positively correlated with salt concentration.
This could be a response to nitrogen stress induced by the inhibitory effect of NaCl
on nitrogenase. However, such an increase in heterocyst frequency does not induce
an increase in dinitrogen-fixation and heterocysts are supposed to be physiologi-
cally defective (Rai et al. 2001).

Alternative mechanisms for obtaining nitrogen in lichens have been poorly
investigated but the presence of nitrogen-fixing bacteria may help in better assimi-
lation of nitrogen by the host lichen during salt stress as observed among halotoler-
ant plant species (dos Santos et al. 2010). These microorganisms have been
traditionally reported in symbiotic associations with plants (e.g. Rhizobia with
Fabaceae, Frankia with non-legume plants), and as endophytes (Cocking 2003),
but sparse information is available for interactions with lichens (Grube and Berg
2009). Free-living and endophytic chemo-organotrophic diazotrophic bacteria are
able to release nitrogenated compounds including amino acids, vitamins (Miyasaka
et al. 2003), and phytohormones (Thuler et al. 2003) to nearby organisms. Liba
et al. (2006) reported that some nitrogen-fixing bacteria from five genera
(Acinetobacter, Pantoea, Pseudomonas, Serratia and Stenotrophomonas), show the
potential for establishing relationships with lichens, although their assessment is
based on enrichment cultures and does not adequately reflect the abundance of
these strains in situ. The ecological role of these microorganisms could be linked to
the nutritional needs of lichens, and it could be of great advantage to live in limited-
nutrient-availability environments. Bacterial excreted amino acids (mainly gluta-
mate, isoleucine, leucine, methionine and tyrosine) may be absorbed by mycobionts
and photobionts to be incorporated into their carbon bone, sparing the lichen the
expense of synthesizing its own amino acids (Liba et al. 2006). The influence of
phytohormones from nitrogen-fixing bacteria (e.g. soluble ethylene derivatives like
ethylene glycol) on lichen symbionts is currently unknown but they may play an
important role in regulating the development of surrounding plants when trans-
ferred from the lichen surface to soil by rain or waves. To acquire more available
resources (such as nutrients, water or light) from the environment, allelopathy is a
biochemical strategy that controls competitors in terms of survival, growth and
reproduction.
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4.3.3.2 Phosphorus

The limited availability of soluble phosphates is also one of the great obstacles to
colonization of a limited-nutrient-availability environment. Environmental salinity
may disrupt phosphorous absorption as orthophosphate ions (PO,*") could form pre-
cipitates with calcium (Ca*"), magnesium (Mg?*) and zinc (Zn?*) (Evelin et al. 2009).
Because these complexes are more difficult to be uptaken by fungi, minerals become
less available. In aquatic ecosystems, as well as in isolated lichen symbionts, the
growth of free-living algal and fungal cells has been shown to be phosphorous-
limited (Makkonen et al. 2007). In phosphorous-depleted cyanobacteria, chlorophyll
and phycocyanin contents decrease, associated with a reduction in nitrogen uptake
resulting in a loss of carbon fixation (Lewitus and Caron 1990). In Anabaena, a loss
of heterocysts, a decline in chlorophyll a, protein, RNA, and cellular phosphorous is
specifically noted (Healey 1973). Moreover, during phosphorous starvation in
microalgae, the total phospholipid content decreases and phospholipids are substi-
tuted by non-phosphorous lipids like glycolipids to support membrane functionality
and maintained photosynthesis. An alternative source of phosphorous could be phos-
pholipid recycling which releases free inorganic phosphate (Okanenko et al. 2011).

As nitrogen-fixing bacteria can solubilize phosphates, they could also play a key
role to overcome this hurdle. This type of benefit can be attributed to bacteria iso-
lated from lichens, similarly to what genera Pantoea and Pseudomonas can do for
vascular plants when they act as endophytes or are located in the rhizosphere. (Liba
et al. 2006). Several free Pantoea and Pseudomonas strains are halotolerant and live
athigh saltlevels (>2.5 M NaCl) (Gopalakrishnan et al. 2006; Margesin and Schinner
2001) which increases the possibility of involvement in saline tolerance of lichens.

Enhanced uptake of phosphorous by lichens under salt conditions may reduce
the negative effects of Na* and CI- ions by maintaining tonoplast integrity. This
facilitates the compartmentalization within vacuoles and selective ion intake,
thereby preventing these elements from interfering in metabolic pathways (Evelin
et al. 2009).

4.3.3.3 Potassium and Sodium

Na* ions are competitors with K* for binding sites essential for several cell functions
in fungi, microalgae, cyanobacteria and bacteria (Becker 1994; da Silva Graga 2004;
Rodriguez-Navarro 2000). Under normal growth conditions, sodium is continuously
excreted to maintain low intracellular levels. Intracellular sodium content may vary
greatly both within populations and among different species (da Silva Gragca 2004).
Potassium is an absolute requirement for many cell functions, such as intracellular
pH and osmotic regulation, protein synthesis, and enzyme activation (Becker 1994;
Evelin et al. 2009; Rodriguez-Navarro 2000). These functions cannot be replaced by
sodium as competition under very high salinity levels disturbs the cytosol ionic
balance and disrupts metabolic pathways (Evelin et al. 2009). However, there is a
case of functional Na* substitution for K* in fungal cells, where sodium restores the
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cell volume, cellular pH, and enhances growth. The most beneficial effects of Na*
might be due to a complex regulation that allows small, but not excessive Na*
uptake. Such a system mediates both potassium and sodium influxes. When K*
reaches the mM range and Na* is concentrated in the environment, the Michaelis-
Menten constant (K ) decreases to uM values for the internal K* concentration
while the K remains in the mM range. As a consequence, the ratio between K _
and K may be as low as 1:700. When Na*/K* concentration ratio is lower than
700:1, Na* influx is less than that of K*, and Na* concentration in cells is at non-
toxic levels. But when the ratio is higher than 700:1, Na* influx is larger than K* and
Na* may substitute for a significant part of the K* content, becoming toxic
(Rodriguez-Navarro 2000). Thus, the toxicity limit in saline conditions depends on
the considered lichen species and its capability to regulate the Na* influx. In general,
sodium content increases with increasing external NaCl concentration. For exam-
ple, an environment with a 3 M Na* concentration may implicate intracellular val-
ues from 0.5 M to>3 M in moderately halophilic bacteria, depending on species and
growth conditions (da Silva Graga 2004).

4.3.3.4 Chloride

There is much less to be said about the function of this anion in biological systems.
Chloride provides a negative charge in the formation of membrane potentials and is
responsible for the regulation of intracellular osmotic pressures. A number of pro-
teins function as Cl~ channels in biological membranes (Li and Weinman 2002).
A few enzymes (e.g. a-amylase which catalyze starch hydrolysis in fungi) require
CI" for functioning (Feller et al. 1996), and the haloperoxidases use CI-, Br~ and I
as substrates along with H O, to halogenate aromatic amino acids or to produce
bactericidal compounds (Morrison and Schonbaum 1976). Chloride has also been
found to function as a bridging ligand between heme a and Cu,, in the oxidized form
of cytochrome oxidase (Fabian et al. 2001). Manganese oxidation, catalyzed by
chlorophyll photochemistry in photosystem II, is the key step in redox reactions
leading to formation of O, from H,O. Chloride is also required for Mn oxidation by
photosystem II in thylakoid membranes and it has been demonstrated that the anion
is required for Mn redox reactions immediately preceding oxidation of H,O to O,
(Yocum 2008).

Chloride toxicity has not been previously studied in lichens. Considering each
symbiont, no toxicity has yet been reported at fungal cell levels in excess condi-
tions. However, no concrete information is available concerning this absence of
effects. It is supposed that a limited uptake of the anion, very active extrusion (due
to the negative-inside membrane potential) or some chloride-resistant enzymes are
involved in this process (da Silva Graga 2004). In cyanobacteria, CI~ inhibits ribu-
lose-1,5-bisphosphate-carboxylase activity from Aphanothece halophytica, thus
disrupting photosynthesis and decreasing carbon fixation. The intracellular chloride
concentration increased from 35 mM to 150 mM, when NaCl concentration in the
culture medium increased from 500 mM to 2 M (Incharoensakdi and Takabe 1988).
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Excess Cl™ anions may be compartmentalized in vacuole, thereby preventing them
from interfering with metabolic pathways (Evelin et al. 2009). Some reports on
halophilic bacteria exist but results are highly variable, from relatively low values
(55 and 140 mM CI- in Halomonas halodenitrificans and Salinivibrio costicola,
respectively, in the presence of 1 M CI7) to values as high as 700-980 mM CI- in
Pseudomonas halosaccharolytica grown under 1-3 M Cl~ (Ventosa et al. 1998)
showing the high tolerance capabilities of bacteria such as Gamma-proteobacteria
known to be present on lichen thalli as mentioned above.

4.3.4 Genetics Studies

Grube and Blaha (2005) studied the phylogenetic relationships of certain genes
which are involved in conferring halotolerance or halophily. They considered gen-
era containing marine and non-marine taxa to detect the supposed involvement of
these genes in halotolerance through their evolution and expression. They focused
on the synthesis of a brown pigment, dihydroxynaphthalene (DHN) melanin. Earlier
studies claimed that fungal melanins produced in brackish and marine environ-
ments, confer protection against hyperosmotic shock as they act as osmoprotective
compounds (Butler and Day 1998). Polyketide synthase (PKS) genes are implied in
the synthesis of 1,8-DHN, precursor of DHN-melanin. Those PKS first use acetate
as a precursor to produce 1,3,6,8-tetrahydroxynaphthalene. Then, a hydroxynaph-
thalene reductase converts this last compound to scytalone. Dehydration of scytal-
one forms 1,3,8-trihydroxynaphthalene, which is converted to 1,8-DHN after an
additional reduction and dehydration step. Finally, oxidative polymerization of 1,8-
DHN by a laccase, yields the DHN-melanin (Tsai et al. 1999). A genetic analysis
performed by Grube and Blaha (2005) revealed the presence of scytalone dehy-
dratase (SCD) in six Verrucariales species, suggesting potential synthesis of DHN-
melanin. This enzyme plays a key role both in dehydration of both scytalone and
vermelone. In addition, the strong analogy between phylogenetic trees of SCD and
PKS tends to underline their common involvement in synthesis.

Alternatively, some fungi are able to synthesize melanin via L-34-
dihydroxyphenylalanine by a pathway that resembles mammalian melanin biosyn-
thesis (Eisenman and Casadevall 2012). No information is available on
trihydroxynaphthalene reductase in the study by Grube and Blaha (2005), despite
the fact that this enzyme is essential for the next step of vermelone dehydration
(Kogej et al. 2004; Liao et al. 2001). So, if alternative melanin production is sug-
gested in the studied species, it could be supposed that only 2-hydroxyjuglone syn-
thesis occurs from the exclusive oxidation of 1,3,8-trihydroxynaphthalene (which
could eventually justify a transcription/translation of PKS and SCD and a shunt in
DHN-melanin synthesis). These authors opened new perspectives by considering
the role of genetics in saline adaptation. However, further data on enzyme expres-
sion and activity are needed to establish the melanin synthesis pathways in halotol-
erant species, including the pathways involved in brown-pigment production.
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As also suggested by these authors, many more genes involved in salt tolerance
need to be detected from all lichen symbionts in the future. Using reverse transcrip-
tion and amplified fragment-length polymorphism, Grube and Blaha (2005) focused
on the specific transcriptional responses during salt stress (1 M NaCl) in several
specimens of Parmelia subrudecta. In salt-treated thalli, a 400-bp cDNA fragment
missing in untreated thalli, was identified. This differential transcription may result
from gene (over-) expression induced by salt stress. These experiments only gave a
first glimpse into differential transcription under salt stress in a lichen that normally
lives in non-saline environments. Sequencing of transcripts would provide further
insights (by generating and analyses of expressed sequence tag (EST)-profiles),
especially when different species of lichens, salt-tolerant and -intolerant will be
compared.

4.4 Conclusion and Future Perspectives

The lichen symbiotic association, comprising fungi, algae and/or cyanobacteria,
and associated bacterial communities was among the first recognized symbiosis (De
Bary 1879). However, today, we still have little insight into the versatile adaptations
to diverse environmental conditions of lichen symbiosis including halotolerance as
a fascinating aspect. Lichens seem to have particular pre-adaptations to the saline
habitat, but we still need to explore the role of genes and their regulation by specific
signals. Halotolerance in lichens implies a succession of molecular and physiologi-
cal events that leads to the regulation of hydric potential, photosynthesis, osmolarity
and oxidative processes. Reactions to salt stress at symbiotic stage is clearly differ-
ent from those of isolated partners. Each symbiont develops both specific arrays of
metabolites for osmotic adjustments and well adapted ionic mechanisms to limit
nutrient-imbalance or it activates certain antioxidant pathways involved in free-
radical and oxidative-compound regulation. Genetics also plays a major role as
NaCl can stimulate the expression of genes involved in salt-stress acclimation.
This chapter mainly focuses on lichens from intertidal habitats or those exposed
to marine salt spray. However inland lichens that are exposed as well to saline condi-
tions are poorly known. They live in uncommon habitats such as manmade lagoons
(Gilbert 2001), salt lakes (Johnson 2007) and salt deserts (D’ Antonio and Haubensak
2005). It would be especially interesting to study the extreme mechanisms of lichen
drought adaptation in the latter environment as all conditions for halophily and xero-
phily occur. Ecophysiological properties, metabolomics and genetics of these fasci-
nating holobionts merit increased attention by lichenologists in the near future.

Acknowledgments This research was supported by the Université de Rennes 1, the Université
Européenne de Bretagne, the Ministére de I’Enseignement supérieur et de la Recherche, the Institut
National des Sciences Appliquées de Rennes and the UMR CNRS 6226 SCR. The authors sin-
cerely thank Dr. Frédéric Barriere and Dr. Marie-Laurence Abasq-Paofai for technical support,
Dr. Francoise Lohézic-Le Dévéhat and Friardi Ismed for providing SEM photography, and Dr.
Béatrice Legouin-Gargadennec for valuable discussions.



4 Halotolerance in Lichens: Symbiotic Coalition Against Salt Stress 141

References

Adhikary SP (2003) Heat shock proteins in the terrestrial epilithic cyanobacterium Tolypothrix
byssoidea. Biol Plant 47:125-128

Ahmadjian V (1993a) The lichen symbiosis. Wiley, New York

Ahmadjian V (1993b) The lichen photobiont — what can it tell us about lichen systematic. Bryologist
96:310-313

Ahmadjian V (1995) Lichens are more important than you think. BioScience 45:123-124

Alscher RG, Erturk N, Heath LS (2002) Role of superoxide dismutases (SODs) in controlling
oxidative stress in plants. J] Exp Bot 53:1331-1341

Al-Waibi MH (2011) Plant heat-shock proteins: a mini review. J King Saud Univ 23:139-150

An SY, Xiao T, Yokota A (2008) Schumannella luteola gen. nov., sp. nov., a novel genus of the
family Microbacteriaceae. J Gen Appl Microbiol 54:253-258

An SY, Xiao T, Yokota A (2009) Leifsonia lichenia sp. nov., isolated from lichen in Japan. J Gen
Appl Microbiol 55:339-343

Andrawis A, Kahn V (1985) Inactivation of mushroom tyrosinase by hydrogen peroxide.
Phytochemistry 24:397-405

Arup U (1995) Littoral species of Caloplaca in North America: a summary and key. Bryologist
98:129-140

Aubert S, Juge C, Boisson AM, Gout E, Bligny R (2007) Metabolic processes sustaining the
reviviscence of lichen Xanthoria elegans in high mountain environments. Planta 226:
1287-1297

Bates ST, Cropsey GW, Caporaso JG, Knight R, Fierer N (2011) Bacterial communities associated
with the lichen symbiosis. Appl Environ Microb 77:1309-1314

Becker EW (1994) Microalgae: biotechnology and microbiology. Cambridge University Press,
Irthlingborough

Beckett RP, Minibayeva FV (2007) Rapid breakdown of exogenous extracellular hydrogen peroxide
by lichens. Physiol Plant 129:588-596

Beckett RP, Minibayeva FV, Vylegzhanina NV, Tolpysheva T (2003) High rates of extracellular
superoxide reduction by lichens in the Suborder Peltigerineae correlate with indices of high
metabolic activity. Plant Cell Environ 26:1827-1837

Beckett RP, Kranner I, Minibayeva FV (2008) Stress physiology and the symbiosis. In: Nash TH
IIT (ed) Lichen biology. Cambridge University Press, Cambridge, pp 134-151

Bienert GP, Schjoerring JK, Jahn TP (2006) Membrane transport of hydrogen peroxide. Bioch
Biophys Acta — Biomembranes 1758:994-1003

Bienert GP, Mgller ALB, Kristiansen KA, Schulz A, Mgller IM, Schjoerring JK, Jahn TP (2007)
Specific aquaporins facilitate the diffusion of hydrogen peroxide across membranes. J Biol
Chem 282:1183-1192

Billi D, Potts M (2002) Life and death of dried prokaryotes. Res Microbiol 153:7-12

Bjelland T, Grube M, Hoem S, Jorgensen SL, Daae FL, Thorseth IH, @vreds L (2011) Microbial
metacommunities in the lichen-rock habitat. Environ Microbiol Rep 3:434-442

Bohnert HJ, Nelson DE, Jensen RG (1995) Adaptations to environmental stresses. Plant Cell
7:1099-1111

Brodo IM, Sloan NA (2004) Lichen zonation on coastal rocks in Gwaii Haanas National Park
Reserve, Haida Gwaii (Queen Charlotte Islands), British Columbia. Can Field-Naturalist 117:
405-424

Biidel B (2011) Cyanobacteria: habitats and species. In: Liittge U, Beck E, Bartels D (eds) Plant
desiccation tolerance, ecological studies 215. Springer, Berlin, pp 11-21

Butler MJ, Day AW (1998) Fungal melanins: a review. Can J Microbiol 44:1115-1136

Canh DS, Hordk J, Kotyk A, Rihova L (1975) Transport of acyclic polyols in Saccharomyces
cerevisiae. Folia Microbiol 20:320-325

Cardinale M, Puglia AM, Grube M (2006) Molecular analysis of lichen-associated bacterial
communities. FEMS Microbiol Ecol 57:484-495



142 D. Delmail et al.

Cardinale M, Vieira de Castro J Jr, Miiller H, Berg G, Grube M (2008) In situ analysis of the bacterial
community associated with the reindeer lichen Cladonia arbuscula reveals predominance of
alphaproteobacteria. FEMS Microbiol Ecol 66:63-71

Cardinale M, Grube M, Berg G (2011) Frondihabitans cladoniiphilus sp. nov., an actinobacterium
of the family microbacteriaceae isolated from lichen, and emended description of the genus
Frondihabitans. Int J Sys Evol Microbiol 61:3033-3038

Cardinale M, Grube M, Castro JV Jr, Miiller H, Berg G (2012a) Bacterial taxa associated with the
lung lichen Lobaria pulmonaria are differentially shaped by geography and habitat. FEMS
Microbiol Lett 329:111-115

Cardinale M, Steinova J, Rabensteiner J, Berg G, Grube M (2012b) Age, sun and substrate: triggers
of bacterial communities in lichens. Environ Microbiol Rep 4:23-28

Cheenpracha S, Vidor NB, Yoshida WY, Davies J, Chang LC (2010) Coumabiocins A-F, aminocou-
marins from an organic extract of Streptomyces sp. L-4-4. ] Nat Prod 73:880-884

Chou TS, Chao YY, Kao CH (2012) Involvement of hydrogen peroxide in heat shock- and
cadmium-induced expression of ascorbate peroxidase and glutathione reductase in leaves of
rice seedlings. J Plant Physiol 169:478-486

Coba de la Pena T, Redondo FJ, Manrique E, Lucas MM, Pueyo JJ (2010) Nitrogen fixation per-
sists under conditions of salt stress in transgenic Medicago trunculata plants expressing a
cyanobacterial flavodoxin. Plant Biotechnol J 8:954-965

Cocking EC (2003) Endophytic colonization of plant roots by nitrogen-fixing bacteria. Plant Soil
252:169-175

Cortés-Rojo C, Estrada-Villagémez M, Calderén-Cortés E, Clemente-Guerrero M, Mejia-Zepeda
R, Boldogh I, Saavedra-Molina A (2011) Electron transport chain dysfunction by H,0, is
linked to increased reactive oxygen species production and iron mobilization by lipoperoxida-
tion: Studies using Saccharomyces cerevisiae mitochondria. J Bioenerg Biomemb:135-147

Csonka LN (1989) Physiological and genetic responses of Bacteria to osmotic stress. Microbiol
Rev 53:121-147

D’Antonio C, Haubensak K (2005) Variation in biotic crusts, shrubs, rainfall and resistance to
cheatgrass invasion in the Great Basin. Ecological Society of America 2005, Montréal

da Silva Graga MMC (2004) Salt stress response of the extremely halotolerant yeast Candida
halophila (syn versatilis) CBS 4019 — Biochemical and physiological studies. Universidade do
Minho — Escola de Ciéncias, Braga

Dadheech N (2010) Desiccation tolerance in cyanobacteria. Afr J Microbiol Res 4:1584-1593

Davies J, Wang H, Taylor T, Warabi K, Huang XH, Andersen RJ (2005) Uncialamycin, a new
enediyne antibiotic. Org Lett 7:5233-5236

De Bary A (1879) Die Erscheinung der Symbiose. Karl J Triibner, Strasbourg

Delmail D, Labrousse P (2012) Plant ageing, a counteracting agent to xenobiotic stress. In: Nagata
T (ed) Senescence. InTech Publishers, Rijeka, pp 89-106

Delmail D, Buzier R, Simon S, Hourdin P, Botineau M, Labrousse P (2011) HPLC method for the
analysis of a-tocopherol from Myriophyllum alterniflorum. Chem Nat Compd 47:679-680

dos Santos Freire MBG, Lira-Cadete L, de Farias ARB, Kuklinsky-Sobral J, dos Santos KCF
(2010) Isolation of Atriplex nummularia-associated halotolerant bacteria and bioprospecting
by nitrogen fixing bacteria in saline-sodic soil. 19th World Congress of Soil Science — Soil
Solutions for a Changing World, Brisbane

Edreva A (2005) Generation and scavenging of reactive oxygen species in chloroplasts: a submo-
lecular approach. Agric Ecosyst Environ 106:119-133

Eisenman HC, Casadevall A (2012) Synthesis and assembly of fungal melanin. Appl Microbiol
Biotechnol 93:931-940

Evelin H, Kapoor R, Giri B (2009) Arbuscular mycorrhizal fungi in alleviation of salt stress: a review.
Ann Bot 104:1263-1280

Fabian M, Skultety L, Brunel C, Palmer G (2001) The cyanide stimulated dissociation of chloride
from the catalytic center of oxidized oxidase. Biochemistry 40:6061-6069

Feller G, Bussy O, Houssier C, Gerday C (1996) Structural and functional aspects of chloride
binding to Alteromonas haloplanctis alpha-amylase. J Biol Chem 271:23836-23841



4 Halotolerance in Lichens: Symbiotic Coalition Against Salt Stress 143

Ferjani A, Mustardy L, Sulpice R, Marin K, Suzuki I, Hagemann M, Murata N (2003)
Glucosylglycerol, a compatible solute, sustains cell division under salt stress. Plant Physiol
131:1628-1637

Fernandez E, Reyes A, Hidalgo ME, Quilhot W (1998) Photoprotector capacity of lichen metab-
olites assessed through the inhibition of the 8-methoxypsoralen photobinding to protein.
J Photochem Photobiol B 42:195-201

Fletcher A (1973a) The ecology of marine (littoral) lichens on some rocky shores of Anglesey.
Lichenologist 5:368—400

Fletcher A (1973b) The ecology of marine (supralittoral) lichens on some rocky shores of Anglesey.
Lichenologist 5:401-422

Fletcher A (1976) Nutritional aspects of marine and maritime lichen ecology. In: Brown DH,
Hawksworth DL, Bailey RH (eds) Lichenology: progress and problems. Academic, New York,
pp 359-384

Fornazier RF, Ferreira RR, Vitdria AP, Molina SMG, Lea PJ, Azevedo RA (2002) Effects of cad-
mium on antioxidant enzyme activities in sugar cane. Biol Plant 45:91-97

Frechilla S, Lasa B, Ibarretxe L, Lamsfus C, Aparicio Trejo P (2001) Pea response to saline stress
is affected by the source of nitrogen nutrition (ammonium or nitrate). Plant Growth Regul
35:171-179

Friedl T, Biidel B (2008) Photobionts. In: Nash TH III (ed) Lichen biology. Cambridge University
Press, Cambridge, pp 9-26

Fulda S, Hagemann M (1995) Salt treatment induces accumulation of flavodoxin in the cyanobac-
terium Synechocystis sp. PCC6803. J Plant Physiol 146:520-536

Garcia-Molina F, Hiner ANP, Fenoll LG, Rodriguez-Lopez JN, Garcia-Ruiz PA, Garcia-Cdnovas
F, Tudela J (2005) Mushroom tyrosinase: catalase activity, inhibition, and suicide inactivation.
J Agric Food Chem 53:3702-3709

Gasulla F, Gomez De Nova P, Esteban-Carrasco A, Zapat JM, Barreno E, Guéra A (2009)
Dehydration rate and time of desiccation affect recovery of the lichenic algae Trebouxia erici:
alternative and classical protective mechanisms. Planta 231:195-208

Gauslaa Y, Solhaug KA (1999) High-light damage in air-dry thalli of the old forest lichen Lobaria
pulmonaria — interactions of irradiance, exposure duration and high temperature. J Exp Bot
50:697-705

Gauslaa Y, Solhaug KA (2001) Fungal melanins as a sun screen for symbiotic green algae in the
lichen Lobaria pulmonaria. Oecologia 126:462-471

Gauslaa Y, Solhaug KA (2004) Photoinhibition in lichens depends on cortical characteristics and
hydration. Lichenologist 36:133-143

Gauslaa Y, Ustvedt EM (2003) Is parietin a UV-B or a blue-light screening pigment in the lichen
Xanthoria parietina? Photoch Photobio Sci 2:424-432

Gilbert O (2000) Lichens. Harper Collins, London

Gilbert O (2001) The lichen flora of coastal saline lagoons in England. Lichenologist 33:409—417

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant machinery in abiotic stress toler-
ance in crop plants. Plant Physiol Bioch 48:909-930

Gonzdlez I, Ayuso-Sacido A, Anderson A, Genilloud O (2005) Actinomycetes isolated from
lichens: evaluation of their diversity and detection of biosynthetic gene sequences. FEMS
Microbiol Ecol 54:401-415

Gopalakrishnan M, Kumar AS, Mody K, Jha B (2006) Biosurfactant production by marine bacte-
ria. Nat Acad Sci Lett 29:95-101

Gray DW, Lewis LA, Cardon ZG (2007) Photosynthetic recovery following desiccation of desert
green algae (Chlorophyta) and their aquatic relatives. Plant Cell Environ 30:1240-1255

Green TGA, Sancho LG, Pintado A (2011) Ecophysiology of Desiccation/Rehydration Cycles in
Mosses and Lichens. In: Liittge U, Beck E, Bartels D (eds) Plant desiccation tolerance, ecologi-
cal studies 215. Springer, Berlin, pp 89-120

Green TGA, Brabyn L, Beard C, Sancho LG (2012) Extremely low lichen growth rates in Taylor
Valley, Dry Valleys, continental Antarctica. Polar Biol 35:535-541



144 D. Delmail et al.

Grube M (2010) Die hard: lichens. In: Seckbach J, Grube M (eds) Symbioses and stress: joint
ventures in biology. Springer, Dordrecht, pp 509-523

Grube M, Berg G (2009) Microbial consortia of bacteria and fungi with focus on the lichen sym-
biosis. Fungal Biol Rev 23:72-85

Grube M, Blaha J (2005) Halotolerance and lichen symbioses. In: Gunde-Cimerman N, Oren A,
Plemenitas A (eds) Adaptation to life at high salt concentrations in Archaea, Bacteria, and
Eukarya. Springer, Dordrecht, pp 471488

Grube M, Muggia L (2010) Identifying algal symbionts in lichen symbioses. In: Nimis PL,
Lebbe RV (eds) Tools for identifying biodiversity: progress and problems. Proceedings of the
International Congress (Museum National d’Histoire Naturelle), Paris, pp 295-299

Grube M, Cardinale M, Vieira de Castro J Jr, Miiller H, Berg G (2009) Species-specific structural
and functional diversity of bacterial communities in lichen symbioses. Intern Soc Microbial
Ecol 3:1105-1115

Gueidan C, Thiis H, Pérez-Ortega S (2011) Phylogenetic position of the brown algae-associated
lichenized fungus Verrucaria tavaresiae (Verrucariaceae). Bryologist 114:563-569

Hagemann M, Effmert U, Kerstan T, Schoor A, Erdmann N (2001) Biochemical characterization
of glucosylglycerol-phosphate synthase of Synechocystis sp. strain PCC 6803: comparison of
crude, purified, and recombinant enzymes. Curr Microbiol 43:278-283

Hasegawa PM, Bressan RA, Zhu JK, Bohnert HJ (2000) Plant cellular and molecular responses to
high salinity. Ann Rev Plant Physiol Plant Mol Biol 51:463—499

Hawksworth DL (2000) Freshwater and marine lichen-forming fungi. Fungal Div 5:1-7

Healey FP (1973) Characteristics of phosphorus deficiency in Anabaena. J Phycol 9:383-394

Heber U, Bilger W, Turk R, Lange OL (2010) Photoprotection of reaction centres in photosynthetic
organisms: mechanisms of thermal energy dissipation in dessicated thalli of the lichen Lobaria
pulmonaria. New Phytol 185:459—470

Henzler T, Steudle E (2000) Transport and metabolic degradation of hydrogen peroxide in Chara
coralline: model calculations and measurements with the pressure probe suggest transport of
H,0, across water channels. J Exp Bot 51:2053-2066

Hidalgo ME, Ferndndez E, Ponce M, Rubio C, Quilhot W (2002) Photophysical, photochemical,
and thermodynamic properties of shikimic acid derivatives: calycin and rhizocarpic acid
(lichens). J Photochem Photobiol B 66:213-217

Hill DJ, Ahmadjian V (1972) Relationship between carbohydrate movement and the symbiosis in
lichens with green algae. Planta 103:267-277

Hodkinson BP, Gottel NR, Schadt CW, Lutzoni F (2011) Photoautotrophic symbiont and geogra-
phy are major factors affecting highly structured and diverse bacterial communities in the
lichen microbiome. Environ Microbiol 14:147-161

Honegger R (1998) The lichen symbiosis — what is so spectacular about it? Lichenologist 30:
193-212

Honegger R (2001) The symbiotic phenotype of lichen-forming ascomyces. In: Hock B (ed) The
mycota; IX fungal associations. Springer, Berlin, pp 165-188

Incharoensakdi A, Takabe T (1988) Determination of intracellular chloride ion concentration in a
halotolerant cyanobacterium Aphanothece halophytica. Plant Cell Physiol 29:1073-1075

Jakab G, Ton J, Flors V, Zimmerli L, Métraux JP, Mauch-Mani B (2005) Enhancing Arabidopsis
salt and drought stress tolerance by chemical priming for its abscisic acid responses. Plant
Physiol 139:267-274

Johnson AM (2007) Food abundance and energetic carrying capacity for wintering waterfowl on
the Great Salt Lake wetlands. Oregon State University, Corvallis

Keddy PA (2007) Positive interactions: mutualism, commensalism, and symbiosis. In: Keddy PA
(ed) Plant and vegetation: origins, processes, consequences. Cambridge University Press,
Cambridge, pp 336402

Kempf B, Bremer E (1998) Uptake and synthesis of compatible solutes as microbial stress
responses to high-osmolality environments. Arch Microbiol 170:319-330

Killham K, Firestone MK (1984) Salt stress control of intracellular solutes in Streptomycetes
indigenous to saline soils. Appl Environ Microb 47:301-306



4 Halotolerance in Lichens: Symbiotic Coalition Against Salt Stress 145

Kladhn S, Hagemann M (2011) Compatible solute biosynthesis in cyanobacteria. Environ Microbiol
13:551-562

Kneip C, Lockhart P, Voff C, Maier UG (2007) Nitrogen fixation in eukaryotes — New models for
symbiosis. BMC Evol Biol 7:55

Koag MC, Fenton RD, Wilkens S, Close TJ (2003) The binding of maize DHNI to lipid vesicles.
Gain of structure and lipid specificity. Plant Physiol 131:309-316

Kogej T, Wheeler MH, Lanisnik RiZner T, Gunde-Cimerman N (2004) Evidence for
1,8-dihydroxynaphthalene melanin in three halophilic black yeasts grown under saline and
non-saline conditions. FEMS Microbiol Lett 232:203-209

Kohlmeyer J, Kohlmeyer E (1979) Marine mycology. The higher fungi. Academic Press, New York

Kohlmeyer J, Volkmann-Kohlmeyer B (1988) Halographis (Opegraphales), a new endolithic
lichenoid from corals and snails. Can J Bot 66:1138-1141

Kosugi M, Arita M, Shizuma R, Moriyama Y, Kashino Y, Koike H, Satoh K (2009) Responses to
desiccation stress in lichens are different from those in their photobionts. Plant Cell Physiol 50:
879-888

Kotlova ER, Sinyutina NF (2005) Changes in the content of individual lipid classes of a lichen
Peltigera aphthosa during dehydration and subsequent rehydration. Russ J Plant Physiol 52:
35-42

Kranner I (2002) Glutathione status correlates with different degrees of desiccation tolerance in
three lichens. New Phytol 154:451-460

Kranner I, Lutzoni F (1999) Evolutionary consequences of transition to a lichen symbiotic state
and physiological adaptation to oxidative damage associated with poikilohydry. In: Lerner HR
(ed) Plant response to environmental stress: from phytohormones to genome reorganization.
Dekker, New York, pp 591-628

Kranner I, Zorn M, Turk B, Wornik S, Beckett RP, Batic F (2003) Biochemical traits of lichens
differing in relative desiccation tolerance. New Phytologist 160:167-176

Kranner I, Cram WIJ, Zorn M, Wornik S, Yoshimura I, Stabentheiner E, Pfeifhofer HW (2005)
Antioxidants and photoprotection in a lichen as compared with its isolated symbiotic partners.
P Natl Acad Sci USA 102:3141-3146

Kranner I, Beckett R, Hochman A, Nash TH III (2008) Desiccation tolerance in lichen: a review.
Bryologist 111:576-593

Kruger NJ, von Schaewen A (2003) The oxidative pentose phosphate pathway: structure and
organisation. Curr Opin Plant Biol 6:236-246

Kiinzler K, Eichenberger W (1997) Betaine lipids and zwitterionic phospholipids in plants and
fungi. Phytochemistry 46:883-892

Lagadic L, Caquet T, Amiard JC (1997) Biomarqueurs en écotoxicologie : principes et définitions.
In: Lagadic L, Caquet T, Amiard JC (eds) Biomarqueurs en écotoxicologie. Masson, Paris,
pp. 1-10

Lages F, Lucas C (1995) Characterization of a glycerol/H* symport in the halotolerant yeast Pichia
sorbitophila. Yeast 11:111-119

Lages F, Lucas C (1997) Contribution to the characterization of glycerol active uptake in
Saccharomyces cerevisiae. Bioch Biophys Acta — Bioenergetics 1322:8-18

Lages F, Silva-Graca M, Lucas C (1999) Active glycerol uptake is a mechanism underlying halot-
olerance in yeasts: a study of 42 species. Microbiology 145:2577-2585

Lange OL, Green TGA (2005) Lichens show that fungi can acclimate their respiration to seasonal
changes in temperature. Oecologia 142:11-19

Lewitus AJ, Caron DA (1990) Relative effects of nitrogen or phosphorus depletion and light inten-
sity on the pigmentation, chemical composition, and volume of Pyrenomonas salina
(Cryptophyceae). Mar Ecol Prog Ser 61:171-181

Li X, Weinman SA (2002) Chloride channels and hepatocellular function: prospects for molecular
identification. Annu Rev Physiol 64:609-633

Li Y, Trush MA, Yager JD (1994) DNA damage caused by reactive oxygen species originating
from a copper-dependent oxidation of the 2-hydroxy catechol of estradiol. Carcinogenesis
15:1421-1427



146 D. Delmail et al.

Li B, Xie CH, Yokota A (2007) Nocardioides exalbidus sp. nov., a novel actinomycete isolated
from lichen in Izu-Oshima Island, Japan. Actinomycetologica 21:22-26

Liao DI, Basarab GS, Gatenby AA, Valent B, Jordan DB (2001) Structures of trihydroxynaphtha-
lene reductase-fungicide complexes: implications for structure-based design and catalysis.
Structure 9:19-27

Liba CM, Ferrara FIS, Manfio GP, Fantinatti-Garboggini F, Albuquerque RC, Pavan C, Ramos PL,
Moreira-Filho CA, Barbosa HR (2006) Nitrogen-fixing chemo-organotrophic bacteria isolated
from cyanobacteria-deprived lichens and their ability to solubilize phosphate and to release
amino acids and phytohormones. J Appl Microbiol 101:1076-1086

Lucas C, da Costa M, van Uden N (1990) Osmoregulatory active sodium-glycerol co-transport in
the halotolerant yeast Debaryomyces hansenii. Yeast 6:187-191

Liittge U (2011) Cyanobacteria: multiple stresses, desiccation-tolerant photosynthesis and di-
nitrogen fixation. In: Liittge U, Beck E, Bartels D (eds) Plant desiccation tolerance, ecological
studies 215. Springer, Berlin, pp 2343

Mahajan S, Tuteja N (2005) Cold, salinity and drought stresses: an overview. Arch Biochem
Biophys 444:139-158

Makkonen S, Hurri RSK, Hyviarinen M (2007) Differential responses of lichen symbionts to
enhanced nitrogen and phosphorus availability: an experiment with Cladina stellaris. Ann Bot
99:877-884

Mao X, Olman V, Stuart R, Paulsen IT, Palenik B, Xu Y (2010) Computational prediction of the
osmoregulation network in Synechococcus sp. WH8102. BMC Genomics 11:291

Maphangwa KW, Musil CF, Raitt L, Zedda L (2012) Differential interception and evaporation of
fog, dew and water vapour and elemental accumulation by lichens explain their relative abun-
dance in a coastal desert. J Arid Environ 82:71-80

Margesin R, Schinner F (2001) Potential of halotolerant and halophilic microorganisms for bio-
technology. Extremophiles 5:73-83

Matias D, Zurbriggen MD, Tognetti VB, Fillat MF, Hajirezae MR, Valle EM, Carrillo N (2008)
Combating stress with flavodoxin: a promising route for crop improvement. Trends Biotechnol
26:531-537

Matos P, Cardoso-Vilhena J, Figueira R, Sousa AJ (2011) Effects of salinity stress on cellular loca-
tion of elements and photosynthesis in Ramalina canariensis Steiner. Lichenologist
43:155-164

Matthes-Sears U, Nash TH III, Larson DW (1987) Salt loading does not control CO, exchange in
Ramalina menziesii Tayl. New Phytol 106:59-69

Miyasaka NRS, Thuler DS, Floh EIS, Handro W, Toledo MBD, Gagioti SM, Barbosa HR (2003)
During stationary phase, Beijerinckia derxii shows nitrogenase activity concomitant with the
release and accumulation of nitrogenated substances. Microbiol Res 158:309-315

Moe RL (1997) Verrucaria tavaresiae sp. nov., a marine lichen with a brown algal photobiont. Bull
Californ Lichen Soc 4:7-11

Morbach S, Kramer R (2002) Body shaping under water stress: osmosensing and osmoregulation
of solute transport in Bacteria. ChemBioChem 3:384-397

Morrison M, Schonbaum GR (1976) Peroxidase-catalyzed halogenation. Annu Rev Biochem
45:861-888

Motohashi K, Takagi M, Yamamura H, Hayakawa M, Shin-Ya K (2010) A new angucycline and a
new butenolide isolated from lichen-derived Streptomyces spp. J Antibiot 63:545-548

Muggia L, Zellnig G, Rabensteiner J, Grube M (2010) Morphological and phylogenetic study of
algal partners associated with the lichen-forming fungus Tephromela atra from the
Mediterranean region. Symbiosis 51:149-160

Nash TH 1III, Lange OL (1988) Responses of lichens to salinity: concentration and time-course
relationships and variability among Californian species. New Phytol 109:361-367

Okanenko A, Tarand N, Kosyk O (2011) Sulfurcontaining plant lipids. ABET'A, Kiev

@vstedal DO, Tgnsberg T, Elvebakk A (2009) The lichen flora of Svalbard. Sommerfeltia
33:1-393



4 Halotolerance in Lichens: Symbiotic Coalition Against Salt Stress 147

Ozenda P, Clauzade G (1970) Les lichens: étude biologique et flore illustrée. Masson, Paris

Paramesha S, Vijay R, Bekal M, Kumari S, Pushpalatha KC (2011) A study on lipid peroxidation
and total antioxidant status in diabetes with and without hypertension. Res J Pharm Biol Chem
Sci 2:329-334

Parent C, Capelli N, Dat J (2008) Formes réactives de I’oxygene, stress et mort cellulaire chez les
plantes. CR Biol 331:255-261

Pereira GJG, Molina SMG, Lea PJ, Azevedo RA (2002) Activity of antioxidant enzymes in
response to cadmium in Crotalaria juncea. Plant Soil 239:123-132

Potts M, Slaughter SM, Hunneke FU, Garst JF, Helm RF (2005) Desiccation tolerance of
Prokaryotes: application of principles to human cells. Integr Comp Biol 45:800-809

Rai V, Tiwari SP, Rai AK (2001) Effect of NaCl on nitrogen fixation of unadapted and NaCl-
adapted Azolla pinnata—Anabaena azollae. Aquat Bot 71:109-117

Raikou V, Protopapa E, Kefala V (2011) Photo-protection from marine organisms. Rev Clin
Pharmacol Pharmacokinet 25:131-136

Rancan F, Rosan S, Boehm K, Ferndndez E, Hidalgo ME, Quihot W, Rubio C, Boehm F, Piazena
H, Oltmanns U (2002) Protection against UVB irradiation by natural filters extracted from
lichens. J Photochem Photobiol B 68:133-139

Rodriguez-Navarro A (2000) Potassium transport in fungi and plants. Bioch Biophys Acta 1469:
1-30

Rorat T (2006) Plant dehydrins — tissue location, structure and function. Cell Mol Biol Lett 11:
536-556

Roullier C, Chollet-Krugler M, Van de Weghe P, Lohezic-Le Devehat F, Boustie J (2010) A novel
aryl-hydrazide from the marine lichen Lichina pygmaea: isolation, synthesis of derivatives, and
cytotoxicity assays. Bioorg Med Chem Lett 20:4582-4586

Roullier C, Chollet-Krugler M, Pferschy-Wenzig EM, Maillard A, Rechberger GN, Legouin-
Gargadennec B, Bauer R, Boustie J (2011) Characterization and identification of mycosporine-
like compounds in cyanolichens. Isolation of mycosporine hydroxyglutamicol from Nephroma
laevigatum Ach. Phytochemistry 72:1348-1357

Rundel PW (1974) Water relations and morphological variation in Ramalina menziesii Tayl.
Bryologist 77:23-32

Sanders WB, Moe RL, Ascaso C (2004) The intertidal marine lichen formed by the pyrenomycete
fungus Verrucaria tavaresiae (Ascomycotina) and the brown alga Petroderma maculiforme
(Phaeophyceae): thallus organization and symbiont interaction. Am J Bot 91:511-522

Schaich KM (2005) Lipid oxidation: theoretical aspects. In: Shahidi F (ed) Bailey’s industrial oil
and fat products. Wiley, Hoboken, pp 269-355

Schneider T, Schmid E, De Castro Jr JV, Cardinale M, Eberl L, Grube M, Berg G, Riedel K (2011)
Structure and function of the symbiosis partners of the lung lichen (Lobaria pulmonaria
L. Hoffm.) analyzed by metaproteomics. Proteomics 11:2752-2756

Schweikardt T, Olivares C, Solano F, Jaenicke E, Garcia-Borrén JC, Decker H (2007) A three-
dimensional model of mammalian tyrosinase active site accounting for loss of function muta-
tions. Pigment Cell Res 20:394-401

Sekmen AH, Turkan I, Tanyolac ZO, Ozfidan C, Dinc A (2012) Different antioxidant defense
responses to salt stress during germination and vegetative stages of endemic halophyte
Gypsophila oblanceolata Bark. Environ Exp Bot 77:63-76

Serrano R, Mulet JM, Rios G, Marquez JA, de Larriona IF, Leube MP, Mendizabal I, Pascual-
Ahuir A, Proft MRR, Montesinos C (1999) A glimpse of the mechanism of ion homeostasis
during salt stress. J Exp Bot 50:1023-1036

Sibaja-Cordero JA, Troncoso JS (2011) Upper and lower limits of rocky shore organisms at different
spatial scales and wave exposure (Islas CIES, NW Spain). Thalassas 27:81-100

Smirnoff N (1993) The role of active oxygen in the response of plants to water deficit and desiccation.
New Phytol 127:27-58

Smith VR, Gremmen NJM (2001) Photosynthesis in a sub-Antarctic shore-zone lichen. New
Phytol 149:291-299



148 D. Delmail et al.

Smith CW, Aptroot A, Coppins BJ, Fletcher A, Gilbert OL, James PW, Wolseley PA (2009) The
lichens of Great Britain and Ireland. The British Lichen Society, London

Solhaug KA, Gauslaa Y (1996) Parietin, a photoprotective secondary product of the lichen
Xanthoria parietina. Oecologia 108:412—418

Solhaug KA, Gauslaa Y, Nybakken L, Bilger W (2003) UV-Induction of sun-screening pigments
in lichens. New Phytol 158:91-100

Soriani FM, Kress MR, Fagundes de Gouvéa P, Malavazi I, Savoldi M, Gallmetzer A, Strauss J,
Goldman MH, Goldman GH (2009) Functional characterization of the Aspergillus nidulans
methionine sulfoxide reductases (msrA and msrB). Fungal Genet Biol 46:410-417

Takahagi T, Yamamoto Y, Kinoshita Y, Takeshita S, Yamada T (2002) Inhibitory effects of sodium
chloride on induction of tissue cultures of lichens of Ramalina species. Plant Biotechnol 19:
53-55

Thompson JE, Legge RL, Barber RF (1987) The role of free radicals in senescence and wounding.
New Phytol 105:317-344

Thuler DS, Floh EIS, Handro W, Barbosa HR (2003) Beijerinckia derxii releases plant growth
regulators and amino acids in synthetic media independent of nitrogenase activity. J Appl
Microbiol 95:799-806

Tsai HF, Wheeler MH, Chang YC, Kwon-Chung KJ (1999) A developmentally regulated gene
cluster involved in conidial pigment biosynthesis in Aspergillus fumigatus. J Bacteriol 181:
6469-6477

Tschermak-Woess E (1988) The algal partner. In: Galun M (ed) CRC handbook of lichenology, vol
1. CRC Press, Boca Raton, pp 39-92

Van Zyl PJ, Prior BA, Kilian SG (1991) Regulation of glycerol metabolism in Zygosaccharomyces
rouxii in response to osmotic stress. Appl Microbiol Biot 36:369-374

Ventosa A, Nieto JJ, Oren A (1998) Biology of moderately halophilic aerobic bacteria. Microbiol
Mol Biol Rev 62:504-544

Williams DE, Davies J, Patrick BO, Bottriell H, Tarling T, Roberge M, Andersen RJ (2008)
Cladoniamides A-G, tryptophan-derived alkaloids produced in culture by Streptomyces uncialis.
Org Lett 10:3501-3504

Yocum CF (2008) The calcium and chloride requirements of the O, evolving complex. Coord
Chem Rev 252:296-305



Chapter 5
Changes in Photosystem II in Response
to Salt Stress

Anjana Jajoo

5.1 Introduction

The population of world is expected to increase from about 6 billion people in year
2000 to more than 10 billion in 2050. To feed this increasing population, the average
world cereal yield will need to reach 5 tha™! from its present 3 tha™'. At the same
time, global climatic changes are posing more stressed conditions for the crops to
grow and environmental stresses represent the most limiting factors for agricultural
productivity. In general, abiotic stress often causes a series of changes at whole
plant as well as molecular level that unfavorably affect growth, development and
productivity of the plant. Abiotic stresses, singly or in combination, result in both
general and specific detrimental effects on plant growth and development. A variety
of distinct abiotic stresses exist, such as water (drought, flooding), high and low
light, extreme temperature (chilling, freezing, heat), salinity, heavy metals
(Allakhverdiev et al. 2008).

Looking to the severity of the decrease in crop yield caused by salinity (high salt
stress) it is essential to understand physiology of the salt stressed plants. Knowledge
of the type of damage that occurs to the plant during salt stress will direct research to
design genetic modifications which may provide the plants with more salt tolerant
machinery. This chapter particularly deals with the effects of salt stress on the process
of photosynthesis the efficiency of which is responsible for the overall crop yield. If we
can improve photosynthesis under salt stress conditions, definitely it will have a posi-
tive impact on the crop yield and production. Since in the process of photosynthesis,
photosystem II is one of the most stress-susceptible components, we have focused
more on it. We have also focused on the utility of chlorophyll a fluorescence induction
kinetics to get quick information about the efficiency of photochemical reactions taking
place in the leaf in the field conditions. This minireview presents a brief depiction
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and recent advances related to the effects of salt stress on photosynthesis, particularly,
Photosystem II and shall be helpful to gain better understanding of the phenomenon
of salinity stress and hence designing strategies to cope up with it. At the same time,
Understanding the adaptive mechanisms exercised by the plants in natural stress con-
ditions will help to improve salt tolerance in crop plants.

5.1.1 Environmental Stresses and Their Impact on Plant Growth

Plants are able to “sense” environmental changes and subsequently “respond” to
stress. Most plants grow in environmental conditions that are, to a considerable
degree, unfavorable to their growth.

Each environmental factor usually has a minimum and maximum level, beyond
which plants cannot survive. Due to their stationary status, plants can only make
metabolic and structural adjustment to cope with biological and non-biological
trauma (Allahverdiyev et al. 2011).

Drought, salinity, extreme temperatures (cold and heat) and oxidative stress are
often interrelated; these conditions singularly or in combination induce cellular
damage. Due to the complex nature of stresses, not a single sensor, but multiple sen-
sors may be responsible for perception of stress stimuli.

5.1.2 High Salt Stress

More than 800 million ha of land throughout the world are salt-affected (http://
www.fao.org/ag/agl/agll/spush/). Growing concentration of salts in the rhizosphere
have been because of natural causes such as salty raining waters near around the
coasts, contamination from the parental rocks and oceanic salts and cultivation
practices (Mahajan and Tuteja 2005). Increased salinisation of arable lands accom-
panied with water stress can result in 50% loss of arable lands by the year 2050.
Sustainable salinization of arable land is getting more widespread and thus decreasing
the yield from formerly productive soil everywhere in the world. Therefore, it requires
increased water-use efficiency and salt tolerance for agricultural production in an
ever-decreasing area of arable land (Tiburcio et al. 2012). Basically the term salinity
implies high concentration of salts in soil, it is NaCl that constitutes the most part in
soil salinity and that is why all plants have evolved several mechanisms to regulate
NaCl accumulation or exclusion. High salinity causes both hyperionic and hyperos-
motic stresses and finally affects the growth of the plant.

There is widespread occurrence of salt-affected soils and some plants are adapted
(halophytes) to grow on such soils. However, most of our crops are salt-sensitive.
As a consequence, salinity is a major threat to agriculture, especially in areas where
secondary salinisation has developed through irrigation or deforestation. Attempts
to improve the salt tolerance of crops have met with very limited success, due to the
complexity of the genetic and physiological traits (Flowers and Flowers 2005).
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5.2 General Effects of Salt Stress on Plants

Plant salt stress is a condition where excessive salts in soil solution cause inhibition
of plant growth or plant death. No toxic substance has been found to restrict plant
growth more as compared to salt, so salt stress presents an increasing threat to plant
agriculture (Zhu 2007). Saline soil is characterized by toxic levels of chlorides and
sulfates of sodium. The electrical conductivity of saturation extracts of saline soil is
more than 4.0 dS/m (40 mM NaCl). The problem of soil salinity is increasing
because of several reasons including the use of sea water for irrigation, improper
drainage, salt accumulation in the root zone in arid and semi-arid regions due to
high evaporative demand and insufficient leaching of ions as the rainfall is inade-
quate (Chinnusamy and Zhu 2003).

5.2.1 Effects of High Salt Stress on Plant Growth

Plants which have capacity to grow on highly saline environments are traditionally
classified as glycophytes or halophytes (Flowers et al. 1977). Being the natural
inhabitants of highly saline soils, halophytes efficiently excludes salts from their
roots and leaves and some can tolerate salts that are more than twice the concentra-
tion of seawater. Salinity includes ionic stress (mainly due to Na*, Cl-, and SO 42*),
osmotic stress, and secondary stresses such as nutritional imbalances and oxidative
stress for glycophytes (Zhu 2002). Besides Na*, some plant species are also sensi-
tive to chloride, the major anion found in saline soils. High concentrations of Na*
disturb osmotic balance and results in “physiological drought”, preventing plant
water uptake. Halophytic plants that are tolerant of sodium toxicity are probably
inhibited by osmotic stress.

Salt stress affects several important processes such as growth, photosynthesis,
protein synthesis, and energy and lipid metabolism (Parida and Das 2005; Abbaspour
et al. 2012). Some of the major effects of salt stress on plant growth and the mecha-
nism of tolerance of salt stress by plants have been summarized in Fig. 5.1. Salinity
causes increases in epidermal thickness, mesophyll thickness, palisade cell length,
palisade diameter, and spongy cell diameter in leaves of bean, cotton, etc. Salt stress
has various effects on plant physiological processes such as increased respiration
rate and ion toxicity, changes in plant growth, mineral distribution, and membrane
instability resulting from calcium displacement by sodium, membrane permeability,
and decreased efficiency of photosynthesis (Sudhir and Murthy 2004). Salt stress
can lead to stomatal closure, which reduces CO, availability in the leaves and inhib-
its carbon fixation, exposing chloroplasts to excessive excitation energy, which in
turn result in generation of reactive oxygen species (ROSs) (Parida and Das 2005;
Ahmad and Sharma 2008). To cope with the detrimental effects of salt stress, plants
have evolved many biochemical and molecular mechanisms. Some of the biochemi-
cal strategies are (i) selective buildup or exclusion of salt ions, (ii) control of ion
uptake by roots and transport into leaves, (iii) ion compartmentalization, (iv) synthesis
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High salt stress and Plant Growth
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Fig. 5.1 Effects of salt stress on plant growth

of compatible osmolytes, (v) alteration in photosynthetic pathway, (vi) changes in
membrane structure, (vii) induction of antioxidative enzymes and (viii) stimulation
of phytohormones (Parida and Das 2005). Salinity is detrimental to plant growth as
it causes nutritional constraints by decreasing uptake of phosphorus, potassium,
nitrate and calcium, ion cytotoxicity and osmotic stress. Under salinity, ions like Na*
and CI- penetrate the hydration shells of proteins and interfere with the function of
these proteins. Ionic toxicity, osmotic stress, and nutritional defects under salinity
lead to metabolic imbalances and oxidative stress (Chinnusamy and Zhu 2003).

Understanding the mechanisms of plant salt tolerance will lead to effective means
to breed or genetically engineer salt-tolerant crops.

5.2.2 Effects of High Salt Stress on Photosynthesis

Several physiological processes contribute to limitation of plant growth by environ-
mental factors. However, the dominant physiological process is photosynthesis. Plant
growth as biomass production is a measure of net photosynthesis and, therefore,
environmental stresses affecting photosynthesis also affect the growth and ultimately
crop yield.

Photosynthesis is one of the most important metabolic processes in plants and its
study provides information about the general “health” of plants. Photosynthesis
serves as a global stress sensor in plants, algae and cyanobacteria. The modifications
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Effects of High Salt Stress on Photosynthesis
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Fig. 5.2 Effects of salt stress including osmotic effects and ionic effects on the basic process of
photosynthesis

of the chloroplast in response to various environmental stresses has been a topic of
interest always. Photosynthesis occurs in two stages: the light reactions and the dark
reactions. The chloroplast is the organelle where photosynthesis occurs in photo-
synthetic eukaryotes. Light reactions occur in the thylakoid stacks of the grana in
the chloroplasts. Dark reactions occur in the stroma. Photosynthesis converts light
energy into chemical energy via electron transport through pigment-protein com-
plexes, Photosystem II (PSII) and Photosystem I (PSI). The light energy absorbed
by pigments initiate the primary photochemical events followed by reactions that
ultimately form the stable organic compounds. Since the two photosystems regulate
photosynthetic efficiency and hence net productivity considerable attention has
been paid to the effects of environmental stress on these photosystems.

Response of photosynthesis to drought and salinity stress is highly complex. It
involves the interplay of limitations taking place at different sites of the cell/leaf and
at different time scales in relation to plant development (Chaves et al. 2009). The
stress is sensed at the levels of pigment composition, structural organization, pri-
mary photochemistry and the CO, fixation (Biswal et al. 2011; Shu et al. 2012; Mittal
et al. 2012). Salt stress causes either short or long-term effects on photosynthesis.
The short-term effect occurs after a few hours or within 1 or 2 days of the onset of
exposure while long term effect arises after exposure to salt stress for several days.

Salt stress is exhibited in two ways: by causing a change in the osmoticum of the
surroundings (osmotic stress) and by causing change in the ionic composition of the
medium (ionic stress). As shown in Fig. 5.2, osmotic and ionic effects on photosyn-
thesis are manifested in different ways. The accumulation of salt ions in plants can
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cause osmotic stress, ionic toxicity and induce nutritional deficiencies (Munns
2002). When Na* and CI" ions reach high concentrations in leaves, they cause
impairment in both biochemical and photochemical processes of photosynthesis
(Munns and Tester 2008). The salt-induced ionic toxicity effects are capable to
induce acute photosynthetic damages (photochemistry and gas exchange) due to
stomatal and biochemical limitations (Silva et al. 2011).

As shown by Downton et al. (1985), there is development of a thicker leaf with
less chlorophyll per unit area during salt treatment which permitted stomatal con-
ductance and intercellular partial pressure of CO, to decline without restricting pho-
tosynthesis and had the benefit of greatly increasing water use efficiency. Chlorophyll
content has been shown to decrease in salt sensitive/susceptible plants as compared
to salt-tolerant plants. At the same time salt stress increases the efficiency of photo-
phosphorylation by stimulating the cyclic photosynthetic electron flow around PS1
(Sudhir and Murthy 2004). The reduction in photosynthetic rate has also been shown
to be due to the reduction in stomatal conductance which restricts availability of
CO, for carboxylation. Stomatal closure minimizes loss of water by transpiration
and this affects chloroplast light-harvesting and energy-conversion systems thus
leading to alteration in chloroplast activity.

Photosynthetic rate is lower in salt-treated plants, but the photosynthetic poten-
tial is not greatly affected when rates are expressed with regard to chlorophyll or
leaf area. Decreases in photosynthetic rate are due to several factors: (1) dehydra-
tion of cell membranes which reduce their permeability to CO,, (2) salt toxicity, (3)
reduction of CO, supply because of hydroactive closure of stomata, (4) enhanced
senescence induced by salinity, (5) changes of enzyme activity induced by changes
in cytoplasmic structure (Parida and Das 2005). Electron microscopy has shown
that the thylakoidal structure of the chloroplasts becomes disorganized, the number
and size of plastoglobuli increases, and their starch content decreases in plants
treated with NaCl (Hernandez et al. 1999). In the mesophyll of sweet potato leaves,
thylakoid membranes of chloroplast are swollen and most are lost under severe salt
stress (Mitsuya et al. 2000).

5.3 Effects of Salt Stress on Photosystem II

5.3.1 General Effects of High Salt Stress on PS I1

The four major protein components of the photosynthetic electron transport chain
are Photosystem II (PSII), Photosystem I (PSI), the cytochrome (Cytb,f) complex,
and ATP synthase. The majority of PS II reaction centers (RC) with their main light
harvesting complex (LHC) II are located in the grana while Photosystem I (PSI) is
localized in stroma-exposed thylakoid membranes. PS II is a multi-subunit complex
whose function is to organize the chlorophylls for light harvesting and harbor the
electron transport cofactors needed for the oxidation of water.
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Effects of salt stress in cyanobacterium Spirulina platensis (Sudhir et al. 2005)
showed a decrease in PS II mediated activity and an increase in PS I activity. It was
ascribed to changes in the thylakoid membrane protein profile which led to the
decreased energy transfer from light harvesting antenna to PS II. Salt adapted cells
can maintain a high conversion efficiency of excitation energy through the down
regulation of PS II RCs (Lu and Vonshak 2002). In the cyanobacterium, salt stress
inhibits the apparent quantum efficiency of photosynthesis and photosystem II
(PSII) activity while stimulating photosystem I (PSI) activity and dark respiration
significantly. Salt stress also results in a decrease in overall activity of the electron
transport chain (Lu and Vonshak 1999). Experimental evidence shows that at low
salinity (100 mM) PSII mediated electron transport activity increases while a
decrease in PS II activity is observed at high salinity in B. parviflora (Parida et al.
2003). High salt stress has a negative influence on PS 1II activity and the effect car-
ried with the duration of stress application and on the cultivar used. In cynobacteria,
under salt stress there is loss in chlorophyll protein (47 kDa) and a core membrane
linker protein 94 kDa that can attach phycobilisome to thylakoid (Garnier et al.
1994). The 23 kDa protein which is extrinsically bound to PS II is also dissociated
under salt stress (Sudhir et al. 2005). The short term stress leads to acclamatory
changes in the functional aspects of PS II.

5.3.2 Effects of Salt Stress on Chl a Fluorescence
Induction Kinetics

Chl a fluorescence kinetics is an informative tool for studying effects of different
environmental stresses on photosynthesis (Kalaji et al. 2011). Due to its intricate
connection with several processes taking place during the conversion of light due to
its intricate connection with the numerous processes taking place during the energy
conversion of light into a stable chemical form, Chl a fluorescence has proven to be
an open window in the heart of the photosynthesis process (Papageorgiou and
Govindjee 2004; Stirbet and Govindjee 2011). Chl a fluorescence is becoming a
popular tool for plant management especially photosynthesis research. Chl a
fluorescence originates mainly from PS II. Most interesting aspect of this technique
is that chlorophyll fluorescence parameters start to fluctuate before other visual
symptoms due to stress appear. Various parameters arising from fluorescence mea-
surements can be exploited to gain information about status and efficiency of differ-
ent components of PSII in Early stages of development and stress. When a
dark-adapted photosynthetic sample is illuminated, Chl a fluorescence emission
exhibits a fast rise to a maximum followed by a decline to a steady state over some
minutes (Stirbet and Govindjee 2011). Analysis of the intermediate data points of
the fast fluorescence rise forms the basis of the so-called “OJIP curve”, whose shape
is universal for all photosystems containing Chl a. The OJIP transient has the poten-
tial to be used for the characterization of the photochemical quantum yield of PS II
photochemistry, and the electron transport activity. A representative OJIP curve has
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Fig. 5.3 Arepresentative fluorescence induction curve (first hit) and a curve obtained after second
hit. The graphs have time axes in logarithmic scale

been shown in Fig. 5.3 illustrating various intermediate phases. The OJIP transient
is the fast Chl a fluorescence rise, measured at high light intensities [generally at
3000 pmol photons m-2 s-1]. The OJIP transient starts at O or Fo [minimum
fluorescence, all Q, is oxidized] and reaches a maximum called P or Fm (all Q, is
reduced) in ~200 ms. The intermediate steps are called J and I and they are situated
at ~2 ms and ~30 ms. The O to J phase is due to the net photochemical reduction of
Q, to Q,.. The intermediate I step and the final P step have been proposed to be due
to existence of fast and slow reducing plastoquinone (PQ) pool, as well as due to
different redox states of the reaction centers (RC) of PS II which reduces the PQ
pool (Govindjee 1995; Haldimann and Strasser 1999). The popular JIP-test is a tool
to analyse the polyphasic rise of the Chl a fluorescence transient and has been devel-
oped to investigate in vivo the “vitality” of plants and the adaptive behavior of the
photosynthetic apparatus to different stresses (Christen et al. 2007) like high tem-
perature, salinity stress (Mehta et al. 2010b). By measuring the yield of chlorophyll
fluorescence, information about changes in the efficiency of photochemistry can be
obtained (Maxwell and Johnson 2000). At a given moment, the physiological state
of the sample determines the shape of the fluorescence transient of any sample.
Diagnosis and early detection of various stresses using this non-invasive method is
highly useful even more because field investigation can be conducted with high
laboratory precision.

Polyphasic chlorophyll a fluorescence transient was measured to evaluate the
effects of high salt stress on the photochemical efficiency of PS II. The OJIP tran-
sient represents the successive reduction of electron transport pool of PS II (Govindjee
1995). As evident in Fig. 5.4, the intensity of fluorescence in the induction curve
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Fig. 5.4 The OJIP Chl a fluorescence transient curves (log time scale) in wheat leaves gradually
exposed to various concentration of NaCl

decreased with increase in NaCl concentration. A significant decline in the minimal
fluorescence (Fo), variable fluorescence (Fv) and maximal fluorescence (Fm) was
observed with an increase in salt concentration. This decline in the fluorescence
yield of leaves can be attributed to an inhibition of electron flow at oxidizing site of
PS II (Lu and Vonshak 2002). The decrease in Fm and fluorescence at J, I, P has been
suggested to be due to two reasons, first by inhibition of electron transport at the
donor side of the PS II which results in the accumulation of P, * and second due to
adecrease in the pool size of Q, . Area over the fluorescence induction curve between
Fo and Fm is proportional to the pool size of the electron acceptor Q, on the reduc-
ing side of PS II. The area is dramatically reduced in case the electron transfer from
reaction center to quinone pool is blocked. A decrease in area over the fluorescence
curve with increase in NaCl concentration has been observed which suggests that
high salt stress inhibits the electron transfer rates at the donor side of PS II. Fv/Fm
ratio was not affected significantly in high salt treatment. ABS/RC i.e. effective
antenna size of an active reaction centers, is influenced by ratio of active/inactive
RCs and with increase in NaCl concentration the value of ABS/RC increased.

The kinetics of relative variable fluorescence (Vj) can give information about
effects of high salt stress in electron transport chain on acceptor side of PS II. Vj is
equivalent to (Fj — Fo/Fm — Fo) where Fj is the fluorescence at J step i.e. at 2 ms.
Efficiency with which a trapped exciton can move an electron in to the electron
transport chain further than Q,” (Yo, which is calculated as ETo/TRo) was also
measured. Increase in the value of Vj by 29% and a decrease in the value of Yo by
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TRo) beyond Q, and area over the curve in response to salt stress in wheat leaves

26% (Fig. 5.5) in 0.5 M NaCl treatment suggested a loss in reoxidation capacity of
Q,” and an inhibition of electron transport at the acceptor side of PS II (Lu and
Vonshak 1999) and also beyond Q,”. In recovery studies it was observed that the
damage at acceptor side of PS II was recovered completely while damage at the
donor side of PS II was recovered more than 80%. The rapid decline in photosyn-
thesis under NaCl stress is reversible and specific to osmotic stress, where as the
slow decline is irreversible and specific to ionic stress (Zhang and Xing 2008).

Another important parameter of JIP test is the performance index (PI) which is
an indicator of sample vitality. It is the combined measurement of three functions:
amount of photosynthetic reaction centers (RC/ABS), the maximal energy flux
which reaches to the PS II reaction centers and the rate of electron transport at the
onset of illumination. PI can be calculated as

PI,,, =RC/ABS.®, /(1-®,).¥, /(1-¥,)

Where @, , is the exciton trapped per photon absorbed and V|, is the probability
that an electron can move further than Q,”. With increase in NaCl concentration a
significant decrease in the value of performance index was observed and its value
became half of the control in 0.5 M NaCl treatment (Mehta et al. 2010a). Since Fv/
Fm ratio was not decreased significantly with high salt stress it can be said that high
salt stress did not influence the number of quanta absorbed per unit time. The ratio
W, /(1= ) decreased with increase in NaCl concentration and became 57% of the
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Fig. 5.6 Energy pipeline leaf model of phenomenological fluxes (per cross section, CS) in gradually
stressed wheat leaves exposed to various concentrations of NaCl gradually. (a) Control (b) 0.3 M
NaCl (¢) 0.5 M NaCl and (d) 1 M NaCl. The value of each parameter can be seen in relative changes
in width of each arrow. Active RCs are shown as open circles and inactive RCs are closed circles

control, suggesting that the efficiency of the forward electron transport rates were
decreased. These results are in accordance with the data of ET/TR (Fig. 5.5).

It is possible to visualize the derived parameters by means of dynamic energy
pipeline model of the photosynthetic apparatus (Krtiger et al. 1997). The leaf model
deals with the phenomenon-logical energy fluxes (per cross-section). Electron
transport in a PS II cross section (ETo/CS) deals with the reoxidation of reduced Q,
via electron transport over a cross section of active and inactive RCs (Force et al.
2003). At various NaCl concentrations, a decrease in the electron transport per
excited cross section (ETo/CS) due to inactivation of reaction center complex was
observed. Density of the active reaction centers (RC/CS) reflects the number of
active RCs in PS II cross section (indicated as open circles) which decreased with
increase in salt concentration (Fig. 5.6). A decrease in RC/CS ratio suggests that the
active RCs are converted into inactive RCs. ABS/CS is the number of photons
absorbed by an excited PS II cross section (Force et al. 2003). At high salt concen-
tration, a decrease in the energy absorbed per excited cross section (ABS/CS) was
observed indicating that the energy absorption efficiency of PS II was decreased
with increase in salt concentration.
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Salt stress involves osmotic as well as ionic components. Sorbitol can be used to
give osmotic stress while high salt concentration (NaCl) provides osmotic as well as
ionic stress. A comparison of the effects observed in these two cases will help us to
differentiate between the effects caused by osmotic and ionic components of the
high saltstress. Osmotically,0.5 M NaCl should behave as 1 M sucrose. Hyperosmotic
conditions cause an efflux of water through water channel thereby decreasing cyto-
plasmic volume and reversibly inactivating the photosynthetic machinery
(Allakhverdiev and Murata 2008). It was observed that the treatment of wheat
leaves with 1 M sucrose caused a decrease in the efficiency of light reaction @, /
(I-®, ), rate of biochemical reaction (‘W' /(1 -V} )) and performance index (PI) by
11%, 20% and 30% respectively (Mehta et al. 2010a). The effects due to 1 M sucrose
were recovered totally when the leaves were immersed in distilled water. In com-
parison, the effects observed in these parameters in 0.5 M NaCl were much higher
and the effects were not totally reversible. It suggests that the effects observed in the
samples treated with 0.5 M NaCl exhibit both the osmotic and ionic components of
NaCl. The initial reversible effects may be ascribed to the osmotic aspects while the
later, irreversible effects may be because of the ionic aspects of NaCl (Allakhverdiev
and Murata 2008). These results are in contention with earlier studies in Arabidopsis
thaliana where measurement of delayed fluorescence in high salt stressed seeds
demonstrated that the rapid decline in photosynthesis under NaCl stress is revers-
ible and specific to osmotic effects, where the slow decline is irreversible and
specific to ionic stress (Zhang and Xing 2008).

Thus according to Mehta et al. (2010a, b) high salt stress inhibits the electron
transport rates by ~75% at the donor and by ~25% at the acceptor side of PS II. As
compared to acceptor side, the donor side of PS II is significantly affected by high
salt stress. Inactive PS II centers increased with increasing salt concentration.
Complete recovery of the damage caused at the acceptor side was observed, while
damage to donor side could be recovered by more than 80%.

5.3.3 Effects of High Salt Stress on Heterogeneity of PS I1

It is well established that PSII of higher plants is not homogenous in nature
(Lavergne and Briantais 1996). The PSII varies in its structure and function both
and this diverse nature of PSII is known as Photosystem heterogeneity. The con-
cept of PSII heterogeneity originated in order to explain the biphasic nature of the
kinetics of primary PSII activity. Two main types of PSII heterogeneity have been
studied widely i.e., PSII antenna heterogeneity and PSII reducing side heterogene-
ity. On the basis of the differences in the antenna size the concept of o, f and y
centers has been introduced while on the basis of acceptor/reducing side function,
Q,-reducing and Q_-non-reducing centers have been defined. Extent and nature of
PSII heterogeneity may vary under different physiological conditions (Tongra et al.
2011; Lavergne and Briantais 1996) i.e. salinity stress, temperature stress (Mathur
et al. 2010a, b), etc.
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On the basis of the biphasic data obtained from fluorescence kinetics, presence
of two distinct populations of PSII centers (termed as PSIIo. and PSIIB) in the chlo-
roplast was suggested (Melis and Homann 1976; Melis and Duysens 1979; Black
et al. 1986). In a step-wise process in the development of PSII units, the addition of
about 80 Chl to LHC II-inner portion of the antenna of PSIIY (contains ~50 Chl)
yields PSII[3 (~ 130 Chl). In a second step, the addition of another 80chl to LHC
[-peripheral part increases the antenna size to yield PSII_[20]. The dominant form,
PSII o, is localized in the grana partition regions [Andersson and Melis 1983] and
is responsible for the majority of the water oxidation activity and plastoquinone
reduction. These centers possess a Chl a core complex, an accessory Chl a-b light
harvesting inner antenna (LHCII-inner), and a peripheral antenna (LHC II-peripheral)
containing a combined total of about 210-250 Chl a and Chl b molecules (Morrissey
et al. 1989). These have a higher absorption cross-section area due to association
with the peripheral Chla/b LHCs. PSII  are characterized by a large light harvesting
antenna and excited states transfer between PSII units is possible in them as exhib-
ited by the sigmoidal fluorescence rise when measured with DCMU. In contrast,
PSIIB are mainly located in stromal region of thylakoid membranes and are charac-
terized by smaller light harvesting antenna of PSII_ and there is no possibility of the
excited states transfer between PS IIs as reflected in an exponential fluorescence
rise in the presence of DCMU. Smaller antenna size has been ascribed to the absence
of peripheral LHC II in PSII. The o and 3 centers are similar in terms of their intrin-
sic trapping and fluorescence properties (Melis 1991). However they show differ-
ence in the recombination rate (reopening) in the o and 3 centers (Melis and Homann
1976). In addition to differences in their lateral location, the two types of PSII differ
in terms of their kinetic properties, apparent mid-point potential of their primary
electron acceptors, connectivity to the plastoquinone pool and their DCMU sensi-
tivity as well (Sundby et al. 1986). The PSIIy is localized in stroma lamellae region,
has the smallest antenna size among the three components and has the longest life-
time. PSII_is believed to be the major ‘normal” PSII centers whereas PSIIB and
PSIIY represent the two minor groups of ‘abnormal’ PSII centers with low quantum
efficiencies due to their slow electron donation systems. The slow rate of PSIIB and
PSII v as compared to the a center might be due to slow electron donation to their
reaction center, which might undergo many turnovers via back reaction under con-
tinuous excitation, until their reduced primary acceptors were stabilized by the elec-
tron donation into the system. Some important characteristics of PS Ila,  and y
centres are shown in Fig. 5.7.

In addition to heterogeneity on the antenna size, PSII centers also display het-
erogeneity related to the reducing side of Q,” in relation to electron flow to the
plastoquinone pool. It has been shown that a number of PS II centers, though pho-
tochemically competent, are unable to transfer electrons efficiently from electron
acceptor Q,” to secondary electron acceptor Q, (Lavergne 1982; Graan and Ort
1986; Guenther et al. 1988). These centers are termed as PS I Q,-non-reducing
using Lavergne’s nomenclature (Lavergne 1982). In such centers Q,” can be reoxi-
dized only by a back reaction with the donor side of PSII (Schanker and Strasser
2005). Q,-non-reducing differs from Q, reducing center in being incapable of
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Fig. 5.7 Important characteristics of PS II alpha (o) and beta () and gamma (y) centers

reducing the PQ pool. Q,-non-reducing is normally either equal to PSII; or a subset
of it (Guenther et al. 1988). It is found that the electron transfer from the primary
acceptor Q, to PQ is more than 1,000 times slower in the inactive centers as com-
pared to the active centers (Hsu 1992).

The biological processes involved in adaptation to stress in plants are complex.
Changes in several biological macromolecules including proteins and lipids are
involved in these adaptive mechanisms. Rearrangement in PS II seems to be an
adaptive mechanism of plants to tolerate stress conditions.

To evaluate the effect of high salt stress on reducing side and antenna size het-
erogeneity of Photosystem II, the chlorophyll a fluorescence transient curves were
measured in the absence and presence of DCMU.

5.3.3.1 Effect of High Salt Stress on Reducing Side Heterogeneity

Reducing side heterogeneity of PSII, relative amount of Q, reducing and Q,-non-
reducing centers was measured by the double-hit method as described in Strasser
and Tsimilli 1998. According to this method, fluorescence measurement is induced
by two subsequent pulses (each of 1 s). The first pulse (denoted as first hit) is given
after a dark period which is long enough to ensure the reopening of all reaction cen-
ters. It is followed by a second pulse (denoted as second hit) and the duration of the
dark interval between two hits was 500 ms. As shown in Table 5.1, the amount of Q,
non-reducing centers increase in salt stressed leaves. In control leaves, the Q, non-
reducing centers were found to be 13% which became 31% in 0.5 M salt treatment.
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Table 5.1 Amounts of Q, non reducing and Q,, reducing centers in response to high salt stress in
wheat leaves

NaCl Concentration (M) % of Q, non-reducing centers % of Q, reducing centers
Control 13+1 87+2
0.1 14+1 86+2
0.2 20«1 802
0.3 221 781
0.4 24+1 76+2
0.5 311 69+3
Recovery 311 69+2
1.0 34+1 66+3
Recovery 331 67+3

In leaves treated with 0.5 M NaCl no recovery was observed and the number of
non Q,, reducing centers were almost the same as in the 0.5 M NaCl treated leaves.
This result suggests that the damage at the reducing side of PS II was permanent.

5.3.3.2 Effects of High Salt Stress on Antenna Heterogeneity

The kinetics of complementary area of DCMU treated fluorescence induction curve
was calculated by the equation [B =f(Fm — Ft)dt], where B is the double normalized
(between O and 1) kinetics of complementary area (Strasser et al. 2000). The B
kinetics of the first light pulse was fitted with three exponentials which correspond
to three different types of PS II centres (PS II a, 3 and y centers) differentiated on
the basis of their lifetimes. As shown in Fig. 5.8, in wheat leaves grown in control
conditions, the lifetime of the fastest o component was found to be 0.41 ms, contrib-
uting to 71% of the total amplitude. The  component was about 3.8 fold slower
(life time ~1.34 ms) and contributed to about 27% of the total amplitude. The y
component had longest lifetime (8.79 ms) and contributed only to 2% of the total
amplitude in control leaves. With increase in salt concentration the percentage of o
centers decrease while that of B and y centers increase. The relative ratio of a: f: y
centers in control leaves was 71:27:2 while it becomes 33:40:25 in salt stressed
leaves (1 M NaCl). It was observed in recovery studies that changes caused by
0.5 M NaCl was almost recoverable but those caused by 1 M NaCl were partially
recoverable. These results indicate that the damage caused due to high salt stress in
antenna size heterogeneity were not permanent but temporary and largely revers-
ible, suggesting that the a, B and y centers were interconvertible to most extent.

It is known that the relative variable fluorescence [(Ft — Fo)/(Fm — Fo)] is directly
proportional to the number of closed RCs as well as linearly related to the rate at
which centers close. This has been explained by the connectivity of PS II units.
PSII, showed a non-exponential (sigmoid) rise while PSII; were characterized by
an exponential rise of the time course of complementary area (CA) whereas (Melis
and Homann 1976). The non-exponential fluorescence rise of PSII is generally
reflects energetic connectivity between these PSIIs while the exponential rise for
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Fig. 5.8 Complementary area curves (linear time scale) showing percentage of alpha (o) and beta
(B) and gamma (y) centers in control and salt-treated wheat leaves

PSIIB reflected the mutual energetic separation of these PSII. In salt stressed leaves,
the oo component (sigmoidal phase) of chlorophyll a fluorescence induction curve
decreased while the 3 component (exponential phase) increased (Mehta et al.
2010b). A loss in connectivity also reflects that the fraction of closed RCs i.e. Q-
non-reducing centers has increased (Strasser and Tsimilli 1998).

The energy pipeline models of the photosynthetic apparatus also help to study the
antenna and reducing side heterogeneity of PS II (Krtiger et al. 1997; Strasser 1987;
Strasser et al. 2000) which help to calculate specific energy fluxes. The parameter
ABS/RC demonstrates average antenna size and expresses the total absorption of
PSII antenna chlorophylls divided by the number of active (in the sense of Q, reduc-
ing) reaction centers. The parameter TRo/RC refers only to the active (Q, to Q,")
centers (Force et al. 2003). Under high salt stress, the flux ratios ABS/RC, TRo/RC
and DIo/RC increased (Mehta et al. 2010b). The ratio of ABS/RC seems to have
increased due to inactivation of some active RCs. TRo/RC which represents the
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maximal rate by which an exciton is trapped by the RC resulting in the reduction of
Q,, increased indicating that all the Q, has been reduced but it is not able to oxidize
back due to stress. It also means that under high salt stress, the reoxidation of Q,~ is
inhibited so that Q, cannot transfer electrons efficiently to Q,. The parameter Dlo/
RC reflects the ratio of the dissipation of untrapped excitation energy from all RCs
with respect to the number of active RCs. Dissipation may occur in various ways
such as heat, fluorescence and energy transfer to other systems. It is also influenced
by the ratios of active/inactive RCs. The ratio of total dissipation to the amount of
active RCs (DIo/RC) increased due to the high dissipation of energy from the active
RCs. All these energy flux ratios conclusively suggest that the number of inactive
centers have increased due to high salt stress in wheat leaves.

Thus it is concluded that increase in salt concentration caused an alteration in
antenna and reducing side heterogeneity of PS II. An increase in the relative amounts
of Q, non-reducing centers and a change in the relative amounts of o, 3 and y cen-
ters were caused by an increase in the salt concentration. Salt stress led to the con-
version of the active o or center into inactive 3 and y centers. Recovery studies
suggested that the change in antenna size was recovered while the changes in reducing
side heterogeneity could not be recovered.

5.4 Conclusion and Future Perspectives

Light and dark reaction of photosynthesis are inhibited by salt stress. High salt
stress inhibited the electron transport rates at the donor side of PS II by ~75% while
the acceptor side was inhibited by ~25%. Thus under high salt stress, the donor side
of PS II is more significantly affected as compared to acceptor side. Inactive PS II
centers increase with increasing salt concentration. Most of the damage caused by
high salt stress is recovered when the normal conditions were restored. Increase in
salt concentration cause an alteration in PS II heterogeneity as well. Increase in salt
concentration cause a change in the relative amounts of o, 3 and y centers and an
increase in the relative amounts of Q, non-reducing centers. High salt stress leads to
the conversion of the active o centers into inactive § and y centers. The changes in
antenna heterogeneity are recovered while changes in reducing side heterogeneity are
not recovered while that of. Alteration in heterogeneity of PS II seems to be an
adaptive mechanism of plants to face harsh environmental conditions. The structure
and function of PS II is manipulated temporarily under high salt stress in the form
of change in heterogeneity. Following are the unresolved areas which need to be
addressed in the future:

1. Most of the stresses are inter-related and their relationships are complex.
Synergistic effects of various stresses are known, for ex. salt stress inhibits the
repair of PSII from light induced damage. Such relationships need to be exam-
ined in detail and with various stress combinations.

2. Normally, individual stress is monitored in lab conditions that obviously do not
simulate the conditions in the field where plant experiences multiple stresses
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simultaneously. However in field studies it is difficult to distinguish between
effects of individual stress. Study of individual stress in lab and in field condi-
tions should be carried out, interpreted and differentiated very cautiously.

3. Further research to differentiate between the osmotic and ionic components of
salt stress is required.
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Chapter 6
Adaptive Plasticity of Salt-Stressed
Root Systems

Boris Rewald, Oren Shelef, Jhonathan E. Ephrath,
and Shimon Rachmilevitch

6.1 Introduction

With food production having to meet the demands of a growing world population,
and global climate warming and salinization protruding, understanding plant spe-
cies’ reaction to abiotic stresses is of vital importance. Salinity is one of the most
severe environmental factors inhibiting the growth and yields of crop plants; >7%
of the world’s land area and up to 50% of irrigated agricultural areas are salt-affected
(Pitman and Lauchli 2004; Munns 2005; Rengasamy 2006).

Salinity can cause several challenges for plants, including water stress, mal-nutri-
tion and accumulation of excess ions to potentially toxic levels. Salt tolerance differs
dramatically between species/varieties and ontogenetic stages and is usually assessed
by a reduction in biomass production, yield or survival rates. While salt exclusion,
compartmentation and osmoregulation are the mechanisms particularly considered to
increase the salt tolerance of plants, adaptation to salinity is determined by the inte-
grating effects of several mechanisms at the cell, tissue and organ level (Zekri and
Parsons 1992; Maas 1993; Kozlowski 1997; Parida and Das 2005; Munns and Tester
2008). Root systems can exhibit enormous plasticity on the level of biomass, mor-
phology and/or physiology in response to different environmental parameters, like
water and nutrient availability (Wang et al. 2009; Gruber et al. 2011) or excess ions
(Deak and Malamy 2005; Rewald et al. 2011b, d). However, despite the likelihood
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that differences among root systems may (partially) underlie distinct salt tolerances,
information on the physiological and phenotypical plasticity of root systems under
salt stress is scant (Neumann 1995; Munns 2002; Vadez et al. 2007).

This chapter reviews modifications among root system size and architecture,
morphological and anatomical root traits, root longevity and respiration, and root
functions, such as water and nutrient uptake under salinity. It explores the question
of whether changes in roots are caused indirectly, e.g. by osmotic stress or ion toxic-
ity, or whether they could be an active response of plants, which may be of potential
adaptive significance. In addition, a short overview on the properties of saline soils
is given.

6.2 Saline Soils

Saline soils are both naturally occurring and the consequence of anthropogenic
activities (“secondary salinization”; Ghassemi et al. 1995). Salts can be deposited
in the soil from wind and rain, as well as through the weathering of rocks. The
types of salinity, based on soil processes and water availability, are (i) groundwa-
ter-associated salinity, (ii) transient salinity and (iii) irrigation-caused salinity
(Munns 2002; Rengasamy 2006). Three factors especially contribute to secondary
salinization in agricultural areas: (i) poor irrigation management and lack of suit-
able drainage; (ii) irrigation with saline water; and (iii) rising groundwater tables
due to vegetation changes. Salt-affected soils are more extensive in arid and semi-
arid regions compared with humid regions because low precipitation and high
potential evapotranspiration facilitate salt accumulation (Abrol et al. 1988; World
Bank 2007) and the used water sources often contain high amounts of salts
(Mostafazadeh-Fard et al. 2009).

Root system characteristics are directly influenced by the properties of saline
soils. In general, salt-affected soils are characterized by high concentrations of sol-
uble salts and low organic matter and nitrogen contents (Ashraf and Rehman 1999;
Green et al. 2008). The exact relationship between soil solution salinity and the
chemical and physical soil properties depends on the dissolved salt. The most com-
mon salts present in irrigation or ground water are either chlorides, sulfates, and
carbonates (CO;’) or bicarbonates of calcium, magnesium, sodium, and potassium;
in this chapter, we will concentrate mainly on NacCl salinity effects on root systems
because it is one of the most dominant salts in saline soils (Rengasamy 2006).

Salt anions affect soil properties directly by increasing salinity and indirectly by
affecting the exchangeable sodium, calcium, and magnesium ratios. Changes in the
concentrations of cations on exchange sites and in soil solutions lead to changes in
pH and ion concentrations and, ultimately, to the disruption of biogeochemical
cycles. When salts are dissolved in a solution, they often disassociate, resulting in
high pH values and the formation of sodium-dominated (sodic) soils when other salt
ions are leached from the soil profile (Miller and Donahue 1995). For example, (bi-)
carbonates are most common in arid and semi-arid areas of the western United States.
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When soil moisture is reduced, either by evaporation, plant uptake, or drainage,
Ca(HCO,), decomposes into solid calcium carbonate (lime), CO, and water.
Through this process, calcium is removed from clay particles while sodium is left
behind, creating a sodic soil from a calcium-dominated soil. Carbonates, when
present, are usually found at pH > 8 and will cause calcium and magnesium to
precipitate in drying soils. In brief, salinity disrupts mineral nutrient acquisition by
plants in two ways. First, the ionic strength of the substrate can influence nutrient
uptake and translocation. The second and more common mechanism by which
salinity disrupts the mineral relations of plants is through reduction of nutrient
availability by competition with major ions (e.g. Na* and CI") in the substrate.
These interactions often lead to Na*-induced Ca?* and/or K* deficiencies and Ca?*-
induced Mg?* deficiencies (Grattan and Grieve 1992; Chhabra 1996). Soil salinity
significantly reduces the absorption of mineral nutrients, especially phosphorus
(P), because phosphate ions precipitate with Ca?*, Mg** and Zn** ions in saline soils
and become unavailable to plants.

Salt anions, such as chloride, can affect soil physical properties by causing fine
particles to bind together into aggregates, a process known as flocculation, which
is potentially beneficial in terms of soil aeration, root penetration, and root growth.
However, Na* has the opposite effect of salinity on soils; sodium saturation may
cause soil dispersion because of its relatively large size, single electrical charge
and hydration status (Tanji 2002; Warrence et al. 2003). Soil dispersion hardens
soil and blocks water infiltration, influencing resource availability and root forag-
ing negatively. The major implication associated with decreased infiltration due to
sodium-induced dispersion is reduced plant available water due to “surface crust-
ing” and increased runoff. The effects of dispersion on soil hydraulic conductivity
include reduced oxygen availability through waterlogged surface soil layers with
implications for the soil rhizosphere activity and directly limited nutrient transport
to roots within the transpirational mass flow (Norrstrom and Bergstedt 2001). In
general, excess soluble salts in the root zone reduce the plant available water
(Munns 2002). Basically, water potentials of saline soils are more negative and
water is thus less available for plant uptake due to osmotic forces, even if volumet-
ric soil water contents are as high as field capacity (Oron et al. 1999). However, the
effects of salinity on soil physical properties depend strongly on the soil type, the
salinity concentrations of soils and precipitation/irrigation water, and the relation-
ship between salinity and sodicity. In general, sandy soils can withstand higher
salinity in irrigation water because more dissolved salts will be removed from the
root zone by artificial or precipitation-induced leaching; clayey soils are at a greater
risk than coarse textured soils for excess sodium to bind to them and cause effects,
such as dispersion.

Soils can be highly variable in salt concentration, soil moisture and nutrient
availability in both space and time (Bazihizina et al. 2009 and references within;
Rewald et al. 2011b, d). The factors contributing to this variability are the complex
interactions of climate, topography, soil properties (e.g. texture, mulches), irrigation
practices (e.g. drip irrigation, leaching events), and fluctuating groundwater levels.
Thus, plants with distinct sources of water and nutrients are able to take up these



172 B. Rewald et al.

resources mainly from the least or optimal saline source (Yakir and Yechieli 1995;
Bazihizina et al. 2009). Furthermore, the physical and chemical properties of saline
soils can be improved by reciprocal processes. Plants generally influence the physi-
cal properties of soils, such as porosity, aggregate stability and water retention, and
can facilitate salt removal or subsoil enrichment with favourable cations (“phytore-
mediation”; McKee 1993; Ashraf et al. 2010 and references within).

In summary, salinity-affected soils change in a range of physical, chemical and
biological properties besides possessing excessive amounts of salt ions. See recent
reviews for further details on soil chemical and physical properties under excess
salinity (Tanji 2002; Roberts et al. 2009).

6.3 Root Biomass and Root to Shoot Ratios

Salinity lowers the total photosynthetic capacity of the plant through decreased leaf
growth and inhibited photosynthesis, limiting its ability to grow (Yeo 2007).
Furthermore, the limitation of photo-assimilates under salinity results in competition
among different physiological processes and organs (Munns and Termaat 1986).

Root biomass has been reported to be generally less affected by excess salinity
than aboveground organs (Munns and Tester 2008). In accordance, the root: shoot
ratio of Citrus spp. has been found to increase significantly, while the rootstock
biomass was marginally reduced under salinity (Zekri and Parsons 1989; Rewald
et al. 2012), and the shoot growth of olive seedlings was found to be more sensitive
to salinity than their root growth (Perica et al. 2008; Cimato et al. 2010 and refer-
ences therein). Increased root: shoot ratios are thought to improve the ‘source: sink
ratio’ for water and nutrients under salinity (Albacete et al. 2008). In contrast,
Rewald et al. (2011d) found that the fine root biomasses of two olive varieties were
significantly reduced under salinity in absolute terms and standardized for trunk
size; the decrease in root biomass was higher in the salt sensitive as compared with
the salt tolerant olive variety. Similar differences in root: leaf biomass allocation
under different drought regimes have been reported in beech seedlings (i.e. constant
root: shoot ratios) and mature trees (i.e. reduced root: leaf biomass ratios under
drought), indicating ontogenetic and time-dependent differences in the stress
response of woody species (Rewald et al. 2011d and references within). The root
biomass of Capsicum annumm and Chloris gayana plants were also found to be
more inhibited by salt stress than shoot biomass, leading to reduced root: shoot
ratios (Céccoli et al. 2011; Siddikee et al. 2011). Finally, root: shoot ratios were
found unaltered in two Prosopis species under salinity (Villagra and Cavagnaro
2005). Thus, the biomass percentage allocated to roots, stems and leaves was found
to differ widely under salinity and to be related to time of exposure, species/variet-
ies and ontogenetic stages. Future studies are urgently needed to reassess the con-
clusion that “root biomass is [generally] less affected by excess salinity than
aboveground organs” (Munns and Tester 2008).
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How are root to shoot ratios regulated under salinity? In most cases, environmental
signals, such as excess salt concentration, trigger the response of the plant to its
growing conditions through changes in phytohormone concentrations, controlling
the assimilate partitioning between different sink tissues (Sachs 2005; Hartig and
Beck 2006). For example, Wolf et al. (1990) reported that salinity increased plant
ABA concentration. Furthermore, it has been demonstrated that a decrease in
cytokine (CK) supply from the root to the shoot could inhibit leaf growth and thus
influence the root: shoot ratio (Van der Werf and Nagel 1996; Rahayu et al. 2005).
There are also reports that salinity modifies the auxin indoleacetic acid (IAA) levels
differently in the roots and shoots of tomato plants, however, these reports are con-
tradictory (Dunlap and Binzel 1996; Albacete et al. 2008), and further research is
needed to determine the mechanisms underlying root: shoot ratio regulation under
salinity. See Ghanem et al. (2011) for a recent review on root hormones and root to
shoot signalling.

6.4 Root Elongation, Morphology and Architecture

The shape and size of root systems (see above) is determined by the elongation of
individual root tips, by the rate and location of lateral root development and by
root longevity (see below). Water and nutrient uptake efficiency and foraging are
largely determined by root system expansion, root architecture and root morphol-
ogy; however, excess salinity affects these root processes differently (Bernstein
and Kafkafi 2002).

6.4.1 Root Elongation Rates and Direction

An early plant response to excess salts is the inhibition of expansion growth in
leaves and roots. Restrictions on root growth reduce the soil volume which can be
explored and, thus, the availability and uptake of water and nutrients. Root elonga-
tion rates under salinity were found to be reduced in a wide range of species, such
as Arabidopsis thaliana, Citrus spp., Oryza spp., Triticum spp., and Zea mays (Jones
1985; Zhu et al. 1998; Jbir et al. 2001) and are often used to determine the salt toler-
ance of species and varieties. However, the effect of NaCl upon the root elongation
of Agrostis stolonifera populations was not correlated with the effect upon yield, nor
with the Na* level of their native habitat (Tiku and Snaydon 1971) thus, root elonga-
tion might not be a universal indicator of salinity tolerance.

The rapid elongation of plant roots is primarily a consequence of the expansion
of cells produced by a meristem division in the root tip. The early onset of growth
inhibition can be based either on the toxic consequences of salt accumulation in the
growing tissues, a reduction in water availability for cell expansion or, alternatively,
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an actively regulated plant stress response. Excessive salinity has been reported to
inhibit both root cell production and cell expansion (Neumann 1995 and references
within). Experiments by Cramer et al. (1988), using an iso-osmotic concentration of
mannitol, suggested that the root growth inhibition in Zea mays is not due to osmotic
factors on cell expansion but rather to the toxic effects of salt on the metabolism.
This is confirmed by measurements of K* concentration in root tips, the main cation
for turgor homeostasis; K* deposition in root tips is often maintained, even under
high NaCl levels and when K*/Na* ratios remain high (Jeschke and Stelter 1976;
Zhong and Liuchli 1994; Wyn Jones and Gorham 2002). However, in melon plants,
root elongation was suppressed under increased external, iso-osmotic concentra-
tions of both NaCl and mannitol (Yermiyahu et al. 1997). Neumann et al. (1994)
concluded that cell wall hardening in the elongating root tips is an important com-
ponent of root growth inhibition induced by long-term salinization. In accordance,
Neves et al. (2010) found that enhanced lignification (see below) solidifies the cell
wall and restricts soybean root growth under salinity.

Root elongation in halophytes, such as mangroves and Tamarix spp., is found to
be lower under salinity too, although growth reductions set in at higher salt concen-
trations. Regardless, the magnitude of reduced root elongation under salinity is
highly dependent upon the mineral composition of the rooting medium (Tiku and
Snaydon 1971; Cramer et al. 1988). The fact that increasing Ca** levels can increase
root (and leaf) growth is especially well established (Neumann 1995). For example,
Cramer et al. (1988) found that treatment with Ca?* after the addition of NaCl par-
tially restored Zea mays root growth; pre-treatment with Ca** completely prevented
the inhibition of growth by salt stress. Similar, Yermiyahu et al. (1997) observed
nearly optimal root growth for two melon varieties when 40% and 51% of the total
plasma membrane charged sites were bound by Ca?, in a salt-resistant and a salt-
sensitive melon variety, respectively.

Very little is known concerning the influence of excess salts on root growth
direction and the underlying mechanisms by which plant roots need to overcome
the gravity signal. Recently, curvature measurements by Sun et al. (2008) showed
that the gravitropic response of Arabidopsis roots is greatly reduced upon exposure
to salt stimuli in a dose-dependent manner. Using an ion gradient, these authors
showed that the roots of seedlings on a salt-free medium grew downward first but
then curved and grew upward toward the lower level of salt once a region with a
higher salt concentration was reached (agravitropism or “negative halotropism”). In
brief, exposure to salt stress caused a rapid degradation of amyloplasts in root colu-
mella cells. The altered root growth direction in response to salt was found to be
correlated with root gravitropism control protein (PIN2) mRNA abundance, expres-
sion and localization of this protein and ion disequilibrium (Sun et al. 2008). In
contrast, Shelef et al. (2010) observed that the halophyte Bassia indica developed
horizontal roots, originating from the taproot, growing toward more saline soil
regions. This phenomenon was termed “positive halotropism’ and was suggested to
be associated with optimal osmolarity along the growth path and with increased
water and nutrient availability. However, future studies need to examine if other
halophytes show similar growth pattern under salt gradients.
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6.4.2 Root Morphology

Similar to reduced root elongation, salt stress is known to induce changes in root
diameter. Reduced root diameters under salinity have been found in a range of plant
types, such as desert halophytes, the grasses Cnyodon dactylos, Oryza sativa,
Triticum spp., and seedlings of the tree species Prosopis tamarugo (Valenti et al.
1991; Samarajeewa et al. 1999; Yi et al. 2007; Hameed et al. 2010; Shafi et al.
2010). In Populus spp., the root diameter increment was significantly reduced under
salinity (Ehlting et al. 2007). In contrast, studies on plants, such as Hordeum spp.,
Gossypium hirsutum, Citrus volkameriana, and Tessaria absinthioides, reported
increased root diameter under salinity (Huang and Redmann 1995; Reinhardt and
Rost 1995; Degano 1999; Rewald et al. 2012). While reduced root diameter can be
explained by reduced cell expansion or cell division under salinity, mainly in the
vascular tissues, increased root diameter might be caused by succulence of the cor-
tex. Succulence is an anatomical adaptation, which, by increasing the volume of
vacuoles, permits the accumulation of larger amounts of water and dissolved ions in
leaves, shoots and roots (Munns 2002). Under the same NaCl concentration, the
root succulence of two Elaeagnus species was found to be even slightly higher than
leaf succulence (Wang et al. 2010). Degano (1999) rates root succulence as an adap-
tation to saline conditions; indeed, root succulence peaked in the halophyte Atriplex
halimus under CaCl, salinity concentrations above optimal (Nedjimi et al. 2006).
Besides increasing storage capacities, thicker roots are favourable to overcome
increased soil strength, as prevails in some saline soils, and might have reduced
maintenance respiration and turnover rates, resulting in reduced carbon costs below
ground (see below). Because plant nutrient foraging is strongly affected by root
diameter (via specific root length and areas), a likely cost of thicker roots is a
reduced rate of nutrient uptake. Similar to findings on root elongation, some studies
have indicated a strong influence of nutritional parameters on salt stress effects on
root diameter. For example, root diameters in Populus spp. were more strongly
affected by salt in ammonium-fed plants than in nitrate-fed plants (Ehlting et al.
2007), and changes in the root diameter of Zea mays under salinity were found to be
modified or absent by the presence of Ca?* (Evlagon et al. 1990). Future studies are
needed to determine the (species-specific) cellular mechanisms and environmental
conditions underlying the changes in root diameter under salinity.

Under constant tissue density, the root diameter is directly related to the specific
root length (SRL) and the specific root area (SRA). Higher specific root lengths and
areas have been linked to higher root hydraulic conductivity and higher rates of root
proliferation, and there is some evidence to suggest that the “fineness” of the absorp-
tive roots might be linked to a suite of traits influencing the rate of resource acquisi-
tion over the lifetime of the root tissue (Eissenstat and Achor 1999 and references
within). Under salinity, the SRL increased in the grass Chloris gayana (Céccoli
et al. 2010), and SRAs were found to be increased in mature Olea europaea trees
and the halophyte Bassia indica (Shelef et al. 2010; Rewald et al. 2011b, d).
Increased SRL and SRA may partially compensate for a loss in root system biomass
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under salinity. This hypothesis is matched by a study of Echeverria et al. (2008)
which found that salinity increased the SRL of a salt-sensitive Lotus glaber geno-
type but did not affect the SRL of salt-tolerant genotype which had a much smaller
reduction in root system biomass under salinity. Interestingly, the sensitive Lotus
plants adjusted their SRL under salt stress to levels close to those displayed by toler-
ant genotype roots. This suggests that, in this latter genotype, the measured traits
would have a more suitable magnitude to minimise salt-stress impact and that
adjusting root traits is a more important adaptive mechanism in salt-sensitive geno-
types. However, SRL and SRA do not always increase under salinity; in hydroponi-
cally grown Citrus volkameriana rootstocks, the SRA was significantly reduced
when growing under 90 mM NaCl (Rewald et al. 2012). Furthermore, analysed by
root order (i.e. the branching hierarchy), the SRAs of Citrus root orders one (i.e.
root tips) to four were significantly reduced under salinity, while the SRA of root
orders five and six did not change significantly. Future studies need to determine the
advantages and disadvantages of root diameter changes in terms of carbon costs,
resource uptake and salt exclusion under different salinities and growth media. We
hypothesize that a trade-off exists between optimizing the structural carbon invest-
ment for surface area/root length for resource foraging and potentially higher car-
bon costs due to increased root turnover and maintenance respiration in thinner
roots. For woody root systems, different norms between root orders need to be taken
into account.

6.4.3 Root Architecture

It has been suggested that root system architecture (RSA) is one important compo-
nent defining nutrient uptake capacity (Fitter et al. 1991; Barber 1995). Furthermore,
if axial resistance, i.e. the resistance for longitudinal water transport in conduits, is
a significant component of total root resistance under salinity (Passioura 1977,
Rewald et al. 2011c), then root branching could significantly influence root hydrau-
lic conductivity (Joly 1989).

Under salt stress, lateral root (LR) formation has been found to be less affected
by salinity than root elongation (Bernstein and Kafkafi 2002); however, increased,
unaltered or reduced LR formation has been reported. If water availability decreases
(or osmotic stress increases), lateral root emergence is often repressed although LR
initiation is largely unaffected (Nibau et al. 2008 and references within). In
Arabidopsis, salt stress can induce a seriously reduced meristematic zone and a
strong reduction in the number of lateral root primordia (LRP), accompanied by the
down-regulation of several cell cycle genes (Burssens et al. 2000). Other authors
reported reduced branching of salt-stressed woody root systems (e.g., Olea euro-
paea seedling, Gucci and Tattini 1997). In contrast, salt stress may also cause an
increase in LR number, e.g. in Arabidopsis, Cicer arietinum and Oryza sativa cultivars
(He et al. 2005; Shukla et al. 2006; Nibau et al. 2008; Krishnamurthy et al. 2011).
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The NAC?2 transcription factor and other auxin-response genes are up-regulated by
NaCl, and its over-expression causes increased LR formation, specifically without a
change in root length (He et al. 2005; Shukla et al. 2006). Echeverria et al. (2008)
reported unaltered root branching under salinity in Lotus glaber. Root branching is
controlled by both cellular signalling pathways and environmental signals. Alongside
ABA, the lateral root development 2 gene (LRD2) may be required to determine the
percentage of LRP that becomes lateral under normal and stress conditions (Deak
and Malamy 2005; Malamy 2009). The involvement of auxins in the development
of lateral roots has also been studied extensively (Casimiro et al. 2003; Fukaki et al.
2007). It has been reported that a redistribution of auxins occurs at the root apex of
Arabidopsis under salinity stress (Wang et al. 2009), the gene AUX1 is involved in
auxin transport and affects the lateral root initiation in Arabidopsis (Chhun et al.
2007). However, the study of Krishnamurthy et al. (2011) indicates that AUX1-like
genes are not responsible for the initiation of LR development under stress in rice,
as levels were invariant or declined under stress. Instead, the transcript levels of
Arf8 were up-regulated in Oryza sativa upon salt stress, indicating a role in lateral
root development (Krishnamurthy et al. 2011). Thus, the molecular mechanisms
underlying root branching under salt stress are largely unknown; future studies must
address how different signals work together to direct pericycle cell behaviour and
LR developmental processes.

Due to the fact that traits often vary according to the position of individual root
segments among the root branching hierarchy (i.e. “root order” or “lateral num-
ber”; Pages and Kervella 1990; Pregitzer et al. 2002; Rewald et al. 2011a), analysis
by branching hierarchy is a powerful approach to understand complex root sys-
tems. For example, in the halophyte Plantago maritima, primary and lateral roots
reacted differently to NaCl salinity (Rubinigg et al. 2004). Primary root length
increased, even under severe salinity (200 mM), while the total length of LR and
the number of first, second and third LR was reduced under salinity; under severe
NaCl stress, no third order laterals were formed. Rubinigg and colleagues (2004)
concluded that the increase in total LR length in plants under moderate salinity was
mainly caused by increased length growth, while the decrease in total LR length
under severe salinity was the consequence of the inhibition of LRP and/or the acti-
vation of apical meristems. Recently, Rewald et al. (2012) provided the first evi-
dence that NaCl can reduce the total number of root orders and changes the biomass
and surface area frequency among root orders of severely salt-stressed Citrus
plants. By comparing differently salinity-tolerant olive varieties, Tattini et al.
(1994) concluded that root branching is negatively related to salt tolerance. In con-
trast, the increased salinity tolerance of transgenic tobacco expressing the CAP2
gene was related to a large increase in LR number (Shukla et al. 2006). Thus, it
remains an open question if increased or decreased root branching is positively
correlated with plants’ salt tolerance. We hypothesise that the answer to this ques-
tion is related to the uptake efficiency (in terms of carbon invested per uptake rate)
of different root orders under salinity and root age-related differences in tissue dif-
ferentiation (Rewald et al. 2012).
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6.5 Root Turnover and Respiration

6.5.1 Root Turnover

Fine root turnover, i.e. the inverse longevity of roots, has been estimated to account
for as much as 33% of global net primary production (NPP; Jackson et al. 1997). In
trees, NPP_ may be >50% of NPP__, with fine roots comprising a substantial part
of total belowground NPP (Nadelhoffer and Raich 1992). On the global scale, root
turnover is primarily influenced by temperature, but on a local scale, it is highly
related to precipitation and soil conditions, including many abiotic and biotic
stresses (Gill and Jackson 2000; Norby and Jackson 2000). Rates of fine root turn-
over have great consequences for carbon allocation within the tree, nutrient cycling
and C sequestration into soils. It has been widely reported that the shoot growth of
non-halophyte plants is generally more sensitive than the root growth to salinity
(Munns and Termaat 1986); however, the effects of salinity on root growth and
turnover are complex and rely on the specific species or variety, the ion composition
of salts, and the media in which plants grow (Valiela et al. 1976; Snapp and Shennan
1992). While direct studies on the influence of salinity on root turnover rates are
scarce, salt stress increased the root senescence in Solanum lycopersicum var.
UCS82B, while the root senescence was not influenced by salinity in the var. CX8303
(Snapp and Shennan 1992, 1994). Rewald et al. (2011b, d) examined two differ-
ently salt-tolerant varieties of mature olive trees, Barnea (tolerant) and Proline (sen-
sitive); the mature trees were irrigated using either fresh or moderately saline water
(EC 1.2 and 4.2 dS m™) for 11 years. Both varieties exhibited a reduced fine root
biomass under salinity; however, the salt-tolerant Barnea trees had a higher root
biomass: necromass ratio under moderate salinity, indicating lower root turnover
rates and, thus, a more efficient carbon use below ground. Thus, root turnover rates
and the ability of the fine root system to resist the deleterious effects of salinity
seemed to affect the salt resistance of plants by influencing water uptake and carbon
allocation. In contrast, Ramoliya and Pandey (2006) suggested that increased root
turnover could be beneficial by removing excess ions from the plant and preventing
the transport of salt ions to leaves. Beyond that, Kacprzyk et al. (2011) suggested
that induced programmed cell death (PCD) in severely salt-stressed roots can be
advantageous for the plant if it eradicates the most salt susceptible roots, which are
subsequently replaced by better adapted ones (under non-lethal conditions). The
view that root cell death under salinity does not occur stochastically but might be
well-regulated to minimize negative effects for the plant is supported by the findings
of Liu et al. (2007). Liu and colleagues (2007) found that cell death in Oryza sativa
root progressed successively, starting from the outer layer cells in the epidermis and
exodermis and, subsequently, to the endodermis and stele, suggesting a possible
function of the dead cells in preventing the influx of excess salt ions into the stele
and into the shoots, leading to enhanced salt exclusion; in contrast, cell death
induced by PEG-induced osmotic stress occurred randomly in roots, allowing a bet-
ter ability to recover after stress.
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How is the vitality of root cells and tissues influenced by excess salinity? For
example, nuclear deformation of the meristematic cells of barley root occurred
already within 12 h of severe salt stress and was followed by DNA degradation
(Katsuhara and Kawasaki 1996). Similar, nuclear deformation of meristematic root
cells, followed by degradation of the nuclei in the apical region, occurred within 24
h of 150 mM in Glycine max (Liu et al. 2000). The nuclear degradation is often
accompanied by apoptosis-like DNA fragmentation and can be identified as salt-
induced PCD (Katsuhara and Kawasaki 1996; Liu et al. 2007; Kacprzyk et al. 2011).
Nuclear deformation and degradation might be caused by cellular dehydration, but
excessive cellular salt concentrations, like other biotic and abiotic stresses, are also
known to induce oxidative stress. Oxidative stress is indicated by increased levels of
lipid peroxidation and H,O, in salt-stressed Lycopersicon esculentum root mito-
chondria (Mittova et al. 2004); Kawasaki et al. (2001) identified the salt-induced
up-regulation of several antioxidant genes in Oryza sativa roots. Several studies
have demonstrated that salt-tolerant species increase their antioxidant enzyme
activities and antioxidant contents in response to salt stress, while salt-sensitive spe-
cies did so to a lesser extent or showed no response (Jbir et al. 2001; Mittova et al.
2004; He et al. 2007). For example, salt stress decreased the activities of superoxide
dismutase (SOD) and guaiacol peroxidases (POD) and the contents of ascorbate
(ASC) and glutathione (GSH) in Lycopersicon esculentum root mitochondria. In
contrast, both H,0, and lipid peroxidation levels decreased in the mitochondria of
salt-resistant Lycopersicon pennellii roots under salt stress, and the levels of ASC
and GSH and the activities of SOD, several isoforms of ascorbate peroxidase (APX),
and POD increased. Similarly, accumulation of the non-enzymatic antioxidant man-
nitol in roots and shoots has been shown to increase the salinity tolerance in trans-
genic tobacco plants (Tarczynski et al. 1992). In view of the considerable variations
in the protective mechanisms against reactive oxygen species and transcriptional
responses between salt-stressed roots and aboveground organs (Ma et al. 2006;
Brinker et al. 2010), and possible external influences such as mycorrhization on
enzymatic antioxidant activity (He et al. 2007), further studies are required to assess
salinity’s consequences for (root) tissue vitality and plant organ viability. However,
while assessing the enzymatic and non-enzymatic antioxidant responses of Poncirus
trifoliata x Citrus sinensis, a salt-sensitive citrus rootstock, to different levels of
salinity, Arbona et al. (2003) found that the adverse effect on the growth of citrus
rootstock was mainly due to a cellular intoxication by chloride ions and not to the
salt-induced oxidative stress. Recently, Rewald et al. (2012) found higher levels of
Na* and Cl" accumulated in lower root orders, such as root tips, compared with
higher, older root orders. This higher susceptibility of lower root orders to salt accu-
mulation has likely consequences for root-order-specific turnover rates.
Understanding the patterns and regulations of root turnover is vital for the under-
standing of the whole plant reaction to salt stress; however, the complexity of the
specific species, salt and nutrient composition, and the synergism with other stresses
makes it difficult to predict the effects of salinity on root turnover on a global scale,
and future research is needed in order to understand these processes.
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6.5.2 Root Respiration

Aerobic respiration refers to the biological processes by which reduced organic
compounds are mobilized and subsequently oxidized in a controlled manner.
During respiration, energy is incorporated into forms that can be readily utilized
for the maintenance and development of plants. On a whole plant basis, over 24 h,
respiration dissipates about 25% of the carbon fixed by plants, and this figure can
rise to 100% under stress conditions (Taiz and Zeiger 1998). For over 100 years, it
has been observed that the rate of plant respiration increases under salinity, and the
term “salt respiration” has been acknowledged (Steward 1935; Schwarz and Gale
1981). “Salt respiration” results from increased energetic costs associated with ion
accumulation and toxicity. An increase in the respiratory cost for maintenance, for
active ion transport and/or for growth processes in roots encountering salinity is
usually consistent with the occurrence of a high rate of root respiration while
growth rate is reduced.

Salt respiration is not equally significant in all plants. For example, respiration
in Zea mays, a relatively salt-sensitive crop, showed little response to salt (Schwarz
and Gale 1981), but the root respiration of moderately-sensitive Brassica olera-
cea was reduced significantly under moderate salt stress (del Amor and Cuadra-
Crespo 2011). Burchett et al. (1984) studied the relationships between growth
parameters and root respiration under salinity in seedlings of the grey mangrove
Avicennia marina. The seedlings were grown for 6—8 weeks in 100%, 50%, 25%
and 0% seawater. The root respiration of root segments was measured and showed
stimulation in the presence of salt. The rates of respiration were highest in 25%
seawater; since higher concentrations were associated with a decline in the rate of
root respiration from the maximum root respiration is not stimulated by high salt
concentrations salt per se. Similarly, Epron et al. (1999) reported that the root and
shoot biomass of Quercus seedlings was reduced after 9 days of watering with a
nutrient solution containing either 50 or 250 mM NaCl; however, the specific
respiration of roots was unaffected by the moderate salinity treatment, while it
was reduced by 62% under severe NaCl stress. Bloom and Epstein (1984) studied
root respiration in two differently salt-tolerant Hordeum vulgare cultivars; under
control conditions, both varieties had similar rates of root respiration. However,
root respiration in the sensitive cultivar doubled when 10 mM NaCl or KCI was
added to the medium, and only 6 h after the removal of the salt, root respiration
returned to control levels; the addition of 5 mM K SO, increased root respiration
by less than 20%. In the salt-tolerant Hordeum cultivar, 10 mM NaCl or KCI
increased the root respiration by only approximately 50%, and the recovery took
only 2 h. Thus, the level of salt-induced root respiration in a variety may indicate
its level of salt-tolerance.
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6.6 Root Anatomy and Cell Ultra-structure

Salinity changes the (ultra-)structure of plant organs above ground (Koyro 2004;
Yamane et al. 2004; Mahmoodzadeh 2008). Since roots are the first organs to be
exposed to salinity, there is no wonder that salinity causes anatomical alterations in
roots — from the cellular level to ultra-structural changes. The drivers that determine
the anatomical and ultra-structural responses of plants to salinity include the type of
salinity exposure (e.g., the character of the growth medium, the length of exposure,
the concentration and type of salinity), plant taxonomy (susceptible or tolerant, gly-
cophyte or halophyte) and plant maturation.

6.6.1 Cell Number and Size

Contradictory reports exist regarding the influence of salt stress on root cell num-
bers and cell sizes. Bernstein and Kafkafi (2002) stated that it is still largely unknown
how salt stress affects the numbers of cells along the root. Strogonov (1964) and
Hajibagheri et al. (1985) found that cell numbers in root tips are not affected by
salinity but that cell size is often increased. Root cell size increases mainly due to
the development of vacuoles, as was shown in sorghum (Koyro 1997) and
Thellungiella halophila (Mei-fang et al. 2005), a process known as cellular vacuola-
tion (Hajibagheri et al. 1985). However, not only vacuoles are enlarged; Koyro
(1997) showed an increased quantity of vesicles in root cells as a response to salin-
ity. Both processes increase the membrane surface and, thus, the plants’ ability to
perform ion compartment and exclusion. The increase in cytosolic membranes may
differ between cell types; for example, Koyro (1997) showed that the middle cortex
cells of sorghum roots had larger central vacuoles and the endodermal and epider-
mal cells had larger vesicles under salinity. In contrast, Azaizeh et al. (1992) and
West et al. (2004) found decreased cell sizes in soybean and Arabidopsis roots.
Furthermore, West et al. (2004) showed that reduced cell production was caused by
a smaller number of dividing cells, i.e. a meristem size reduction. It has previously
been shown that impaired root growth, caused by osmotic stress conditions, is asso-
ciated with a reduced cell division activity (Samarajeewa et al. 1999); meristematic
root cells are the most sensitive to salt stress (Huang and Van Steveninck 1990).

6.6.2 Cell Walls

In general, cell walls are increasingly lignified under stress. Lignin deposition
increased in the vascular root tissues of Phaseolus vulgaris in response to salinity
(Cachorro et al. 1993). Cell-wall-bound peroxidase (POD) is often considered the
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enzyme most directly involved in lignification (Almagro et al. 2009). In agreement,
Neves et al. (2010) showed that POD activities increased in the roots of Glycine max
seedlings under NaCl stress, resulting in increased root lignin contents. In the central
vascular cylinder of NaCl-treated wheat roots, the cell walls were found to be much
thicker than those in the control seedlings, which is consistent with an increased
lignification (Jbir et al. 2001). However, no response was observed in Lycopersicon
esculentum roots (Peyrano et al. 1997), and increasing concentrations of NaCl even
reduced root lignin levels in Oryza sativa seedlings (Lin and Kao 2001). Some plant
species develop phi thickening in root tissues; phi thickenings are modifications of
the middle of the radial cell walls and consist of nitro-cellulose wall deposits that are
impregnated with lignin (Degenhardt and Gimmler 2000). They form on the walls of
certain cell layers in the root cortex and were long thought to increase the structural
stability of roots only (e.g. in response to compacted soils). However, Lépez-Pérez
et al. (2007) found that phi thickenings increased in salt-stressed Brassica oleracea
plants. Both the modification of lignin levels and the development of phi thickenings
are considered to be controversial modifications under salinity stress, and further
research is needed to explain their adaptive significance.

6.6.3 Stele

Valenti et al. (1991) found delayed xylem differentiation of the stelar tissues in
Prosopis tamarugo. Reinoso et al. (2004) showed that reduction in the size of
P. strombulifera root vascular tissues was due to salt-affected vascular cambium
activity that decreased secondary phloem and secondary xylem production.
Similarly, salt stress retarded primary xylem differentiation and induced accelera-
tion of the development of secondary xylem in soybean roots (Hilal et al. 1998).
Salinity often promotes the diminution of root xylem vessel diameter, probably
caused by a repression in the development of metaxylem vessels and altered cam-
bial activity; examples are reduced xylem vessel diameter in the roots of cotton,
tomatoes, and the grass species Triticum aestivum and Chloris gayana (Strogonov
1964; Huang and Redmann 1995; Akram et al. 2002; Céccoli et al. 2011). Reduction
of xylem vessels’ diameter is often accompanied by an increase in the number of
xylem vessels (Kozlowski and Pallardy 1997). This may protect the vascular system
from the cavitation that is more expected in stress conditions. The thresholds needed
to induce a modified xylem vessel differentiation differ between species. While in
the roots of a glycophyte shrub, more and thinner vessels developed under mild
salinity stress, in halophytes, the same response occurred only at high salinities
(400-800 mM NaCl; Boughalleb et al. 2009) or was virtually absent (Mei-fang
et al. 2005). In a study on three differently salt-tolerant Olea europaea varieties,
neither the maximum nor the hydraulically weighed conduit diameters in roots were
found to be significantly different under moderate saline irrigation (Rewald et al.
2011c). Wider and fewer xylem vessels have been found in both stems and some
coarse roots after exposure to salinity (Eckstein et al. 1978; Rewald et al. 2011c).



6 Adaptive Plasticity of Salt-Stressed Root Systems 183

A recent study on Citrus root orders under severe salinity revealed different reaction
norms in ephemeral roots and more persistent woody roots under salinity, with mea-
surable changes in conduit diameter only in higher, woody root orders (Rewald
et al. 2012). Thus, small conduit diameters may be a common adaptation to an
increased tension of the water column in the conducting system (e.g. Baas et al.
1983) but cannot explain the differences in salt-resistance per se. Rather, additional
adaptation, such as the differentiation of root xylem parenchyma into transfer cells,
allowing for more effective ion transport, can be associated with salt tolerance
(Kramer et al. 1997).

6.6.4 Cortex, and Exo- and Endodermis

The cortex, being the outermost cell layers after the epidermis/exodermis, is the first
tissue to encounter salinity. Examples of increased root cortex thickness, as a
response to salinity, are found in the literature, e.g. in Suadea maritima (Hajibagheri
et al. 1985). Recently, Boughalleb et al. (2009) found that the root cortex thickness
was promoted under 100-200 mM NacCl in the xero-halopyte shrubs Nitraria retusa
and Atriplex halimus. However, in some cases, salinity imposed a reduction in cor-
tex development. Akram et al. (2002) reported a decreased size of the cortex under
salinity stress in three varieties of Triticum aestivum, the most salt-sensitive variety
showed a more pronounced decrease. Similar, the cortical parenchyma in Chloris
gayana decreased under saline conditions (Céccoli et al. 2011), and reductions of
cortex thickness under high salinity were also reported in shrubs (Boughalleb et al.
2009) and tree roots (Reinoso et al. 2004). Kurth et al. (1986) and Akram et al.
(2002) found no significant change in the number of cortical cell layers, but it was
the size of the affected cells which induced modified cortex sizes in Zea mays and
Triticum aestivum. The previous studies indicate that low to moderate salinity can
have a stimulating effect on root cortex size, especially in halophytic species, while
high salinity seems to reduce the cortex width by reduced cell sizes. The changes in
cortex thickness often modify the stele to cortex ratios. For example, Céccoli et al.
(2011) reported that the ratio of vascular cylinder/cortical parenchyma was decreased
in Chloris gayana. Higher stele: root cross-section area ratios were reported in
shrub roots (Boughalleb et al. 2009) and in Prosopis strombulifera (Reinoso et al.
2004). Akram et al. (2002) reported a decreased size of both metaxylem and the
area of the cortex under salinity stress in three varieties of Triticum aestivum. Thus,
it remains an open question if modified cortex sizes or stele to cortex ratios have
regulatory functions for salt retention or flow regulation under saline conditions and
if different reaction norms exist in halo- and glycophytes.

The roots of virtually all vascular plants have an endodermis, and the majority of
angiosperm roots also have an exodermis, both with a Casparian band (Enstone
et al. 2003). The endodermal Casparian band prevents the unregulated movement of
substances from the apoplast into the stele and also prevents the backflow of ions
that moved into the stele symplastically and were then released into its apoplast.
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In roots with a mature exodermis, the barrier to the apoplastic in-flow of ions occurs
near the root surface, although the exodermis usually maturates further away from
the basal side of the root then the endodermis (Enstone et al. 2003). Reinhardt and
Rost (1995) and Cheng et al. (2012) showed that salinity induces exodermis devel-
opment in roots and suggested that the formation/lignification of the exodermis can
contribute to protection against water or solute loss and unwanted uptake of metals.
However, Taleisnik et al. (1999) found that, in Chloris gayana, there was no differ-
ence in exodermal development compared with control roots. In the halophyte
Thellungiella halophile, the cortex consisted of only two layers of exodermis and
endodermis cells (Mei-fang et al. 2005). Several authors found that salinity stimu-
lates endodermal differentiation (Baumeister and Merten 1981; Hajibagheri et al.
1985; Reinhardt and Rost 1995). All roots possess a Casparian band, a strip of cell
wall material composed of lignin or suberin, which is deposited on the radial walls
of the endodermis. Those substances are a major barrier for ions and, possibly,
water in the apoplastic pathway. This insures that ions on their radial pathway
towards the stele come through a selection process while crossing a plasma mem-
brane. Thus, an additional deposition of suberin lamellae in endodermal cells con-
tributes another barrier to ion uptake through the apoplastic pathway (Glenn et al.
1999). Walker et al. (1984) observed an intensified suberization in the endo- and
exodermis in citrus rootstocks grown under salinity stress; Kramer et al. (1978),
Hajibagheri et al. (1985) and Shannon et al. (1994) showed the development of the
Casparian strip closer to the root apex in Atriplex hastate and Suaeda maritima after
the addition of NaCl to the nutrient solution. In glycophytes, Reinhardt and Rost
(1995) found Casparian bands and suberin lamellae development close to the root
tip in cotton seedlings with exposure to salinity. Thus, the endodermis and exoder-
mis are most likely important for plant resistance to salinity stress by preventing/
reducing the unregulated flow of salt ions into the cortex or the stele, respectively;
however, further studies on their development under saline conditions are needed.

6.6.5 Root Hairs

Wang et al. (2008) found that root hair length and density decreased significantly in
a dose-dependent manner in both primary roots and the junction sites between roots
and shoots in salt-stressed Arabidopsis thaliana. Root hair growth and development
were sensitive to inhibition by salt ions but not to osmotic stress. Their analyses of
overly salt-sensitive mutants indicated that salt-induced root hair response is caused
by ion disequilibrium and seems to be an early adaptive mechanism reducing exces-
sive ion uptake. Importantly, root epidermis exhibits a rapid reversible cellular plas-
ticity in Arabidopsis, where plants can switch their phenotypes back and forth in
response to the changes of salt stress. The disrupted development of root epidermis
can be restored during a prolonged treatment of low level of salt, further indicating
that an adaptive response takes place (Wang and Li 2008). However, root hair growth
and development and their physiological role in response to salt stress are still
largely unknown and need further investigation (Grierson and Schiefelbein 2009).
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6.7 Root Physiology

6.7.1 Osmotic Adjustment and Root Hydraulics

Although water is not a limiting factor in all saline ecosystems (e.g., mangroves and
saline water-irrigated orchards), excess salinity creates a physiological drought
(Clought and Sim 1989). Previous studies related lower leaf conductivities under
salt stress to leaf dehydration and reduced leaf water potentials (Gucci et al. 1997).
Reduced water uptake rates under salinity were frequently measured, e.g. in Olea
europaea and Phaseolus vulgaris (O Leary 1969; Therios and Misopolinos 1988;
Rewald et al. 2011d). This decrease can be caused by both osmotic and toxic effects,
depending on the salt concentration present.

Reduced water uptake in saline environments is thought to be partially caused by
decreased soil osmotic potentials and may be counterbalanced by accumulating
osmolytes (Chartzoulakis 2005 and references therein). Osmoregulation allows cells
to maintain turgor and turgor-dependent processes while keeping a water potential
gradient allowing for water uptake. Plant cells accumulate three kinds of osmotica:
salts, small organic solutes such as soluble carbohydrates and nitrogen-containing
compounds, and hydrophilic proteins. Most organic osmotic compounds are present
in low concentrations when the plant is not under salt stress, but types of osmotica
vary largely with species. Inorganic osmotica, such as Na* and CI, are frequently
accumulated because salts are “cheap” and available; however, they are toxic in high
concentrations. In Populus euphratica, glucose, fructose, sucrose and galactose are
major soluble carbohydrates acting as osmotica in leaves (Bogeat-Triboulot et al.
2007). Nitrogen-containing osmotica include amino acids such as proline, amide and
proteins, as well as quaternary ammonium compounds (betaines) and polyamines
(e.g., Rabie and Almadini 2005). While hydrophilic, glycine-rich proteins are very
effective osmotica, they are energetically expensive and are not as commonly accu-
mulated (Niu et al. 1997). In Hordeum vulgare, NaCl stress enhanced the asparagine
and glutamine pool in both roots and leaves (Yamaya and Matsumoto 1989), in Olea
europaea salinity stimulated the biosynthesis of phenols and oleuropein (Petridis
et al. 2012); however, the types and accumulation rates of osmotica differ, often
widely, between plant organs. For example, in the subtribe Astragalinae, some spe-
cies have a higher proline content in the roots, while in others, proline concentrations
are higher in the leaves (Niknam and Ebrahimzadeh 2002). Studies addressing organ-
specific osmotica accumulation under salinity are scarce; the extremophile
Thellungiella halophila, an important salt-tolerant model plant, was found to accu-
mulate salt ions and proline in roots and leaves, but soluble carbohydrates, organic
acids and amino acids were major osmotica in the roots only (Liu and Zhao 2005).
Beside the quantity of osmotica accumulated, the accumulation rate is important to
attenuate short-term osmotic shocks which can cause the plasmolysis of root cells in
the extreme (Munns 2002). In accordance, Petrusa and Winicov (1997) found that
salt-tolerant Medicago sativa plants rapidly doubled the proline contents in their
roots, whereas in salt-sensitive plants, the increase was slow.
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Beside osmotic effects, changes in the hydraulic properties of the root system
under salinity can be induced by changes in root system size, architecture, morphol-
ogy (see above), anatomy and physiology. Silva et al. (2008) found that pepper
plants, treated with a low concentration of NaCl or with a nutrient solution with the
same osmotic value, decreased their root water uptake rate and root conductivity
values to the same extent. However, when the NaCl concentration was doubled and
the osmotic pressure of the nutrient solution rose to the same value, only plants
treated with NaCl decreased their root water uptake rate and Lp_ values further.
Thus, the decrease under higher concentrations of NaCl was caused either by toxic
effects due to the accumulation of Na* and CI ions in root tissues or by the imbal-
ance in the acquisition of other nutrients. Glycine max root system permeability to
water was reduced to a marked extent as a result of growing in a saline solution;
growth in NaCl for 14 days at -0.17 and -0.26 MPa resulted in a reduction in Lp_by
27% and 72% compared to the control, respectively (Joly 1989). Salinity has been
found to reduce the Lp_ of various species, such as Lupinus spp. and Arabidopsis
thaliana var. (Munns and Passioura 1984; Sutka et al. 2011). However, root hydrau-
lic conductivity was found to be unaffected in experiments on intact tomato and
sunflower plants (Shalhevet et al. 1976) and barley (Munns and Passioura 1984).
Fiscus and Markhart (1979) and Joly (1989) demonstrated that root hydraulic con-
ductivity (Lp) is related to the relative root biomass and root to shoot ratios. Rewald
et al. (2011d) found higher sap flow densities in the coarse roots of a salt-tolerant
Olea europaea variety which possessed higher fine root biomasses than a salt-
sensitive variety under moderate saline irrigation (4.2 dS m™").

Water transport within plants can be divided into several discrete steps, one of
which is radial flow in roots. Unless the roots are very long, as in woody plants, or
tracheary elements are largely embolized during water stress, the radial pathway is
commonly believed to be the path of greatest resistance to water flow in the plant
(Steudle and Peterson 1998). The current model of radial water flow identifies three
major pathways: (i) water traveling through the apoplast of the cells in the root cor-
tex, toward the endodermis and the xylem vessels; (ii) symplastic water transfer
where water goes through cells and remains in the cytoplasm, travelling in the mem-
brane continuum (endoplasmic reticulum and plasmodesmata); and (iii) a pathway
through the vacuoles of cells (Steudle and Peterson 1998; Steudle 2000). It is con-
sidered that (ii) and (iii) represent the cell-to-cell pathway, as these components are
difficult to separate and both use membrane transporters (“aquaporins”, see below).
Several reports have shown intra- and inter-specific differences in the relative pro-
portion of water travelling through each of these pathways (Vadez et al. 2007 and
references within). Because the predominance of one pathway could have a strong
influence on the regulation of water uptake, with or without salt-induced water
stress, future studies are needed to determine potential changes in radial water path-
ways under salinity.

More generally, many attempts have been made to correlate root hydraulic con-
ductivity (Lp,) with anatomical features (for an overview see Steudle and Peterson
1998). Many investigators have focused on the endo- and exodermal suberin depos-
its since this hydrophobic substance would be expected to reduce the Lp_ of the root
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(O’Leary 1969; Zimmermann et al. 2000). Indeed, excess salinity is known to
increase the suberization of the endo- and exodermis (see above). However, only in
some cases did the results show the expected correlation (Zimmermann and Steudle
1998; North and Nobel 1998; Krishnamurthy et al. 2011), but in others, they did not
(Hodges and Vaadia 1964; Clarkson et al. 1987), possibly because other factors,
such as passage cells, aquaporin expression and nutrient deficiencies, strongly
influence Lp, (Clarkson et al. 2000). Recently, Krishnamurthy et al. (2011) demon-
strated that the apoplastic barriers deposited in Oryza sativa under moderate salinity
stress resist the flow of bulk water and dissolved solutes, resulting in a reduced
uptake of Na* into shoots and, consequently, in better survival under subsequent
acute stress but also in a large reduction in hydraulic conductivity. The salinity-
induced barriers had smaller pore sizes compared with the pre-existing barriers, and
the reduction in hydraulic conductivity was consistent with data on the deposition
of additional suberin during salt stress. Similarly, Karahara et al. (2004) suggested
that salinity regulates the width of the Casparian strip in maize. The effects of NaCl
on the ultrastructural morphology of this strip revealed that the radial width of the
lignified region and the tightly adhering region of the plasma membrane both
increased under salt stress, likely causing a decrease in radial conductivity. However,
Sutka et al. (2011) found no correlation between suberization patterns and root
hydraulic properties in salt-stressed Arabidopsis thaliana roots, requiring future
investigation of the topic.

Aquaporins belong to the major intrinsic protein (MIP) family of trans-membrane
channels, which permit the selective membrane passage of water (and a few other
compounds) but not of H* and other ions (Chrispeels et al. 1995; Hill et al. 2004)
through the plasma lemma (by PIPs) and the tonoplast (by TIPs). It has been
reported that salinity influences aquaporin expression, most probably via phyto-
hormones like ABA and gibberellic acid (Mariaux et al. 1998; Siefritz et al. 2002).
The enhanced expression of the PIP1 gene and the abundance of its protein could
contribute to regulating root water permeability and, consequently, to better toler-
ance of the osmotic stress generated by salinity (Aroca et al. 2007; Jahromi et al.
2008). Recently, Sutka et al. (2011) revealed a positive overall correlation between
Lp, and certain highly expressed PIP transcripts in Arabidopsis thaliana. The often
observed initial decrease of Lp_upon salt exposure may be caused by an osmotic
shock as a result of an aquaporin conformational change caused by negative pres-
sures (Wan et al. 2004); applying a NaCl concentration of 50 mM to maize roots in
two steps (25 mM each) reduced the conductivity of cortical cells to a lesser extent
than when 50 mM NaCl was applied all at once. See Aroca et al. (2012) for a recent
review on aquaporin regulation under salinity. Additionally, in salt-stressed
Brassica plants, the apoplastic pathway was reduced by 60% with respect to con-
trol plants, which probably indicates that phi thickenings (see above) can affect the
apoplastic in-flow of water to the stele (Lopez-Pérez et al. 2007). It has been shown
that the functionality of aquaporins was greatly reduced in NaCl-treated broccoli
plants in the short term (7 days) but to a lesser extent in the longer term (14 days)
(Lépez-Berenguer et al. 2006), which is directly related to water flow through the
symplastic pathway. The fact that phi thickening developed after 14 days, when
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aquaporins’ functionality was partially restored, might point to a rather long-term
acclimation mechanism by which plants can control water uptake under excess
salinity (Lépez-Pérez et al. 2007).

Because salinity can influence the root branching pattern (see above), the possi-
bility that salinity could alter the relative proportions of highly radial conductive
and less radial conductive root segments is likely (Joly 1989; Rewald et al. 2012).
The decrease in water flux rates of root-branches under salinity was mainly caused
by a significant reduction (>80%) of the water uptake by root tips (Rewald et al.
2012). The degree of flux reduction was in accordance with measurements on apical
segments of corn roots, among which Lp was reduced by 80% under salinity
(Evlagon et al. 1990). Furthermore, if salinity decreased branching and if axial
resistance is a significant component of total root resistance (Passioura 1972), then
Lp, based on radial resistance would underestimate the true value if membrane per-
meability remained unchanged.

Salt stress modifies primary and secondary xylem differentiation (see above),
and Sdnchez-Aguayo et al. (2004) found that the average number of lignified cells
in vascular bundles was significantly greater in tomato plants under salinity.
Presumably, this increase may enhance the cell-to-cell pathway for water trans-
port and greater ion selectivity and uptake. A high vessel density offers a double
advantage with respect to conductive safety. First, when the same number of ves-
sels is cavitated, a higher percentage of the transport system remains functional in
high vessel density wood compared with low vessel density wood (Baas et al.
1983; Villar-Salvador et al. 1997). Second, a high proportion of vessels are in
contact with each other via inter-vessel pits since vessels do not follow a straight
line but twist along their path (Kitin et al. 2004). Therefore, embolised vessels can
be circumvented by means of the high number of alternative routes for the water
transport. According to the air-seeding hypothesis, small vessel diameters can be
associated with small pit pore diameters within a species and, thus, to cavitation
resistance (Tyree and Sperry 1989). Therefore, declining vessel dimensions with
an increase in physiological water stress were expected. Future studies need to
test the hypothesis by Céccoli et al. (2011) that “a reduction in vascular tissue
dimensions more than any reduction in other tissue, would limit growth under salt
stress conditions”.

6.7.2 Nutrient Uptake and Symbiotic Interactions

In saline soils, the presence of, for example, NaCl alters the nutritional balance of
plants, resulting in high ratios of Na*/Ca**, Na*/K*, Na*/Mg**, CI/NO,, and CI/
H,PO,, which may cause reductions in growth (e.g., Citrus spp., Ruiz et al. 1997).
Salt can affect nutrient uptake through competitive interactions between ions or by
affecting the ion selectivity of membranes (Cramer et al. 1986; Grattan and Grieve
1992). Examples of these effects include Na*-induced Ca** or K*-deficiencies, or
both, and Ca?*-induced Mg**-deficiencies (Manchanda and Garg 2008). However,
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while the nutritional status of salt-stressed plants is addressed regularly, studies on
the physiological changes underlying the modified nutrition are scarce. Furthermore,
the decrease of uptake and the impaired physiological mechanisms under salinity
often differ between species and varieties.

Potassium is an essential factor in protein synthesis, glycolytic enzymes, and
photosynthesis, osmotica mediating cell expansion and other turgor-driven pro-
cesses, highlighting the important role of potassium for salt tolerance in plants
(Alemdn et al. 2011). Protein synthesis requires physiological K* concentrations of
100-150 mM and is inhibited by Na* concentrations above 100 mM through com-
petition by Na* for K*-binding sites (Blumwald 2000 and references within).
Potassium acquisition from the soil solution takes place through epidermal and cor-
tical root cells. Plants use low-affinity (i.e. channels) and high-affinity transporters
(e.g. HAK1-type) for potassium uptake from the growth medium (Aleman et al.
2011). Because high affinity transporters allow for a higher K*/Na* discrimination
than low affinity systems, root cells were suggested to shift from low to high affinity
K* uptake under salinity. Indeed, increased K*/Na* discrimination of a high affinity
potassium transporter (HKT1) from wheat has been shown to increase the salt toler-
ance of yeast strains deficient in K* uptake (Rubio et al. 1995). However, sodium
can inhibit K* transporters and HAK1-type gene expression in salt-sensitive plants,
even in small concentrations and when plants were starved of K* in the presence of
Na* (Kim et al. 1998; Alemdn et al. 2011 and references within); the high-affinity
potassium transporter (HAK1) in barley allows sodium permeation (Santa-Maria
et al. 1997). However, in the halophyte Tellungiella halophila, salinity decreased
HAKS transcription less than in its salt-sensitive relative Arabidopsis (Volkov and
Amtmann 2006), and in the halophyte Messembryanthemum crystallinum, some
HAK genes were even up-regulated in the presence of salinity (Su et al. 2002).
Because K*/Na* homeostasis is key to salinity tolerance, a difference between salt-
sensitive and salt-tolerant species may reside in the differential quantity (amount of
protein) or quality (activity under salt stress) of K* and/or Na* transporters and
channels in roots and aboveground organs (Alemdn et al. 2009; Rubio et al. 2010).

Beside impaired K*/Na* homeostasis, there is evidence that salt stress inhibits
the uptake and transport of macro-nutrients, such as N and P (Maas et al. 1979;
Aslam et al. 1984). Nitrogen is the element that plants require in the largest amounts
and is needed for most plant cell components, including amino and nucleic acids.
Phosphorus is, for example, a constituent of nucleic acids, phospholipids and
-proteins, and ATP. Therefore, N and P deficiency rapidly inhibits plant growth.
While saline conditions may reduce soil-N mineralization under severe salinity,
thus lowering the N availability (Laura 1977), areduced N and P uptake may be also
attributed to a decreased transpiration rate and, thus, to impaired transportation of
elements from soil into roots to shoots via mass-flow (Hu and Schmidhalter 2005).
However, some studies showed that salinity instead reduces the NO,~ concentra-
tions without affecting the total N content, and that the addition of NO,~ results in a
reduction in CI" uptake and accumulation due to NO,”/Cl" antagonism (Hu and
Schmidhalter 2005 and references within). While the N form might influence the
sensitivity of the plant to salinity, for example, indirectly via NH, *-sensitive K*
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transporters (Figueira 2009; Voigt et al. 2009), future studies should focus on alternative
strategies to increase plants’ resistance to salinity, e.g. by genetically engineering a
salt-tolerant, high-affinity transport system for NH,* and/or NO,~ (Kshatriya et al.
2009). In legumes, salinity may act on the Rhizobium symbiosis directly via affect-
ing infection and nodule development (e.g. by reduced numbers of root hairs) and
nitrogen fixation capacity (Delgado et al. 1994 and references within) and indirectly
by reducing available carbon (Brugnoli and Lauteri 1991). Decreased N, fixation
may be due, in part, to the salt-induced decrease in bacteroid O, uptake capacity,
respiration and leghemoglobin content (Delgado et al. 1994); leghemoglobins are
monomeric, soluble proteins that conduct O, to the bacteroids at a low constant
concentration, protecting nitrogenase against O, damage while allowing oxidative
phosphorylation. For improving symbiotic nitrogen fixation under excess salinity,
salt-tolerant legume cultivars, as well as Rhizobium-symbionts, have to be selected
(Ventorino et al. 2011). See Manchanda and Garg (2008) for a recent review on
salinity and its effects on legumes and symbionts.

Champagnol (1979) has shown that there are three types of reaction to salinity,
with respect to the P content of plant tissues; P nutrition was increased in some
crops (e.g. Sorghum bicolor, Zea mays and sesame), reduced in others (tomatoes,
onions and barley), and unchanged in millet, cabbage, Brassica oleracea var., car-
rots and wheat. The availability of P can be reduced in saline soils because of ionic-
strength effects that reduce the activity of P and because P concentrations in the soil
solution are tightly controlled by absorption processes and by the low solubility of
Ca-P minerals (Grattan and Grieve 1999); thus, some plant species will respond
positively to an additional P supply. However, the study of the effect of NaCl and P
nutrition on alfalfa by Rogers et al. (2003) illustrated that high or non-limiting P
levels do not affect the response of alfalfa to NaCl. Martinez and Léuchli (1994)
found that high NaCl inhibited P uptake in the mature root zone but enhanced P
uptake in the root tips of Gossypium hirsutum. They speculate that salinity may
induce alkalinization of the cytoplasm in root tip cells, increasing the transmem-
brane pH gradient and, therefore, P uptake. Results showed an inhibition of **P
transport within the roots and from the roots to the shoots in the salt treatment in
Gossypium hirsutum and Lactuca sativa (Martinez and Lduchli 1994; Martinez
et al. 1996). Although P deficiency under salinity is highly species-specific, salinity
inhibited P uptake, in general, more severely at a low P concentration than at a high
P concentration (Martinez and Lauchli 1994). Thus, mycorrhizal symbionts could
play an important role in promoting salinity. Although the mechanism by which
AMF improves salt resistance remains unclear, many studies have indicated that the
enhanced salt tolerance mainly contributes to mycorrhizal-mediated enhancement
of host mineral nutrient uptake, especially of immobile soil nutrients such as P, Cu,
and Zn (He et al. 2007 and references within).

Because aquaporins do not only mediate the transport of water in roots but also
some solutes (Maurel et al. 2008 and references within), changes in aquaporin expres-
sion and function due to excess salinity are likely to result in changed uptake or efflux
of some micro-nutrients. For example, the aquaporin Lsil is expressed on the distal
sites of exo- and endodermal root cells of Oryza spp. and may contribute, together
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with the efflux transporter Lsi2, to the transport of silicon acid from the soil solution
into the root xylem (Ma et al. 2007). Lsi homologs from Zea mays and Hordeum
vulgare are present in all parts of the plasma membrane in the cells of the root
epidermal cell layers and cortex but not in the endodermis (Mitani et al. 2009).
To date, no studies have addressed the potentially significant impact of salinity on
Lsi transporters or other solute transporting aquaporins in roots (Mitani-Ueno et al.
2011). This is surprising because B concentrations have been found to be reduced
in Triticum aestivum shoots and grains under salinity (Holloway and Alston 1992).
Silicon is a major mineral nutrient in certain plants, such as Gramineae; furthermore,
salt stress is mitigated by silicic acid, probably by a reduction of the apoplastic
sodium absorption or due to a closure of openings and spaces (Yeo et al. 1999; Zhu
et al. 2004; Gong et al. 2006).

6.8 Conclusion and Future Perspective

It is known that the salt tolerance of a plant depends on the combination of regula-
tive and protective traits above and below ground. This chapter gave several exam-
ples of root anatomical, morphological and physiological changes under salt stress;
information on salinity effects on root systems’ plasticity, and its adaptive
significance, is still scarce compared to studies on aboveground organs. Furthermore,
results are sometimes contradicting and there is a high demand for studies relating
changes on the cellular level to tissue and organ functions. To understand the differ-
ent tolerance strategies adapted by glycophyte and halophyte species to overcome
the osmotic effect and ion-specific toxicities in salt-stressed habitats, special atten-
tion has to be paid to the overall role of root systems as source of water and nutrients
and as sink of carbohydrates. Once identified, root system traits of salt resistance
plant species could be used for future breeding efforts.
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Chapter 7
Salt Tolerance in Rice: Present Scenario
and Future Prospects

Asiya Hameed, Tabasum N. Qadri, M.M. Azooz, and Parvaiz Ahmad

7.1 Introduction

Agriculture has always been recognized as the world’s most important industry.
As is obvious, the world has now experienced more than ever before. Environmental
conditions like salinity and drought, etc., influence plant metabolism directly or
indirectly, thus reduces the growth and productivity of number of plants (Naz et al.
2010; Ahmad and Prasad 2012a, b). Many rice growing regions like China,
Bangladesh, India, Thailand, Pakistan and Egypt experience severe salt problems to
such an extent which was never felt previously. As a result shortage of rice has
become a burning question in most of the areas of the world (Baby Joseph et al.
2010). Recently Japan was hit by Tsunami which contaminated about 20,000 ha of
rice fields with salinated water.

In agriculturally advanced countries, technological innovations have developed
so rapidly that one cannot keep pace with the array of new technology into the agri-
cultural industry.

Salinity is one of the major factors limiting the production of rice. Rice being the
staple food, has an exceptional agricultural importance. India has to increase its rice
productivity by 3% per annum in order to meet future food requirements and to
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maintain self-sufficiency (Thiyagarajan and Selvaraju 2001). Rice (Oryza sativa L.)
a major crop is indigenous to tropical and subtropical Southeastern Asia and Africa
and sustains nearly one-half of the world population (Wu et al. 2004).

Rice crop though sensitive to soil salinity is recommended in the process of soil
reclamation due to the fact that it can be cultivated in flooded conditions and the
standing water in fields facilitates to leach salts from the soil (Bhumbla and Abrol
1978). In spite of its sensitivity to excess salinity, a remarkable genetic variation
exists to improve salt tolerance among and within rice varieties (Sabouri and Biabani
2009; Flowers and Yeo 1981) and this variability can be dominated to identify, select
and develop salt tolerant rice genotypes. Many salt-tolerant genotypes have been
developed in rice cultivars i.e. Pokkali and Nona-Bokra that not only withstand high
levels of salt but also maintain optimum yield levels (Akbar et al. 1985; Gregorio and
Senadhira 1993). Various studies have been conducted for the salinity tolerance at the
seedling stage (Sabouri and Sabouri 2009; Mohammadi-Nejad et al. 2008) little
attention has been devoted to the reproductive stage (Sabouri and Biabani 2009).

Numerous literature are available for plants that endure stresses and thereby
show better tolerance (Singla-Pareek et al. 2001; Zhu 2001, 2002; Sairam and Tyagi
2004; Yamaguchi and Blumwald 2005; Rodriguez et al. 2005; Vinocur and Altman
2005; Bajaj and Mohanty 2005; Sahi et al. 2006; Gao et al. 2007; Vij and Tyagi
2007; Ahmad et al. 2009, 2010a, b, 2011a, 2012; Ahmad 2010; Azooz et al. 2011;
Katare et al. 2012). Thus various genes may possibly contribute to the crop plants to
abiotic stresses.

Besides leaf area index (LAI), tolerant groups of rice productivity have shown
less significance for Na*/K* ratio and plays a key role to confer tolerance against salt
stress (Natarajan et al. 2005).

7.2 Yield Reduction by Salinity

Salinity is one of the severe environmental problems leading to reduction in the
growth and yield of rice (Ashraf 2009). It is most widely grown in coastal areas
swamped with seawater in high tidal period, somewhat vulnerable to salinity (Mori
and Kinoshita 1987). In the beginning of the growing period, salts accumulated by
capillary rise in the topsoil gets released into the soil solution and floodwater.

Significant variation have been observed in rice on the onset of germination fol-
lowed by susceptility to saline stress during seedling stage and subsequently with-
stand a bit more in vegetative phase (Heenan et al. 1988), afterwards it again shows
a sensitive response during maturity i.e., reproductive phase (Flowers and Yeo 1981;
Abdullah et al. 2001). Whereas on the other hand, the vegetative shoot biomass of
rice, is often affected much less than reproductive growth (except for young seed-
lings) (Munns et al. 2002). Zeng and Shannon (2000) observed that the seedling
growth gets affected at salinity levels as low as 1.9 dS/m, nevertheless did not turn
into reduction in grain yield. Grieve et al. (1993) demonstrated that crops usually
decrease with increased salinity from planting to maturity, however rice shows the
opposite effect (Lutts et al. 1995).
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7.3 Mechanism of Salt Tolerance in Rice Plant

Tonic and osmotic stress are the consequences of salinity stress in plants. Root
growth inhibition is a common feature and seems to affect the osmotic gradient
(i.e., osmotic pressure) more as compared to Na* content of the plant itself (Munns
et al. 2002; Munns 2002).

Tonic toxicity of Na* largely competes with K* for binding sites which are crucial
to metabolic process. While as osmotic component relates to the buildup of Na* and
CI" in the apoplastic space in leaf tissues, elevated levels of Na* in the apoplastic
spaces cause dehydration and consequently shoots accumulate more Na* than roots.
Therefore sensitivity to these stresses becomes evident more towards shoots rather
than roots.

Owing to high level of Na* and/or CI- ions, depicts various physiological
responses (Greenway and Munns 1980; Hasegawa et al. 2000; Zhu 2001). Na* tox-
icity mostly cause damage in Gramineaceous crop rice (Tester and Davenport 2003).
While cytosolic Na* remains 1 to 10 mM in higher plants under non-saline condi-
tions (Taiz and Zeiger 2002). For efficient metabolic activities, potassium ion is
required in the cytosol to maintain the optimum level (Taiz and Zeiger 2002; Cuin
et al. 2003). However K* activates more than 50 enzymes, vulnerable to high Na*
and Na*/K* ratios (Munns et al. 2006). Thus causes disruption in metabolic activi-
ties by a challenger between Na* and K* (Bhandal and Malik 1988; Tester and
Davenport 2003). K* efflux brings a change in plasma membrane permeability by
displacing Ca?* with an increase in Na* level (Cramer et al. 1989). As a result, an
imbalance of the Na*/K* ratio occurs in the cytosol and eventually interrupting the
enzymatic reactions.

Regulation of Na* influx and efflux into cell or apoplast/vacuole is important to
maintain the low cytosolic Na* concentration and has been demonstrated that rice
cultivar (Pokkali) plays a valuable role in Na* sequestration (Maathuis and Sanders
2001; Carden et al. 2003; Kader and Lindberg 2005; Anil et al. 2007). Besides a role
in compartmentalization, over-expression of OsNHX simultaneously enhances the
rice plants to endure the salt stress (Fukuda et al. 2004; Chen et al. 2007). Similar
findings have been observed in roots of etiolated rice seedlings by OsGR gene
expressions (Tsai et al. 2005).

Apoplastic sequestration in salt-tolerant rice though not an efficient strategy
but most of Na* in leaves show apoplastic streaming (Yeo et al. 1999). Ratio of
cytosolic Na*/K* have been found to get altered on exposure to salt stress, since
the concentration of Na* is much higher than at normal condition and when the K*
concentration increases plants suffer from high Na*/K* ratio disrupting the cyto-
solic Na*/K* against salinity stress (Greenway and Osmond 1972). Stimulation of
OsHKT2;2 (previous name OsHKT?2) in shoots than in roots of salt-tolerant cv.
Pokkali has been reported although, OsHKT2;2 (K*-Na* coupled transporter)
does not mediate K*-influx from a high K* solution in the absence of Na*, and
confers tolerance to salinity under high Na*, possibly by increased ability of K
uptake, as shown in S. cerevisiae (Horie et al. 2001). At high salt stress, IR20 in
the xylem sap of root soil shows an extensively higher Na concentration than
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Pokkali (Faiyue et al. 2010; Kavitha et al. 2012). Similar reports have been
observed by Krishnamurthy et al. 2011. Quantitative trait loci (QTLs) with wide
range of adaptations in tolerant plants in response to osmotic and ionic stresses
(for Na*, CI, etc.) in turn challenges farmers to build-up salt-tolerant rice culti-
vars with increased yield (Haq et al. 2010; Michael et al. 2010).

7.4 Genes Responsible for Salt Tolerance

Leel et al. (2003) demonstrated that remarkable variation exists in indica and japonica
rice groups to develop salinity tolerance. Similar results have also been observed in
Pokkali and Nona-Bokra (Akbar et al. 1985; Gregorio and Senadhira 1993).

Gregorio and Senadhira (1993) investigated that certain group of genes with addi-
tive effects affects the sodium and potassium uptake in rice i.e., one group for sodium
exclusion and the other for potassium absorption. Similar reports have been found
in dry weight rice seedlings (Akbar et al. 1985). Furthermore salt stress responsive
genes have been identified by cDNA array (Xinjian et al. 2002). In salt-sensitive rice
plant extensive genetic variability have proved to play an effective role to develop
the rice tolerant to salinity stress (Mohammadi-Nejad 2008; 2010).

7.5 Antioxidant System in Salt Tolerance

Increased production of reactive oxygen species (ROS) oxidize various biological
molecules like DNA, proteins and lipids resulting in large degrees of environmental
stresses within several sub-cellular compartments of the plant cell (Ahmad and
Umar 2011). Energy required to regulate the metabolism of the organisms is pro-
vided by the reduction of oxygen, although its reduction is a mixed blessing
(Breusegem et al. 2001). Therefore naturally occurring antioxidant enzymes present
in plant tissues acts as a safe guard by preventing the cells from ROS and other
stress conditions (Ahmad et al. 2008, 2009, 2010a). It has been illustrated that over-
expression of genes encoding these enzymes leads to the development of stress
tolerant transgenic plants. Besides this photorespiration increases by over-expression
of glutamine synthetase thereby confers salt-tolerance in rice cultivars. SOD being
the first line of defense in the ROS scavenging, converts superoxide radical to H,O,
(Scandalios 1993). It has been investigated that different over-expressions of
SOD by diverse plant species shows a protective role against abiotic stresses (Gupta
et al. 1993a, b; McKersie et al. 1993, 1999, 2000; Badawi et al. 2004; Wang et al.
2004, 2005; McKersie et al. 1996; Badawi et al. 2004; Van Camp et al. 1996; Ahmad
etal. 2010a; 2011b; 2012). Also cDNA encoding Cu/Zn-SOD as well as yeast mito-
chondrial Mn-SOD have been reported to confer salt tolerance in rice (Prashanth
et al. 2007; Tanaka et al. 1999) respectively Hence SOD provides an important
assessment to plants for multiple stress tolerance.
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Overexpressions as well as enhancement of ascorbate peroxidase has been
reported in different plant species to accomplish tolerance against salt and oxidative
stress suggesting a possible role to abolish H,O, from cells (Wang et al. 1999, 2005).
Lu et al. (2007) developed transgenic Arabidopsis plants over-expressing two rice
cytosolic APXs (OsAPXa and OsAPXb) and investigated that transgenic plants
exhibited increased tolerance to salt stress than wild type plants. Salt tolerance has
shown to be associated with high level of glutathione and also GSH/GSSG ratio
(Tausz et al. 2004; Yousuf et al. 2012). Furthermore transgenic rice over-expressing
rice glyll gene have shown to endure the harmful stresses of salinity (Singla-Pareek
et al. 2007). Association of various genes of antioxidant defense pathway could be
a positive approach to build up plants to withstand various types of stress. It has
been established that gene expressions of H,O, in response to salt stress enhances
the activities of APX and GR in the roots of rice seedlings (Hong et al. 2007, 2009).
Also in agreement with Tsai et al. (2004) shows the relative importance of Na* and
CI in NaCl-induced antioxidant systems in roots of rice seedlings. Likewise expres-
sions of OsAPX and OsGR have been found by Shankhdhar et al. (2000) in rice
roots under NaCl stress.

7.6 Conclusion and Future Prospects

Transgenic rice plants against salt stress though widely studied, however the mecha-
nism regarding the salt-tolerant and salt-sensitive plants is not clear so far. Therefore
scientists further needs to study the salt tolerant rice in order to enhance the produc-
tivity and quality of the plant.

The future poses a challenge to many agricultural countries to accelerate the pro-
duction to meet global needs. As rice is the largest cereal crop in the world, the enhance-
ment drive should not only encourage growth and endure salt stress in the farming
process of rice but promote the initiative for Research and Development in the rice
growing region. Improving tolerance is the shared responsibility of all concerned in
rice growing industry and everyone involved in the process should unite to evolu-
tionize the production of rice in the world.
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Chapter 8
Aquaporins: Role Under Salt Stress in Plants

Renu Bhardwaj, Indu Sharma, Mukesh Kanwar, Resham Sharma,
Neha Handa, Harpreet Kaur, Dhriti Kapoor, and Poonam

8.1 Introduction

Aquaporins (AQPs), a class of the integral membrane proteins, belong to a large
family of major intrinsic proteins (MIP) which are primarily associated with the
flow of water in the membrane of biological cells (Agre 2006; Aroca et al. 2012;
Vera-Estrella and Bohnert 2011). The Nobel Prize in Chemistry for year 2003 was
jointly awarded to Peter Agre (Johns Hopkins University) and Roderick MacKinnon
for the discovery of AQPs and work on the structure/mechanism of potassium
channels respectively. According to Agre, the AQPs were discovered “by serendipity”
(Knepper and Nielsen 2004). During their research on the Rh blood group antigens,
they isolated the Rh molecule along with another unknown molecule of 28 kDa size
(and therefore called 28 K). At first, this second molecule was assumed to be a piece
of the Rh molecule, or a contaminant, but further investigation revealed that it was
an undiscovered molecule with unknown function. This molecule was abundant in
red blood cells and kidney tubules, and found to be related to proteins of diverse
origins like the proteins from brains of fruit flies, bacteria, the lenses of eyes and
plant tissues. As per the suggestion of Dr. John Parker (hematology professor at the
University of North Carolina to Agre), it was later discovered that this molecule was
the long-sought water channel. Thus, the first AQP described the mammalian
AQP1I‘aquaporin-1’ (originally known as CHIP 28).

AQP1 was found in erythrocytes and renal tubuli facilitating the osmotical driven
permeation of water across membranes (Denker et al. 1988; Preston and Agre 1991).
It was classified into a large superfamily of intrinsic membrane proteins named
major intrinsic proteins (MIP) according to the prototype from bovine lens
(Kaldenhoff and Fischer 2006). In 1999, together with other research teams, Agre
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reported the first high-resolution images of the three-dimensional structure of AQP1.
Further studies using supercomputer simulations have identified the pathway of
water as it moves through the channel and demonstrated how a pore can allow water
to pass without the passage of small solutes. However, the first report of protein
mediated water transport through membranes was provided by Gheorghe Benga in
1986 (Kuchel 2006).

Aquaporins form tetramers in the cell membrane, with each monomer acting as a
water channel (Gonen and Walz 2006). The different AQPs contain differences in
their peptide sequence that allows for the size of the pore in the protein to differ
between AQPs (Ayadi et al. 2011). The resultant size of the pore directly affects the
molecules which are able to pass through the pore. These proteins are made up of six
transmembrane a-helices arranged in a right-handed bundle, with the amino and the
carboxyl termini located on the cytoplasmic surface of the membrane (Fu and Lu
2007; Gonen and Walz 2006). The amino and carboxyl halves of the sequence show
similarity to each other. There are also five inter-helical loop regions (A-E) that form
the extracellular and cytoplasmic vestibules. Loops B and E are hydrophobic loops
that contain the highly, although not completely conserved, asparagines-proline—alanine
(NPA) motif, which overlap the middle of the lipid bilayer of the membrane forming
a 3-D ‘hourglass’ structure where the water flows through. This overlap forms one of
the two well-known channel constriction sites in the peptide, the NPA motif and a
second and usually narrower constriction known as ‘selectivity filter’ or ar/R selectiv-
ity filter (Gonen and Walz 2006; Fu and Lu 2007; Maurel and Plassard 2011). The
two highly conserved NPA motifs are the most important structural domains that play
a crucial role in water-selective permeation in aquaporin water channels (Guan et al.
2010). However, the functions of NPA motifs in aquaporin (AQP) biogenesis remain
largely unknown. Few AQP members with variations in NPA motifs such as AQP11
and AQP12 do not express in the plasma membrane, suggesting an important role of
NPA motifs in AQP plasma membrane targeting. The NPA motifs may interact with
other structural domains in the regulation of membrane trafficking during aquaporin
biogenesis (Guan et al. 2010; Sorieul et al. 2011).

There are 13 known types of aquaporins in mammals, and 6 of these are located
in the kidney, but the existence of many more is suspected. However, in the plants
water is taken up from the soil through the roots, where it passes from the cortex into
the vascular tissues either via apoplastic or symplastic pathways. The presence of
AQPs in the cell membranes facilitates the transcellular symplastic pathway for
water transport and hence adjusts the overall hydraulic conductivity (Leitao et al.
2012). When plant roots are exposed to mercuric chloride (HgCl,), which is known
to inhibit AQPs, the flow of water is greatly reduced while the flow of ions is not,
supporting the view that there exists a mechanism for water transport independent of
the transport of ions. In plants, AQPs are separated into four main homologous sub-
families, or groups: Plasma membrane Intrinsic Protein (PIP), Tonoplast Intrinsic
Protein (TTP), Nodulin-26 like Intrinsic Protein (NIP), Small basic Intrinsic Protein
(SIP). These subfamilies have later been divided into smaller evolutionary subgroups
based on their DNA sequence (Kaldenhoff and Fischer 2006) and amino acid
sequence similarities (El-Mesbahi et al. 2012). PIPs cluster into two subgroups,
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PIP1 and PIP2, whilst TIPs cluster into five subgroups, TIP1, TIP2, TIP3, TIP4 and
TIP5. Each subgroup is again split up into isoforms e.g. PIP1; 1, PIP1;2 (Maeshima
and Ishikawa 2008). Moreover, a novel category of major intrinsic proteins (MIP) is
recently identified in land plants, and named X (for unrecognized) intrinsic proteins
(XTIPs). Further studies in Populus, revealed highest polymorphism of XIP isoforms
in this genus with nine PtXIP sequences distributed within three XIP groups have
been observed (Lopez et al. 2012). However, comprehensive PtXIP gene expression
patterns further emphasized that only two isoforms (PtXIP2;1 and PtXIP3;2) were
transcribed in vegetative tissues. The silencing of plant AQPs has been linked to
poor plant growth and even death of the plant. Besides their major role in plant water
relations, the plant AQPs also facilitates the transport of small solutes such as glyc-
erol, silicon, ammonium, urea, boric acid, CO,, arsenite, and hydrogen peroxide
within and between cells (Aroca et al. 2012; Vera-Estrella and Bohnert 2011).
Recently, the role of AQPs in stress protection has been recognized in durum wheat
(Ayadi et al. 2011), barley (Katsuhara et al. 2011), broccoli (Muries et al. 2011) and
tomato (Sade et al. 2010) subjected to salinity stress. This chapter reviews the struc-
tural and functional properties of the plant AQPs illustrating their importance in the
water homeostasis, nutrition, and signaling processes during stress.

8.2 The Plant Aquaporin Family

Aquaporin proteins are expressed in multiple isoforms. In Arabidopsis about 35 and
in rice 33 homologs have been identified (Johanson et al. 2001; Sakurai et al. 2005;
Quigley et al. 2001). About 55 isoforms have been reported in poplar (Gupta and
Sankararamakrishnan 2009) and 71 in cotton (Park et al. 2010). Also, 36 isoforms
in maize have been identified (Chaumont et al. 2001). These homologs of aqua-
porins are divided into four groups based on their sequence homology.

8.2.1 Tonoplast Intrinsic Protein (TIP)

As the name indicates, these types of aquaporins are present in the membranes of
the plant vacuoles, or tonoplast (Fig. 8.1). Vacuole in the plant cell is a compart-
ment for cellular storage and also takes part in turgor regulation, cell signaling and
degradation. Therefore, vacuoles have to regulate the flux of water and small sol-
utes across the vacuolar membrane which suggests that AQPs participate in all
these processes. Consequently, the first proteins with AQP function in plants were
identified in vacuolar membranes from Arabidopsis thaliana (Johnson et al. 1990;
Maurel et al. 1993). This tonoplast intrinsic protein (TIP1;1, initially named y-TIP)
when expressed in Xenopus oocytes, was found to be highly water selective and
impermeable for glycerol. Also, isolated vacuoles or tonoplast vesicles exhibited a
comparable 100-fold higher permeance as compared to purified plasma membranes
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Fig. 8.1 Water transport in membranes of plant cell (PIP: plasma membrane intrinsic proteins;
TIP: tonoplast intrinsic proteins)

when osmotic water permeability measurements were carried out (Maurel et al.
1997; Morillon and Lassalles 1999; Niemietz and Tyerman 1997). This shows that
tonoplast has major participation in regulation of water flow in response to osmotic
challenges like drought or salinity for a plant cell. Gerbeau et al. (1999) reported
water flux which led to an increased permeability of solutes like urea and glycerol
in purified tobacco tonoplast vesicles as compared to plasma membrane vesicles.
Recent studies revealed the potential contribution of TIPs in transportation of NH,*/
NH, from the cytoplasm into the vacuole. This had been shown in plants like
Arabidopsis, wheat and also in oocytes of Xenopus (Holm et al. 2005; Jahn et al.
2004; Loque et al. 2005). Induction of osmotic stress led to TIP regulation and
redistribution and this was investigated using ice plant (Mesembryanthemum crys-
tallinum) (Vera-Estrella et al. 2004). Exposure to salt slightly decreased McTIP1;2
abundance while treatment with mannitol, sorbitol or abscisic acid caused an up-
regulation (Kirch et al. 2000; Vera-Estrella et al. 1999). AQP expression in the pres-
ence of salt was also investigated in Arabidopsis roots (Boursiac et al. 2005). TIP
and other AQP transcripts showed an extensive decrease in abundance after 4 h
following exposure to salt. LiJuan et al. (2011) identified a novel TIP, AtSM34 in
Arabidopsis thaliana and studied its role in osmotic stress in germinating seed-
lings. Overexpression of AtSM34 resulted in hypersensitivity in the presence of
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exogenous mannitol, sorbitol, and abscisic acid thereby causing significant delay in
germination. Hence, TIPs are actively involved in osmoregulation and also take
part in conductance of small solutes and gas. These functions indicate the link of
TIPs to important metabolic pathways like urea cycle or amino acid synthesis.

8.2.2 Nodulin-26-Like Intrinsic Membrane Proteins (NIP)

These AQPs are close homologs of GmNod26, an abundant AQP in the peribacte-
roid membrane of symbiotic nitrogen-fixing nodules of soybean roots (Wallace
et al. 2006). Soybean Nodulin 26 (Nod26) was described as a major integral protein
and constitutes approximately 10% of total membrane protein (Fortin et al. 1985;
Weaver et al. 1991). NIPs are present in non-leguminous plants and are usually
localised in plasma and intracellular membranes (Ma et al. 2006; Mizutani et al.
2006; Takano et al. 2006). All proteins related to nodulin-26 have been included in
NIP subfamily. Nod26 heterologously expressed in Xenopus oocytes showed a mer-
cury-sensitive osmotic water permeability and conductance to glycerol (Rivers et al.
1997). NIPs in Arabidopsis and lotus formed functional glycerol permeases and
exhibited partially low conductivity (Wallace et al. 2002; Weig and Jakob 2000;
Weig et al. 1997). But NIP in zucchini enhanced the growth of urea transporter
defective yeast mutant along with water permeability and lack glycerol conductivity
(Klebl et al. 2003). Apart from the above functions, Hwang et al. (2010) hypothe-
sized potential role of Nod26 from soybean in ammonia efflux. Therefore, Nod26
and other NIP proteins share the general multifunctional transport properties of
water and uncharged solutes like glycerol and potentially ammonia. Compared to
most water-selective AQPs, NIPs also have a lower rate of water transport.

8.2.3 Small Basic Intrinsic Protein (SIP)

It is the smallest subfamily covering 2-3 divergent aquaporin homologues. These
aquaporins are small in size and are highly basic in nature. They possess a very short
cytosolic N-terminal region which is the reason for their small size. In recent studies
on Arabidopsis, the SIPs were mainly found in endoplasmic reticulum and scarcely
present in plasma or vacuolar membranes (Ishikawa et al. 2005).

8.2.4 Plasma Membrane Intrinsic Proteins (PIP)

This is the largest subfamily of plant aquaporins having 13 members in Arabidopsis,
14 in maize, 11 in Oryza sativa, and 14 in Populus trichocarpa (Chaumont et al. 2000;
Johanson etal. 2001). The most of the PIPs are localized in plasma membrane (Fig. 8.1)
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and are further divided into two phylogenetic groups viz. PIP1 and PIP2 (Zardoya
2005). The two subgroups differ in their length of N and C terminals. The amino
acid residues at the selectivity filter are similar but PIP1 and PIP2 differ in their
permeability properties and cellular functions (Wallace and Roberts 2004). Members
of PIP2 subgroup are more efficient water channels as compared to PIP1 subgroup.
In various studies using Xenopus oocytes or yeast membrane vesicles as heterologous
expression system PIP2 aquaporins exhibit 5- to 20-fold increased water permeability
compared to control values (Daniels et al. 1994; Tornroth-Horsefield et al. 2006;
Weig et al. 1997). Some members in the PIP1 subfamily are capable of transporting
glycerol (Biela et al. 1999; Moshelion et al. 2002), urea (Gaspar et al. 2003), and
CO, (Uehlein et al. 2003). Hordeum vulgare PIP2;1 and tobacco PIP1 appear to
transport CO, in addition to water (Uehlein et al. 2003; Flexas et al. 2006; Hanba
et al. 2004). Hence, PIP aquaporins have a role in developmental and environmental
response mechanisms which include general osmotic homeostasis, water uptake
from the soil, transpiration, stomatal aperture control, cytosolic osmotic homeosta-
sis, leaf movement, floral expansion, and postmeristematic elongation (Maurel et al.
2002; Tyerman et al. 2002).

Apart from the four major families of AQPs, few others like X intrinsic protein
(XIP), hybrid intrinsic proteins (HIP) and GlpFlike intrinsic protein (GIP) have
been identified by researchers. Members of these families are the least characterized
and therefore studies have to be carried out to gain insight into solute transport,
expression, post translational modifications and other properties.

8.3 Molecular and Cellular Properties

As discussed previously, AQPs are essentially a sub group of intrinsic water channel
proteins belonging to the MIP family and are known for their role in facilitating bi-
directional water flow and movement of low molecular weight molecules across
cell membranes i.e. plasma and vacuolar membranes, after osmotic or hydrostatic
pressure gradients get created (Chrispeels and Maurel 1994; Javot et al. 2003;
Postaire et al. 2010). More than 150 AQPs have been identified in organisms rang-
ing across the microbial world to the animal and plant kingdoms as well. Plants
enclose a large number of AQPs with discrete cell type- and tissue defined expres-
sion patterns. Some of these are expressed as a result of constitutive gene regula-
tion, whereas the expression of others is regulated in response to different
environmental factors, such as drought and salinity. AQPs also have a strict ionic
selectivity, and are in particular totally impermeable to protons. This is a crucial
property in view of the important proton gradients that are present across plant
membranes. Plant AQPs came into limelight with their discovery in intracellular
membranes in soybean root cells (Sandal and Marcker 1988). Subsequently, their
presence in Arabidopsis vacuolar membranes (Maurel et al. 1993) also further drew
attention to their much elusive role in plant cells. Since the past two decades, around
13 AQP isoforms or homologues in the model plant Arabidopsis, are supposed to be
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predominantly intracellular, however despite all this, their function is intangible.
The high number of plant intracellular AQPs has, of course, to be related to the high
diversity of AQPs in plants compared with animals (Agre 1998; Maurel et al. 2008).
The relevance of AQPs to plant cells needs to be understood at the molecular and
cellular level to unravel their precise functions in homeostatic regulation and signal
cascading. As this is a family with many structural homologues, their individual
properties can be very specific and discrete, depending upon structural and phylo-
genetic rearrangements. Abundant studies have exposed an array of transport prop-
erties in between, as well as within plant AQP subclasses (Maurel et al. 2008). The
most universal substances exchanged via these gated channels includes water, glyc-
erol, urea, hydrogen peroxide (H,0,), metalloids, organic acids and gaseous com-
pounds such as ammonia (NH,) and carbon dioxide (CO,). Subsequent studies on
other plant AQPs apart from Arabidopsis cells revealed diverse functions, such as
urea and glycerol transport in tobacco cells and rice Tonoplast Integral Proteins
(Flexas et al. 2008; Gerbeau et al. 1999; Heckwolf et al. 2011; Becker 2011;
Terashima and Ono 2002; Vera-Estrella and Bohnert 2011; Wang et al. 2011).

Regardless of their amino acid composition, AQPs can infuse small molecular
sized neutral gases such as nitric oxide (NO) and CO, across membranes (Wu and
Beitz 2007). However, the movement of larger solutes, such as salicylic acid, lactic
acid or urea, appears to be challenging to most AQP isoforms, though some recent
studies claim the contrary for the same. For uninhibited transport via these channels
which are ‘gated’ two pore constrictions have been identified as important selectiv-
ity filters. One such constriction is formed by the NPA region. Water molecules
form a single file in the aqueous pore and are reoriented upon interaction with the
Asn residues of the NPA region (Tajkhorshid et al. 2002). This mechanism and a
strong electrostatic field provide bases for blockade of proton conduction across the
gated channels (de Groot et al. 2003). A second constriction, called At/R, is located
on the extra-cytoplasmic mouth of the pore. It is formed by four residues including
Aromatic residues and an Arg (R) residue, hence this name. This arrangement func-
tions as a selectivity filter, due to stearic effects and the R residue acts as a site for
electrostatic repulsion of protons (Fujiyoshi et al. 2002). One characteristic molecu-
lar feature that vitally point’s out towards selective transport properties of AQPs is
the R constriction, and dissimilarities in this site are thought to be the decisive rea-
son for the broad permeant range exhibited by plant AQPs (Wallace and Roberts
2004; Bansal and Sankararamakrishnan 2007; Li et al. 2009a; Benga 2012). As a
result of this differential sequence arrangements specific to the R constriction, cat-
egorization of AQPs depending on this structural motif offers a constructive tool to
envisage substrate specificities. A simulative modelling approach, based on the
presence of four residues in the pore region that form the R site, has resulted in the
classification of plant AQPs into eight groups (Wallace and Roberts 2004). Pore
diversity is mostly obvious for those AQPs whose expression is mainly intracellular.
For example, members of the TIP family bunch in three groups, whereas members
of the NIP and SIP families form two distinct subgroups each. On the contrary, all
PIPs cluster in one group with strong structural and functional affinities to HsAQP1,
indicating their major role as water channels.
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The detection of AfTIP1; 1 which is the first water channel protein recorded in
plants, in tonoplasts (Maurel et al. 1993), encouraged research on the water trans-
port properties of the Tonoplast Proteins (TP). Maurel et al. (1997) analyzed vesicles
from purified tobacco suspension cells for analyzing water transport abilities in TP
vesicles. Further; experiments on isolated vacuoles from different plants confirmed
the high osmotic water permeability across the tonoplasts (Morillon and Lassalles
1999). Progression or stress-induced changes in vacuolar membrane systems have
been observed for different cell types. TIPs that have been primarily used as mark-
ers to follow changes in vacuole physiology, participate in these changes. Vera-
Estrella et al. (2004) observed a rearrangement of vacuoles from suspension cell
cultures of M. crystallinum, accompanied by re-distribution of McTIP1;2 into endo-
somal compartments, on account of mannitol treatment. This indicated that AQPs
are capable of transporting water at a faster rate, and this resulted in restoration and
maintenance of cell osmolarity under difficult osmotic conditions. Also, the rear-
rangement of the Arabidopsis TP is in accordance to formation of vacuolar macro
domains, labelled by TIP1; 1 (Beebo et al. 2009). Interestingly, the vacuolar mem-
branes of apposing TPs are characteristically rich in this AQP and their reshaping
may lead to formation of membrane structures such as bulbs (Saito et al. 2002).
These spherical structures have been cited in speedily growing cotyledon cells of
Arabidopsis. This process gives rise to a controlled TP water permeability. Similar
bulb-like structures are also reported in guard cells (Tanaka et al. 2007). Also, TIP
activity in the TP has direct effects on vacuolar and cellular expansion and growth,
in protoplasts from BY-2 cells. Sade et al. (2009) considered that SITIP2; 2 isoform
of tomato (Solanum lycopersicum) which was contained in vacuoles enhanced water
transport upon expression in Arabidopsis protoplasts. Over-expression of the protein
in transgenic tomato improved yield parameters (plant biomass and fruit production)
in field trials under normal conditions as well as under salt or drought stress condi-
tions. On the other side, over-expression of SITIP2; 2 led to increased transpiration
rates even under control conditions. Under drought and salt stress, the transgenic
lines, compared with control plants, showed a smaller reduction in transpiration rate
and a faster recovery after stress. These fluctuating changes indicated a deflection
from isohydric behaviour to anisohydric behavior. In the case of the transgenic
tomato plants, it was hence thought that vacuolar over-expression of SITIP2; 2 were
able to evade stress-induced down regulation of endogenous TIPs and thus con-
ferred anisohydric growth behavior. An Arabidopsis mutant lacking TIP1; 1 showed
40% reduction in length of primary root in comparison to wild type, when grown on
glycerol containing media (Beebo et al. 2009). A proposition of TIPs in the transfer
of urea was indicated in tobacco suspension cells, where, with the expression of
N¢TTIPa (a urea-transporting TIP), TP vesicles showed a 70-fold higher permeability
to urea than the corresponding PM vesicles (Gerbeau et al. 1999).

In the recent years, urea transport has been reported in members of almost all TIP
subclasses in Arabidopsis, including AfTIP1;1, AfTIP1;2, AfTIP1;3, AfTIP2;1,
AfTIP4;1 and AfTIP5;1 (Liu et al. 2003; Soto et al. 2008). Plants also harbour a
high-affinity urea transporter belonging to the sodium solute transporter protein
family (Kojima et al. 2006). The transport of NH, was reported for members of the
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TIP2 subfamily from wheat (7aTIP2; 1) and Arabidopsis (AfTIP2; 1, AfTIP2; 3)
(Jahn et al. 2004; Loque et al. 2005) and more recently for AfTIP1; 2 (Dynowski
et al. 2008). TIPs might rather play a role in subcellular partitioning of NH, and
contribute to the detoxification of excess amounts of NH, in the cytosol. A correla-
tion of AQPs with nitrogen transport, storage and/or assimilation has also been sug-
gested by gene expression analyses. For instance, expression of AfTIP1;2, AfTIP2;1
and AfTIP4;1 in roots and seedlings of Arabidopsis was up-regulated under condi-
tions of nitrogen deficiency (Liu et al. 2003) while AfTIP2;1 and AfTIP2;3 showed
an ammonium-induced up regulation (Loque et al. 2005). Similarly, AQPs for H,O,
include AfTIP1; 1, AfTIP1; 2 and AfTIP2; 3 as (Bienert et al. 2007; Dynowski et al.
2008). In plants, H,O, serves as a signalling molecule and it has been proposed that
AQPs themselves could be subjected to H,O,-dependent regulation (Henzler et al.
2004; Boursiac et al. 2008).

Research in recent years on plant MIPs has revealed an expansion in the sub-
strates found to be transported via these membrane channels. Hove and Bhave
(2011) revealed that the molecular and cellular properties of AQPs depend upon the
structural organization as well as on the nature of molecules being transported
across the membranes. Many metabolic reactions and storage functions carried out
by plant cells are required to be precise and localized and for this, higher plants have
evolved with specifically high degree of sub cellular compartmentation. As a result
of this diversification of functions, the cell organelles exhibit a huge facade of
specific transport properties, each being supported by its own specialized protein
equipment. AQPs have emerged as this class of central proteins that determine and
organize organelle specialization. It has been realized that AQPs are not simple
water channels but can exhibit varied transport-selectivity properties. Additionally,
the large range of developmental, tissue-specific and sub cellular expression pat-
terns that have been revealed can now largely be held accountable for the high
multiplicity of AQP isoforms in plants. The intricate pattern of overlapping trans-
port activities and subcellular localizations makes it difficult to understand the
organelle- and/or isoform-specific functions of plant AQPs. Single molecular level
studies are a recent approach to understand the molecular role of Arabidopsis thali-
ana PIP2; 1 via variable-angle evanescent wave microscopy and fluorescence cor-
relation spectroscopy (Li et al. 2011). The molecular and functional characterization
of protective proteins and aquaporins has revealed the importance of their regulation
in response to various abiotic stresses (Hussain et al. 2011).

8.4 Mechanism of Transport

Although most plant AQPs show a high degree of homology to each other, despite
this, they are contained in very specific sub cellular membranes. Very less is
known about signal targeting of plant membrane proteins inclusive of AQPs. The
early classification of plant AQPs in so-called PIPs and TIPs also indicates the
possibility that the final membrane destination of a plant AQP is deduced from its
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primary sequence. Recent research has indicated that the intracellular localization
of plant AQPs is influenced by a wide range of determinants, including targeting
motifs, post-translational modifications and protein—protein interactions. Although
the progress has mostly concerned the trafficking of PIPs to the plasma membrane
(PM), it indicates a variety of mechanism that is expected to determine trafficking
of intracellular AQPs. Usually, aquaporins are selective for water alone and aqua
glyceroporins are known to be carriers to carrying water and small uncharged
solutes including glycerol. The role of aquaporins as dual water and gated ion
channels can be evaluated with various molecular and pharmacological tools.
Finally, recent studies have shown that AQPs undergo modifications, such as
phosphorylation (Prak et al. 2008), glycosylation (Vera-Estrella et al. 2004) or
ubiquitination (Lee et al. 2009), which accompany a stress-induced or develop-
ment-induced shift in their sub cellular localization. These aspects will have to be
refined to understand in more detail the versatility and functional fine-tuning of
intracellular AQPs. PIPs are shown to be primary channels mediating water uptake
in plant cells. Water transport activity and mechanisms for the regulation of
Hordeum vulgare PIP aquaporins, HvPIP2 have been successfully explored in
Xenopus oocytes (Horie et al. 2011). Similarly, Major intrinsic proteins (MIPs)
transport water and uncharged solutes across membranes. Recently, an uncharac-
terized MIP subfamily identified in the genomes of plants and fungi known as X
Intrinsic Proteins (XIPs) have come to focus for their transport abilities. The
genetic features, localization, expression, and transport functions of a group of
Solanaceae XIPs have been recently (Bienert et al. 2011).

During the route of their production, synthesis, maturation followed by secretion,
all AQP isoforms are transported through secretory pathways before reaching their
objective compartments within the plant cell. Some AQPs, however, have been
distinctively restricted at the input or at the start of this pathway, i.e. the endoplas-
mic reticulum (ER) (Ishikawa et al. 2005). AQPs that reside in the ER include SIPs
(Johanson and Gustavsson 2002). Their specific localization in the rough ER and in
other ER sub domains has been determined through expression of GFP—SIP fusion
proteins in protoplasts of Arabidopsis suspension cultures, along with immune blots
on membrane fractions purified from these cells. The ER compartment is the largest
membrane surface area in plant cells. It is proposed that the complex sheet system
of ER membranes is considered to act as giant vacuoles. By extending throughout
the cytoplasm and surrounding the vacuoles, the ER might represent a barrier to
intracellular water transport. Hence, the presence of AQPs may facilitate water
fluxes across the double sheets of the ER membranes. In relation to their degener-
ated NPA motif, SIPs may also transport molecules other than water.

Plant endosomes are also intracellular organelles that denote variable biochemi-
cal composition and flexible structure. Endosomes are shown to enable the consti-
tutive turnover of PM proteins, including the auxin-induced recycling of PIN
proteins (Geldner et al. 2003) and the internalization of PIP AQPs (Paciorek et al.
2005). It is accepted, however, that the presence of PIPs in endosomes just reflects
a dynamic regulation of their density at the PM and their sorting between storage
or degradation paths. Chloroplasts are unique plant organelles that perform the
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essential yet basic process of photosynthesis. Because it requires the diffusion of
atmospheric CO, into the stroma of the chloroplast, photosynthesis can be limited
by the stomatal conductance and also by the mesophyll (or internal) conductance to
CO,. Terashima and Ono (2002) showed that mercurial compounds, which act as
general and nonspecific inhibitors of AQPs, were able to decrease the internal con-
ductance of Vicia faba and Phaseolus vulgaris without changing the assimilation
rate of chloroplast CO,. The implication of this transport property was eventually
established by analysing transgenic tobacco plants that over expressed, or were
deficient in, NtAQP1. These materials revealed a strong relationship between the
changing levels of NtAQP1 and the corresponding gm values (Flexas et al. 2008;
Uehlein et al. 2003). A mutant Arabidopsis thaliana AtPIPI; 2 gene, has been
characterized as a CO, transport-facilitating aquaporin in heterogonous expression
systems with reduction in photosynthesis under the influence of varied atmospheric
CO, concentrations (Heckwolf et al. 2011). Specific aquaporins as membrane intrin-
sic pore proteins are now known to have a function in the alteration of membrane
CO, conductance (Kaldenhoff 2012).

Mitochondria are ubiquitous organelles of eukaryotic organisms. They play a cru-
cial role in cell energy metabolism and harbour various anabolic and catabolic reac-
tions. Mammalian AQP8 and AQP9 have beenrecently detected ininner mitochondrial
membranes (Amiry-Moghaddam et al. 2003; Calamita et al. 2005). The membrane
differentiated by the host plant cell to surround the bacterial endosymbiont is referred
to as the peribacteroid or symbiosome membrane (Patriarca et al. 2004). Among the
nodule-specific proteins (nodulins) of soybean (Glycine max), GmNOD26 was
identified as one of the most abundant proteins of the peribacteroid membrane
(Fortin et al. 1987). This nodulin was actually the first MIP to be described in plants
and further served as a founding member of the NIP subfamily. Recently, members
of the Nodulin 26-like intrinsic protein (NIP) subfamily of plant aquaporins were
shown to transport arsenite in O. sativa and Arabidopsis. Certain members of the
rice PIP subfamily are also involved in Arsenic tolerance and transport (Mosa et al.
2012). Previously, it’s known that the (Oryza sativa silicon transporter Lsil (OsNIP2;
1, an aquaporin channel) is the major entry for Aquaporins-6; plant Nodulin-26 route
of arsenite into rice roots (Zhao et al. 2010). Also, gated ion channel activity has
been shown). Hence, the entire movement and transportation of solutes and organic
molecules with the cells happens via various sub families of gated ion channels
called the AQPs present within the cellular and organelle membranes.

8.5 Molecular Mechanisms of Regulation of Plant Aquaporins

8.5.1 Transcriptional Regulation

Transcriptional regulation of AQPs is related to the regulation of water transport
via variation in channel density in the target membranes. Expression of particular
AQPs are specific for certain cell types and organs however, their expression vary
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diurnally and in response to environmental or developmental influences. It was
suggested by Srivastava et al. (2010) that AQP genes PIP-1;4 regulate the loss of
water under stress conditions. In the endodermis of Arabidopsis roots, expression
of PIP1 AQP was greater than in its cortex (Schaffner 1998). Their expression
levels are high in the regions of concentrated water flow (Hachez et al. 2006;
Vandeleur et al. 2008). Cells in exodermis closely associated with the xylem ves-
sels and the cells present in the phloem bundles showed strong antibody signals as
compared to pre-immune serum controls. In the expression of MIPs, diurnal
fluctuations have also been reported (Henzler et al. 1999; Lopez et al. 2003; Sakurai
et al. 2005; Yamada et al. 1997) and they have also been correlated with water
transport (Henzler et al. 1999; Moshelion et al. 2002; Vandeleur et al. 2005).
Further, Janz and co-workers (2010) observed the low transcriptional responsive-
ness of Populus euphratica towards salt stress and thus possess the stimulation of
stress protective genes. During the day, changes in expression in leaves have been
correlated with the leaf water potential (Yamada et al. 1997). In case of maize
ZmTIP2-3 expression started to increase prior to the light period and it was at its
highest after 4 h of light (Lopez et al. 2003). According to Sakurai et al. (2005),
diurnal fluctuations were observed in the roots of Oryza sativa PIP2 genes,
OsPIP1;2 and OsPIP1;3 and they were at their peak after 3 h of onset of light and
decreased to their minimum after 3 h of the onset of darkness. In response to many
environmental factors like water stress, salinity, anoxia, nutrient depletion, hor-
mones, low temperature and light, aquaporins have been found to be up and down-
regulated (Bramley et al. 2007).

8.5.2 Post-translational Regulation

One method of the post-translational regulation of the activity of AQP is reversible
phosphorylation. Water permeability is increased by phosphorylation of plant MIPs
(Guenther et al. 2003; Johansson et al. 1998; Maurel et al. 1995). The process of
de-phosphorylation occurs by a Ca** dependent protein kinase at two highly con-
served serine residues, namely Ser 115 in cytosolic loop B and the other one is Ser
274, in the C-terminus. Residues present in the D-loop of SoPIP2;1 are involved in
gating of the channel. According to the structure, loop-D has additional 47 amino
acid residues, related to PIP subfamily, which caps the pore of the aquaporin occlud-
ing the pore from the cytosol (Tornroth-Horsefield et al. 2006). Water permeability
of plasma membrane is regulated by cytosolic pCa (free calcium ion concentration)
and pH. According to Alleva et al. (2006) in the storage roots of Beta vulgaris,
measurements on plasma membrane vesicles have revealed very high water perme-
ability, which was strongly regulated by pCa and pH. Gerbeau et al. (2002) reported
that in the presence of magnesium and calcium ions, Arabidopsis Lpcell was reduced
by 35% and 69% respectively. Two aquaporins namely, PIP1 and PIP2 have a histi-
dine residue His 197, which is pH sensitive. When roots are subjected to anoxic
stress due to a decrease in cytoplasmic pH, this helps in explaining the reduction in
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root hydraulic conductivity (Tournaire-Roux et al. 2003). It was observed that in
different plants, the modification of PIP aquaporin expression might be one of the
causes of salinity stress response (Marulanda et al. 2010).

Evidences for mechano-sensitive gating of AQPs have also been over-emphasized
in the literature. For example, Wan and co-workers (2004) reported that Lpcell of
maize root cortical cells decreased due to large pressure pulses. Activity of AQP
based on Lpcell in Chara was also inhibited in the presence of high concentrations
of osmotic solutes and with increasing the size of these solutes, decreased more
strongly (Ye et al. 2005). Osmotic solutes also gate the water permeability of the
symbiosome membrane containing NOD26 (Vandeleur et al. 2005). Interaction
between different AQPs either in the membrane or via targeting to the membrane
also regulate the AQP activity (Fetter et al. 2004). In Xenopus oocytes, osmotic
water permeability was increased due to the co-expression of ZmPIP1;2, which has
low activity with ZmPIP;4 or ZmPIP2;5 and it has been also reported for two grape-
vine AQPs namely VvPIP1;1 and VvPIP2;2 (Vandeleur et al. 2008). In living maize
cell, physical interaction with PIP2 is needed to traffic PIP1 from the endoplasmic
reticulum to the plasma membrane (Zelazny et al. 2007). Water/solute permeability
is regulated by redistribution of AQPs via endomembrane vesicles and it occurs in
response to osmotic stress (Vera-Estrella et al. 2004).

8.6 Aquaporin Activity/Functions

AQPs play essential role in the regulation of plant water status and expenses.
Their gene expression depends upon the type of AQPs, plant organ and water
stress level. Expression of AQP was responsive to water stress, related to homeo-
stasis (Alexandersson et al. 2010) and it led in constant hydraulic conductivity
and leaf water potential (Galmes et al. 2007). These proteins are responsible for
water uptake and transport by roots, due to their involvement in root conductivity
(Henzler et al. 1999; Tyerman et al. 2002). AQPs help in opening and closing the
gate which regulates water movement in and out of cells. They trigger both revers-
ible and irreversible circadian-regulated alterations in the cell volume of the leaves
(Farre 2012). Involvement of AQPs in stem conductivity has been documented by
Siefritz et al. (2002). According to Holbrook and Zwieniecki (1999) and Tyree
et al. (1999), specific role of AQPs has been observed in the xylem conduit after
recovering from drought induced embolism. Some AQPs have also been reported
to perform certain specific activities like transport of ammonia and other sub-
stances (Tyerman et al. 2002; Luu and Maurel 2005), such as CO, in the leaf
mesophyll during photosynthesis (Uehlein et al. 2003; Hanba et al. 2004; Flexas
et al. 2006). AQPs help in passive transport of urea along a concentration gradient
through a channel with the help of ZmNIP2;1, ZmNIP2;4 and ZmTIP4;4 genes
(Gu et al. 2012; Witte 2011). According to Lovisolo et al. (2008), AQPs can
account for well over 40% of the flow across roots under transpiring conditions.
Some AQPs are constitutively expressed, while certain factors including different
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stimuli such as hormones, adverse environmental conditions like drought and
salinity regulate the expression of other AQPs (Johansson et al. 1996; Vera-
Estrella et al. 2004). Under water deficit conditions, their expression has been
shown to increase, decrease or remain unaffected (Alexandersson et al. 2005).
According to Kanai et al. (2011), in water uptake of roots, AQPs along with
K-channel transporters regulate the stem diameter dynamics of green house
Lycopersicon esculentum plants. During environmental changes, gene expression
responses within hours and their expression pattern involves acclimation mecha-
nisms with long term water shortage, remains to be elucidated. Expression of
AQPs was studied in Richter-110 (Vitis sp.) by Galmes et al. (2007) during the
water stress conditions. Their expression altered in leaves from no change to ten-
fold. Due to the water stress imposition, stress maintenance and re-watering con-
ditions, their expressions showed a similar pattern in leaves. During severe stressed
conditions, these plants showed similar or increased expression of AQPs genes
than control values. Rewatering led in maintenance or enhancement in the expres-
sion level of AQPs and their expression was also dependent on their specific type
and intensity of stress.

Due to variation in AQPs abundance and activity, the plants could enhance rap-
idly water flux from the roots, in response to environmental changes (Luu and
Maurel 2005). According to Henzler et al. (1999), AQP gene expression is stimu-
lated at daytime, increasing water inflow as the transcription rate increases. Root
hydraulic conductance could be changed during daytime according to gene expres-
sion (Henzler et al. 1999; Martinez-Ballesta et al. 2003a). It has been observed that
during the day, leaf hydraulic conductance (K, ) increases in response to enhanced
demand of water due to stomatal opening (Tsuda and Tyree 2000). K, . of walnut
leaves (Juglans regia) was found low in dark conditions and due to exposure to
sunlight, it was increased by 400% (Cochard et al. 2007). It was analyzed that low
K. in dark is associated with down-regulation of JrPIP2 AQP, whereas high K. in
light was due to up-regulation of JrPIP2. Similar results were analyzed by Tyree
etal. (2005), where increase in K, . was observed by irradiance, which was induced
by de novo expression of aquaporins. Enhancement in K, is also due to activation
of pre-existing AQPs and consequent increase in water transport.

There is also correlation between diurnal variation in root hydraulic conductivity
and the expression of AQPs (Martinez-Ballesta et al. 2009). It has been reported that
in Lotus japonicus (Henzler et al. 1999) and Arabidopsis (Martinez-Ballesta et al.
2003a), water uptake and AQP transcript levels were found to increase during the
light cycle. Decrease in the amount or activity of AQPs in the root plasma mem-
brane leads to large reduction in root hydraulic conductance under salinity (Carvajal
et al. 1999; Martinez-Ballesta et al. 2000). It was reported that NaCl could influence
negatively the function of AQPs, thus the water channels could be strongly reduced
in number. AQPs help in mediating the mass flow of water within the plants. Protein
abundance is the critical parameter for understanding their function at tissue, cell or
subcellular level.
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8.7 Aquaporins in Plant Growth and Development

8.7.1 Water Transport

Water is a necessary element of living organism. In plants water is transported from
root to shoot system by hydrostatic and osmotic pressure gradient. The water evapo-
rates form leaves of plant by transpiration and act as resistance to the water flow.
But the roots can also play role as a barrier (Martre et al. 2001; Steudle 1994; Steudle
and Peterson 1998). AQPs are major intrinsic proteins and assist in the flow of water
across cellular membranes (plasma and vacuolar membranes), according to the
osmotic or hydrostatic pressure gradients (Chrispeels and Maurel 1994). AQPs help
in the water transport by opening and closing the gate which regulates the move-
ment of water. AQPs which are present in the plasma membrane of plant help the
plants to survive in the midst of the rapid changes in the water availability. It is
investigated that in water deficit conditions tonoplast AQP gene is expressed for
precise regulation of water in cauliflower can be associated with important cytologi-
cal changes in the cells. It has been suggested that the decrease in root hydraulic
conductance by salinity may have relation with the decrease in concentration or
activity of AQP in the root plasma membrane (Carvajal et al. 1999; 2000). It is
strongly supported that the aquaporins have more role in the water transport than
previously thought, even in the conditions of transpiration (Knipfer and Fricke
2010, 2011; Fritz and Ehwald 2011). The experimental studies of Shelden (2007)
show that there is a difference between the expression profile of AQPs to water
stress in roots and petioles of two grapevine varieties. Galmes et al. (2007) has sug-
gested that AQPs are responsive to the water stress as part of homeostasis leading to
the constant leaf water potential and hydraulic conductivity. Kaldenhoff et al. (1998)
has showed in Arabidopsis about the significance of PIPs in water transport using
antisense technology. Morillon et al. (2001) has suggested that brassinolide has
effect on the regulation of AQP activities in the Arabidopsis thaliana to be involved
in the modification of water transport properties of cell membranes. Fetter et al.
(2004) has illustrated that co-expression of ZmPIP1;2 and different maize
PIP2isoforms led to increased water permeability, depending on the quantity of
ZmPIP1;2 cRNA injected into Xenopus oocytes.

8.7.2 Nitrogen, Carbon, and Micronutrient Acquisition

Nitrogen is a basic constituent of many molecules and also used in the form of fertil-
izers. NO,™ and NH," are the main forms to be applied as fertilizers. Gases like
carbon dioxide and ammonia pass through the plasma membrane by dissolving in
lipids and their transport is also reported to be facilitated by AQPs (Prasad et al.
1998; Terashima and Ono 2002). The less specific AQPs help in the transport of
ammonia, urea, glycerol, carbon dioxide, boron, hydrogen peroxide (Biela et al. 1999;
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Dordas et al. 2000; Gerbeau et al. 1999; Hanba et al. 2004; Henzler and Steudl
2000; Loque et al. 2005). It has been reported by Beebo et al. (2009) that Arabidopsis
plants lacking TIP 1;1 when grown on glycerol has a reduced length of primary root
as compared to the wild plants showing that AQPs has role in the transport of glyc-
erol. In tobacco plants, the CO, assimilation rate increased in leaves over-expressing
AtPIP1;2 (PIP1b) or NtAQP1(Aharon et al. 2003; Uehlein et al. 2003).

The first plant AQPs with glycerol permeability was found in soybean root nod-
ules (Dean et al. 1999; Rivers et al. 1997). By using the cryo-electron microscopy
and X-ray studies a mechanism of water and glycerol transport in E. coli by GlpF
glycerol facilitator was found (de Groot et al. 2003; Fujiyoshi et al. 2002). Further
Schuurmans et al. (2003) has suggested PsNIP-1 as the aquaglyceroporin of Pisum.
Members of the NIP, PIP, and TIP subfamilies have been revealed to facilitate the
transport of urea across membranes (Gerbeau et al. 1999; Klebl et al. 2003; Liu
et al. 2003; Wallace and Roberts 2005). The aquaglyceroporin Fpslp from
Saccharomyces cerevisiae has been exposed to mediate the transport of the undis-
sociated form of acetic acid across yeast membranes (Mollapour and Piper 2007).
In rice, Zhao et al. (2010) showed that OsNIP2:1 help in the efflux of As(OH),
approximately 15-20% of total Arsenic toxification and thus indicate that plant
aquaporins help in the arsenic detoxification.

8.7.3 Plant Reproduction

Optimum temperature, moisture and oxygen are the basic needs of seed to germi-
nate. Seed germination involves three phases’ imbibition, synthesis of enzymes and
cell elongation. Enzymes breakdown the stored material and produce energy needed
for the growth of seedling. Different plants such as Arabidopsis, rice, canola, pea,
spruce, and tobacco has been studied to find that AQPs help in the transport of water
during seedling germination and establishment. Toole et al. in his studies has shown
early this by his experiment. In his experiment mercury was used to inhibit the
AQPs which result in the delayed seed germination and also delayed the seed coat
rupture and radicle emergence (Toole et al. 1956). There are number of studies to
show that AQP is involved in the imbibition of water during seed germination.
Schuurmans et al. (2003) established that PIP1;1 are activated in mature seeds and
during germination to help in the water absorption in Pisum sativum. There are
almost 15 AQPs in the sexual reproducing organs of plants which show that water
flow is important in this. In tobacco, NtPIP1; 1 and PIP2; 1 are expressed in repro-
ductive organs, PIP1; 1 is highly expressed in the stigma, and both AQPs are
expressed in the anther (Sakurai et al. 2005). There are many aquaproteins which
are expressed in the zone of cell elongation and cell enlargement in plants like
Q-TIP of Arabidopsis and maize and N-TIP of spinach. Several AQPs have been
shown to be expressed in zones of cell enlargement and cell elongation e.g. Q-TIP
of Arabidopsis (Ludevid et al. 1992) and maize (Chaumont and Barrieu 1998) and
N-TIP of spinach (Karlsson et al. 2000).
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8.7.4 Plant Movements and Rhythms

AQPs also play a specific role in the transport of NO which is a hydrophobic gas
and it help the plants in many physiological processes (Herrera et al. 2006). Further
Neill et al. (2008) has suggested that in plants, NO triggers signaling pathways
which are involved in programmed cell death, pathogen defense, flowering, sto-
matal closure, and gravitropism. AQPs help in the transport of water which in turn
helps in the movement of leaf and petal (Azad et al. 2004; Moshelion et al. 2002;
Siefritz et al. 2004).

8.7.5 Photosynthesis

The rate of photosynthesis depends on the rate of CO, diffusion. As it has been found
that aquaporins has role in CO, diffusion it shows increase in photosynthetic activity
also (Aharon et al. 2003). There is increased net photosynthetic rate and leaf growth
in tobacco plants which express NtAQP1 as compared to NtAQP1-silenced plants
(Uehlein et al. 2003; 2008). Terashima and Ono has proposed that AQPs has impli-
cation in leaf internal CO, conductance. Vera-Estrella et al. (2012) has suggested a
role for AQPs in maintaining water balance during CAM in Mesembryanthemum
crystallinum and highlights the complexity of protein expression during the CAM
cycle.

8.7.6 Symbioses: Mycorrhiza and Rhizobial Nodulation

The first plant NIP identified is GmNOD26 is found to be symbiotically expressed
to nitrogen-fixing nodules formed after infection of soybean by Rhizobiaceae bac-
teria. There is a 55% increase in Lp_ (root hydraulic conductivity) in poplar mycor-
rhized plants as compared to non-mycorrhiza plants which can be because of
enhanced expression of aquaporins. The expression of AQP genes has been altered
by the arbuscular mycorrhizal fungus Glomus mosseae in Glycine max and Lactuca
sativa roots which apparently provided a mechanism that enhanced host plant toler-
ance to water deficit (Porcel et al. 2005). In bean (Phaseolus vulgaris), the expres-
sion of PIP1; 1 has been reduced by mycorrhizal formation but increased the
expression of PIP1; 2. In Medicago truncatula, a number of PM (plasma mem-
brane) proteins were differentially regulated by inoculation of Glomus intraradices
(Valot et al. 2005). It has been reported that the expression of several PIP genes has
been regulated by the presence of the ectomycorrhizal fungus Amanita muscaria in
Populus tremula -tremuloides roots under optimal conditions (Marjanovic et al.
2005a). Mycorrhizal plants contain their own aquaporins in their fungal mycelia but
there is very little information about their role in the water transport (Aroca et al.
2009; Lehto and Zwiazek 2011). Mycorrhizas may have an effect on the cell to
cell water transport through effects on plant aquaporin expression and activity
(Ruiz-Lozano and Aroca 2010).
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8.7.7 Plant Nutrition

Like other living organisms plants also require nutrients for proper growth and
development. These nutrients include nitrogen (N), phosphorus (P), potassium (K)
calcium (Ca), sulphur (S), magnesium (Mg), Silicon (Si), boron (B), chlorine (Cl),
manganese (Mn), iron (Fe), zinc (Zn), copper (Cu), molybdenum (Mo), nickel (Ni),
selenium (Se), and sodium (Na). It has been found that McTIP1; 2, an aquaporin
from Mesembryanthemum, to be permeable to K* (Vera-Estrella et al. 2004). Boron
is important as it is a micronutrient. The boron permeability of purified plasma
membrane vesicles which were obtained from squash (Cucurbita pepo) roots had
been found that they are six times higher in the permeability as compared to the
microsomal vesicles and boron permeation was partially inhibited by mercuric
chloride or phloretin. Expression of a PIP1 aquaporin in oocytes has increased the
boron permeability by about 30% (Dordas et al. 2000). It has been found that aqua-
porin AtNIPS5; 1 is essential for the uptake of boron under boron limiting conditions
(Takano et al. 2006). The first silicon (Si) transporter revealed in vascular plants
was MIP OsNIP2; 1 from rice. The roles of different MIP isoforms have been found
in rice, maize, and barley in Si uptake and distribution (Ma et al. 2006). Further
studies by Hachez and Chaumont (2010) revealed that some AQPs are strict water
channels but others can help in the transport of wide range of non polar solutes like
urea or glycerol and also unusual permeants like gases carbon dioxide and nitric
oxide which are non polar and polar gases like ammonia, reactive oxygen species
hydrogen peroxide and metalloids antimonite, arsenite, boron and silicon.

8.8 Aquaporins in Defense Reaction

8.8.1 Changes in Irradiance

Light is a major environmental factor. Changes in light intensity and diurnal
changes also affects the plant metabolism and so the water relations. Light influences
the opening and closing of stomata and it affects the transpiration. The transcript
abundance of SunTIP7 (a TIP homolog), in the Sunflower leave’s guard cells is
under diurnal control and it is maximum during sun setting, during the closure of
stomata, it suggests the role of this aquaporin in efflux of water from guard cells
(Sarda et al. 1997). Diurnal movement of leaves (a process where there is participa-
tion of AQPs) optimizes the light interception. Coordinate shrinking and swelling
of leaves on the opposite sides of pulvinus (a motor organ), determines the move-
ment of leaves in the Mimosaceae. Accompanying the leaf movement there is diur-
nal regulation of osmotic water permeability in the protoplasts isolated from
Samanea saman pulvinus and it is maximum during morning and evening times
(Moshelion et al. 2002). AQP gene expression and apoplastic water flow in bur oak
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(Quercus macrocarpa) leaves in relation to the light response of leaf hydraulic
conductance was studied by Voicu et al. (2009). It was revealed that putative AQP
genes probably do not play a role in the light responses of hydraulic conductance at
the transcript level, but they may function in regulating water homeostasis in leaves
adapted to different light conditions. The hydraulic conductivity of the leaf vascu-
lar system (K| ) decreases under drought stress, possibly in response to Abscisic
acid (ABA), which increases sharply in the xylem sap (ABAXY]) during periods of
drought (Shatil-Cohen et al. 2011).

Further, the study revealed that vascular bundle-sheath cells (BSCs) control K,
via the specific activity of BSC-AQPs. ABA fed to the leaf via the xylem (petiole)
both decreased K|, and led to stomatal closure, replicating the effect of drought. In
contrast, smearing ABA on the leaf blade, while also closing stomata, did not
decrease K, within 2-3 h of application, demonstrating that K, . does not depend
entirely on stomatal closure. The BSCs showed decreased P, in response to ‘drought®
and ABA treatment, and a reversible decrease with HgCl, (an AQP blocker). These
P, responses, absent in mesophyll cells, suggest stress-regulated AQP activity
specific to BSCs, and imply a role for these cells in decreasing K, via a reduction
in P, (Shatil-Cohen et al. 2011). The H,O -regulated expression levels of all plasma
membrane AQPs of Arabidopsis thaliana (AtPIPs) and the permeability of every
AtPIP for H O, was determined in yeast by Hooijmaijers et al. (2012). It was
observed that only certain isoforms of AtPIPs that were regulated by H,O, treatment
were permeable for H O, in yeast cells. It was further suggested the integrated regu-
lation of AQP expression by H O, and emphasized the importance of capacity of
individual AQP to transport H,O,.

8.8.2 Water, Salt, and Nutrient Stresses

There are several evidences of aquaporins role in various cellular processes in
higher plants like solute and nutrient transport, water transport and stress responses
(Johanson et al. 2001; Maurel et al. 2002; Maurel 2007; Tyerman et al. 1999,
2002). The importance of AQPs mediated symplastic water transport was sug-
gested by lower water stress resistance and reduced root hydraulic conductivity
due to downregulation of the expression of AQP gene Nt-AQP1 in Antisense
transgenic Nicotiana tabacum plants (Siefritz et al. 2002). Reduced hydraulic
conductivity of root cortex cells is exhibited in the Arabidopsis knockout mutant
of PIP2;2, which expresses in roots (Javot et al. 2003). Plasma membrane aqua-
porin PIP1b overexpression in Nicotiana tabacum resulted in hypersensitivity to
drought stress (Aharon et al. 2003). It suggested deleterious effect on the plants
during water stress due to increased symplastic water transport via plasma mem-
brane aquaporins. Also, it has been shown that the aquaporin gene family expres-
sion is downregulated by dehydration and other abiotic stresses in Arabidopsis
(Alexandersson et al. 2005; Boursiac et al. 2005; Jang et al. 2004). A relationship
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in functioning of PIP2.1 (aquaporin) and RmalH1 (a RING Membrane-Anchor
E3 Ubiquitin Ligase Homolog), in transgenic Arabidopsis plants for drought tol-
erance was revealed (Lee et al. 2009). Postaire et al. (2010) investigated the
significance of aquaporins for tissue water conductivity in Arabidopsis thaliana
by using a combination of reverse genetics and pharmacological approaches.
They found out that in aquaporin-mediated leaf water transport, AtPIP1;2 plays a
major role and it is the main component of whole plant hydraulics.

8.8.3 Cold Stress

It is one of the abiotic stresses that affect the growth and development of crops and
other plants and it results in huge losses in the crop produce. Jang et al. (2007)
showed that transgenic Arabidopsis plants which overexpressed PIP1;4 or PIP2;5,
showed increased water flow and so more germination under cold stress. Plant cells
enhance their cold tolerance by expression of some cold related genes. In the experi-
ment performed by Li et al. (2009b), GhTIP1; 1 expression was downregulated in
roots but upregulated in cotyledons within a few hours after the cold treatment of
cotton seedling. Lee et al. (2012) compared the effect of low root temperature on
root cell water transport and growth between the Arabidopsis thaliana plants over-
expressing PIP (plasma membrane intrinsic protein) 1;4 and PIP2;5 and the wild
type Arabidopsis thaliana plants. They found out no significant differences in the
relative growth rates of shoot and root between the different plant groups exposed
to 23°C root temperature. There was a statistically significant and sharp reduction
of the shoot and root relative growth rates in the plants overexpressing PIP1;4 and
wild type plants when root zone temperature was decreased from 23°C to 10°C for
5 days. However, there was no significant differences in the relative root and shoot
growth rates at both root zone temperatures in the PIP2;5 overexpressing plants.

8.8.4 Anoxia

Anoxia is the extreme form of hypoxia or “low oxygen” where there is complete
deprivation of oxygen. In temperate latitudes, during winter or after irrigation
flooding of soils occurs and it is a major agricultural problem because it results in
acute deprivation of oxygen (anoxia) of plant roots. Plants respond early to anoxia
by downregulation of water uptake by inhibiting the water permeability (hydraulic
conductivity of roots). AQPs (water channel proteins) of the plasma membrane
intrinsic protein (PIP) subgroup mediates water uptake by roots. During anoxic
stress root water transport is regulated by cell pH through aquaporin gating
(Tournaire-Roux et al. 2003). pH may be responsible for water channels gating or
they could be mechanosensitive or osmosensitive, either directly or indirectly
through phosphoregulation that is Ca?* dependent (Johansson et al. 1998).
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8.8.5 Biotic Interactions

Biotic interactions are sum total of all the effects of one organism on the other in a
community. No organism can live in isolation, for survival it has to interact with the
environment and the other organisms. Plant interactions with soil microorganisms
are very important for mineral nutrition and metabolism of plants and it further
plays a critical role in water relations and environmental stress tolerance in plants.

8.8.5.1 Nitrogen Fixing Bacteria

Association of nitrogen fixing bacteria (diazotrophs) with plant roots is a symbiotic
relationship which is beneficial to both (it is called mutualism), in which nitrogen is
converted into ammonia by enzyme nitrogenase. The reaction is:

N, +8H" +8¢~ — 2NH, +H,

Ammonia produced in this way is used by the plant and the bacteria in turn get
shelter and nutrients from plant roots. GnNOD26, the plant aquaporin to be identified
first, is expressed in nitrogen fixing nodules formed in soybean roots due to the infec-
tion by Rhizobiaceae bacteria (Wallace et al. 2006). GmNOD26 is a peribacteroid
membrane component (this is a plant origin membrane that covers the bacteroid and
so helps in exchanges with the root cell). GmNOD26 is involved in solute transport,
so it has been related to channel-mediated ammonia-import from the bacteroid but the
evidence for this function is less (Niemietz and Tyerman 2000; Wallace et al. 2006).

8.8.5.2 Arbuscular Mycorrhizal (AM) Fungi

Arbuscular mycorrhiza (AM) belongs to the phylum Glomeromycota and it is the
most common of all the mycorrhizal fungi. More than 80% species of vascular
plants show symbiosis with this fungi. Interaction with this mycorrhiza results in
large changes in the anatomy of root cells which involves the differentiation of peri-
arbuscular membrane structures that are carbohydrates, mineral nutrient (phosphate)
and water exchange site with the fungus. The differentiation of these structures
results in large changes in TIP and PIP gene expression. Mycorrhized poplar
plants show a 55% increase in Lpr relative to non-mycorrhized poplar plants. Also
there are changes in the root anatomy; it is due to the enhanced expression of PIPs
(Marjanovic et al. 2005b). Zawonik et al. (2011) assessed the plant performance and
aquaporin expression of HvP1P2,1 gene in the roots of barley seedlings inoculated
by Azospirillum growing under salt stress and non-stressed conditions.

8.8.5.3 Nematodes

When nematodes infect roots, there occur differentiation of giant cells that are the
feeding sites for the parasite. The promotor sequence of a tobacco TIP gene includes
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the regulatory sequences that are involved in the response to nematode infection
(Opperman et al. 1994). Increased expression of the AQP might be required for
extensive delivery of solutes and water to the parasite, together with the giant cell’s
osmotic regulation. There is expression of a PIP1 homolog due to incompatible
interaction with the parasite Cuscuta reflexa. It is probably due to the reason that the
pathogen attachment induces the auxin-dependent hypodermal cell’s elongation
(Werner et al. 2001). Barzana et al. (2012) performed an experiment to see the cell
to cell pathway versus apoplastic pathways relative contributions for water move-
ment in the roots of arbuscular mycorrhizal and non-arbuscular mycorrhizal plants.
In the results they found that in the roots of arbuscular mycorrhizal plants there was
significant enhancement in the apoplastic water flow as compared to the non-arbus-
cular mycorrhizal plants and the increase was observed both in well-watered and
drought conditions. Switching between apoplastic and cell to cell water transport
(root aquaporins) and apoplastic pathways was modulated due to the presence of
arbuscular mycorrhizal fungus in the roots of host plants. Arbuscular mycorrhizal
plant’s ability to switch between water transport pathways increases their ability to
respond to water shortage conditions.

8.9 Plant Aquaporins: New Perspectives on Water
and Nutrient Uptake in Saline Environment

8.9.1 Adaptation to Salinity Stress

Certain plant species like barley has been recognized as sodium chloride (NaCl)
tolerant plant species (Katsuhara et al. 2011). A consistent hydraulic conductivity of
barley roots were observed as compared to control plants, when in the soil solution
concentration of NaCl was increased to 200 mmol L™ over 10 days (Munns and
Passioura 1984) and with increasing NaCl for a given transpiration rate, osmotic
pressure of the xylem sap changed. According to Chen et al. (2005), relatively high
concentration of 320 mmol L' of NaCl, caused 14-fold decrease in the potassium
content in the NaCl sensitive varieties of barley as compared to only threefold
reduction in salt tolerant varieties. Certain salt stress responsive proteins have been
identified by Kamal et al. (2010) in China-108, Norin-61 and in Kantou-107 plants.
Many reports suggested that aquaporins activity is also responsible for the reduction of
hydraulic conductivity due to the NaCl stress (Boursiac et al. 2005; Carvajal et al. 1999;
Martinez-Ballesta et al. 2003a). Thus, the expression signal of Arabidopsis plasma
membrane intrinsic protein (PIP) and tonoplast intrinsic protein (TIP) aquaporins
transcripts resulted reduction upto 60—75% in their abundance between 2 and 4 h
after the salt treatment (Boursiac et al. 2005), which suggest that plants prepare
themselves for an abrupt unexpected elevation due to salt concentration by virtue of
the modulation of the water status of the cells at early stages of salt stress. According
to Rodriguez-Gamir et al. (2012), PIP1 and PIP2 aquaporins mRNA transcripts of
citrus roots do not show any effect, when these were subjected to salinity stress.
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AQPs gating is considered as an adaptative mechanism for survival, when
osmotic stress induces the water stress at the early stages of salt stress. Under salt
stress the role of aquaporin has been analysed in pepper (Martinez-Ballesta et al.
2003b), Arabidopsis (Boursiac et al. 2005; Martinez-Ballesta et al. 2003a), broc-
coli (Lopez-Berenguer et al. 2006) and tomato plants (Sade et al. 2010). Mano
(1996) observed the salt tolerance of 6,681 barley varieties, 368 isogenic lines and
353 wild Hordeum strains. When 4 days old seedlings of barley were treated with
the salt concentration of 100 mmol L™ for 5 days, it was observed that growth in
salt- sensitive plants were reduced to 40% and in salt tolerant plants, it was only
15% (Ligaba and Katsuhara 2010). It was reported that under salt treatment, addi-
tion of 100 mmol L' NaCl in 1,743 variety of barley plants, which is salt sensitive
reduced slightly the stomatal conductance, but K305 (salt tolerant) was not affected
(Katsuhara et al. 2011), which indicated that the sensitivity of roots the salt could
also be detected in the leaves. At 50 mmol L' NaCl, higher turgor pressure (P)
was maintained by K305 as compared to 1,743 and these salt tolerant K305 found
to be capable of modulating AQP gating. Salt tolerant variety rapidly inhibits
water permeability values via enhancing hydrostatic half time of water exchange
(T,,") and _ values. It was suggested that reduction in water permeability value is
attributable to the closing of AQP channels, which are determined by the applica-
tion of mercury and ABA.

Down-regulation of several AQPs including HvPIP2;1 was observed in many
species of plants under salt or osmotic stress of several hours to days (Jang et al.
2004; Katsuhara et al. 2002; Vandeleur et al. 2005; Zhu et al. 2005). Reduction in
AQPs level can prevent cell death due to regular dehydration and gain time for
intracellular osmotic adjustment. Water permeability of roots and salt sensitivity
of transgenic rice plants were increased by continuous overexpression of HvPIP2;1
(Katsuhara et al. 2003). Lower down-regulation of cellular water permeability in
such transgenic plants might induce relatively higher salts of water loss from
roots or shoots and salt stress results in death with induced osmotic stress and
dehydration.

8.9.2 Cellular Adaptations to Salinity

A very pivotal aspect out of the innumerable capabilities of AQPs is the versatility
of membrane modulations and cellular adaptations to salt exposure and stress toler-
ance towards it. In particular, during exposure to salinity stress, the plant’s water/
sap condition stimulates specific pathways for osmotic regulation and water uptake
and loss (Fricke and Peters 2002). One of the main responses of plants to salt stress
is inhibition of their root water uptake capacity (i.e. root hydraulic conductivity,
Lpr). In roots of most plant species investigated, drought or salt stresses also result
in a marked decrease in Lpr (Maurel et al. 2002). The water uptake capacity of
plant roots (i.e. their hydraulic conductivity, Lpr) is determined in large part by
AQPs of the plasma membrane intrinsic protein (PIP) subfamily. AQPs are known
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to facilitate the uptake of soil water and mediate the regulation of root hydraulic
conductivity (Lpr) in response to a large variety of environmental stresses includ-
ing saline stress. A number of reports establish a decline of Lpr values under saline
stress frequently (Navarro et al. 2003; Nedjimi 2009; Wan 2010; Muries et al. 2011;
Sutka et al. 2011). The initial Lpr decrease upon salt exposure may be caused by an
osmotic shock as a result of an AQP conformational change due to negative pres-
sures (Wan et al. 2004).

Microarray experiments with gene specific tags were executed to investigate the
expression of 35 genes of the Arabidopsis AQP family (Boursiac et al. 2005).
Transcript AQP genes, mostly belonging to the PIP and TIP subfamilies were
detected in un-treated roots and showed a sharp decline in signaling. It becomes
indicative that exposure of roots to salt stress triggers changes in AQP expression at
various levels. These changes include a synchronized transcriptional down-regulation
and sub cellular reallocation of both PIPs and TIPs. Way back, Carvajal et al. (1999)
reported Lpr reduction by 70% as a result of NaCl exposure. The fact that residual
Lpr of salt-stressed Arabidopsis becomes opposed to mercury exposure was inter-
preted as the down regulation of AQP activity. In salt-stressed root cells of
Arabidopsis and Zea mays, a coordinated down regulation of most AQP transcripts
occurs. A study in Hordeum vulgare leaves suggested that there is an increased
abundance of HvPIPI; 6 transcripts in response to salt may reflect a role for this
AQP in promoting remaining growth of the leaf under salt stress (Fricke et al. 2006).
Also, accumulation of PIP proteins in roots of salt-treated plants for long periods
(from 3 tol5 days) has been found (Marulanda et al. 2010; Muries et al. 2011),
indicating cell-to-cell pathway. Cellular and membrane modifications in AQP levels
have been linked to salt levels as well as to some plant hormones much recently. The
decrease in root water potential is caused by osmotic and toxic effects, depending
on the salt concentration present. Silva et al. (2008) reported similar results in pep-
per plants treated with a low concentration (30 mM) of NaCl, or with a nutrient
solution with the same osmotic value. Li et al. (2009¢) investigated effect of phos-
phorus deficiency on ethylene production and Lpr in Medicago falcata L. It was
concluded that ethylene induced by Phosphorous deficiency may play a crucial role
in modulation of Lpr levels by affecting AQPs regulation in plants.

Prior to this, Boursiac et al. (2008) investigated two stimuli, salicylic acid (SA)
and salt, as these are capable of inducing an accumulation of reactive oxygen spe-
cies (ROS) and an inhibition of Lpr concurrently in the roots of Arabidopsis plants.
The inhibition of Lpr by SA was partly checked by preventing the accumulation of
hydrogen peroxide with application of exogenous catalase. It was proposed that
ROS regulate Arabidopsis root AQPs through cell signalling mechanisms.
Consequently, SA was identified as a new regulator of AQPs.

Martinez-Ballesta et al. (2008) studied two different effects of calcium, in plasma
membrane vesicles and in protoplasts isolated from roots of Capsicum annuum L.
Under saline conditions, PIP1 AQP abundance dwindled in protoplasts and plasma
membrane vesicles, indicating inhibitory effects of NaCl on AQP functionality and
protein abundance. Two different actions of Ca** that were observed included
increase in free cytosolic calcium concentrations associated with stress perception
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leading to AQP closure and reduction in critical requirements of Ca** lead to an up
regulation of AQPs, indicating that a positive role of calcium at whole plant level
combined with an inhibitory mechanism at AQP level may work in the regulation of
pepper root water transport under salt stress. The studies on genotypic differences
related to root water transport and PIP aquaporin expulsion of Arabidopsis thaliana
revealed the role of AQPs in plants exposed to salinity (Sutka et al. 2005). Role of
TIP’s has also been indicated in providing protection against saline stress. Peng
et al. (2007) found that Arabidopsis plants over expressed a TIP aquaporin isolated
and induced in seeds from the ginger plant were able to germinate, the seedlings
grew even at toxic concentration of 150 mM NaCl. Later, Wang et al. (2011) found
that Arabidopsis plants over expressed a TIP aquaporin from soybean in response to
salt stress. Induction of salinity tolerant genes and the overall cellular responses
generated in host plant cells need further scientific evaluation.

8.10 Conclusion and Future Perspective

The discovery of AQPs has emphasized their importance in maintaining plant
homeostasis. Recent investigations highlighted that AQPs are indispensable pro-
teins in trans-membrane water flow, thus directly or indirectly affect various plant
processes like plant reproduction, photosynthesis, stomatal regulation, etc. Various
studies revealed the important role of TIPs and PIPs but AQPs like SIPs and NIPs
still need to be explored. However, the role of AQPs in assimilation of carbon or
nitrogen and in uptake of micronutrient remains to be explored. Further, the role of
XIPs, a new emerging family of MIPs needs an extensive investigation and its
specific role in water and solute transport, interaction with other AQPs, expression
and post translational modifications need to be highlighted. Novel classes of plant
AQPs like HIPs and GIPs that have been discovered recently should be elucidated
for their functions pertaining to their role in amelioration of various biotic and abi-
otic stresses in plants. At molecular level, these AQPs need to be studied for their
contribution in transporting signaling molecules and thereby their role in signaling
pathways needs to be explored. Cellular properties like concentrations of osmo-
lytes, ROS, water contents, pH, etc., may change under the effect of environmental
stresses. Such biochemical changes in the cell may modify AQP activity. Thus,
there is critical demand to focus the investigations on functional and biological
significance of AQPs in plants exposed to biotic and abiotic stresses. The future
studies on AQPs mediated transport of heavy metals (As, Hg, Pb) and other metal-
loids might help in designing phytoremediation strategies, as well as for blocking
the uptake of heavy metals in plants to limit food chain contamination (Mosa et al.
2012). Hence, there is a need to elucidate the molecular mechanisms of operation,
interaction and regulation of these AQPs in normal as well as stressed conditions. In
future, the detailed investigations into the transport specificity and fundamental
mechanisms of subcellular trafficking of AQPs must be focused.
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Chapter 9
Oilseed Crop Productivity Under Salt Stress

Naghabushana Nayidu, Venkatesh Bollina, and Sateesh Kagale

9.1 Introduction

Food security has become a major and fast growing concern worldwide. It is proposed
that there is a need to double the world food production in order to feed the ever
increasing population which is set to reach nine billion mark by 2050 (UN 2009). In
the current scenario, improving yields in both normal and less productive farm lands
including salt affected lands is the only way to address food security concerns, as
the amount of unused land available to bring into cultivation is limiting. Among
various factors affecting agricultural production, abiotic stress factors are consid-
ered to be the main source of yield reduction. Potential yield losses due to individual
abiotic stresses are estimated at 17% by drought, 20% by salinity, 40% by high
temperature stress, 15% by low temperature stress and 8% by other factors (Ashraf
and Harris 2005).

Soil salinity is one of the major abiotic stress factors affecting production and
quality of food crops world-wide by limiting growth and development as well as
yield potential of crop plants (Bray et al. 2000; Tester and Davenport 2003). More
than 20% of the world arable land is now under the threat of salt stress. Agricultural
losses due to salinity in Unites States alone are estimated to be about US$12 billion
ayear, and are expected to rise as soils are expected to be further affected by salinity
(Munns 2005; Munns and Tester 2008). In addition to primary salinization of seashore
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salty marshes, a significant portion of cultivated agricultural land is becoming saline
due to deforestation, excess irrigation and fertilisation as well as poor drainage
(Shannon 1997; Zhu 2007).

9.2 Effect of Salt Stress on Crop Growth and Productivity

Salinity stress adversely affects plant growth and development by inhibiting seed
germination (Dash and Panda 2001), seedling growth (Ashraf et al. 2002), enzyme
activity (Seckin et al. 2009), DNA, RNA and protein synthesis (Anuradha and Seeta
Ram Rao 2001), and cell division (Tabur and Demir 2010). Plants response to salt
stress depends on a number of factors, including duration and intensity of stress as
well as developmental stage of crop plant (Bray 1997). Yield loss is one of the major
yard-sticks applied to measure the impact of salinity stress. Although salt stress
affects all growth stages of plant, early plant establishment (germination and seed-
ling development) and the reproductive growth phases are known to be the most
sensitive stages in determining crop yield (Barnabds et al. 2008; Cuartero et al.
2006). During germination, increased osmotic pressure of soil solution caused by
high salinity restricts the absorption and entry of water into the seed. Additionally,
during early developmental stages salt constituents can act as toxins to the embryo
and developing young seedlings, thus affecting their growth and establishment.
During vegetative and reproductive growth phases, salinity stress is known to
adversely affect plant growth and development by inducing water deficit (physio-
logical drought), ion toxicity, nutrient imbalance and oxidative stress (Fig. 9.1;
Vinocur and Altman 2005).

Accumulation of ions in the root zone inhibits water absorption leading to the
induction of water deficit stress. Salt stress-mediated osmotic effect induces synthe-
sis and accumulation of Abscisic acid (ABA) which when transported to guard cells
causes stomata closure (Wilkinson and Davies 2002). Stomata closure reduces tran-
spiration rate and lowers carbon uptake resulting in decreased photosynthetic rate
(Chaves et al. 2003; Mullet and Whitsitt 1996). Another factor influencing plant
growth response to water deficit is turgor pressure, the force causing plastic enlarge-
ment of cells, leaves and stems. Reduced turgor potential due to salinity-mediated
water-deficit affects leaf expansion which results in reduced light interception and
photosynthesis. During reproductive growth phases salt stress affects growth and
yield by delaying onset of flowering as well as reducing the number of flowers
(Sinaki et al. 2007).

High deposition of salt in the cytoplasm affects various metabolic processes,
including synthesis of proteins, amino acids, nucleic acids, sugars, starch and other
organic compounds. Salt stress can cause significant reductions in photosynthetic
pigments. Components of photosynthetic electron transport in the chloroplast as
well as the enzyme responsible for carbon assimilation are highly sensitive to Na*
and CI~ concentrations. Thus salt stress has a major inhibitory effect on photosyn-
thetic apparatus of crop plants.
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Fig. 9.1 Salt stress responses of crop plants

Since Nat* and K* are similar in chemical nature, excessive accumulation of Na*

at the root surface affects K* uptake as reviewed in Zhu 2007. Additionally, exces-
sive NaCl accumulation in the root zone impedes the uptake of Ca?*, thus causing
nutrient deficiency. The increase in Na*/K* ratio resulting due to the elevated salt
concentrations at the root zone affects various metabolic and physiological pro-
cesses including biomass accumulation (Flagella et al. 2002; Yeo 1998).

In addition to the primary effects of salt stress described above, it also can induce
secondary effects such as oxidative stress (Dolatabadian and Jouneghani 2009).
Salinity stress induces production of reactive oxygen species such as superoxide
radicals, hydrogen peroxide and hydroxyl radicals (Verma and Mishra 2005).
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Reactive oxygen species can abruptly perturb normal function of plant metabolism
through lipid peroxidation of membranes, denaturation of nucleic acids and pro-
teins, and inhibiting accumulation of essential macromolecules such as photosyn-
thetic pigments, proteins, nucleic acids and lipids (Koca et al. 2007; Verma and
Mishra 2005).

9.3 Effect of Salt Stress on Qilseed Crop Production

Oilseed crops being major suppliers of edible oil, industrial fuel and animal feed
have emerged as one of the most valuable agricultural trade commodities. Global
production of major oilseeds during 2009-2010 was reported to be 424.59 million
tons from 205.48 million hectares of farmlands (Table 9.1). Currently global oilseed
production is dominated by three major crops, including soybean, rapeseed and
sunflower, with the world harvested area of 102, 32 and 22 million hectares, respec-
tively, and the seed production about 260, 61 and 31 million tons, respectively
(Table 9.1).

Plant salt tolerance is the inherent ability of plants to withstand effect of high
salts in the root zone or on the plant surfaces without significant adverse effect
on growth, development and yield (Shannon 1997). Using simple convention,
salt tolerance can be measured on the basis of two parameters, (1) salinity level
causing initial significant reduction in expected yield assessed as the threshold of
electrical conductivity of saturated soil paste extract (ECe), and (2) the percent-
age of yield expected to be reduced for each unit of added salinity, the slope of
ECe. The salinity response of oilseed crops varies greatly and generally depends
on factors such as soil properties, genotypes and the developmental stages.
Although most of the oilseed species are sensitive to salt stress, large variability
of salt sensitivity exists among them. As an example, canola which is unaffected
by soil salinity upto 10 dS m™" ECe, is classified as a salt tolerant species
(Table 9.2); whereas, linseed being unable to tolerate salinity levels beyond 2.0
ds m™ ECe is classified as a salt sensitive species. Soybean, sunflower and
safflower are moderately tolerant to salt stress, whereas, peanut is an example for
moderately sensitive species (Table 9.2).

Table 9.1 Global oilseed production (2009-2010)

Area Production
Crop(s) (Million hectares) (Million metric tons)
Major oilseeds 205.48 424.59
Soybean 102.17 260.85
Rapeseed 31.41 60.98
Sunflower seed 22.07 30.39

*Data source: World Agriculture Production, Foreign Agricultural
Service, United States Department of Agriculture, December 2011
released
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Table 9.2 Salt tolerance of oilseed crops

Salt tolerance parameters

Slope
Crop ECe threshold % per ds m™! Rating Reference
Canola 9.7 14 Tolerant Francois 1994
Soybean 5.0 20.0 Moderately tolerant ~ Abel and MacKenzie 1964,

Bernstein and Ogata 1966

Sunflower 4.8 5.0 Moderately tolerant ~ Francois 1996
Safflower 7.5 6.0 Moderately tolerant ~ Francois and Bernstein 1964
Peanut 32 29.0 Moderately sensitive Shalhevet et al. 1969
Linseed 2.0 10.0 Sensitive Shannon 1997

Salinity presents potential hazards to oilseed production by affecting both yield
and quality of the produce. The most common adverse effect of salinity on oilseed
crop is the reduction of seed germination, seedling growth, seedling height, number
and size of leaves, reproductive structures, seed number and seed weight as well as
deterioration of seed quality (Bybordi 2010; Flagella et al. 2004; Houle et al. 2001;
Sinaki et al. 2007; Ulfat et al. 2007; Zheng et al. 1998). A great magnitude of
genotypic variation for salt tolerance has been recorded in oilseed crops (Irving
et al. 1988; Knowles 1989; Miller 1995), which is greatly affected by climatic and
biological factors (Kumar 1995; Minhas et al. 1990). The amphitetraploid Brasssica
species such as B. napus, B. carinata and B. juncea are more tolerant to salinity
than their progenitors such as B. rapa, B. nigra and B. oleracea (Kumar 1995).
Among all Brassica species B. napus is the most salt tolerant, whereas, B. nigra and
B. rapa are the most salt sensitive crop species (Kumar 1995).

High salinity affects both content and quality of seed oil (Beke and Volkmar
1995; Francois and Bernstein 1964; Shannon 1997). In oilseed crops, quality of
seed oil depends upon the composition of fatty acids such as palmitic, stearic, oleic
and linoleic acid. Seed oil with higher percentage of oleic and linoleic acid is con-
sidered as the best quality oil (Bergman et al. 2006; Vles and Gottenbos. 1989).
Linoleic acid reduces the blood cholesterol level and prevents cardio-vascular
diseases. Salinity directly inhibits enzymes such as glyoxysomal catalase, malate
synthase, isocitratelyase and oleatedesaturase responsible for fatty acid biosynthe-
sis and modification, which leads to reduction of glycerides, accumulation of more
free fatty acids and alteration of fatty acid composition (Bergman et al. 2006; Vles
and Gottenbos 1989). Sunflower plants grown on saline irrigation water experi-
enced a progressive increase in oleic acid content which was consistent with decrease
in linoleic acid levels, possibly due to inhibition of oleatedesaturase (Di Caterina
et al. 2007). Similarly salt stress altered the composition and levels of palmitic,
oleic, stearic and linoleic acid in safflower genotypes (Bergman et al. 2006; Vles
and Gottenbos. 1989). Overall, salt stress adversely affects both quantity and qual-
ity of oilseed crop production.
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9.4 Improving Salt Tolerance of Oilseed Crops

Plants have developed numerous defence strategies to overcome salt stress, which
can be mainly divided into three main categories: Escape, achieved by inducing
early flowering and short life cycle enabling successful completion of reproduction
before the onset of severe stress (Mooney et al. 1987); Avoidance, achieved via
several mechanisms, such as exclusion of salt ions, maximizing water uptake and
minimizing water loss by closing stomata to prevent or decrease the impact of salt
stress (Chaves et al. 2003); and Tolerance, when escape or avoidance of salt stress
becomes impossible, plants have to adapt to existing salty environment by coordi-
nating both physiological and biochemical alterations at the cellular and/or molecu-
lar levels (Morgan 1984). Knowledge gained through extensive research in the past
few decades has advanced our understanding of the mechanisms by which salt stress
impacts crop growth and productivity, which can be utilized towards engineering
genotypes with salt tolerance capability. Salt tolerance being a physiologically com-
plex trait, an integrated approach incorporating genetic and biotechnological
modification of existing cultivars is essential to develop salt tolerant genotypes.

9.4.1 Growing Halophytes as an Alternative

Halophytes are plants that naturally grow under high salinity conditions and are
therefore tolerant to salt stress (Zhu 2007). Halophytes are widespread among vari-
ous orders of higher plants which is indicative of a polyphyletic origin of halophytes
(Zhu 2007). Thellungiella halophila, a Brassicaceae family halophyte, can tolerate
NaCl levels upto 500 mM and continue to produce viable seeds (Inan 2004). It has
many features similar to Arabidopsis including the floral dip method of transforma-
tion and thus can be adopted as a halophytic model for salt-stress tolerance research
in Brassicas aimed at understanding complete salt stress pathway and genes associ-
ated with it (Inan 2004).

Halophytes have great potential to illuminate specific traits associated with salt
tolerance that may be selected in oilseed crops and can be used to domesticate
naturally occurring salt tolerant species as crop plants. Some of the potential halo-
phytic oilseed crops are Kosteletz kyavirginica (Ruan etal. 2008); Salvadorapersica
(Reddy et al. 2008); Salicornia bigelovii (Glenn et al. 1991) and Batismaritima
(Marcone 2003). Seeds of various halophytic oilseed crops, such as Suaeda fruti-
cosa, Arathrocnemum macrostachyum, S. bigelovii, Salicornia brachiata,
Halogeto nglomeratus, Kochia scoparia, and Haloxylon stocksii possess sufficient
quantity of high-quality edible oil, with unsaturation of 70-80% (Khan 2006).
A desert annual halophyte, Suaeda aralocaspica, which has high seed oil content
(29% on dry weight basis) and 93% of unsaturated fatty acids (linoleic >68% and
oleic >20%) is one of the many promising halophytes for edible oil (Wang et al.
2012). Similarly, Kochia scoparia, a mesohalophyte, which can produce
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120 kg ha™! seed oil during excessive salt stress condition, is another promising
halophyte for edible oil (Salehi et al. 2012). Halostachys caspica, a short shrub
halophyte can resist upto 700 mM of NaCl (Guan et al. 2010; Liu et al. 2012).
Seeds of Salvadora oleoides and Salvadora persica contain 40-50% seed oil and
are a good source of lauric acid (Khan 2006). Purified fat from these species is
used for soap- and candle-making and is a potential substitute for coconut oil
(Khan 2006). The most productive halophytic species yield upto 20 t/ha of bio-
mass on seawater irrigation, equivalent to conventional crops (Glenn et al. 1999).
Salicornia bigelovii produces 2 t/ha of seed yield containing 28% oil and 31%
protein, which is comparable to soybean seed yield and quality (Glenn et al.
1999). Although several halophytes have been identified as potential oilseed
crops, extensive screening of these wild species for quantity and quality of oil is
essential before their domestication and cultivation.

In addition to being alternative oilseed crops, halophytes also aid in re-vegetation
and remediation of salt affected land (Fogel et al. 2004). Indigenous halophytes can
be used to restore overgrazed pasture and reduce reliance on irrigation (Peacock
et al. 2003). High yields of biomass and seed can also be obtained by growing halo-
phytes with sea water or brackish water (Ahmed-Hamad and Monsaly 1998). They
can be used in various other applications such as recycling saline agricultural waste-
water and reclaiming salt-affected soil in arid-zone (Glenn et al. 1999).

9.4.2 Conventional and Molecular Breeding for Enhancing Salt
Stress Tolerance

Considerable inter-specific and intra-specific variation exists among most of the
oilseed crops including Brassica for salt tolerance, which can be exploited through
conventional breeding. Evaluation of several cultivars of Indian mustard, sunflower
and safflower for salt tolerance revealed high level of genetic diversity among them
(Ahmad et al. 2012; Ghazizade et al. 2012; Hussain et al. 2012), and enabled
identification of several physiological traits that can be used as salinity tolerance
criteria during oilseed breeding. Salt tolerant cultivars of oilseed crops developed
through breeding are summarised in Table 9.3. Most of these cultivars are mainly
grown in Indian and Pakistan sub-continent. Like many other traits salinity is also a
quantitative character controlled by polygenes, which makes it difficult to breed for
salt tolerance (Ashraf and McNeilly 2004; Blumwald et al. 2004; Flowers 2004;
Yamaguchi and Blumwald 2005). Quantitative trait loci (QTL) mapping is an
important approach to identify the genomic regions that control salinity tolerance
traits. Advanced DNA markers techniques, such as AFLP, RFLP, RAPD, SSR, and
SNPs are used to identify QTLs. Identification of QTL is an important technique for
successful salinity breeding in oilseed crops especially in Brassica species. To date,
because of the physiological complexity of the salinity response, no significant QTL
with reference to salinity tolerance in Brassica species has been reported, making it
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Table 9.3 Cultivars of oilseed species developed through conventional breeding

Parameter for testing

Oilseed species  Cultivars/lines tolerance References
Brassica napus Dunkeld (canola), Biomass, seed yield, Qasim (2000), Puppala
ST9194, Rapora, germination etal. (1999),
Mytnitskii, Pokrovskii (1990)
Chisayanatane
Brassica Common Green, Germination, vegetative ~ Kwon et al. (1997), Rai
juncea Varuna, RH 30, stage, biomass, seed (1977), Kumar
Pusa Bold, Kranti, yield (1984), Dhawan et al.
BM-1, LL-84, P-15, (1987), Kumar
KS-51 (1995), Ashraf (1992),
Ashraf et al. (1994),
Ahmad et al. (2012)
Brassica C90-1191, P5/80, Yellow Germination and Ashraf and Sharif (1997)
carinata Dodella seedling growth
Brassica BSH1 Germination and seed Paliwal (1972), Kumar
campestris yield (1984)
Arachis NRCG 2588, 4659, Seed yield Singh et al. (2008)
hypogea 5513, 6131, 6450,
6820, 6919, 7206,
TMV 2 NLM, TG
33, JNDS-2004-15
Helianthus DKS-4040, G-101 and  Achene yield Hussain et al. (2012)
annuus P64A93
Carthamus Golsefid and Isfahan14  germination percentage  Ghazizade et al. (2012)
tinctorius and seedling growth

difficult to characterize the genetic basis of salinity stress tolerance in Brassicas.
However, there have been a few attempts looking for QTL for salinity tolerance in
other oilseeds and Arabidopsis.

A major QTL related to salt tolerance in soybean was identified in recombinant
inbred lines (RILs) derived from a salt tolerant cultivar, S-100 and a susceptible
cultivar Tokyo (Lee et al. 2004). The same QTL was identified in a different cross
involving F, population derived from cultivars, Jackson and a wild soybean acces-
sion (Hamwieh and Xu 2008). The identified QTL accounts for 64% of the total
variance along with a large dominant effect for salt tolerance (Hamwieh and Xu
2008). Another major QTL was detected on a different linkage group in a cross
between soybean cultivar Kefeng No.1 and a salt sensitive cultivar Nannong1138-2
(Chen et al. 2008). Reliable method for validating the effect of a QTL for salt toler-
ance is by developing near isogenic lines (NILs), since the QTL alleles can be more
accurately estimated with a homogeneous genetic background (Salvi and Tuberosa
2005). A significant contribution with regards to identification of a major QTL and
development of NILs for salinity tolerance comes from soybean (Hamwieh et al.
2011). Two different RIL populations derived from salt tolerant diverse parents
were studied for the salt tolerance. The major QTL identified in RILs of the cross
between FT-Abyara and COl RILs was found to be heterozygous. Further from
these residual heterozygous RILs, NILs were developed by selfing. NILs with
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FT-Abyara chromosome segment at the QTL regions showed a significantly higher
salt tolerance than the lines without FT-Abyara chromosome segment (Hamwieh
et al. 2011). The NILs developed for salt tolerance could be used in fine mapping
and investigating different mechanisms involved in salt tolerance in soybean.

A wide range of variation was observed for salt tolerance during a germination
study involving Arabidopsis accessions (Quesada 2002). Additionally, this study
identified six other QTLs, which were contributing for salt tolerance in Arabidopsis
accessions. However, accessions which showed salt tolerance during germination
stage, failed to tolerate salinity stress during vegetative period, suggesting the
mechanisms involved in salt tolerance during early and adult plant stages are differ-
ent (Quesada 2002).

9.4.3 Genetic Engineering for Enhancing Salt Stress Tolerance

Conventional breeding, although being useful in selection of salt tolerant cultivars/
lines, is very time consuming and labour intensive. It can simultaneously allow the
transfer of undesirable genes along with desirable ones. Furthermore, reproductive
barriers limit transfer of favourable alleles from inter-specific and inter-generic
sources. Under such circumstances, genetic engineering has proven to be a powerful
means of transferring genes effectively between different crop species.

Metabolic acclimation via the accumulation of compatible solutes is regarded
as a basic strategy for the protection and survival of plants in extreme environ-
ments (Sakamoto and Murata 2000). Plants tolerate excess of Na* by its active
uptake and compartmentation in the vacuoles, restriction of Na* influx and active
efflux (Serrano et al. 1999), osmotic adjustment and accumulation of compatible
solutes (Ahmad et al. 2010, Ahmad et al. 2011). Plants accumulate significant
amounts of glycinebetaine (betaine), a compatible quaternary amine which is able
to restore and maintain the osmotic balance of living cells, in response to high
salinity, cold and drought. It is known that glycinebetaine protects plants from salt
stress largely through osmotic adjustment (Bhattacharya et al. 2004; Bohnert and
Shen 1998; Prasad et al. 2000). Glycinebetaine has also been shown to stabilize
membrane integrity and photosynthetic machinery (Deshnium et al. 1995; Hayashi
et al. 1997; Huang et al. 2000; Sakamoto and Murata 1998). Exogenous applica-
tion of osmoregulants, proline or glycinebetaine reduces the harmful effects of
salinity on both physiological and growth parameters of canola, suggesting these
osmoregulants can be applied where soil sodicity is a problem (Sakr et al. 2012).
A choline oxidase gene (codA) involved in biosynthesis of glycinebetaine cloned
from Arthrobacter globiformis transformed into B. juncea cv. Pusa Jai kisan (which
lacks any means to synthesize glycinebetaine) through Agrobacterium tumefaciens
mediated transformation significantly enhanced the germination and salt tolerance
capability of B. juncea (Prasad et al. 2000). Constitutive expression of a bacterial
codA gene enabled synthesis of substantially higher levels of betaine in transgenic
plants (Huang et al. 2000). Cabbage transformants expressing bacterial betA gene
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conferred enhanced salt tolerance in transgenic plants by protecting important cel-
lular components such as cell membranes and proteins/enzymes (Bhattacharya
et al. 2004); these transgenic plants showed better growth response and greater
stability in maintaining plant water relations at increased levels of salinity.
Furthermore, transgenic B. campestris L. spp. Chinensis plants expressing codA
gene accumulated higher betaine which significantly increased net photosynthetic
rate under high salinity conditions (100, 200, and 300 mmol/L NaCl, respectively)
than the wild-type plants (Wang et al. 2010).

Glyoxalase II, also known as hydroxyacyl-glutathione hydrolase, along with gly-
oxalase I, constitutes the glyoxalase system, the major function of which is to detox-
ify by-products of glycolysis. Glyoxalase enzymes have been shown to impart
salinity tolerance in crop plants. As an example, overexpression of glyoxalase II
gene in transgenic B. juncea increased the salt tolerance at germination and delayed
leaf senescence as compared to untransformed plants (Saxena et al. 2011).

Pathogenesis-related (PR) proteins apart from being induced in response to
pathogen infection are also expressed in response to abiotic stresses. Interestingly,
constitutive expression of pea PRI0 gene was found to enhance seed germination
and growth of B. napus in the presence of 75 mM NaCl (Srivastava et al. 2004).
Further research is needed to confirm the actual mechanism by which PRI0 gene
helps in the improvement of salt tolerance.

Rise in the cytosolic free calcium concentration is one of the first detectable
plants response to sodium stress. Calcium signal serves as a second messenger that
turns on the machinery for sodium export and potassium/sodium discrimination.
SOS3 (Salt overlay sensitive 3) acts as a sensor for the Ca?* influx which works in
a complex with the serine/threonine protein kinase SOS2. Calcium signal gener-
ally activates kinase cascade to phosphorylate target proteins such as SOS1. SOS1
is a plasma membrane sodium/proton antiporter that is responsible for removing
sodium from the cells (reviewed in Zhu 2002). To-date, 42 SOS mutants have been
identified from near-saturated screenings which fall into three main complementa-
tion groups. But only three SOS genes (SOS1, SOS2 and SOS3) were found neces-
sary for salt tolerance in Arabidopsis (Zhu et al. 1998). AtNHX1, AtNHX2, SsVP2,
SOD?2 (vacuolar Na*/H* antiporter genes) (Yokoi et al. 2002; Gao et al. 2004; Guo
et al. 2006) GmCAXI (Cation/proton antiporter gene) (Luo et al. 2005); AVPI
(vacuolar H*-PPiase gene) (Gaxiola et al. 2001); AtHKT1I (Sodium and Potassium
transporter gene) (Horie et al. 2006); PgTIP1 (Tonoplast intrinsic protein) (Peng
et al. 2007) are some of the genes that confer salt tolerance when over expressed in
Arabidopsis. Transgenic B. napus plants over-expressing AtNHXI were able to
grow, flower, and produce seeds in the presence of 200 mM NaCl indicating no
effect of high salinity on seed yield and the seed oil quality (Zhang et al. 2001).
Transgenic groundnut plants overexpressing the AtNHX1 gene were more resistant
to salt and water deprivation when compared to its wild type counterpart (Asif
et al. 2011) implying, overexpression of AtNHXI gene not only enhanced the salt
tolerance but also drought resistance. Similarly, transgenic B. juncea plants over
expressing PgNHX1 (vacuolar Na*/H* antiporter from Pennisetum glaucum) sur-
vive and produce normal seeds in the presence of upto 300 mM NaCl (Finkelstein
et al. 2002; Rajagopal et al. 2006).
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LEA (late embryogenesis abundant) proteins in plants are associated with tol-
erance to osmotic stress resulting from desiccation and salt stress. Transgenic
Chinese cabbage (B. campestris ssp. pekinensis) expressing B.napus LEA main-
tained a higher germination rate than non-transgenic plants under salt-stress condi-
tion (Park et al. 2005).

It is now widely known that salt tolerance is a multigenic trait and a multitude of
physiological, biochemical and molecular processes influence salt tolerance capa-
bility of plants (Zhu 2002). Although surprising, most of the genetically engineered
salt tolerant plant species have been developed by altering the levels of single genes.
Pyramiding multiple genes involved in conferring salt tolerance is another option
that needs to be evaluated in the future.

9.4.4 Agronomic Practices for Management of Salt Stress

Oilseed crops lack the ability to cope up with high soil salinity; additionally, there
is little success in developing salt tolerant genotypes through breeding or genetic
engineering. In this context, changing some agronomical practices such as exoge-
nous application of proline or glycinebetaine has helped to reduce the harmful
effects of salinity on both physiological and reproductive growth parameters in
canola (Sakr et al. 2012). Ca** and Na* ion composition in shoot are more suitable
than K* ion composition for selecting the salt tolerant genotypes in B. napus
(Abbaszadeh et al. 2012). Laser priming of canola seeds helps to reduce the adverse
effects of salt stress by increasing the height of plant, number of lateral branches,
number of pods and seeds per plant (Mohammadi et al. 2012). In sunflower, plants
with greater number and area of leaves can be considered as better salt tolerant
hybrids (Hussain et al. 2012). Foliar application of growth regulators, such as ALA
(5-aminolevulinic acid), ascorbic acid, pyridoxine, thiamin, a-tocopherol and nico-
tinamide have potential to enhance tolerance of oilseed crops against salt stress
either by decreasing the oxidative damage or by promoting antioxidant activity and
increasing the levels of solutes for osmotic adjustment (Hamayun et al. 2010;
Sadak et al. 2010; Naeem et al. 2011). Similarly, brassinosteroids, a class of
plant polyhydroxy steroids that are similar to animal and insect steroidal hormones,
help reduce the inhibitory effect of high salt on seed germination and early seedling
development of B. napus (Kagale et al. 2007).

9.5 Conclusion and Future Perspective

Salt stress is a significant factor that adversely affects crop growth and productivity
as well as quality of agricultural produce. Considering the amount by which food
production will have to be increased in the next few decades in order to feed the ever
increasing population, there is a need to raise crop varieties that not only with stand
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high salt conditions but also can maintain optimal yield under adverse conditions.
Research conducted in the past two to three decades has unravelled several mecha-
nisms by which the adverse effects of salt stress unfold. During this period several
genotypes expressing individual genes having role in ion-homeostasis and osmolyte
accumulations have also been genetically engineered. Although salt tolerance is a
multigenic complex trait, transgenic approach with candidate genes has proven to be
promising. However, the adaptability and suitability of these transgenic genotypes
under natural environments and locations where different abiotic stress factors occur
simultaneously needs to be tested. Support from plant breeding is also essential for
enhancing the adaptability of existing cultivars and developing new genotypes with
ability to grow under saline environments. Over the period of time, it has been well
understood that salinity tolerance traits are mainly quantitative in nature and are
controlled by multiple genes. Complex nature of the traits is likely the reason for
little success in breeding and biotechnological approaches towards the improvement
of salt tolerance in oilseed crops. Thus, pyramiding several genes or characteristics
into a single genotype through conventional breeding or genetic engineering would
be a logical way forward for improving the salt tolerance capability of crop plants.
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Chapter 10
Abscisic Acid and Biomass Partitioning
in Tomato Under Salinity

Stella Lovelli, Adriano Sofo, Michele Perniola, and Antonio Scopa

10.1 Introduction

Soil salinity can emerge under different environmental conditions and vary according
to chemical, physical and biological properties of the soil itself. Those different
conditions can markedly modify the possible indications about the use of the soil,
the most suitable techniques to adopt for its agronomic management or the most
appropriate actions to apply for its correction and recovery. In particular, an in-
depth knowledge of the origin and nature of the processes leading to soil saliniza-
tion and a clear analysis of the soil changes is very important for a correct soil use
planning at land level (Monteleone 2006).

At the same time understanding crop tolerance and adaptation to salinity is very
important (Koyro et al. 2012) and forms one of the major research fields on crops in
agronomic sector since agricultural productivity is deeply affected by salinization
(Yadav et al. 2011). Salinity and drought conditions are the major limiting factors for
yields in agriculture (Gregory 2006). Actually they are enormous problems if we
consider the global increasing population and climate change. In agriculture it is
important and no more postponed to increase productivity also in salinity conditions
in order to achieve a sustainable use of environmental resources, to reach food secu-
rity and finally in order to increase profitability of farms in using production factors.

For classification purposes plants have been organized into two groups: the salt
sensitive glycophytes and the salt tolerant halophytes, unluckily all crops are belong-
ing to the first group (Flowers and Flowers 2005). Plants react to stress environmental
conditions at different levels, whole plant, root, leaves, reproductive organs, cellular
and molecular levels (Jacobsen et al. 2012). Still today any effort to enhance salt
tolerance of crops have met low results for the complexity of the crop mechanisms of
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adaptation to salinity from the physiological and genetic point of view (Flowers and
Flowers 2005). In any case crop physiology may explain structure—function relation-
ship of crop characters and modifications in plant function that are caused by stress
environmental conditions (Jacobsen et al. 2012; Miflin 2000).

10.2 Tomato Response to Salinity

Salinity is a significant environmental stress for crops. Currently, soil salinization is
one of the main causes of crop yield reduction in many areas of the world
(Paranychianakis and Chartzoulakis 2005). It was reported that about 20 % of irri-
gated surface is compromised by increasing salinity according to the United Nations
Food and Agriculture Organization (Rozema and Flowers 2008). Soil salinization
may arise from intrinsic soil components, use of low quality water for irrigation, or
excessive use of fertilizers. The increasing scarcity of good quality water has focused
attention on the problem of using brackish waters for irrigation. Solving salt stress
problem in agriculture cannot be postponed due to irrigation with saline water and
utilization of saline soils to handle the request of the global increasing population
(Koushafar et al. 2011; Munns 2002). Agriculture widening to semiarid and arid
regions with the practice of modern irrigation will exacerbate secondary saliniza-
tion because hydrologic balance of the soil between water applied (irrigation and
precipitation) and water consumed by crops (transpiration) will change (Chaves
et al. 2009). Moreover a number of researchers have suggested that significant
impacts of climate change are likely in the Mediterranean area, where in summer
season warming greater than the average is expected, with a further increase in heat
waves and a significant rainfall reduction (IPCC et al. 2007; Olesen and Bindi 2002;
Vitale et al. 2010; Lovelli et al. 2010).

From a physiological point of view the plant response to salinity is complex,
since it varies with the species, the salt concentration, the environmental factors and
the growth stage. Actually breeding approaches showed that stress tolerance char-
acters are in main part quantitative trait loci (QTLs), this in turn makes genetic
selection of these traits very hard (Bartels and Sunkar 2005), even if in some cases
stress tolerant genotypes have been likewise obtained, by inserting traits using as
genes source wild relatives (Bartels and Sunkar 2005).

Undoubtedly there are a lot of information on plant response to salinity obtained
from several researches on different crops made on different approaches, but it is
necessary to integrate information regarding aspects of plant salt adaptation derived
from physiological studies with those obtained from other approaches since our
knowledge for the processes that ensures salinity tolerance is still today unclear
(Paranychianakis and Chartzoulakis 2005).

Tomato is a widespread crop in the Mediterranean area where soil salinization is
currently a serious problem (Paranychianakis and Chartzoulakis 2005). It is an
important annual vegetable crop and it is usually utilised fresh, cooked or after pro-
cessing (Cuartero and Fernandez-Munoz 1999). Tomato is well adapted to several
climates; nevertheless a great part of world tomato production is localized in dry
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areas such as Mediterranean and California, where cultivation must be necessarily
under irrigation (Cuartero and Fernandez-Munoz 1999).

Tomato as crop is classified as “moderately sensitive” to salinity (Foolad 2004)
and, undoubtedly, it holds an important position in agriculture section (Koushafar
etal. 2011). Water deficit and low water quality are surely the most important factors
able to reduce yield and quality of tomato from nutritional value and food safety
point of view (Favati et al. 2009; Dorais et al. 2008). Irrigation with saline water may
increase sugar and organic acid content of cherry tomatoes (De Pascale et al. 2007)
and the flavour of processed tomatoes (Mitchell et al. 1991). All the desirable quality
aspects for the processed tomato industry such as dry matter, soluble solids and
titratable acidity seem to increase with salinity (Mitchell et al. 1991). From agro-
nomic and physiological point of view as regards salinity response of this crop there
are several studies (see review of Cuartero and Fernandez-Munoz 1999, and most
recent papers Maggio et al. 2007, Albacete et al. 2008, Perez-Alfocea et al. 2010,
Ghanem et al. 2008, Okhovatian-Ardakani et al. 2010, Ghanem et al. 2011b, Lovelli
et al. 2012). From the most recent papers it was pointed out that crucial points that
are assuming great relevance in the understanding of tomato response to salinity
conditions are substantially three:

1. Plant biomass partitioning;
2. ABA signal involved;
3. Tomato root architecture.

Our recent paper (Lovelli et al. 2012) confirmed the critical role for biomass
partitioning and for root growth and morphology in tomato process adaptation to
salts. Our findings provided important elements for elucidation of crucial mecha-
nisms regarding tomato salt tolerance. Previously it was accepted the idea that in
tomato, salinity does not change the usual distribution of dry matter between plant
organs (fruits, shoot and root) even when there is a yield decrease (Ehret and Ho
1986). Recently we showed the contrary in agree with other recent papers (Albacete
et al. 2008). On tomato we showed the high root-to-shoot ratio under salinity in
tomato and the close relationship to high abscisic acid (ABA) root concentration
(Lovelli et al. 2012). In tomato under high salinity level, the increase of ABA tissue
concentration could regulate plant adaptation processes, such as dry matter parti-
tioning (Albacete et al. 2008) and in particular way the root/shoot ratio (Maggio
et al. 2007; Zhang and Blumwald 2001; Lovelli et al. 2012).

10.3 Gas Exchange, Plant Growth and Biomass
Partitioning Under Salinity

In general, the negative effect of salt excess in soil water on glycophytic plants is
mainly due to three phenomena:

* Osmotic stress, markedly increasing the osmotic potential of soil water stress
resulting in a difficulty of plant to uptake water (directly proportional to salt
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concentration) with consequences similar to those caused by a water deficit
(physiological drought);

» Toxic stress, consisting in the toxic effect and denaturing that some excess ions,
especially Na*, cause to cytoplasm enzymatic activities;

e Nutritional stress caused by an unbalanced ion uptake, given the antagonism
among certain useful ions against those being in excess in soil water.

These effects change hormonal status and impair plant metabolic processes. As
a consequence of those three stresses a reduction of plant growth and yield occurs
(Yeo 2007). It was hypothesized that salinity response of tomato, as for other plants,
happens in two phases (“biphasic model”; Munns 1993): during the first phase (days
to weeks) the osmotic effect is prevalent, while during the second one (weeks to
months) growth is controlled by toxic actions of the high salt accumulation in leaf
tissues. In other words in plant adaptation to salts it is essential the time scale of the
response. During the first phase (osmotic one) plant growth could be hormonal reg-
ulated while during the second phase, toxic effect of high salt concentration at tissue
level are prevalent on plant growth reduction. Hormonal regulation of growth dur-
ing the first phase is actually the main field of scientific debate on salinity.

Photosynthesis and the rhythm of cell growth are the first processes to be com-
promised by salinity (Chaves et al. 2009; Munns et al. 2006). In fact, it is frequently
reported that with salt stress as the stomatal resistance rises, due to leaf water poten-
tial reduction, photosynthetic assimilation decreases (Prior et al. 1992; Munns 2002;
Lovelli et al. 2012; Rivelli et al. 2002). The observed reduction is caused by the
effect of salts on each single photosynthetic sub-process (diffusion, photochemical,
biochemical processes). The stress determined by the high concentration of solutes
in soil water can determine both an increase of stomatal resistance and mesophyll
resistance to gas flows, with a subsequent limitation of photosynthetic activity
(Flexas et al. 2004, 2007; Lawlor and Cornic 2002). Salt stress effect on photosyn-
thetic non-stomatal components have been studied also, but precise information on
the topic are still few (Rivelli et al. 2002; Seemann and Critchely 1985). With “non
stomatal limitations” words we usually consider both physical limitations, meso-
phyll resistances to CO, diffusion in the gas and liquid phase, and bio-chemical
limitations, mainly carboxylation rate and efficiency, to assimilation rate (Centritto
et al. 2003). In addition as regards non-stomatal limitations to photosynthesis, in
some cases they may generate confusion of interpretations (Centritto et al. 2003).
The difficulty comes from the fact that, being numerous the factors regulating pho-
tosynthetic activity, it is particularly difficult to assess whether stomatal or non-
stomatal effects prevail in response to salinity. Some studies pointed out that the
assimilation activity drop, as a consequence of salt distribution to the crop, should
be caused not only by stomatal closure, but mainly by ion actions at biochemical
level. Na* and CI ions can have a direct effect on photosynthetic apparatus because
they reduce the efficiency of ribulose-1 5-bisphosphate carboxylase (Rubisco) in
the Calvin’s cycle (Bethke and Drew 1992; Martin and Ruiz-Torres 1992). Many
studies showed the strict correlations between increased salt concentration, such as
Cl~ and photosynthesis decrease (Paranychianakis and Chartzoulakis 2005; Lovelli
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etal. 2012; Lloyd et al. 1989; Walker et al. 1981; Chartzoulakis et al. 2002). Actually,
it was shown that CO, concentration in intercellular spaces does not change as an
effect of salinity but it stay more or less the same, while stomatal opening
decreases; that suggests that both stomata conductance and especially the non
stomatal ones are reduced by the salts accumulated in the tissues. Actually under-
standing the nature of non stomatal limitations of photosynthesis under salinity is
an heated field of photosynthesis research (Paranychianakis and Chartzoulakis
2005; Centritto et al. 2003).

Under severe salt stress, photosynthesis of tomato was deeply reduced, so in this
way stressed plants had a lower amount of fixed carbon to utilize for plant growth
(Lovelli et al. 2012). Lower stomatal conductance and photosynthesis observed in
salt stressed tomato plants explain the lower leaf growth and consequently the
smaller accumulation of dry matter (Lovelli et al. 2012). During osmotic stress
(during the first phase) ABA contributes to salt response through an effective sto-
matal control (Hassine and Lutts 2010). Indeed, a strong relation between ABA
tomato leaf concentration and stomatal conductance occurred (Lovelli et al. 2012).

One consequence of reduced photosynthesis is the overall plant growth reduc-
tion, but different parts of the tomato plant grow in different way. In fact we observed
an unbalanced growth rhythm of root and shoot under salinity (Lovelli et al. 2012),
in particular we showed the high root-to-shoot ratio and the close relationship to
high abscisic acid (ABA) root concentration (Lovelli et al. 2012). As said before we
refer to the biphasic model of Munns (1993) that considers the physiological and
agronomic adaptation of plants to salts as temporal changes in both osmotic and
ionic stress (Perez-Alfocea et al. 2010). Actually processes that regulate leaf growth
and shoot development under the osmotic phase of salinity are under debate
(Albacete et al. 2008), as said before.

During the first osmotic phase it has been hypothesized that inhibition of plant
growth could be controlled by hormones or their precursors (Munns and Tester
2008; Lovelli et al. 2012), while later (ionic phase), plant growth is mainly reduced
by high leaf salt (Na* and CI) build up that in turn involves to whole plant photo-
synthesis reduction and partly induces premature leaf senescence (Perez-Alfocea
et al. 2010).

If from one side stomatal control by ABA increase in leaf tissues was an impor-
tant research field for long time, actually there are very few data on ABA partition-
ing among the different plant organs (Assmann 2004; Zhang et al. 2004; Lovelli
etal. 2012). Actually the ABA function in growth control is particularly controversy
(Albacete et al. 2008), as according to some authors it holds up plant growth (Dodd
and Davies 1996, Zhang and Davies 1990), while according to others it favours it
(Sharp and LeNoble 2002). Therefore, several contrasting opinions exist on ABA
function in the biomass allocation under salt stress (Sachs 2005). Modifications of
plant growth under salinity could be controlled by changes in phytohormone tissues
concentrations controlling assimilate partitioning from source to sink organs (Perez-
Alfocea et al. 2010; van der Werf and Nagel 1996; Hartig and Beck 2006). We
known that the ratio between root and shoot dry matter is usually constant, since
root system and epigeous plant part grow at the same rate (Lovelli et al. 2012).
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Fig. 10.1 Dry matter (a) root shoot ratio (b) measured in tomato plants subjected to two levels of
salt stress (100 and 150 mM of NaCl, respectively), (¢) ABA concentration in leaves and roots of
tomato plants under two levels of salt stress. Mean value (n=>5) within a column followed by dif-
ferent capital and lower case letters are significantly different at P<0.01 and P<0.05, respectively
according to Duncan’s multiple range test

The balance of width between each part of the plant is provided by assimilation rate
and carbohydrate partitioning, but it can be highly modified by stress conditions
(Erice et al. 2010). The ratio between root and shoot dry matter increased with the
rise of salt concentration in the nutrient solution. In tomato it was showed that salin-
ity does not affect the usual partitioning of dry matter between fruits, shoot and root
even when yield decrease reductions is about close to 25 % of the control (Ehret and
Ho 1986). On tomato we showed the contrary (Lovelli et al. 2012). Our results on
plant growth are similar to that obtained from other authors always on tomato under
salinity (Albacete et al. 2008; Maggio et al. 2007). It is clear now that salinity slows
down cellular division and growth (Albacete et al. 2008). It happened that some
morphological characters of crucial interest in stress adaptation, such as root growth
and stomatal behaviour, have been less studied (Maggio et al. 2007). Sharp and
LeNoble (2002) and Spollen et al. (2000) showed that higher root growth in condi-
tions of low water potential is strictly related to ABA increase in the root tissues,
and that the keeping of root growth under very negative water potential is controlled
by ABA accumulation in roots.

All these results strengthened the idea that photosynthate utilisation rather than
its availability is the main factor that limit plant growth under salt stress and assign
an important function to hormonal signalling between plant organs (Perez-Alfocea
et al. 2010). Moreover channelling assimilates from leaves to the roots (Perez-
Alfocea et al. 2010) could be considered a particular choice of the plant, without
meaning. At the same time this adaptive plant behaviour allows the plant roots to
take out more water and uptake nutrients from the soil and allows to maintain ionic
homeostasis, so it have a clear significance from the ecological point of view within
salinised environment (Perez-Alfocea et al. 2010). The increase of root/shoot ratio
in tomato is likely an effective physiological process that allow to regulate ion
increase into tissues under salt stress (Fig. 10.1; Lovelli et al. 2012).



10 Abscisic Acid and Biomass Partitioning in Tomato Under Salinity 273

10.4 Role of Abscisic Acid (ABA) and Other Phytohormones
Under Salinity

Since plants are sessile organisms, for them having and efficient system of response
to the changing environment is crucial for surviving. First discovered group of plant
hormones includes auxin, gibberellins (GAs), cytokinins, abscisic acid (ABA) and
ethylene. Only recently another group of compounds such as brassinosteroids (BRs),
jasmonate (JA), salicylate (SA), strigolactones (SLs), nitric oxide (NO), polyamines,
and some oligopeptides were recognized as new families of plant hormones (Javid
et al. 2011; Santner and Estelle 2010). Notwithstanding phythormones were studied
for many years, interactions that occur between them are still unclear (Ross and
O’Neill 2001). Vanguard of the research on this field regards the modalities through
which plant hormones are involved in multiple processes and if the so-called “cross-
talk” between different hormones results in synergetic or antagonistic interactions
in response of plants to abiotic stress (Peleg and Blumwold 2011; Zhu et al. 2012;
Gemes et al. 2011).

Under salinity plant response is triggered by osmotic signals (Chaves et al. 2003)
or by other compounds (hormones, reactive oxygen species and intracellular second
messengers) (Chaves et al. 2009). Surely between them abscisic acid (ABA) has an
important function in the whole plant responses to salt stress (Zhang et al. 20006).
Generally, ABA operates as a general inhibitor of growth and metabolism, and neg-
atively affects the synthesis of proteins and nucleic acids, even if these actions vary
with tissue, developmental stage and the concentrations of this hormone increase
substantially under stress conditions (Sofo et al. 2011; Yuan et al. 2011; Kobashi
et al. 2001; Srivastava 2002). The changes of the endogenous levels of ABA also
stimulate different metabolic and physiological events that increase the level of tol-
erance to salts (Munns and Tester 2008; Xiong et al. 2002). However, in many stress
conditions other hormones (ethylene, cytokinins, auxins) are involved also, and in
particular, their biosynthesis could be considered an appropriate indicator of the
plant health. Under salinity other hormones such as gibberellins can interact with
ABA and other stress metabolites including antioxidants and ROS scavengers
(Achard et al. 2006).

Recently it was underlined that all too often ABA is considered “the stress hor-
mones”, while other phytohormones such as cytokinins and auxins seems involved
in explaining changes in plant biomass partitioning (Albacete et al. 2008; Javid
et al. 2011). Notwithstanding it is frequently reported that salinity triggers off ABA
synthesis in roots which is relocated to the shoots where it causes stomatal closure
(Chaves et al. 2009). ABA can also be produced in leaf cells and then transported in
other part of the plant (Wilkinson and Davies 2002). With regards to this aspect,
recently it was showed that xylem and apoplastic pH affects ABA movements into
plant tissues and in this way it seems to control the levels of ABA reaching the sto-
mata (Jia and Davies 2007). The “alkaline trapping” of ABA may be triggered by
salts also (Jia and Davies 2007). ABA concurs in salt response during the osmotic
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phase through an effective enhancement of stomatal control (Hassine and Lutts 2010).
Stomatal control by ABA accumulation in leaf tissues was an important research
field for years but data on ABA effects on dry matter partitioning among the differ-
ent plant organs are lacking (Assmann 2004; Zhang et al. 2004). Modifications of
ABA concentrations between leaves and roots may be accountable for the relative
changes in growth ratios and biomass partitioning caused by salt stress (Lovelli
et al. 2012). Leaf and stem dry matter decrease can be related to a redistribution of
photosynthetates to the root system (Maggio et al. 2007) mediated by ABA signal-
ing (Albacete et al. 2008). The few available experimental data on tomato (Albacete
et al. 2008; Ghanem et al. 2008) are in agreement with our results (Lovelli et al.
2012), but they disagree with results of other authors (Mulholland et al. 2003;
Maggio et al. 2007). In tomato under advanced salinization, the high ABA root
levels could regulate organ adaptation, such as dry matter partitioning (Albacete
et al. 2008) and usual alteration of the root/shoot ratio (Maggio et al. 2007). It is
possible to suppose that similar to its action in the shoot, ABA accumulation may
also be useful to keep root growth in salt stressed plants (Albacete et al. 2008).
Sharp and LeNoble (2002) and Spollen et al. (2000) clearly showed that higher root
growth under low water potential is associated with high ABA levels in the roots,
and that the maintaining of root growth under low water potential is controlled by
ABA accumulation in roots. Build up of ABA root concentration and root/shoot
ratio observed under salt conditions (Lovelli et al. 2012) seems to strength our
hypothesis. Some authors (Albacete et al. 2008) also supposed that ABA is related
with inhibition of ethylene production, which is sometimes considered a growth
inhibitor under stress. It is a clear example of cross-talk between plant hormones
during plant response to salt stress, as said before. It could justify how a single
hormone produces different effects in different plant organs, in other words in
each organ this compound interacts in different modality with the other hormones
that are at the sometime present (Ross and O’Neill 2001). Some authors (Ghanem
et al. 2011b) observed that the root cytokinin production deeply reduces both ABA
and Na* build up in the root and other organs without modifying root dry matter
under moderate salinity (100 mM NaCl). Another possible explanation could be
that given by Zhang et al. (2006). According to this author it is possible to give to
ABA a dual function in plant physiological control. That is an inhibitive function
when it accumulated at high concentration under stress, and a promoting function
when it is at low amount in plant tissues. We observed high ABA root tissue
amount in correspondence of high Na* and CI- root level (Lovelli et al. 2012), so
it is possible to hypotize its inhibition function, as other authors reported (Sharp
and LeNoble 2002).

In any case, higher root/shoot growth might be interpreted as part of an adapta-
tion behaviour in which plant physiological and metabolic modifications evolve
together with plant development, soil salinization and atmospheric parameters dur-
ing the crop cycle (Maggio et al. 2011). Different tissue root and leaf ABA may
have an important function in controlling growth, leaf gas exchange and dry matter
partitioning of salinized tomato plants (Lovelli et al. 2012).
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10.5 Tomato Root Architecture Modification Under Salinity

Considering its role function in absorbing water and nutrients, the root system is the
main part of the plant to meet soil salinity (Ouyang et al. 2007), and likely plays an
important role to cope with salts. In particular how salts affects root growth and
architecture is of great importance to elucidate mechanisms for plant adaptation
process to salinity.

The role of the roots and their function in mediating shoot responses to abiotic
stresses such as salinity, was recently emphasised (Ghanem et al. 2011a). Root mor-
phology such as root system architecture should be thoroughly investigated to
improve plant development under environmental stress conditions (Ghanem et al.
2011a) because, currently, there are very few information on root architecture/mor-
phology under salt stress (Maggio et al. 2011).

Root growth traits reduction associated to salinity agree with the results of sev-
eral authors (Schwarz and Grosch 2003; Kafkafi 1996). On tomato we measured a
reduction of total root weight and length in salt treatments and a large increase in
specific root length (SRL) compared to the control (Lovelli et al. 2012 submitted).
Snapp and Shennan (1992) observed no modification of Root Length Density in
hydroponically-grown tomato plants under salinity. Recently both a root fresh
weight reduction (30 %) was observed on tomato after 3 weeks under saline condi-
tions (Albacete et al. 2008) and a root dry matter reduction under salinity together
with a root/shoot increase (Lovelli et al. 2012). According to Cuartero and
Fernandez-Munoz (1999) salinity deeply affects root biomass of tomato, but other
authors (Abrisqueta et al. 1991) showed that tomato root biomass grown under
salinity conditions, have only a delay in reaching a depth of 80 cm and the end root
length density is a quarter than in control plants.

Also on other crops there are contrasting results. Considering faba bean growth
on salinized soil root length density and root mass density are deeply reduced as
effect of salts (Abdelhamid et al. 2010), while on soil-grown alfalfa some authors
(Vaughan et al. 2002) showed that root production was stimulated by salinity. These
contrasting results may depend also by confusion that comes from heterogeneous
growth condition under salinity on soil-grown plants. This is an enormous problem
of salinity experiments, each time we want to impose salinity condition in an
artificial we may meet difficulties that can generate confusing results. In fact when
plants are grown under salinity soil compaction could affect plant growth by caus-
ing increased resistance to root penetration and the resulting different mechanisms
of salt damage may be very different as the result of the system under which the
plants were grown (Tavakkoli et al. 2011). In order to avoid confusing results it is
important to separate salt stress from other soil abiotic stress, eliminating soil com-
ponent and this can be done only growing plant in hydroponics.

In our experiment on hydroponically-growth plants analyzing root length density
along the depth we found a significant interaction between salinity and root depth
on specific root length (SRL; Lovelli et al. 2012 submitted). A root system with a
high SRL in high salinity conditions could be considered an adaptative response
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that gives to plants the possibility to growth better in the soil volume (Bazzaz and
Morse 1991; Snapp and Shennan 1992), and to delay toxic ions accumulation in plant
shoots (Maggio et al. 2007) keeping a right degree of ions homeostasis. Moreover on
other crops some authors pointed out that differential rooting was higher in the upper
half of the root zone on alfalfa soil grown plants, and that high fibrous rooting in
alfalfa is a character to interpret as a salt stress avoidance behaviour (Vaughan et al.
2002). All these recent experiments on root architecture modification under salinity
seems to be of great help for elucidation of mechanisms for tomato adaptation to salt
stress on whose significance there are still many aspect to clarify.

On tomato it was observed that salt or other abiotic stresses may affect different
roots to a different extent (Cuartero and Fernandez-Munoz 1999). Other researches
showed that under stress tomato usually grows numerous small lateral feeder roots,
which are not present in tomato plants growth in non-stress conditions (Zobel 1975).
Moreover in our experiment in salt treatments we observed a particular root diam-
eter distribution. Under severe salt stress we measured a significant amount of
tomato roots belonging to the lower diametric class (0-0.5 cm) (Fig. 10.2; Lovelli
et al. 2012 submitted). Increased Specific Root Length (SRL) usually associates
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with low average root diameters (Schwarz et al. 1995; Schwarz and Grosch 2003).
These last results are in agreement with other authors (Kurth et al. 1986; Sharp et al.
1990) that observed thinner roots in cotton and maize, respectively, under high level
of salinity. In general the increase of Specific Root Length (SRL) under salinity
reflects differences in diameter distribution and may be used as an indicator of plant
response to management (Basirat et al. 2011) or environmental change (Ostonen
et al. 2007).

Moreover modifications in the root class diameter distribution may be con-
sidered as a mechanism of adaptation to salinity, thinner roots allow osmotic
adjustment without alteration of fixed carbon partitioned to roots (Snapp and
Shennan 1992).

10.6 Conclusion and Future Perspective

From recent research activity on tomato, it can be concluded that new elements have
emerged that are useful in the elucidation of mechanisms of salt adaptation and
tolerance. Source — sink regulation and root-to-shoot signaling are interconnected
mechanisms that allow tomato plants to increase salt tolerance since they allow to
maintain growth and delay leaf senescence during the first phase of salt response
(osmotic one; Perez-Alfocea et al. 2010).

In biomass partitioning plant hormones plays a crucial role. As regards tomato
different endogenous ABA at root and leaf level are key aspects in growth control,
leaf gas exchange and dry matter partitioning of salt-stressed plants (Lovelli et al.
2012), even if it seems that in the complex plant hormonal network cross-talk
between hormones may result in synergetic or antagonic interactions in response to
one stress (Peleg and Blumwold 2011).

The role of root architecture in tomato response to salinity is still unclear, but it
likely plays an important role. In hydroponically grown tomato plants under high
salinity (150 mM NaCl) we observed decrease in root weight, depth and length
density but an increase in specific root length, corresponding to an increase in fine
roots in the middle part of the root system.

Although this chapter on tomato biomass partitioning under salinity covers only
a part of a very complex scientific field of research it is clear that physiological
approach is still a powerful tool for analyzing the complex process that is plant
adaptation to salts. Several authors (Jacobsen et al. 2012; Boote et al. 2001; Hunt
et al. 2003; Martre et al. 2003) think that only integrating knowledge from different
approaches (plant physiology, soil science and agrometeorology) into mathematical
equations, through models it is possible to forecast plant response and yield in stress
conditions. So many efforts would be addressed to create synergies between
scientific research groups and to develop a multidisciplinary approach for the salin-
ity stress problematic (Wollenweber et al. 2005) in order to give a further chance to
agriculture in areas affected by salinization.
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Chapter 11
Phenolic Content Changes in Plants
Under Salt Stress

Agnieszka Waskiewicz, Malgorzata Muzolf-Panek, and Piotr Golinski

11.1 Introduction

11.1.1 Phenolic Compounds: Structures, Biosynthesis
and Their Functions in Plants

Phenolics are secondary metabolites of plants, widely spread in nature and studied
for a long time (Von Szent-Gyorgyi 1928). The group contains over 9,000 various
compounds differing in structure and molecular weight, and the resulting physico-
chemical and biological properties (Crozier et al. 2006). They are synthesized in
plants via the shikimic acid metabolic pathway (and manolate in case of flavonoids
and stilbenes), which is an endogenously controlled process during developmental
differentiation (Crozier et al. 2006), or which can be regulated by exogenous factors
such as light, temperature and wounding. In plants the compounds may play a role
of signalling molecules, protecting against UV light and pathogens, attracting pol-
linators, stimulating disease resistance and/or protecting against reactive oxygen
species generated when aerobic or photosynthetic metabolism is impaired by vari-
ous environmental stresses such as salt stress.

Phenolics show a great diversity of their carbon skeleton, from a single hydroxy-
lated aromatic ring to highly complex polymeric substances, e.g. tannins, which
results in their division into four major classes: phenolic acids, flavonoids, stilbenes
and lignans (Rice-Evans et al. 1996; Jaganath and Crozier 2010).
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Fig. 11.1 Phenolic acid structures

Phenolic acids, including hydroxybenzoic acid (C—C,) and hydroxycinnamic
acid (C~-C,) derivatives (Fig. 11.1), may be present in soluble forms conjugated
with sugars or organic acids, as well as bounded to more complex structures such as
hydrolysable tannins or lignins (Crozier et al. 2006; Jaganath and Crozier 2010).
They are especially widespread in fruit, e.g. berries and apples, vegetables such as
onion or raddish, and cereals (Zadernowski et al. 2005; Crozier et al. 2006; Mattila
and Kumpulainen 2007).

Flavonoids are a major group of the polyphenolic compounds with a diphenyl-
propane skeleton (C~C,-C ), i.e. a three-ring structure: the benzene moiety (A), the
¥-pyran ring (C) and the phenyl moiety (B) (Fig. 11.2). According to the oxidation
stages of their heterocyclic ring (C), they can be divided into several classes, includ-
ing flavones, isolavones, flavonols, flavanones, flavan-3-ols, flavan-3,4-diols and
anthocyanins (called also anthocyanidins). Structures of various classes of flavonoids
are also presented on Fig. 11.2. Other flavonoids are minor compounds in plants,
including chalcones, dihydrochalcones, aurones, coumarins and dihydroflavonols
(Crozier et al. 2006). The high diversity of flavonoids is a direct effect of the mul-
tiple hydroxylation, methoxylation and glycosylation patterns (Bors et al. 1998).
Acylation may also occur in the basic skeleton as well as in the glycosyl moiety. The
hydroxyl groups play a crucial role in the functional activities of flavonoids. The
higher the number of hydroxyl groups in the molecule, the higher the antioxidant
activity of the compound is (Rice-Evans et al. 1996; Muzolf et al. 2008).
Methoxylation generally reduces the activity of a flavonoid when compared to the
native compound (Lemanska et al. 2001; Borkowski et al. 2005). The most com-
monly present sugar residue in flavonoid glycosides is D-glucose attached to carbon
at C3, and less frequently at C7, C5, C3’, C4' or C5'. Flavan-3-ols, also called cat-
echins, do not form glycosides; however, they may be present in the gallate forms,
i.e. as esters of gallic acid (C3 position in a C ring), which influences their activity
— galloylated catechins exhibit a higher radical scavenging activity than non-
galloylated ones (Muzolf et al. 2008). Moreover, catechins may undergo oxidation
to chinones in the electron transfer process (Sang et al. 2007; Muzolf-Panek et al.
2008) and further condensation to theaflavins which may polymerize to high-molec-
ular weight compounds — thearubugins. Catechins also form oligomeric and polymeric
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Fig. 11.3 Structures of common plant stilbenes

proanthocyanidins, better known as condensed tannins. Flavonoids are widespread
in the plant kingdom, as they are found e.g. in large quantities in fruits and vegetables,
cocoa, tea, nuts as well as cereal grains, herbs, spices, algae and plants with phar-
macological properties, such as ginkgo biloba or Echinacea (Arts et al. 2000a, b;
Lee et al. 2010).

Stilbenes — in contrast — are a small group of phenylpropanoids characterized by
a 1,2-diphenylethylene skeleton (C,~C,~C/) (Chong et al. 2009). There is a great
diversity among stilbenes in terms of structures found in particular plant families;
nevertheless, most plant stilbenes are derivatives of the basic unit trans-resveratrol
(3,5.,4-trihydroxy-transstilbene). The basic structure of stilbenes as well as the most
common plant stilbenes are shown on Fig. 11.3. Stilbenes are phytoalexins produced
by plants in the metabolic pathway as the response to attack of such pathogens as
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lignane 3,3"-neolignane 8,3"-neolignane
3,4"-oxyneolignane 9-norlignane

Fig. 11.4 Structures of various groups of lignans

bacteria or fungi. The main sources of stilbenes are soybeans, red grapes, peanuts
and recently also various berry fruit are considered as potential sources of stilbenes
(Burns et al. 2002; Rimando et al. 2004).

Lignans are a group of plant phenols. Their structure is based on two cinnamic
acid units (Fig. 11.4). Oxysubstitution may occur in the aromatic rings, as well as in
the side chain. o-Methyl and glycosyl residues may also be inserted in lignan struc-
tures (Moss 2000). Lignans are one of the groups of phytoestrogens (i.e. estrogen-
like phytochemicals). Similarly to other phenolic compounds, they act as
antioxidants. The compounds are ubiquitous in flax seed, sesame seed, cereals such
as rye, wheat and barley, soybeans, some fruit (apricots, strawberries) and vegeta-
bles (broccoli, cabbage) (Smeds et al. 2007).

The biosynthesis of phenolic compounds is a complex network of chemical reac-
tions and runs generally through the shikimate pathway (Winkel-Shirley 2001;
Crozier et al. 2006). The shikimic acid pathway is derived from the metabolism of
carbohydrates and glycolysis and starts with the biosynthesis of 3-deoxy-D-arabino-
heptulosonic acid 7-phosphate (DAHP) by the corresponding synthase (DAHPS,
EC 4.1.2.15). The following reactions, including shikimic acid formation, lead to
the biosynthesis of the aromatic amino acid L-phenylalanine. This was the first step
in the biosynthesis of phenolic compounds. The second stage is initiated with the
deamination of L-phenylalanine by phenylalanine ammonia lyase (PAL, EC 4.3.1.5)
leading to the formation of cinnamic acid and the following phenylpropanoid path-
way (Davis and Shwinn 2006; MacDonald and D’Cunha 2007). The pathway con-
tinues with the hydroxylation of the latter by a P450 enzyme (Ehlting et al. 2006),
cinnamate-4-hydroxylase (C4H, 1.14.13.11), to form p-coumaric acid, which in
turn is metabolized to p-coumaroyl-CoA by p-coumarate: CoA ligase (4CL, EC
6.2.1.12). p-Coumaric acid is also a precursor of salicylic acid and many phenolic
acids, such as caffeic, ferulic and synapic acids, and further reactions lead to the
formation of lignins. p-Coumaroyl-CoA is a pivotal compound which gives rise to
many flavonoids and stilbenes. The three-ring flavonoid structure formation is fol-
lowed by the condensation of p-coumaroyl-CoA with three malonyl-CoA units
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catalysed by chalcone synthase (CHS, EC 2.3.1.74). p-Coumaroyl-CoA is a basic
compound for the phenyl B-ring and the bridge synthesis. The benzene ring A
(Fig. 11.1) is derived from carbons of three malonyl-CoA residues. Altogether, the
reactions lead to the biosynthesis of naringenin-chalcone followed by the
stereospecific conversion to naringenin by chalcone isomerase (CHI, EC 5.5.1.6).
Further steps, starting from naringenin formation, are specific for various flavonoid
classes (Punyasiri et al. 2004; Crozier et al. 2006; Togami et al. 2006). Stilbenes
such as trans-resveratrol also originate from the condensation of p-coumaroyl-CoA
with three malonyl-CoA units (Chong et al. 2009) and a key enzyme in this reaction
is stilbene synthase (SS, EC 2.3.1.95). The biosynthesis of lignans proceeds through
the formation of caffeic acid derivatives, from p-coumaroyl-CoA, starting from
caffeoyl quinic acid to coniferyl and synapic alcohols (lignans subunits) (Suzuki
et al. 2002; Umezawa 2003; Schmidt et al. 2006).

Phenolics serve diverse functions crucial for plant growth and development
(Gould and Lister 2006). Phenolics, mainly in the form of lignins, are components
of the cell-wall structure, constituting a mechanical and microbiological barrier
(Cvikrova et al. 2006). A good example here is the synthesis of cell-wall bound
phenolics formed in response to pathogen attack (Soylu 2006).

One of the most obvious functions of phenolic compounds is their contribution
to flower and fruit colours (Crozier et al. 2006). Anthocyanins, the most colourful
among phenolic compounds, are red and blue pigments attracting insect pollinators
and other fruit-eating animals, facilitating seed dispersal. The function of colorants,
rather as co-pigments than the main pigments, is also ascribed to flavonols and
flavones, responsible — depending on their structures — for white, yellow and ivory
colours in plant tissues. It is also worth mentioning that yellow pigmentation is the
result of the presence of chalcones.

Flavonoids are important compounds for plant reproduction, contributing not
only to colour formation to attract pollinators, but they also affect pollen germina-
tion and tube growth (Gould and Lister 2006; reviewed by Amalesh et al. 2011).
Polyphenolic compounds are present in most plant seeds, protecting them against
microbial pathogens and insect pests and participating in seed maturation and dor-
mancy (Routaboul et al. 2006; reviewed by Amalesh et al. 2011).

Flavonoid compounds facilitate the establishment of a symbiotic relationship
between soil bacteria, Rhizobia, and plants (reviewed by Lattanzio et al. 2006; Shaw
et al. 2006). They play a role of chemical signals which are recognized by Rhizobia,
which initiates nodule meristem formation and nitrogen fixation (reduction of atmo-
spheric nitrogen to ammonia) (Begum et al. 2001; Fox et al. 2001; Sundaravarathan
and Kannaiyan 2002; Cooper 2004; Eckardt 2006).

Phenolic compounds, such as hydroxybenzoic aids, some flavonols and (iso-)
flavones, may influence positively spore germination and hyphal growth of arbus-
cular mycorrhizal fungi (Scervino et al. 2005; reviewed by Lattanzio et al. 2006;
Kensuke et al. 2007; Scervino et al. 2007; Carlsen et al. 2008; Ponce et al. 2009).

Unlike the basic metabolism, including anabolic and catabolic processes,
which is necessary for plant cell maintenance and proliferation, secondary metab-
olism, gives rise to a broad range of compounds, which play a crucial role in plant
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survival under various environmental conditions (Lattanzio et al. 2006; Drzewiecka
et al. 2011).

When plants are exposed to pathogenic microorganisms they produce various
compounds known as phytoalexins, i.e. low molecular weight substances synthe-
sized by a plant in response to pathogen attack. This requires de novo expression of
enzymes involved in the biosynthetic pathway. Studies of Fofana et al. (2005) on
the role of flavonoid phytoalexin production in the induced resistance of cucumber
against powdery mildew (caused by Podosphaera xanthii) showed that the resis-
tance could be suppressed through down-regulation of CHS and disruption of the
flavonoid pathway, which strongly suggests that flavonoid phytoalexins play a key
role in determining the outcome of plant—powdery mildew interactions. The com-
pound functions are mainly ascribed to the group of isoflavonoids (reviewed by
Amalesh et al. (2011); Zabala et al. (2006)).

Some of the phenolic compounds may act as allelochemicals, in view of the fact
that allelopathy is a biological phenomenon, in which the growth, survival and
reproduction of one plant species is biochemically influenced by another and the
compounds released to the environment by the plant are called allelochemicals. Up
to now studies revealed that catechin, gallic acid, protocatechuic acid, chlorogenic
acid, caffeic acid, hydroquinone, 5,7,4'-trihydroxy-3',5'-dimethoxyflavone, stil-
benes (such as prenyl-trans-stilbene) and other phenolic compounds may inhibit the
growth of neighboring plants (Weir et al. 2003; Kong et al. 2004; Weidenhamer and
Romeo 2004; reviewed by Bais et al. 2006; Li et al. 2010; Lobo et al. 2010;
Scognamiglio et al. 2012).

The toxic effect of reactive oxygen species (ROS) on plants and other living
organisms is quite well-known (Waris and Ahsan 2006). In plants one of the main
sources of ROS formation is nothing other than the photosynthetic electron trans-
port chain. Also various environmental stresses, such as exposure to toxic metals,
temperature, UV radiation, water deficit and/or salinity, may induce the cascade of
ROS production (Dat et al. 2000; Desikan et al. 2005; Koyro et al. 2012). Thus,
plants have evolved various defence mechanisms, including phenolic compound
biosynthesis, against these toxic species. Flavonoids and other phenolic compounds
may scavenge free radicals and other active species through the hydrogen atom and/
or electron donation. However, the efficiency of the antioxidant activity is highly
structure-dependent (Rice-Evans et al. 1996) as well as pH-dependent (Lemanska
et al. 2001; Borkowski et al. 2005; Muzolf et al. 2008), as it was mentioned earlier
in this chapter.

Plants are constantly exposed to UV-B radiation, which may negatively affect
their photosynthesis, transpiration, pollination and causes cellular damage, includ-
ing DNA alterations. To protect themselves from these harmful effects, plants syn-
thesize flavonoids (such as anthocyanins, flavonols — mainly in the form of
glycosides and methylated glycosides) and phenolic acids (such as caffeic acid,
p-coumaric acid and ferulic acid). These phenolic compounds absorb UV-B light
and are mainly accumulated in the epidermal cells to protect photosynthetic tissues
(Bourchard et al. 2000; Gould and Lister 2006; Luthria et al. 2006; Pinter et al.
2007; Tsormpatsidis et al. 2008). An increased flavonoid content was also observed



11 Phenolic Content Changes in Plants Under Salt Stress 289

in hairs and epicuticular wax (Gould and Lister 2006). A similar situation is observed
in toxigenic fungi — present in cereals and cereal-derived food products and/or feed
components — able to form a group of phenolic compounds which protect them
against this denaturating light (Golinski et al. 1995), hindering prevention of myco-
toxin formation by toxigenic microorganisms.

In the aftermath of industrial development the soil is getting increasingly pol-
luted with heavy metals (Michalak 2006). These toxic elements cause the inhibition
of plant growth, reduce biomass and finally lead to plant death. The negative effect
of heavy metals on plants is also related with reactive oxygen species generation
through the oxidative stress induction. Phenolics participate in the plant resistance
to the harmful effects of heavy metals in soil by various mechanisms, including metal
chelation (Gould and Lister 2006; Michalak 2006; Keilig and Ludwig-Miiller 2009).
Pawlak-Sprada et al. (2011a) revealed that the treatment of soybean and lupine with
high levels of cadmium and lead causes an increase in PAL activity — the principal
enzyme of the phenylpropanoid pathway. Further studies of the same authors showed
that plant exposure to cadmium and lead increases the level of isoflavonoids,
especially 2'-hydroxygenistein and its malonylated glucoside (Pawlak-Sprada
et al. 2011b). Chelated heavy metals, similarly to other toxic stressors (such as
mycotoxins), are bound e.g. in the conducting tissue (xylem), so they are no longer
mobile and are not transported with the nutrient solution to ribosomes, protecting in
this way against macromolecule denaturation, genetic information degradation, cell
apoptosis and in the consequence — plant death (Waskiewicz et al. 2010; Drzewiecka
et al. 2011; Karolewski et al. 2011).

The most common plant stressors are temperature (low or high) and a lack of
water. Chilling as well as heat stresses promote the formation of phenolics in plants
(Kirakosyan et al. 2004; Crifo et al. 2011), through the stimulation of their synthesis
(increased PAL activity) and inhibition of their oxidation (decreased peroxidase and
polyphenol oxidase activities) (Rivero et al. 2001). Water deficit is also a factor
inducing phenolic production (Kirakosyan et al. 2004). It induces the shikimate path-
way and decreases the production of degradation-related enzymes, including poly-
phenol oxidase in water stress-tolerant plants (Sdnchez-Rodriguez et al. 2011).

Salt stress is one of the most important factors limiting plant growth and yield.
Phenolic compounds may influence plant resistance to salt stress, which will be
discussed in detail later in this chapter.

11.2 Ocxidative Stress: Definition and Factors Involved
in Its Induction

Most environmental stresses affect the production of active oxygen species in plants,
causing oxidative stress, which is defined as a shift of the balance between prooxi-
dative and antioxidative reactions in favour of the former, which seems to be a com-
mon denominator of the action of various agents on living organisms, creating the
potential for organic damage. Pro-oxidants are by definition free radicals, atoms or
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clusters of atoms with a single unpaired electron. Physiological concentrations of
pro-oxidants are determined both by internal and external factors. Antioxidants are
chemical compounds (enzymatic and non-enzymatic subtypes) that can bind to free
radicals and thus prevent from damaging healthy cells. The reduction of oxygen to
form superoxide, hydrogen peroxide and hydroxyl radicals is the principle mecha-
nism of oxygen activation in most biological systems. However, in photosynthetic
plants, the formation of singlet oxygen by the photosystems is of prime importance.
Activated oxygen is often formed as a component of metabolism to enable “com-
plex” chemical reactions, such as oxidation of xenobiotics or polymerisation of
lignin, but in other instances activated oxygen is formed by the dysfunctioning of
enzymes or electron transport systems, as a result of perturbations in metabolism
caused by chemical or environmental stress.

11.3 Salt Stress in Plant

Abiotic stresses are major constraints to agricultural production worldwide. Plants
have an inbuilt mechanism to respond to fluctuations in circadian and seasonal envi-
ronmental conditions (Khan et al. 2011). Among abiotic environmental stresses,
high salinity stress is the most severe, which impairs crop production over at least
20 % of irrigated land worldwide (Zhao et al. 2007; Kumar et al. 2010; Tavakkoli
etal. 2011). Salt stress in soil or water is one of the major stresses especially in arid
andsemi-aridregions, wheresalinity strongly limits cropdevelopment (Allakhverdiev
et al. 2000; Koca et al. 2007; Munns and Tester 2008).

Among various sources of soil salinity, irrigation combined with poor drainage
is the most serious one (Zhu 2007). Soil type and environmental factors, such as
vapour, radiation and temperature, may further alter salt tolerance (Chinnusamy
et al. 2005). Actually in fields salt levels fluctuate seasonally and spatially, and this
variation will occur due to the circumstances influencing each particular plant (Estes
2002). In addition, the continuous use of the same soil for growing vegetables results
in an increase of salinization.

Damage caused by high salinity is often associated with three different mech-
anisms (Levinsh 2006), the first being ion toxicity caused by an excessive accu-
mulation of Na* and CI- in the cytoplasm, leading to an ionic imbalance which
can be counteracted by an increased transport intensity of the ions to the vacuole.
In the second mechanism, even if massive ion compartmentation occurred in the
vacuole, the cytosol water potential must be lowered to balance a low external
water potential, thus allowing water intake in the plant cell and preventing mac-
romolecule damage. In the third mechanism a high cellular NaCl concentration
causes an increased formation of ROS (Hernandez and Almansa 2002), which is
considered the primary event under a variety of stress conditions (Noctor and
Foyer 1998).
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11.4 Tolerance to Salinity Stress

Tolerance to salinity stress has often been associated with oxidative stress, since one
of the consequences of exposure to salinity is the production of ROS, such as super-
oxide radicals ("O,"), hydrogen peroxide (H,O,) and hydroxyl radicals (OH) (Asada
2006; Ashraf and Foolad 2007; Ashraf 2009). The generation of ROS in plants
under oxidative stress at different locations in the plant cell (mitochondria, chloro-
plast, peroxisome and nucleus) causes injury and cell death (Mano 2002). On the
other hand, ROS play a vital role in intracellular redox signaling, activating antioxi-
dant resistance mechanisms. Thus, it is a surviving response for plants to control the
concentration of ROS (Khan et al. 2011). These species cause oxidative damage to
different cellular components including membrane lipids, proteins and nucleic acids
(Valko et al. 2006). Plants possess efficient systems for scavenging ROS that protect
them from destructive oxidative reactions (Eryilmaz 2006; Sharma et al. 2010).

The major ROS-scavenging mechanisms in plants are connected with superoxide
dismutase (SOD), catalase (CAT), peroxidase (POD), glutathione reductase (GR), and
the non-enzymic constituents such as ascorbic acid, glutathione, tocopherols, caro-
tenoids, and phenolic compounds, which help in the deactivation of active oxygen
species in multiple redox reactions, thereby contributing to the protective system
against oxidative stress (Lee et al. 2001). The ROS scavengers can increase the plant
resistance to salinity stress (Foyer et al. 1997; Navari-Lazzo and Quartacci 2001;
Vinocur and Altman 2005).

Deleterious effects of salinity on plant growth are associated with: (1) lowering of the
water potential, (2) direct toxicity of any Na and Cl absorbed, and (3) interference with
the uptake of essential nutrients, or (4) a combination of these factors (Ahmad and
Sharma 2008). Plants are either dormant during the salt episode or they must adjust to
the new environmental conditions. Their responses depend on the species, genotype, as
well as length and severity of the salinity, the age and stage of development, the organ
and the cell type as well as the sub-cellular compartment (Yokoi et al. 2002).

Salt tolerance depends also on such factors as morphology, regulation of transpi-
ration, control of ion movement, membrane characteristics, tolerating high Na/K
ratios in the cytoplasm and salt glands (Flowers and Flowers 2005).

11.5 Halophytes and Glycophytes

The adaptations required to survive in salt-affected soils are the same in all plants
and depend on the plant genotype, determining morphological, biochemical and
physiological mechanisms providing for plant growth under previously unfavorable
conditions (Dajic 2006). Plants are generally divided into two groups with respect
to salt tolerance, i.e. halophytes and glycophytes, of which the former can tolerate
high levels of salinity and complete their life cycle in soils with salt concentrations
above 200 mM NaCl (Flowers and Colmer 2008) that may be potentially useful for
economic (oilseed, forage, production of metabolites) applications (Single et al.
1996). Some species of halophytes even require salt concentrations of this order for
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Fig. 11.5 Scheme of the two-phase growth response to salinity (Adapted from Munns et al.
1995)

optimal growth, and grow poorly without it. In contrast, growth of glycophytes is
markedly reduced even at low-salt concentrations and they cannot complete their
life cycle in saline soils (Ellouzi et al. 2011).

Halophytes must balance their requirement for salts needed for osmotic adjust-
ment with their growth rate. Regulating transpiration plays an important part in this
process, as it is the transpiration stream that carries ions between roots and shoots.
Consequently, factors that influence the rate of water loss by plants are important in
salt tolerance. Many halophytes show morphological adaptations associated with
limiting transpiration, such as reduced leaves (which may be ‘fleshy’ or ‘succulent’)
(Huchzermeyer et al. 2004; Flowers and Flowers 2005).

Halophytes, although widespread taxonomically, are relatively rare amongst the
250,000 species of flowering plants and virtually all of our crops are glycophytes
(Sairam and Tyagi 2004). There is, however, considerable variability in the toler-
ance of these glycophytes to salt, as variation occurs both between and within spe-
cies. Glycophytes, if they are to survive salinity, must adapt to external salt
concentrations; they face the same problems as those faced by halophytes.
Measurements of ion contents in plants under salt stress revealed that halophytes
accumulate salts, whereas glycophytes tend to exclude the salts (Zhu 2007).

There are two phases in plant response to salt (Fig. 11.5). Plants sensitive
or tolerant to salinity differ in the rate at which salt reaches toxic levels in leaves.
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The timescale is days, weeks or months, depending on the species and the salinity
level. The first phase is a response to the changes in water potential by lowering the
external water potential by salt. These initial effects of salinity (phase 1) are likely
to be the same for cultivars of different salt tolerance. Only when ions are accumu-
lated over time (phase 2), do actual differences in salt tolerance appear. Sensitive
cultivars (glycophytes) accumulate ions more quickly than tolerant cultivars (halo-
phytes) and this ion accumulation leads to leaf death and, progressively, death of the
plant (Munns 2002).

11.6 Changes of Phenolic Compound Content in Various Plants
Under Salt Stress

Salt stress, as it was mentioned above, causes a limitation of photosynthesis, which
results in excessive ROS production. To adapt to these harmful environmental con-
ditions plants induce the synthesis of various secondary metabolites, such as e.g.
phenolic compounds.

11.6.1 Fruit and Vegetables

Although extensive research has been carried out on the effect of salinity on physi-
ological functions and antioxidant enzyme responses, there is relatively little data
available, to the best of the authors’ knowledge, on the influence of salt stress on
phenolic content in vegetables and fruit. Tables 11.1 and 11.2 present recent stud-
ies on phenolic content changes under salt stress in edible plants. Based on the data
collected in the tables it may be stated that the reviewed studies on the direction of
phenolic changes upon plant treatment with high doses of salt give inconclusive
results. It is also difficult to directly compare the results of various studies, since
various experimental conditions are applied by researchers (source of salt stress,
salt doses and time of treatment) and the phenolic profile was investigated in dif-
ferent parts of plants (leaves, roots, fruit) (Keutgen and Paweltzik 2008; Mohamed
and Aly 2008; Telesinski et al. 2008; Lopez-Berenguer et al. 2009; Noreen and
Ashraf 2009; Chisari et al. 2010; Dkhil and Denden 2010; Frary et al. 2010;
Mahmoudi et al. 2010; Neves et al. 2010; Tiwari et al. 2010; Demiral et al. 2011;
Yiu et al. 2012; Petridis et al. 2012; Rezazadeh et al. 2012). Moreover, the initial
level of total phenolic acids and/or flavonoids varies widely among species and
cultivars (Keutgen and Paweltzik 2008; Frary et al. 2010; Mahmoudi et al. 2010).
It is also worth noting that very few authors studied the effect of salinity on bioac-
tive compounds at different ripening phases of plants (Navarro et al. 2006; Lopez-
Berenguer et al. 2009).
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The antioxidant response of plants is strongly dependent on the dose and time of
salt treatment, as well as the source of salt stress. Most studies focused on NaCl-
induced salt stress in plants (Keutgen and Paweltzik 2008; Kim et al. 2008; Telesinski
et al. 2008; Lopez-Berenguer et al. 2009; Noreen and Ashraf 2009; Frary et al.
2010; Petridis et al. 2012; Rezazadeh et al. 2012). Telesinski et al. (2008) revealed
that the content of chlorides which increased in bean plant tissues with an increasing
NaCl concentration in the soil (0, 10, 30 and 50 mM/kg) correlates negatively with
the flavonoid as well as total phenol contents after 28 days of the experiment.
However, despite a decreasing total phenolic content at day 14 of the experiment the
level of flavonoids increased with enhanced salinity. Total phenolic content and the
concentration of flavonoids were stable under salt stress enhancement at day 21 of the
study (Telesinski et al. 2008). Simultaneously, the authors showed that the activities of
antioxidant enzymes, such as catalase and peroxidase, rose with an increasing salt
stress in bean plants. This increase was observed at day 14 for both enzymes, as well
as days 21 and 28 for peroxidase only. The activity of catalase at days 21 and 28
fluctuated, as it initially declined and then rose at the dose of 50 mM of NaCl/kg soil.
The results of a study by Kim et al. (2008) on the influence of increasing salinity on
phenolic compound levels in Romaine lettuce during short- (2-day) and long-term
(15-day) treatments showed that phenolic content decreased with short-term salt expo-
sure to a high NaCl concentration (up to 1,000 mM of NaCl), whereas there were no
significant differences among samples exposed to long-term irrigation at relatively
low and moderate NaCl levels (up to 200 mM). In contrast to the results reported by
Kim et al. (2008), Mahmoudi et al. (2010) indicated that after 12 days of 100 mM
NaCl treatment of Romaine lettuce the total phenolic content increased about 1.3-
times, which coincided with a 14.5-fold increase of flavonoids. However, when treat-
ing the plant with 77 mM Na,SO, a 0.5-fold decrease in total phenolic content was
observed together with a 4.5-fold increase in the flavonoid level (Mahmoudi et al.
2010). The differences in phenolic compound fractions of Romaine lettuce under vari-
ous sources of salt stress may suggest that plants synthesized flavonoids and other
phenolic compounds differentially to adapt to various salinities.

The effect of various levels of salt stress on the phenolic antioxidant system in
plants was also investigated by Agastian et al. (2000), Yuan et al. (2010), Biteur
et al. (2011), and Rezazadeh et al. (2012). While at a relatively low salt treatment
total phenolic content decreased in all among the analysed mulberry genotypes
(Agastian et al. 2000) and increased at higher salinity, the direction of these changes
was opposite in radish sprouts (Yuan et al. 2010). It is worth noting that mulberry
was exposed to a long-term salt stress, whereas radish to a short-term one. The
study of Rezazadeh et al. (2012) on the effect of salinity on the phenolic content in
artichoke gave similar results as those recorded by Yuan et al. (2010). At moderate
salinity total phenolic as well as flavonoid contents increased significantly,
whereas a further increase in salinity resulted in a reduction of phenolic compound
levels in artichoke leaves. The observed changes coincided with the changes of
chlorogenic acid content.

Many authors showed different responses of various salt-sensitive plants to
stress (Keutgen and Paweltzik 2008; Frary et al. 2010; Mahmoudi et al. 2010).
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Total phenolic content in a strawberries cv. Korona, which is less sensitive to higher
NaCl concentrations in soil, increased up to 10 % and 16 % for 40 and 80 mM NaCl,
respectively (Keutgen and Paweltzik 2008). For cv. Elsanta, which is salt-sensitive,
this increase was even more significant (14 % and 23 %). It should be stressed here
that the mean initial level of phenolics in cv. Korona was higher when compared to
cv. Elsanta (Keutgen and Paweltzik 2008). The content of anthocyanins in strawber-
ries under various salt stress conditions was also monitored by Keutgen and
Paweltzik (2008). The anthocyanin concentration changes in the plants coincided
with the total phenolic content changes upon NaCl treatment. However, the rate of
anthocyanin increase was higher for both Korona and Elsanta than the total phenolic
increase rate. Since the level of sodium dismutase (SOD) was also elevated in the
samples treated with higher amounts of NaCl (Keutgen and Paweltzik 2008), it may
be supposed that oxidative stress induced as a result of salinity enhancement stimu-
lated the antioxidant defense mechanisms, such as the synthesis of phenolics in
plants and a higher antioxidant enzyme activity. This effect was more pronounced
in plants exhibiting high sensitivity to salt stress. Frary et al. (2010) also reported
that various salt-sensitive lines of tomatoes have different antioxidant profiles in
leaves under salt stress (max. 150 mM of NaCl treatment for 21 days). However,
these differences in total antioxidant contents (total phenolics and flavonoids)
between the two parental lines were opposite to those reported by Keutgen and
Paweltzik (2008). According to Table 11.1 the total phenolic level decreased in salt-
sensitive plants and significantly increased in salt-tolerant plants under increased
salinity. Also, in the contrast to the results presented by Keutgen and Paweltzik
(2008) the mean initial level of phenolics and flavonoids in cultivated salt-sensitive
(S. Lycopersicum) tomatoes was higher when compared to the wild salt-tolerant line
(S. pennellii) (Frary et al. 2010). Differences in the phenolic content changes
between plants of various sensitivity to salt stress were also examined by Mahmoudi
et al. (2010). The authors investigated contents of total phenolics, flavonoids and
phenolic acids in two varieties of lettuce, i.e. Verte (salt-tolerant) and Romaine (salt-
sensitive) after 12 days of 100 mM NacCl treatment. Both lettuce varieties contained
mainly phenolic acids and a minor flavonoid fraction under normal growth condi-
tions. Moreover, the salt-tolerant lettuce cv. Verte contained lower levels of both
phenolic acids and total phenolics than cv. Romaine in the absence of salinity treat-
ment. However, both lettuce varieties exhibited different changes in bioactive com-
pound levels upon salt stress. While a significant increase was found in the flavonoid
fraction for both plants (14.5- and 4.2-fold for Romaine and Verte, respectively), an
increase in phenolic acid content was observed only for cv. Verte (1.4-fold). The
phenolic acid content in Romaine lettuce decreased 0.5-times after salt treatment.
Nevertheless, the total phenolic content was significantly higher in both lettuce
varieties after NaCl exposure, with a more pronounced increase in the salt-tolerant
plant than in the salt-sensitive Romaine lettuce.

The discrepancies between results of various studies resulted also from the type
of the samples, i.e. the analysed part of the plant. As it was shown by many authors,
phenolic profile changes upon salt stress varied widely among tissue type (fruit,
leaves, roots) (Navarro et al. 2006; Lopez-Berenguer et al. 2009; Neves et al. 2010;
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Yiu et al. 2012; Zrig et al. 2011; Petridis et al. 2012). While total phenolic levels
increased after exposure to NaCl in red pepper fruit (Navarro et al. 2006), their
content decreased in pepper leaves (Yiu et al. 2012). Lopez-Berenguer et al. (2009)
reported that the sinapic acid derivative level increased in broccoli inflorescences
upon a 40 mM salt treatment, whereas an approx. 30 % reduction was observed in
the leaves. According to the results of the study by Zrig et al. (2011), total phenolic
response to salinity differed significantly between roots and leaves of bitter almonds.
At a relatively low NaCl dose the total phenolic content was higher in roots when
compared to the control, while at higher salt concentrations the antioxidant level
diminished. Similar tendency was observed in the studies of Petridis et al. (2012) on
the total phenolic content changes in olive tree roots after salinity. In almond leaves
the content of phenolics was stable regardless of salinity (Zrig et al. 2011). Other
almond genotypes showed various phenolic responses to NaCl exposure (Zrig et al.
2011). Based on the results of Petridis et al. (2012) it was concluded that phenolic
content increases with increasing salinity up to 129 % in leaves of olive tree com-
pared to control sample.

It was observed that the antioxidant response of plants to salinity depends
strongly on their maturity stage (Navarro et al. 2006; Lopez-Berenguer et al. 2009).
Based on the results of the study on the total phenolic content in green, turning (one
half green skin and the other half red) and red pepper fruit under a 3-day salt treat-
ment it was concluded that the phenolic level increased with salinity in red fruit, but
was unchanged or slightly decreased in green and turning fruit, respectively (Navarro
et al. 2006). Lopez-Berenguer et al. (2009) investigated the content of flavonoids,
caffeoylquinic acid derivatives as well as sinapic and ferulic acid derivatives in
young and old leaves of broccoli exposed to an 11-week NaCl-induced salt stress.
The authors showed that both maturity states of leaves were characterized by simi-
lar phenolic profiles under control conditions, with flavonoids as a major fraction.
After salt treatment the flavonoid content decreased by approx. 60 % in both types
of leaves. However, while the content of sinapic acid derivatives decreased in old
leaves with an increase in salinity, they were unchanged in the young leaves.

Finally, in order to induce higher salt tolerance to plants various external anti-
oxidants were applied (Mohamed and Aly 2008; Yiu et al. 2012). Yiu et al. (2012)
reported a lower polyphenol content in sweet pepper leaves after a 9-day 150 mM
NaCl treatment. However, while applying catechin as a compound in the irriga-
tion solution, total polyphenol content increased by approx. 23 % in comparison
to plants treated with only NaCl. Nevertheless, pepper plants growing under nor-
mal conditions still showed higher phenolic content. Similar results were reported
by Mohamed and Aly (2008) with a-tocopherol spraying during onion growth
under salt stress. Altogether, the results indicate that an antioxidant application
could be used to alleviate the harmful effect of salt stress on phenolic content in
some plants.

Most studies focused on experiments carried out in greenhouses, where all
experimental conditions could be monitored during the entire experimental period.
However, outdoor climatic conditions are not stable. Thus, many factors may
influence the overall plant response to salt stress observed at outdoor cultivation.
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Rezazadeh et al. (2012) investigated the effect of salinity on the artichoke phenolic
level during field and greenhouse trials. The authors observed that plant response to
salt stress was the same in the field and pot experiments. The contents of both
flavonoids and total phenols increased at moderate salinity (6.5 and 6.9 dS/m in the
field and greenhouse trials, respectively).

Altogether, these results indicate the importance of plant tissue (fruit vs. leaves),
species as well as salt doses, time of salinity exposure and initial levels of phenolics
in determining phenolic response to salinity.

It is important to note that the numerical values from Tables 11.1 and 11.2 could
not be compared directly, since various phenolic content determination methods as
well as standard compounds were used. Moreover, not all authors expressed their
values in terms of dry weight, on which reliable statements on the cases of a higher
metabolite concentration under salt stress could be drawn. Thus, in some studies it is
not clear whether the higher phenolic level for the stressed plants indeed results from
a higher overall amount of the metabolites, or whether it is due to a putative increase
in the concentration that is an effect of biomass reduction (Khan et al. 2011).

11.6.2 Cereals

Soil salinity affects large areas of agriculturally utilized land worldwide, causing
significant reductions in crop yields (Schleiff 2008; Tavakkoli et al. 2011). Genetic
variations among various crop plants are useful in providing a valuable tool in the
selection of cultivars with desirable traits (Misra and Dwivedi 2004).

Many researchers showed different responses of various cereals to salinity (Ali
and Abbas 2003; Lilia et al. 2005; Kattab 2007; Chutipaijit et al. 2009; Hichem
et al. 2009; Ashraf et al. 2010; Daiponmak et al. 2010; Danai-Tambhale et al. 2011).
Daiponmak et al. (2010) tested six Thai rice cultivars for their anthocyanin cyani-
din-3-glucoside content and the antioxidant activity under salinity stress (60 mM
NaCl, for 11 days). At a low salt treatment the total phenolic content increased in
leaves of almost all genotypes, as in two of them a significant increase (from 0.83
to 1.49 and from 0.41 to 0.73 mg GAE/g FW) was observed, in another two it was
a moderate increase (from 0.50 to 0.73 and from 0.44 to 0.72 mg GAE/g FW) and
in another two only a slight increase (from 0.50 to 0.56 and from 0.55 to 0.57 mg
GAE/g FW) when compared to the control. The reported results suggest that an
increase of the total phenolic content in rice genotypes — as a result of salt stress —
protects plants from oxidative damage. In other studies four varieties of indica rice,
differing in salt sensitivity, were used for a comparative study of defense systems in
response to salinity (100 mM NaCl, for 4 days) (Chutipaijit et al. 2009). It was
shown that the total flavonoid content increased in salt-stressed seedlings of salt-
tolerant rice varieties, by 6.34-7.31 % and 1.72-3.48 % in salt-sensitive plants,
which indicates that probably flavonoids — similarly to proline compounds — serve
a protective role under stress conditions. The above mentioned compounds, accu-
mulated in plant tissue, protect plants against damages caused by free radicals.
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The effect of stress at various doses of salt (50, 100, 150, 200 and 300 mM
NaCl) on the phenolic content in two popular scented non-basmati type indica rice
cultivars was investigated by Danai-Tambhale et al. (2011). The results, recorded
at day 21 after germination, indicate an increase in the total polyphenol content
with salt stress progress in both cultivars (from 11.58 to 26.32 mg/g FW for
Indrayani and from 19.74 to 23.01 mg/g FW for Ambemohar). Similar results were
presented by Hichem et al. (2009) when testing two forage maize cultivars under
0, 34, 68 and 102 mM NacCl supplementation for 6 weeks under glasshouse condi-
tions. In both cultivars the amount of total polyphenols increased with salinity, but
decreased with leaf tissue senescence (young leaves>mature leaves>senescent
leaves). In the tested cultivars the concentration of total flavonoids, proanthocya-
nins and anthocyanins, as well as its variation in leaves of different age was similar
and well-correlated to total polyphenol content. In contrast to the above results, a
significantly lower level (mg/g FW) of total polyphenols was found in seedlings of
two different canola cultivars (Serw and Pactol) grown under saline conditions
(200 mM NaCl) for 3 weeks, amounting to 7.17 and 8.31 for Serw and Pactol,
respectively, when compared to that of the control nonstressed plants at 20.80 and
12.68 (Kattab 2007).

In other studies on the effects of salt treatment (70 and 140 mM NaCl) on the
expression of phenolics in two barley cultivars (Arig 8 and Acsad 1230), both in
roots and leaves during 4 and 20 weeks (Lilia et al. 2005), it was reported that Ascad
1230 was less sensitive to salt stress than Arig 8. At a lower salt supplementation
(70 mM NaCl) both cultivars exhibited comparable levels of phenolic compounds,
while at 140 mM NacCl the metabolite levels were different. A significant accumula-
tion of benzoic acid, as well as several ferulic acid, apigenic and luteolin derivatives
was detected in leaf extracts of both cultivars, while in case of roots the phenolic
profile indicated a higher accumulation of benzoic acid and p-coumaric acid deriva-
tives. Moreover, Ashraf et al. (2010) reported the effect of root zone salinity (0 and
150 mM NaCl) on two bread wheat cultivars (salt-tolerant and salt-sensitive) at dif-
ferent growth stages (vegetative, booting and reproductive). Phenolic contents in
leaves in both cultivars significantly decreased only at the booting stage, while at
the other growth stages such an inhibitory effect of salt stress on leaf phenolic con-
tent was not observed.

Ali and Abbas (2003) examined the effect of different levels of phenylurea (0.1,
1,3, 5 ppm) on germination, seedling growth as well as the contents of total pheno-
lic compounds, flavonoids and antioxidant enzymes in barley grown under salt
stress (50 and 100 mM NaCl) for 10 days. The results indicated that phenylurea
application resulted in a significant increase in the growth rate of shoots and roots
and a reduction of the total phenolic compound concentration (from 0.49 to 0.11
and 0.50-0.16 mg/g FW, respectively for 50 and 100 mM NaCl) and flavonoids
(from 0.40 to 0.28 and 0.44-0.16) only in shoots. In contrast, a slight increase of the
metabolite levels was observed in roots.
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11.6.3 Spices, Herbs and Medicinal Plants

The effects of various salt treatments on the phenolic content were also investigated
in such plants as rosemary, black cumin, mint and basil (Bourgou et al. 2010; Oueslati
et al. 2010; Kiarostami et al. 2010; Zahedi et al. 2011; Mehrizi et al. 2012).

Rosemary is a good source of phenolic antioxidant compounds (2-3 % rose-
marinic, chlorogenic and caffeic acids), able to scavenge ROS (Zheng and Wang
2001; Almela et al. 2006), while stress caused by NaCl induced an accumulation of
proline, total phenolics and other antioxidants in rosemary (Rosmarinus officinalis).
The antioxidant activity and total phenolic content increased in salinized plants (50,
100, and 150 mM NaCl, for 3 weeks) (Kiarostami et al. 2010). Phenolic content (in
mg/g) in leaves significantly increased at 50 mM NaCl (from 0.91 to 1.59), increased
to 4.22 at 100 mM NaCl and decreased at 150 mM NacCl (to 3.47). The above obser-
vation of an increase in total phenolic content and the antioxidant activity of rose-
mary under salinity can suggest a reduction of oxidative stress and in the consequence
may be an interesting and valuable tip for the production of antioxidant compounds
in rosemary plants under salt stress. In other studies on rosemary the effects of salin-
ity (0, 50 and 100 mM NacCl, for 3 months) and various levels of copper (0, 0.5 and
1.0 uM Cu* as CuSO,) on total phenolic content were investigated (Mehrizi et al.
2012). Copper plays an important role in the synthesis of phenolic compounds and
its deficiency can decrease phenolic level in plants (Dicko et al. 2006), which is in
agreement with data on the effect of some metals on the oxidative stress (Drzewiecka
et al. 2011). Regardless of copper concentration, the highest total phenolic content
(TPC) was found in the leaves of plants grown under the 100 mM NaCl treatment.
The copper nutrition effect on total phenolic content and its interaction with salinity
were significant. Plants exposed to 0.5 and 1.0 pM Cu?* accumulated, respectively,
12 and 37 % total phenolics more than those grown in the Cu-free treatement (at
50 mM NaCl) and the above values dropped to 12 % and 15 %, respectively at
higher salinity (at 100 mM NaCl).

The content of phenolics in different parts of Mentha pulegium L. plants under
various salt stress levels (25, 50, 75 and 100 mM NaCl) after 2 weeks was also moni-
tored (Oueslati et al. 2010). Phenolic content increased in leaf methanolic extracts up
to 8.17 mg GAE/g DW at 100 mM NaCl, which was about 3.5 times higher than the
total polyphenol content in leaves of the control (2.41 mg GAE/g DW). Interesting
results were reported at 0 and 100 mM NaCl in root extracts concerning polyphenol
content — 8.89 and 6.17 mg GAE/g DW, respectively, as compared to the amount
observed at 25 and 50 mM NacCl (3.80 and 3.17 mg GAE/g DW).

Moreover, the effect of the type of salt (KCI, K, SO,, NaHCO3, Na SO,, CaCl,,
NaCl, NaZCOS) and its different levels (2, 4, 6, 8 and 10 dS/m) on seed germination
and growth of basil (Ocimum basilicum L.) was investigated (Zahedi et al. 2011).
The results show that vegetative growth was reduced with an increasing salinity
level and the most negative effect was related to Na,SO, and CaCl,, while germina-
tion reduction was related to salinity that induced disturbance of metabolic pro-
cesses leading to an increase in phenolic compounds (Ayaz et al. 2000).
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Bourgou et al. (2010) evaluated in their studies the effect of saline conditions
(0, 20, 40, and 60 mM NaCl, after 12 weeks) on fruit yield, fatty acid and essential
oil compositions and phenolic content in seeds of black cumin (Nigella sativa), an
aromatic and medicinal plant belonging to the Ranunculacea family, with seeds
traditionally used in several countries for culinary and medicinal purposes. In con-
trast to the results of Kiarostami et al. (2010) and Mehrizi et al. (2012) the total
polyphenol content in black cumin seeds decreased by 30 %, 54 %, and 61 % as a
response to 20, 40, and 60 mM NaCl, respectively, compared to the control (11.69 mg
GAE/g DW). In this experiment flavonoid concentrations were also reduced, with
the lowest values observed at 40 mM NaCl.

11.6.4 Other Plants

Salinity-induced oxidative damage and differential response of enzymatic and non-
enzymatic antioxidants in Colubrina asiatica, treated with different concentrations
(100, 200 and 300 mM, for 8 weeks) of sodium chloride solutions were examined
by Sonar et al. (2011). Since their leaves contain saponin this plant is of some eco-
nomic value and it is used as a soap substitute, to prepare bowels, used to wash and
for food production, medicine and as tooth cleaners (Richardson et al. 2000; Uphoff
et al. 2001). Activities of enzymatic antioxidants (catalase, peroxidase) both in
leaves and roots were significantly increased by salt stress, with a maximum induc-
tion at high salinity (200 and 300 mM NaCl treatment). In the case of non-enzymatic
antioxidants (polyphenols) their contents also increased with an increasing NaCl
treatment (from 24 to 38 mg GAE/g DW), which together were found to be posi-
tively correlated also with the parameters of oxidative damage.

Salah et al. (2011) tested two Medicago ciliaris lines (a salt-tolerant and salt-
sensitive) with contrasting responses to 100 mM NaCl, for 3 weeks. Medicago cili-
aris belongs to legumes, critical components of natural ecosystems and agriculture,
which have recently been the subject of several studies highlighting their benefits
and responses to cultivation under saline conditions. Salt stress did not affect con-
tents of total phenolics, flavonoids and tannins in leaves of the tolerant line. Levels
of these biochemical components were initially higher in leaves of the salt-sensitive
line than in the salt—tolerant line in the absence of salt, but then decreased by 18 %,
50 % and 50 % for total phenolics, flavonoids and tannins, respectively. Levels of
phenolics and tannins in roots were higher in the salt-tolerant line than in the salt-
sensitive line without salt treatment. After salt application, the contents of root phe-
nolics and root tannins declined proportionately in both lines, while root flavonoid
level dropped down to 50 % of the nonstress level in the salt-tolerant, and finally to
25 % in the salt-sensitive line.

Morinda citrifilia, a plant used for traditional food and folk medicine in Polynesia
for over 2,000 years, contains several medicinally active compounds, e.g. anthraqui-
nones, terpenoids, alkaloids, sitosterol, carotene, flavones and glycosides (Ahmed
et al. 2008), that exhibit various therapeutic effects such as antibacterial, antiviral
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and anticancer activities (Wang et al. 2002). In this experiment Morinda citrifolia
adventitious roots were cultured in different salt strengths (0.25, 0.50, 0.75, 1.0,
1.5 and 2.0) of Murashige and Skoog (MS) medium supplemented with 5 mg/L
indole butyric acid and 30 g/L sucrose suitable for the production of both biomass
and secondary metabolites (Abdullahil et al. 2010). After 4 weeks the recorded
results indicated that the best media for the production of total phenolics
(24.45 mg/g DW) was 2.0 MS, while in the case of flavonoid content it was 0.25
MS (14.28 mg/g DW).

11.6.5 Halophytes

In the last few years a correlation between the antioxidant capacity and salt toler-
ance has been found in different halophytic plant species, including Centaurea
tuzgoluensis (Yildiztugay et al. 2011), Plantago maritima (Sekmen et al. 2004),
Cakile maritima (Amor et al. 2006) Aegiceras corniculatum (Parida et al. 2004),
Mesembryanthemum edule (Falleh et al. 2012) and Gypsophila oblanceolata BARK
(Sekmen et al. 2012).

Two Mesembryanthemum edule L. provenances, which differed in their climatic
conditions, i.e. Jerba and Bizerte, were investigated by Falleh et al. (2012). This
plant is an edible and medicinal halophyte and contains high levels of polyphenolic
compounds, notably procyanidins and propelargonidins. Under salt treatment (0,
300 and 600 mM NaCl) after 67 days polyphenol content significantly decreased
(from 3.00 to 2.11 mg/g DW for Jerba and 4.03-2.50 mg/g DW for Bizerte) and salt
treatment caused differential responses of major phenolics, as reyotrin tended to
disappear upon salinity, while isorhamnoside rutinol accumulated in salt-treated
plants.

In contrast to the above results Parida et al. (2004) reported that salt-induced
biochemical changes were observed in hydroponically grown plants of a salt secrec-
tor mangrove, Aegiceras corniculatum (Myrsinaceae). Aegiceras corniculatum is
one of the minor components of the tropical mangrove ecosystem, with characteris-
tic salt glands in the leaves for the secretion of excess salt, showing tolerance to
salinity gradients. All the experiments were conducted up to 30 days at O and
250 mM NaCl treated plants. Polyphenol content increased significantly with the
duration of NaCl treatment, and varied from 2.4 in the control to 4.6 mg/g DW in
250 mM NaCl treated plants.

Ksouri et al. 2007 analyzed two Tunisian accessions (Jerba and Tabarka) of
Cakile maritima, a local oilseed halophyte exhibiting potential for secondary
metabolite biosynthesis. Three-week-old plants were subjected to 0, 100 and
400 mM NaCl for 28 days under glasshouse conditions. Total polyphenol analyses
showed that in the absence of NaCl both accessions accumulated polyphenols at
the same concentrations in their leaves. However, when salt-challenged Jerba pre-
sented a significant increase in polyphenol accumulation (56 % at 100 mM NaCl,
and 30 % at 400 mM), while this parameter decreased in Tabarka. In further studies
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Ksouri et al. (2008) assessed the phenolic content and the antioxidant activity of
some Tunisian halophytes (Cakile maritima, Limoniastrum monopetalum,
Mesembryanthemum crystallinum, M. edule, Salsola kali and Tamarix gallica)
depending on biological (species, organ and developmental stage), environmental,
and technical (extraction solvent) factors. For example, in T. gallica a comparison
between leaves and flowers showed that both phenolic content and the antioxidant
activity were organ-dependent. Flower extracts were characterized by higher poly-
phenol contents (70.56 mg GAE/g DW), when compared to leaf extracts (20.69 mg
GAE/g DW). Presented data appeared strictly dependent on a number of biotic
(species, organ and physiological stage) and abiotic (environmental, handling, sol-
vent extraction) factors. Taken together; this information may confirm the interest-
ing potential of halophytes as a valuable source for natural antioxidant molecules.

11.7 Conclusion and Future Perspective

In conclusion phenolics show a great diversity of their carbon skeleton with conse-
quence of different classes of the compounds followed by the metabolites diverse
functions crucial for plant growth and development. Their biosynthesis is not only
the response of the plant to unfavorable conditions of the oxidative stress, but also
the compounds may positively influence for example spore germination and hyphal
growth of arbuscular mycorrhizal fungi. Experiments in the topic are spread all over
the world and generated this way results and in the consequence knowledge is the
potent tool protecting plants developing under stress conditions. Considering all the
above, overestimation of the phenolics importance is out of the discussion and fur-
ther studies in the field of the group of the metabolites is of prime concern.
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