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v

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  fi eld of salt stress in plants. 

Krakow, Poland Kazimierz Strzałka

         Foreword
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 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 
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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  fl ood 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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          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 (Mi fl in  2000  ) . Moreover, the increased 
productivity achieved in irrigated areas still do not bene fi t 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 in fl uenced 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 classi fi ed as arid and desert lands comprising 
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 Salt Stress: Causes, Types and Responses 
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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 de fi ned 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) speci fi c 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 Cl −  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 ( 
1
 O 2 ), superoxide ions (O  

2
  −  ) and peroxides, the most 

widely distributed being hydrogen peroxide (H 
2
 O 

2
 ) are toxic molecules (Apel and 

Hirt  2004 ; Triantaphylidès et al.  2008  ) . ROS is capable of inducing damage to 
almost all cellular macromolecules including DNA (Jaleel et al.  2007a,   b,   c,   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 speci fi c amino acid modi fi cations, 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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 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,   c,   2011,   2012b  ) . Normally   , 
each cellular compartment contains more than one enzymatic activity that detoxi fi es 
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 
 fi gures 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  fi gures 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. 

   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 
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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 deserti fi cation via modi fi cation of farming 

   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  –  377.7 
 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  3.4 
 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  )   



51 Salt Stress: Causes, Types and Responses of Plants

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  
    II.    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 ef fl uents  
    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  
    (ii)    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 intensi fi es 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  fl ush 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 signi fi cance and shows high ef fi ciency 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 ef fi ciency 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) suf fi ciency 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  fl ows 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 in fi ltration 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  fi eld 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 −1 . Salt tolerant varieties with their level of tolerance to soil salinity and 
alkalinity has been shown in Table  1.3 .  
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 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 ef fi ciently 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 ).    

   Table 1.3    Suggested salt tolerant varieties   

 Crop  Tolerant varieties 

 Adaptability 

 Sodic with pH  Saline with EC (dSm −1 ) 

 Rice  CSR 10 a , CSR 11, CSR 12, CSR 13 a   9.8–10.2  6–11 
 CSR19, CSR23 a , CSR27 a , CSR30 a , 

CSR1, 
 9.4–9.8  6–11 

 CSR2, CSR3, CSR4 a , CST7-1 a ,  9.4–9.8  6–9 
 Wheat  KRL 1–4 a , WH157  <9.3  6–10 

 Raj3077, KRL19 a   <9.3  6–10 
 Barley  DL200, Ratna, BH97, DL348  8.8–9.3 
 Indian 

Mustard 
 Pusa Bold, Varuna  8.8–9.2  6–8 
 Kranti, CS52 a , CSTR330-1,  8.8–9.3  6–9 
 CST609-B 10, CS54 a   8.8–9.3  6–9 

 Gram  Karnal Chana 1  <9.0  <6.0 
 Sugar beet  Ramonskaaya 06, Maribo 

Resistapoly 
 9.5–10  <6.5 

 Sugarcane  Co453, Co1341  <9.0  ECe–10 

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

  Fig. 1.1    Integrated management practices for the reclamation of salt affected soils       
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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 identi fi cation 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  fi rst 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 signi fi cant 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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    1.5.2   Polyamines 

 Any stress factor like osmotic stress, low pH, potassium de fi ciency, nutrient 
de fi ciency 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 signi fi cantly 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 
et al.  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 signi fi es a speci fi c 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  fi rst 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.  

   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  
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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  fi rst 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 in fl uences 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 P5CS transgenic rice from moth-bean led to 
stress-induced overproduction of the P5CS 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.    

  Fig. 1.2    Multiple function of 
proline       
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   Table 1.5    Responses of biochemical attributes under salt stress   

 Species 
 Response to 
salinity  References 

  Soluble 
protein  

  Pisum sativum   Increase  Ahmad    and Jhon  2005  
  Oryza sativa   Decrease  Alamgir and Ali  1999  
  Vicia faba   Decrease  Gadallah  1999  
  Amaranthus tricolor   Decrease  Wang and Nil  2000  
  Bruguiera parvi fl ora   Decrease  Parida et al.  2002  
  Pancratium maritimum   Increases at low 

salinity 
 Khedr et al.  2003  

 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 of fi cinalis   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 of fi cinalis   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 of fi cinalis   Decrease  Enteshari et al.  2011  
  Prosopis alba   Increase in 

soluble 
carbohydrate 

 Meloni et al.  2004  

  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 signi fi cant decrease in net CO 

2
  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 de fi cit 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 de fi nite 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 classi fi ed 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, identi fi ed 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  ) , sun fl ower,  fi nger 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  fi nal electron acceptor, which 
led to the formation of ROS in cells (Temple et al.  2005 ; Ahmad et al.  2008a,   b, 
  2010a,   b,   c,   2011,   2012a  ) . Although, atmospheric oxygen is relatively non-reactive, 
it can give rise to reactive oxygen intermediates which include superoxide anion 
(O  

2
  −  ), hydrogen peroxide (H 

2
 O 

2
 ), hydroxyl radical (OH − ) and singlet oxygen ( 1 O 

2
 ) 

(Scandalios  2005  ) . 
 ROS are produced continuously by photosynthesis, photorespiration and CO 

2
  

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 de fi cit 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 signi fi cant 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 
 . O 

2
 , H 

2
 O 

2
 , 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,   c,   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  fi rst defense agent against ROS being the 
major scavenger of  . O  

2
  −   (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 2•−  to H 

2
 O 

2
 , 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 

2
 O 

2
  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 

2
 O 

2
  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 
2
 O 

2
  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 
2
 O 

2
  detoxi fi cation is 

ASC. Ascorbic acid is an important antioxidant, which reacts not only with H 
2
 O 

2
  

but also with O 2− , OH and lipid hydroperoxidases (Reddy et al.  2004 ; Ahmad et al. 
 2008a,   b,   2010a,   b,   c,   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  fl uctuations 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 intensi fi ed 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 Cl −  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 2+  is reduced in the rooting medium under high 
levels of the NaCl, which ultimately leads to ion imbalances of K + , Ca 2+  and Mg 2+  
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, 
detoxi fi cation 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 de fi ned set of markers to predict tolerance 
towards a particular type of stress with a de fi nite degree of assurance.      
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          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  fi ghting with poverty 
and hunger, consuming scarce natural resources more ef fi ciently 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,  fl ooding, 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 
(Rodríguez et al.  2005 ; Acquaah  2007  ) . The major abiotic stresses like drought, 
high salinity, cold, and heat negatively in fl uence 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 Läuchli  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-
 fi rst century (Mahajan and Tuteja  2005  ) . In most of the cases, the negative effects of 
salinity have been attributed to increase in Na +  and Cl –  ions in different plants hence 
these ions produce the critical conditions for plant survival by intercepting different 
plant mechanisms. Although both Na +  and Cl –  are the major ions which produce 
many physiological disorders in plants, Cl –  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 signi fi cant increases of reactive oxy-
gen species (ROS), including singlet oxygen ( 1 O 

2
 ), superoxide (O  

2
  –  ), hydroxyl radi-

cal (OH • ) and hydrogen peroxide (H 
2
 O 

2
 ) (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 
salt induced 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 ; Poór et al.  2011 ; Ioannidis et al.  2012 ; Nounjan et al.  2012 ; Rawia et al.  2011 ; 
Iqbal 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 Läuchli  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 Cl –  of Na + , Ca 2+  and Mg 2+  and sometimes SO  

4
  2–   and CO  

3
  2–  . 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 insuf fi cient drainage. Most of the irrigation systems 
of the world have caused secondary salinity, sodicity or waterlogging (Garg and 
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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 chie fl y NaCl and Na 
2
 SO 

4
  and sometimes also 

contain appreciable quantities of Cl –  and SO  
4
  –   of Ca 2+  and Mg 2+ . These soils 

contain suf fi cient neutral soluble salts to pose negative effect on growth of most 
crop plants.  

   Table 2.1    Variation in salt-affected areas in the world, in million hectares (M ha)   

 Region  Total area (M ha) 

 Saline soils  Sodic soils 

 M ha  %  M ha  % 

 Africa  1,899  39  2.0  34  1.8 
 Asia, the Paci fi c 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  3.4 

  Source: FAO land and plant nutrition service  (  2008  )   

  Fig. 2.1    Salinization in crop lands caused by salty irrigation water or rise of water table with 
saline water       
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    B)    Sodic soils – These soils contain Na +  salts capable of alkaline hydrolysis, mainly 
Na 

2
 CO 

3
 . 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:  

    C)    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 

2
 SO 

4
  formed by the oxida-

tion of pyrite (FeS 
2
 ) 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 de fi ciency of phos-
phorus (P) (Pons  1973 ; Abrol et al.  1988  ) .  

    D)    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 af fi nity for the 
dispersed clay and organic matter to move down the pro fi le resulting in the 
formation of a dark, extremely compact layer having a sharply de fi ned 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 classi fi ed 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 –1 . Salinity is also measured as mM which is vastly used 
in laboratory experiment (Table  2.3 ). In the  fi eld, 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  ) .   

   Table 2.2    Classi fi cation of water quality based on total salt concentration 
(Pitman and Läuchli  2002  )    

 Water designation  Total dissolved salts (mg L –1)   EC (dS m –1 ) 

 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  15.0–45.0 

   Table 2.3    Different measures of soil salinity   

 Measurement and units  Application 

 Conductivity (dS m –1 )  Soils 
 Conductivity ( m S cm –1 )  Irrigation and river water 
 Total dissolved salts (mg L –1 )  Irrigation and river water 
 Molarity of NaCl (mM)  Laboratory 
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    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 g L –1 . The moderately tolerant crops can withstand salt concentration up to 
5 g L –1 . The limit of the sensitive group is about 2.5 g L –1  (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 Cl –  
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 Cl –  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 Cl –  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  

(Tomato) 
  Phaseolus  spp. (Beans) 

  Gossypium  spp. (Cotton)   Avena sativa  (Oat)   Saccharum of fi cinarum  
(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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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  fl ow. 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 de fi cit, 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. 
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Unloading of xylem

Loading of phloem
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Epidermis Cortex Stele
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  Fig. 2.2    Transport and regulation of salt in soil-plant system       
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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 Cl – , 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 −1  for Cl – -sensitive 
species and 15–50 mg g −1  for Cl – -tolerant species (Xu et al.  2000 ; White and 
Broadley  2001  ) . Higher accumulation of Cl −  led to a signi fi cant reduction in growth 
and water use ef fi ciency 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  (Carpıcı 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. Läuchli 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 signi fi cantly delays onset and reduced the rate of germination 
(Foolad and Lin  1997,   1998  ) . Further investigation in  S. lycopersicum , Kaveh et al. 
 (  2011  )  found a signi fi cantly negative correlation between salinity and the rate and 



332 Plant Response to Salt Stress and Role of Exogenous Protectants to Mitigate…

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 NaCl 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  signi fi cantly reduced at 150 and 200 mM NaCl. 
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  fi nally decreased water absorp-
tion by seeds. While studying with four rice cultivars, we observed a signi fi cant 
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.  

  Fig. 2.3    Relationship between rate of germination and time after sowing at different salinity 
levels       
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    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  fi rst 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  fi rst 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  fi rst 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 

   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 2+  
de fi ciency 

  Morphological : Permanent reduction in root 
and leaf elongation 

 Cellular: Changes rheological behavior of 
cell wall 

 Days  Water stress, Ca 2+  
de fi ciency 

  Morphological : Reduction in leaf 
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 Cl –  
 Months  Water stress, ion toxicity   Morphological : Alteration in  fl owering time 

and reduced seed production. Immature 
death of plants 

  Cellular : Alteration in the development 
of reproductive organs, Reduction of 
assimilate production 
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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 Cl –  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  fl owering and 
least sensitive during the seed  fi lling 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 (Läuchli and Grattan  2007  ) . Khatun and Flowers  (  1995  )  studied the 

  Fig. 2.4    Overview of the two-phase growth response to salinity for plant differing in salt 
sensitivity       
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effect of salinity on sterility and seed set in  O. sativa . Salinity increased the number 
of sterile  fl orets 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 signi fi cantly affected by salt stress which was due to the 
increased content of Na +  and Cl –  (Guan et al.  2011  ) . While studying with  G. max , 
Dolatabadian et al.  (  2011  )  observed that salinity stress signi fi cantly 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 Cl –  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 parvi fl ora , 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 

2
  for carboxylation reactions is also a factor that 

reduces photosynthesis under stress (   Brugnoli and Björkman  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 

2
  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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Chl  a  and  b  contents of leaves was observed after NaCl treatment (200 mM NaCl, 
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  fl uorescence 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 
 fl uorescence 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 

  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       
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soil water potential), plants adjust osmotically (accumulate solutes) and maintain a 
potential gradient for the in fl ux of water. Salt treatment caused a signi fi cant 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,  fl owing 
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  

4
  +   and/or between Cl –  and NO  

3
  –   that 

ultimately reduce the growth and yield of the crop (Rozeff  1995  ) . This reduction in 
NO  

3
  –   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  

4
  3–  , (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  fi eld 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 2+  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 in fl uence 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 2+  concentration decreased due to 
salinity in  T. aestivum  leaves. 
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 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 de fi ciencies 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 de fi ned in terms of two parameters: the 
threshold electrical conductivity and the percent decrease in relative yield per unit of 
electrical conductivity in dS m –1  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 signi fi cantly 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 

  Fig. 2.6    Relative yield in response to different salinity levels and varying degree of salt tolerance 
(Mass  1986  )        

 



40 M. Hasanuzzaman et al.

of 250 mM NaCl reduced 77%, 73% and 66% yield in  V. radiata  cv. BARI mung-2, 
BARI mung-5 and BARI mung-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 in fl uenced 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 
2
  availability in the leaves 

and inhibits carbon  fi xation, exposing chloroplasts to excessive excitation energy 
which in turn increase the generation of reactive oxygen species (ROS) such as 
superoxide (O  

2
  •–  ), hydrogen peroxide (H 

2
 O 

2
 ), hydroxyl radical (OH•) and singlet 

oxygen ( 1 O 
2
 ) (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 de fi cit because 
of osmotic effects on a wide variety of metabolic activities (Greenway and Munns 
 1980 ; Cheeseman  1988  ) . This water de fi cit 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 −1 , 60 days) caused signi fi cant increase in H 

2
 O 

2
  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 

2
 O 

2
  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 signi fi cant 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  fi rst 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  1 O 

2
  quencher (Smirnoff 

and Cumbes  1989 ; Matysik et al.  2002  ) . Working with  Arabidopsis  mutants, Werner 
and Finkelstein  (  1995  )  found that a Pro-de fi cient 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 signi fi cantly 
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 



42 M. Hasanuzzaman et al.

   Ta
bl

e 
2.

6  
  Su

m
m

ar
y 

of
 th

e 
pr

ot
ec

tiv
e 

ef
fe

ct
s 

of
 d

if
fe

re
nt

 e
xo

ge
no

us
 p

ro
te

ct
an

ts
 u

nd
er

 s
al

t s
tr

es
s   

 N
am

e 
of

 th
e 

cr
op

 
 Sa

lin
ity

 d
os

e 
an

d 
du

ra
tio

n 
 D

os
e 

of
 p

ro
te

ct
an

t 
 Pr

ot
ec

tiv
e 

ef
fe

ct
s 

 R
ef

er
en

ce
s 

  O
le

a 
eu

ro
pa

ea
  L

. 
cv

. C
he

m
la

li 
 10

0 
an

d 
20

0 
m

M
 N

aC
l, 

6 
m

on
th

s 
 25

 a
nd

 5
0 

m
M

 P
ro

 
 M

od
ul

at
ed

 a
nt

io
xi

da
tiv

e 
en

zy
m

e 
ac

tiv
iti

es
 

 A
hm

ed
 e

t a
l. 

 (  2
01

0  )
  

 In
cr

ea
se

d 
ph

ot
os

yn
th

et
ic

 a
ct

iv
ity

 a
nd

 p
la

nt
 g

ro
w

th
 

 M
ai

nt
ai

ne
d 

su
ita

bl
e 

pl
an

t w
at

er
 s

ta
tu

s 
  N

ic
ot

ia
na

 ta
ba

cu
m

  
B

Y
-2

 c
el

ls
 

 20
0 

m
M

, N
aC

l, 
7 

da
ys

 
 20

 m
M

 P
ro

 
 In

cr
ea

se
d 

fr
es

h 
w

ei
gh

t 
 H

oq
ue

 e
t a

l. 
 (  2

00
7  )

  
 E

nh
an

ce
d 

th
e 

ac
tiv

iti
es

 o
f 

PO
D

 a
nd

 C
A

T
 

  O
ry

za
 s

at
iv

a  
L

. s
ub

 
sp

.  i
nd

ic
a  

 15
0 

m
M

 N
aC

l, 
14

 d
ay

s 
 50

 m
M

 G
B

, 1
4 

da
ys

 
 In

cr
ea

se
d 

C
hl

 a
nd

 C
ar

 c
on

te
nt

 
 C

ha
-U

m
 a

nd
 

K
ir

dm
an

ee
 

 (  2
01

0  )
  

 In
cr

ea
se

d 
W

U
E

 
 In

cr
ea

se
d 

se
ed

 w
ei

gh
t a

nd
 y

ie
ld

 
  N

ic
ot

ia
na

 ta
ba

cu
m

  
B

Y
-2

 c
el

ls
 

 20
0 

m
M

, N
aC

l, 
7 

da
ys

 
 20

 m
M

 G
B

 
 In

cr
ea

se
d 

fr
es

h 
w

ei
gh

t 
 H

oq
ue

 e
t a

l. 
 (  2

00
7  )

  
 In

cr
ea

se
d 

th
e 

ac
tiv

ity
 o

f 
PO

D
 

  O
ry

za
 s

at
iv

a  
L

. c
v.

 
N

ip
po

nb
ar

e 
 25

 m
M

 N
aC

l, 
12

 h
 

 1 
an

d 
5 

m
M

 P
ro

 a
nd

 
G

B
 

 Su
pp

re
ss

ed
 N

a +
 -e

nh
an

ce
d 

ap
op

la
st

ic
  fl

 ow
 to

 r
ed

uc
e 

N
a +

  u
pt

ak
e 

in
 r

ic
e 

pl
an

ts
 

 So
ba

ha
n 

et
 a

l. 
 (  2

00
9  )

  
 In

cr
ea

se
d 

K
 +
 /N

a +
  r

at
io

 
  C

uc
um

is
 m

el
o  

L
. 

cv
. Y

uh
ua

ng
 

an
d 

cv
. X

ue
m

ei
 

 10
0 

m
M

 N
aC

l, 
5 

da
ys

 
 0.

2 
m

M
 P

ro
 

 In
cr

ea
se

d 
fr

es
h 

an
d 

dr
y 

w
ei

gh
ts

 
 Y

an
 e

t a
l. 

 (  2
01

1  )
  

 In
cr

ea
se

d 
 P

n ,
  F

 v/
 F

 m
,  F

 PS
II

 a
nd

 C
hl

 c
on

te
nt

 
 R

ed
uc

ed
 th

e 
O

  2  •–
   le

ve
l a

nd
 th

e 
H

 2 O
 2  c

on
te

nt
 

 E
nh

an
ce

d 
ac

tiv
iti

es
 o

f 
SO

D
, P

O
D

, A
PX

, C
A

T
 a

nd
 D

H
A

R
 

  O
ry

za
 s

at
iv

a  
L

. c
v.

 
K

D
M

L
10

5 
 10

0 
m

M
 N

aC
l, 

6 
da

ys
 

 10
 m

M
 P

ro
 

 In
cr

ea
se

d 
fr

es
h 

an
d 

dr
y 

w
ei

gh
t 

 N
ou

nj
an

 e
t a

l. 
 (  2

01
2  )

  
 R

ed
uc

ed
 th

e 
N

a +
 /K

 +
  r

at
io

 
 In

cr
ea

se
d 

en
do

ge
no

us
 P

ro
 a

nd
 tr

an
sc

ri
pt

 le
ve

ls
 o

f P
5C

S 
an

d 
P5

C
R

 
 D

ec
re

as
ed

 th
e 

ac
tiv

ity
 o

f 
th

e 
an

tio
xi

da
nt

 e
nz

ym
es

 a
nd

 u
pr

eg
u-

la
te

d 
th

e 
tr

an
sc

ri
pt

io
n 

of
 g

en
es

 e
nc

od
in

g 
se

ve
ra

l a
nt

io
xi

da
nt

 
en

zy
m

es
 

  O
ry

za
 s

at
iv

a  
L

. c
v.

 
N

ip
po

nb
ar

e 
 15

0 
m

M
 N

aC
l, 

5 
da

ys
 

 5 
m

M
 G

B
 

 Pr
ev

en
te

d 
th

e 
sa

lt-
in

du
ce

d 
sw

el
lin

g 
of

 th
yl

ak
oi

ds
, d

is
in

te
gr

at
io

n 
of

 g
ra

na
 s

ta
ki

ng
 a

nd
 in

te
rg

ra
na

l l
am

el
la

e 
an

d 
di

sr
up

tio
n 

of
 

m
ito

ch
on

dr
ia

 

 R
ah

m
an

 e
t a

l. 
 (  2

01
2  )

  

  O
ry

za
 s

at
iv

a  
L

. c
v.

 
K

D
M

L
10

5 
 10

0 
m

M
 N

aC
l, 

6 
da

ys
 

 10
 m

M
 T

re
 

 In
cr

ea
se

d 
fr

es
h 

an
d 

dr
y 

w
ei

gh
t 

 N
ou

nj
an

 e
t a

l. 
 (  2

01
2  )

  
 R

ed
uc

ed
 th

e 
N

a +
 /K

 +
  r

at
io

 a
nd

 s
tr

on
gl

y 
de

cr
ea

se
d 

en
do

ge
no

us
 P

ro
 



432 Plant Response to Salt Stress and Role of Exogenous Protectants to Mitigate…

(c
on

tin
ue

d)

 N
am

e 
of

 th
e 

cr
op

 
 Sa

lin
ity

 d
os

e 
an

d 
du

ra
tio

n 
 D

os
e 

of
 p

ro
te

ct
an

t 
 Pr

ot
ec

tiv
e 

ef
fe

ct
s 

 R
ef

er
en

ce
s 

  Ze
a 

m
ay

s,
  c

v.
 

G
iz

a 
2 

 −
0.

2 
M

Pa
, 1

4 
da

ys
 

 10
 m

M
 T

re
, 

pr
es

oa
ki

ng
 f

or
 

8 
h 

 In
cr

ea
se

d 
pl

an
t h

ei
gh

t, 
ro

ot
 a

nd
 s

ho
ot

 d
ry

 w
ei

gh
t a

nd
 le

af
 

re
la

tiv
e 

w
at

er
 c

on
te

nt
 

 Z
ei

d 
 (  2

00
9  )

  

 In
cr

ea
se

d 
ph

ot
os

yn
th

et
ic

 p
ig

m
en

ts
 a

nd
 n

uc
le

ic
 a

ci
ds

 c
on

te
nt

 
 In

cr
ea

se
d 

so
lu

bl
e 

su
ga

rs
 a

nd
 s

ol
ub

le
 p

ro
te

in
 c

on
te

nt
 

  M
ed

ic
ag

o 
sa

ti
va

  
 N

aC
l 1

5 
dS

 m
 –1

 , 7
 d

ay
s 

 0.
5 

m
M

 S
A

, 6
 h

 
(P

re
tr

ea
tm

en
t)

 
 In

cr
ea

se
d 

ge
rm

in
at

io
n 

pe
rc

en
ta

ge
, s

ee
d 

vi
go

r 
in

de
x 

an
d 

gr
ow

th
 

pa
ra

m
et

er
s 

 To
ra

bi
an

 
 (  2

01
0  )

  
 D

ec
re

as
ed

 e
le

ct
ro

ly
te

 le
ak

ag
e 

  B
ra

ss
ic

a 
ju

nc
ea

  
 N

aC
l 1

50
 m

M
, 3

 d
ay

s 
 10

  m
 M

 S
A

 s
pr

ay
 

 Im
pr

ov
ed

 p
la

nt
 g

ro
w

th
 

 Y
us

uf
 e

t a
l. 

 (  2
01

2  )
  

 D
ec

re
as

ed
 e

le
ct

ro
ly

te
 le

ak
ag

e 
 Im

pr
ov

ed
 p

ho
to

sy
nt

he
si

s 
an

d 
tr

an
sp

ir
at

io
n 

ra
te

 
 E

nh
an

ce
d 

ac
tiv

iti
es

 o
f 

C
A

T,
 P

O
X

 a
nd

 S
O

D
 

  Vi
ol

a 
od

or
at

a  
L

. 
 N

aC
l 5

0 
m

M
, 1

20
 d

ay
s 

 SA
 a

t 3
0 

m
g 

L
 –1

 , 1
20

 
da

ys
 

 In
cr

ea
se

d 
pl

an
t h

ei
gh

t, 
ro

ot
 le

ng
th

 a
nd

 b
io

m
as

s 
 H

us
sa

in
 e

t a
l. 

 (  2
01

1a
  )  

 D
ec

re
as

ed
 N

a +
  a

nd
 C

l –   c
on

te
nt

 
  P

is
um

 s
at

iv
um

  
cv

. L
in

co
ln

 
 70

 m
M

 N
aC

l, 
25

 d
ay

s 
 SA

 2
5–

10
0 

 m M
, 7

 
da

ys
 ×

 2
 s

pr
ay

 
 R

ed
uc

ed
 p

la
nt

 g
ro

w
th

 
 B

ar
ba

-E
sp

ín
 

et
 a

l. 
 (  2

01
1  )

  
 Im

ba
la

nc
ed

 a
nt

io
xi

da
nt

 m
et

ab
ol

is
m

 
  C

ap
si

cu
m

 a
nn

uu
m

  
cv

. B
el

di
 

 4 
g 

L
 –1

  N
aC

l, 
28

 d
ay

s 
 0.

5 
m

g 
L

 –1
  E

B
R

, 2
8 

da
ys

 
 In

cr
ea

se
 p

la
nt

 g
ro

w
th

, R
W

C
 a

nd
 p

ho
to

sy
nt

he
tic

 p
ig

m
en

ts
 

 H
ou

im
li 

et
 a

l. 
 (  2

01
0  )

  
 D

ec
re

as
ed

 e
le

ct
ro

ly
te

 le
ak

ag
e 

  C
uc

um
is

 s
at

iv
us

  L
. 

cv
 Z

ho
ng

no
ng

 8
 

 25
0 

m
M

 N
aC

l, 
48

 h
 

 5 
 m M

 E
B

R
, 4

8 
h 

 Im
pr

ov
ed

 s
ee

d 
ge

rm
in

at
io

n 
 W

an
g 

et
 a

l. 
 (  2

01
1a

  )  
  Ze

a 
m

ay
s  

L
. c

v.
 

Pa
rt

ap
-1

 
 25

, 5
0 

an
d 

75
 m

M
 N

aC
l, 

30
 

da
ys

 
 10

 −
8  , 

10
 −

6   a
nd

 
10

 −
4   m

M
 H

B
R

, 
12

 h
 s

ee
d 

so
ak

in
g 

 E
nh

an
ce

d 
an

tio
xi

da
nt

 e
nz

ym
es

’ a
ct

iv
iti

es
 a

nd
 in

cr
ea

se
d 

pr
ot

ei
n 

co
nt

en
t 

 A
ro

ra
 e

t a
l. 

 (  2
00

8  )
  

 D
ec

re
as

ed
 li

pi
d 

pe
ro

xi
da

tio
n 

  Vi
gn

a 
si

ne
ns

is
  

 25
, 5

0,
 1

00
, a

nd
 1

50
 m

M
, 

45
 d

ay
s 

 0.
05

 p
pm

 b
ra

ss
in

o-
lid

e 
(2

 s
pr

ay
s)

 
 In

cr
ea

se
d 

fr
es

h 
w

ei
gh

t, 
dr

y 
w

ei
gh

t a
nd

 le
ng

th
 o

f 
ro

ot
 a

nd
 s

ho
ot

 
 E

l-
M

as
ha

d 
an

d 
M

oh
am

ed
 

 ( 2
01

2 )
    

 In
cr

ea
se

d 
an

tio
xi

da
nt

 e
nz

ym
es

; a
ct

iv
iti

es
 

 D
ec

re
as

ed
 li

pi
d 

pe
ro

xi
da

tio
n 

  C
ap

si
cu

m
 a

nn
uu

m
  

L
. c

v.
 B

el
di

 
 70

 m
M

 N
aC

l, 
21

 d
ay

s 
 10

  m
 M

 E
B

R
, 

21
 d

ay
s 

 In
cr

ea
se

d 
re

la
tiv

e 
gr

ow
th

 r
at

e 
(R

G
R

),
 n

et
 a

ss
im

ila
tio

n 
ra

te
 

(N
A

R
) 

an
d 

le
af

 a
re

a 
ra

tio
 (

L
A

R
) 

 Sa
m

ir
a 

et
 a

l. 
 (  2

01
2  )

  
 In

cr
ea

se
d 

ph
ot

os
yn

th
es

is
, s

to
m

at
al

 c
on

du
ct

an
ce

 
 In

cr
ea

se
d 

W
U

E
 



44 M. Hasanuzzaman et al.

Ta
bl

e 
2.

6 
(c

on
tin

ue
d)

 N
am

e 
of

 th
e 

cr
op

 
 Sa

lin
ity

 d
os

e 
an

d 
du

ra
tio

n 
 D

os
e 

of
 p

ro
te

ct
an

t 
 Pr

ot
ec

tiv
e 

ef
fe

ct
s 

 R
ef

er
en

ce
s 

  O
ry

za
 s

at
iv

a  
L

. c
v.

 
IR

29
 a

nd
 I

R
65

1 
 10

0 
m

M
 N

aC
l, 

4,
 1

2,
 2

4,
 

48
, 9

6 
an

d 
16

8 
h 

 20
  m

 M
 A

B
A

 (
sp

ra
y)

 
 In

cr
ea

se
d 

ro
ot

 a
nd

 s
ho

ot
 d

ry
 w

ei
gh

t 
 Sa

ee
di

po
ur

 
 (  2

01
1  )

  
 D

ec
re

as
ed

 N
a +

  c
on

te
nt

 
  O

ry
za

 s
at

iv
a  

L
. c

v.
 

IR
6 

 50
 a

nd
 7

5 
m

M
 N

aC
l, 

25
 

da
ys

 
 10

  m
 M

 A
B

A
, 2

4 
h 

 D
ec

re
as

ed
 N

a +
  a

nd
 C

l –   c
on

ce
nt

ra
tio

ns
 a

nd
 N

a +
 /K

 +
  r

at
io

 
 G

ur
m

an
i e

t a
l. 

 (  2
01

1  )
  

 In
cr

ea
se

d 
K

 +
  a

nd
 C

a 2+
  c

on
ce

nt
ra

tio
ns

 
 In

cr
ea

se
d 

Pr
o 

ac
cu

m
ul

at
io

n 
an

d 
so

lu
bl

e 
su

ga
r 

co
nt

en
t 

 In
cr

ea
se

d 
yi

el
d 

  Ze
a 

m
ay

s  
L

. c
v.

 D
K

 
64

7 
 10

0 
m

M
 N

aC
l, 

10
0 

da
ys

 
 1 

or
 2

 m
M

 I
A

A
 

(s
pr

ay
) 

 R
ed

uc
ed

 N
a +

  c
on

ce
nt

ra
tio

n 
 K

ay
a 

et
 a

l. 
 (  2

00
9  )

  
 In

cr
ea

se
d 

th
os

e 
of

 C
a 2+

  a
nd

 K
 +
  

 In
cr

ea
se

 C
hl

  a
  a

nd
 C

hl
  b

  c
on

te
nt

 
 D

ec
re

as
ed

 e
le

ct
ro

ly
te

 le
ak

ag
e 

an
d 

Pr
o 

co
nt

en
t 

  B
ra

ss
ic

a 
ju

nc
ea

  
 10

0 
an

d 
15

0 
m

M
 N

aC
l, 

45
 

da
ys

 
 75

 m
g 

l −
1   G

A
 3  

(s
pr

ay
) 

 In
cr

ea
se

d 
fr

es
h 

an
d 

dr
y 

w
ei

gh
t 

    A
hm

ad
 e

t a
l. 

 (  2
00

9  )
  

 In
cr

ea
se

d 
Pr

o 
an

d 
G

B
 b

io
sy

nt
he

si
s 

 D
ec

re
as

ed
 li

pi
d 

pe
ro

xi
da

tio
n 

an
d 

el
ec

tr
ol

yt
e 

le
ak

ag
e 

 In
cr

ea
se

d 
C

hl
 c

on
te

nt
 

  Sa
cc

ha
ru

m
 

of
 fi c

in
ar

um
  L

. 
 9 

dS
 m

 −
1  , 

50
 d

ay
s 

 10
0 

pp
m

 G
A

 (
sp

ra
y)

 
 In

cr
ea

se
d 

su
ga

r 
co

nt
en

t 
 Sh

om
ei

li 
et

 a
l. 

 (  2
01

1  )
  

 In
cr

ea
se

d 
dr

y 
w

ei
gh

t a
nd

 p
ro

te
in

 c
on

te
nt

 
  B

et
a 

vu
lg

ar
is

 L
.  c

v.
 

T
ia

nj
in

 q
in

g 
pi

el
an

 

 4.
7,

 9
.4

 a
nd

 1
4.

1 
dS

 m
 −

1  , 
8 

an
d 

15
 d

ay
s 

 10
0,

 1
50

 a
nd

 
20

0 
m

g 
L

 –1
  G

A
 3  

(P
re

so
ak

in
g)

 

 Im
pr

ov
ed

 s
ee

d 
ge

rm
in

at
io

n 
 Ja

m
il 

an
d 

R
ha

 
 (  2

00
7  )

  
 In

cr
ea

se
d 

fr
es

h 
an

d 
dr

y 
w

ei
gh

t 

  B
ra

ss
ic

a 
ju

nc
ea

  
 25

 o
r 

50
 m

M
 N

aC
l, 

20
 d

ay
s 

 10
  m

 M
 G

A
 3  (

sp
ra

y)
 

 In
cr

ea
se

d 
C

hl
 c

on
te

nt
, s

to
m

at
al

 c
on

du
ct

an
ce

 a
nd

 n
et

 p
ho

to
sy

n-
th

et
ic

 r
at

e 
 Sh

ah
  (

  20
07

  )  

  G
ly

ci
ne

 m
ax

  c
v.

 
H

w
an

gk
eu

m
 

 10
0 

m
M

 N
aC

l, 
13

 d
ay

s 
 0.

5,
 1

.0
 a

nd
 5

.0
  m

 M
 

G
A

3,
 1

3 
da

ys
 

 In
cr

ea
se

d 
pl

an
t h

ei
gh

t a
nd

 f
re

sh
 w

ei
gh

t 
 H

am
ay

un
 e

t a
l. 

 (  2
01

0  )
  

 R
eg

ul
at

ed
 th

e 
ph

yt
oh

or
m

on
al

 b
al

an
ce

 
  P

is
um

 s
at

iv
um

  L
. 

cv
. R

an
 1

 
 30

 m
M

 N
aC

l, 
4 

an
d 

7 
da

ys
 

 10
  m

 M
 J

A
, 3

 d
ay

s 
 In

cr
ea

se
d 

th
e 

ph
ot

os
yn

th
es

is
, R

W
C

 a
nd

 p
ro

te
in

 c
on

te
nt

 
 Fe

di
na

 a
nd

 
Ts

on
ev

 
 (  1

99
7  )

  
 D

ec
re

as
e 

of
 N

a 
+

 a
nd

 C
l-

 a
cc

um
ul

at
io

n 
in

 th
e 

sh
oo

t 



452 Plant Response to Salt Stress and Role of Exogenous Protectants to Mitigate…
 N

am
e 

of
 th

e 
cr

op
 

 Sa
lin

ity
 d

os
e 

an
d 

du
ra

tio
n 

 D
os

e 
of

 p
ro

te
ct

an
t 

 Pr
ot

ec
tiv

e 
ef

fe
ct

s 
 R

ef
er

en
ce

s 

  G
ly

ci
ne

 m
ax

  
 60

 m
M

 N
aC

l, 
2 

w
ee

ks
 

 20
 a

nd
 3

0 
 m M

 
M

eJ
A

, 2
4 

h 
 In

cr
ea

se
d 

pl
an

t g
ro

w
th

 
 Y

oo
n 

et
 a

l. 
 (  2

00
9  )

  
 In

cr
ea

se
d 

C
hl

 c
on

te
nt

, l
ea

f 
ph

ot
os

yn
th

et
ic

 r
at

e,
 le

af
 tr

an
sp

ir
at

io
n 

ra
te

 a
nd

 P
ro

 c
on

te
nt

 
 In

cr
ea

se
d 

A
B

A
 le

ve
ls

 
  Ly

co
pe

rs
ic

on
 

es
cu

le
nt

um
  

M
ill

. c
v.

 M
82

 

 30
0 

m
M

 N
aC

l, 
9 

h 
 0.

5 
m

M
 A

sA
, 2

4 
h 

 In
cr

ea
se

d 
su

rv
iv

al
 r

at
e 

of
 s

ee
dl

in
gs

 
 Sh

al
at

a 
an

d 
N

eu
m

an
n 

 (  2
00

1  )
  

 D
ec

re
as

ed
 li

pi
d 

pe
ro

xi
da

tio
n 

  C
ic

er
 a

ri
et

in
um

  L
. 

 20
 a

nd
 4

0 
m

M
 N

aC
l, 

6 
w

ee
ks

 
 4 

m
M

 A
sA

 
 In

cr
ea

se
d 

th
e 

co
nt

en
ts

 o
f 

C
hl

  a
  a

nd
 C

hl
 s

ta
bi

lit
y 

in
de

x 
(C

SI
 %

) 
 B

el
ta

gi
  (

  20
08

  )  

  Tr
it

ic
um

 d
ur

um
  

D
es

f.
 v

ar
. W

ah
a 

 15
0 

m
M

 N
aC

l, 
2 

w
ee

ks
 

 0.
7 

m
M

 A
sA

 
 In

cr
ea

se
d 

le
af

 a
re

a 
 A

zz
ed

in
e 

et
 a

l. 
 (  2

01
1  )

  
 Im

pr
ov

ed
 C

hl
 a

nd
 C

ar
 c

on
te

nt
s 

an
d 

en
ha

nc
ed

 P
ro

 a
cc

um
ul

at
io

n 
 D

ec
re

as
ed

 H
 2 O

 2  c
on

te
nt

 
  Tr

it
ic

um
 a

es
ti

vu
m

 
L

.  c
v.

 S
-2

4 
an

d 
M

H
-9

7 

 10
0 

m
M

 N
aC

l, 
4 

w
ee

ks
 

 50
, 1

00
 m

g 
L

 –1
  A

sA
 

(s
pr

ay
) 

 Pr
ot

ec
te

d 
th

e 
ph

ot
os

yn
th

et
ic

 m
ac

hi
ne

ry
 

    K
ha

n 
an

d 
W

eb
er

 
 (  2

00
8  )

  
  G

ly
ci

ne
 m

ax
  L

. c
v.

 
SH

A
R

 a
nd

 
D

PX
 

 12
.5

 a
nd

 5
0 

m
M

 N
aC

l, 
10

 
da

ys
 

 40
0 

m
g 

L
 –1

 , 4
 h

 
 In

cr
ea

se
d 

gr
ow

th
 

 D
eh

gh
an

 e
t a

l. 
 (  2

01
1  )

  
 E

nh
an

ce
d 

an
tio

xi
da

nt
 a

ct
iv

iti
es

 

  Sa
cc

ha
ru

m
  s

p.
 c

v.
 

H
SF

 2
40

 
 10

0,
 1

20
 a

nd
 1

40
 m

M
 

N
aC

l, 
30

 d
ay

s 
 0.

5 
m

M
 A

sA
, 2

4 
h 

 In
cr

ea
se

d 
ro

ot
 g

ro
w

th
 

 M
un

ir
 a

nd
 

A
ft

ab
 

 (  2
01

1  )
  

 In
cr

ea
se

d 
ac

tiv
iti

es
 o

f 
an

tio
xi

da
nt

 e
nz

ym
es

 
 In

cr
ea

se
d 

so
lu

bl
e 

pr
ot

ei
n 

co
nt

en
ts

 
  B

ra
ss

ic
a 

na
pu

s  
L

. 
cv

. S
er

w
 a

nd
 c

v.
 

Pa
ct

ol
 

 10
0 

m
M

 a
nd

 2
00

 m
M

 
N

aC
l, 

3 
w

ee
ks

 
 10

0 
m

g 
L

 –1
  G

SH
, 

24
 h

 
 In

cr
ea

se
d 

gr
ow

th
 

 K
at

ta
b 

 (  2
00

7  )
  

 In
cr

ea
se

d 
ph

ot
os

yn
th

et
ic

 p
ig

m
en

ts
 

 E
nh

an
ce

d 
an

tio
xi

da
nt

 e
nz

ym
es

’ a
ct

iv
iti

es
 

  Ta
ge

te
s 

er
ec

ta
  L

. 
 1,

50
0 

pp
m

 N
aC

l 
 10

0 
an

d 
20

0 
pp

m
 

G
SH

 
 In

cr
ea

se
d 

pl
an

t h
ei

gh
t, 

no
. o

f 
br

an
ch

es
, f

re
sh

 a
nd

 d
ry

 w
ei

gh
t o

f 
he

rb
 a

nd
  fl

 ow
er

s,
 n

o.
 o

f 
 fl o

w
er

s 
 R

aw
ia

 e
t a

l. 
 (  2

01
1  )

  
 In

cr
ea

se
d 

to
ta

l c
ar

bo
hy

dr
at

es
(%

),
 to

ta
l p

he
no

ls
 a

nd
 z

at
ha

ph
yl

ls
 

pi
gm

en
t c

on
te

nt
 

 In
cr

ea
se

d 
m

in
er

al
 io

ns
 p

er
ce

nt
ag

e 

(c
on

tin
ue

d)



46 M. Hasanuzzaman et al.

Ta
bl

e 
2.

6 
(c

on
tin

ue
d)

 N
am

e 
of

 th
e 

cr
op

 
 Sa

lin
ity

 d
os

e 
an

d 
du

ra
tio

n 
 D

os
e 

of
 p

ro
te

ct
an

t 
 Pr

ot
ec

tiv
e 

ef
fe

ct
s 

 R
ef

er
en

ce
s 

  A
ll

iu
m

 c
ep

a  
L

., 
G

iz
a 

6 
 15

0 
m

M
 N

aC
l, 

3 
h 

 0.
5 

m
M

 G
SH

, 2
 h

 
 A

m
el

io
ra

te
d 

N
aC

l-
in

du
ce

d 
pl

as
m

a 
m

em
br

an
e 

ch
an

ge
s 

an
d 

m
ai

nt
ai

ne
d 

its
 p

er
m

ea
bi

lit
y 

an
d 

ce
ll 

vi
ab

ili
ty

 
 Sa

la
m

a 
an

d 
A

l-
M

ut
aw

a 
 (  2

00
9  )

  
  Tr

it
ic

um
 a

es
ti

vu
m

  
 6 

an
d 

9 
dS

 m
 –1

 , 3
0,

 6
0 

an
d 

90
 d

ay
s 

 10
0 

m
g 

L
 −

1   G
SH

, 6
 h

 
 In

cr
ea

se
d 

gr
ow

th
 a

nd
 y

ie
ld

 
    Sa

kr
 a

nd
 

E
l-M

et
w

al
ly

 
(2

00
9)

 
 Im

pr
ov

ed
 e

nd
og

en
ou

s 
an

tio
xi

da
nt

 c
on

te
nt

 

  H
el

ia
nt

hu
s 

an
nu

us
  

L
. c

v.
 H

ys
un

 
33

6 
an

d 
E

ur
o fl

 or
 

 1.
56

, 4
.6

8 
an

d 
7.

83
 d

S 
m

 –1
  

 25
 a

nd
 5

0 
m

g 
L

 –1
  

 a
 -T

oc
op

he
ro

l, 
12

 h
 

 E
nh

an
ce

d 
an

tio
xi

da
nt

 e
nz

ym
es

’ a
ct

iv
iti

es
 

 R
ad

y 
et

 a
l. 

 (  2
01

1  )
  

 Im
pr

ov
ed

 m
in

er
al

 n
ut

ri
en

t u
pt

ak
e 

  Tr
it

ic
um

 a
es

ti
vu

m
  

L
. c

v.
 G

iz
a 

16
8 

 0.
12

, 0
.3

5 
an

d 
0.

70
%

 N
aC

l, 
65

 d
ay

s 
  a

 -T
oc

op
he

ro
l 

10
0 

m
g 

L
 –1

  
(s

pr
ay

) 

 D
ec

re
as

ed
 th

e 
N

a +
  a

nd
 C

l –   c
on

te
nt

 
 Fa

ro
uk

  (
  20

11
  )  

 In
cr

ea
se

d 
th

e 
K

, C
a 

an
d 

M
g 

co
nt

en
t. 

 In
cr

ea
se

d 
an

tio
xi

da
nt

 e
nz

ym
es

’ a
ct

iv
iti

es
 

 D
ec

re
as

ed
 th

e 
le

ve
ls

 o
f 

H
 2 O

 2  a
nd

 li
pi

d 
pe

ro
xi

da
tio

n 
  Tr

it
ic

um
 a

es
ti

vu
m

  
L

. c
v.

 H
ua

im
ai

 
17

 

 30
0 

m
M

 N
aC

l, 
1–

5 
da

ys
 

 10
0 

 m M
 S

N
P,

 2
0 

h 
 In

cr
ea

se
d 

se
ed

 g
er

m
in

at
io

n 
 Z

he
ng

 e
t a

l. 
 (  2

00
9  )

  
 E

nh
an

ce
d 

se
ed

 r
es

pi
ra

tio
n 

ra
te

 a
nd

 A
T

P 
sy

nt
he

si
s 

  C
uc

um
is

 s
at

iv
us

  L
. 

cv
. J

in
ch

un
 2

 
 50

 m
M

 N
aC

l, 
8 

da
ys

 
 10

0 
 m M

 S
N

P,
 8

 d
ay

s 
 In

cr
ea

se
d 

se
ed

lin
g 

gr
ow

th
, p

ho
to

sy
nt

he
tic

 p
ig

m
en

t c
on

te
nt

, P
ro

 
ac

cu
m

ul
at

io
n,

 n
et

 p
ho

to
sy

nt
he

tic
 r

at
e,

  g
s  

an
d 

T
r 

 Fa
n 

et
 a

l 
 (  2

00
7  )

  
  C

uc
um

is
 s

at
iv

us
  L

. 
cv

. J
in

ch
un

 2
 

 50
 m

M
 N

aC
l, 

8 
da

ys
 

 10
0 

 m M
 S

N
P,

 8
 d

ay
s 

 In
cr

ea
se

d 
gr

ow
th

 a
nd

 d
ry

 m
at

te
r 

pa
rt

iti
on

in
g 

 Fa
n 

et
 a

l. 
 (  2

01
0  )

  
 In

cr
ea

se
d 

PA
s 

bi
os

yn
th

es
is

 
  C

ic
er

 a
ri

et
in

m
  L

. 
cv

 H
C

-3
 

 25
 m

M
 N

aC
l, 

2,
 4

 a
nd

 6
 

da
ys

 
 0.

2 
an

d 
1 

m
M

 S
N

P,
 

2,
 4

 a
nd

 6
 d

ay
s 

 In
cr

ea
se

d 
R

W
C

 
 Sh

eo
ka

nd
 e

t a
l. 

 (  2
01

0  )
  

 D
ec

re
as

ed
 r

el
at

iv
e 

m
em

br
an

e 
in

ju
ry

 
  Ly

co
pe

rs
ic

om
 

es
cu

le
nt

um
  

M
ill

. c
v.

 
H

uf
an

14
80

 a
nd

 
H

uf
an

24
96

 

 10
0 

m
M

, 8
 d

ay
s 

 10
0 

 m M
 S

N
P,

 8
 d

ay
s 

 In
cr

ea
se

d 
pl

an
t g

ro
w

th
 a

nd
 b

io
m

as
s 

ac
cu

m
ul

at
io

n 
 W

u 
et

 a
l. 

 (  2
01

1  )
  



472 Plant Response to Salt Stress and Role of Exogenous Protectants to Mitigate…
 N

am
e 

of
 th

e 
cr

op
 

 Sa
lin

ity
 d

os
e 

an
d 

du
ra

tio
n 

 D
os

e 
of

 p
ro

te
ct

an
t 

 Pr
ot

ec
tiv

e 
ef

fe
ct

s 
 R

ef
er

en
ce

s 

  O
ry

za
 s

at
iv

a  
L

. 
 80

 m
M

 N
aC

l, 
5 

da
ys

 
 10

0 
an

d 
20

0 
 m M

 
SN

P,
 1

6 
h 

 In
cr

ea
se

d 
se

ed
 g

er
m

in
at

io
n 

 H
ab

ib
 e

t a
l. 

 (  2
01

0  )
  

  Tr
ic

it
um

 a
es

ti
vu

m
  

L
. c

v.
 P

ra
di

p 
 15

0,
 a

nd
 3

00
 m

M
 N

aC
l, 

4 
da

ys
 

 1 
m

M
 S

N
P,

 1
 d

ay
s 

 In
cr

ea
se

d 
th

e 
co

nt
en

t o
f 

no
n-

en
zy

m
at

ic
 a

nt
io

xi
da

nt
 

 H
as

an
uz

za
m

an
 

et
 a

l. 
 (  2

01
1b

  )  
 E

nh
an

ce
d 

th
e 

ac
tiv

iti
es

 o
f 

an
tio

xi
da

nt
 e

nz
ym

es
 

 D
ec

re
as

ed
 li

pi
d 

pe
ro

xi
da

tio
n 

  Tr
it

ic
um

 a
es

ti
vu

m
  

L
. c

v.
M

H
-9

7 
 15

0 
m

M
 N

aC
l, 

va
ri

ab
le

 
tim

e 
 1,

 4
0,

 8
0 

an
d 

12
0 

m
M

 H
 2 O

 2 , 
8 

h 

 Im
pr

ov
ed

 p
ho

to
sy

nt
he

tic
 c

ap
ac

ity
 

 W
ah

id
 e

t a
l. 

 (  2
00

7  )
  

 In
cr

ea
se

d 
an

tio
xi

da
nt

 d
ef

en
se

 
 G

re
at

er
 ti

ss
ue

 K
 +  , 

C
a 2+

 , N
O

  3  –    P
O

4  3  –    l
ev

el
s 

an
d 

im
pr

ov
ed

 K
 +  :

N
a +   r

at
io

 
  H

or
de

um
 v

ul
ga

re
  

L
. c

v.
 A

lf
a 

 15
0 

m
M

 N
aC

l, 
4 

an
d 

7 
da

ys
 

 1 
an

d 
5 

 m M
 H

 2 O
 2 , 

2 
da

ys
 

 Im
pr

ov
ed

 C
O

 2   fi
 xa

tio
n 

 Fe
di

na
 e

t a
l. 

 (  2
00

9  )
  

 E
nh

an
ce

d 
an

tio
xi

da
nt

 d
ef

en
se

 
  C

ap
si

cu
m

 a
nn

uu
m

  
L

. c
v.

 C
al

if
or

ni
a 

W
on

de
r 

 N
aC

l, 
20

0 
m

M
, 1

0 
da

ys
 

 1.
5 

m
M

 H
 2 O

 2 , 
24

 h
 

 In
cr

ea
se

d 
se

ed
 g

er
m

in
at

io
n 

 Y
ad

av
 e

t a
l. 

 (  2
01

1  )
  

 A
cc

el
er

at
ed

  fl
 ow

er
in

g 
an

d 
in

cr
ea

se
d 

fr
ui

t y
ie

ld
 

  O
ry

za
 s

at
iv

a  
L

. c
v.

 
IK

P 
an

d 
Po

kk
al

i 
 50

 a
nd

 1
00

 m
M

, 5
 d

ay
s 

 1 
m

M
 P

ut
, 5

 d
ay

s 
 R

ed
uc

es
 N

a +
  a

cc
um

ul
at

io
n 

 Q
ui

ne
t e

t a
l. 

 (  2
01

0  )
  

 In
cr

ea
se

d 
PA

 c
on

te
nt

 
  P

un
ic

a 
gr

an
at

um
  

L
. c

v.
 R

ab
ba

b 
 40

, 8
0 

an
d 

12
0 

m
M

 N
aC

l, 
72

 h
 

 1 
an

d 
2 

m
M

 P
ut

 a
nd

 
Sp

d 
 D

ec
re

as
ed

 N
a 

an
d 

C
l c

on
te

nt
 

 A
m

ri
 e

t a
l. 

 (  2
01

1  )
  

 In
cr

ea
se

d 
Pr

o 
co

nt
en

t 
  C

it
ru

s 
ka

rn
a  

R
af

. 
 3.

0 
dS

 m
 –1

 , 9
0 

da
ys

 
 50

 m
g 

L
 –1

  P
ut

 
 R

ed
uc

ed
 th

e 
m

em
br

an
e 

in
ju

ry
 in

de
x 

 Sh
ar

m
a 

et
 a

l. 
 (  2

01
1  )

  
 In

cr
ea

se
d 

R
W

C
, p

ho
to

sy
nt

he
tic

 r
at

e,
 a

nd
 p

ig
m

en
ts

 c
on

te
nt

 
 Im

pr
ov

ed
 th

e 
ac

tiv
iti

es
 o

f 
SO

D
 a

nd
 P

O
D

 
 In

cr
ea

se
d 

Pr
o 

co
nt

en
t 

  O
ry

za
 s

at
iv

a  
L

. c
v.

 
Po

kk
al

i a
nd

 
K

D
M

L
10

5 

 15
0 

m
M

 N
aC

l, 
7 

da
ys

 
 1 

M
M

 S
pd

, 2
4 

h 
 Im

pr
ov

ed
 g

ro
w

th
 

 Sa
le

et
ho

ng
 

et
 a

l. 
 (  2

01
1  )

  
 In

cr
ea

se
d 

m
em

br
an

e 
st

ab
ili

za
tio

n 
 E

f fi
 ci

en
t s

ca
ve

ng
in

g 
of

 f
re

e 
ra

di
ca

ls
 a

nd
 d

ec
re

as
ed

 M
D

A
 

 M
ai

nt
ai

ne
d 

K
 +
 /N

a +
  s

ta
tu

s 
 C

uc
um

is
 s

at
iv

us
 L

. 
cv

. C
ha

ng
ch

un
 

m
ic

i a
nd

 
Ji

nc
hu

n 
N

o.
 2

 

 50
 m

M
 N

aC
l, 

7 
da

ys
 

 0.
1 

m
M

 S
pd

, 7
 d

ay
s 

 R
ed

uc
ed

 in
du

ce
d 

m
em

br
an

e 
da

m
ag

e 
 D

ua
n 

et
 a

l. 
 (  2

00
8  )

  
 In

cr
ea

se
d 

gr
ow

th
 a

nd
 p

ho
to

sy
nt

he
si

s 
 In

cr
ea

se
 in

 P
A

 a
nd

 P
ro

 c
on

te
nt

s 
 U

p-
re

gu
la

te
d 

an
tio

xi
da

nt
 e

nz
ym

e 
ac

tiv
iti

es
 

(c
on

tin
ue

d)



48 M. Hasanuzzaman et al.

Ta
bl

e 
2.

6 
(c

on
tin

ue
d)

 N
am

e 
of

 th
e 

cr
op

 
 Sa

lin
ity

 d
os

e 
an

d 
du

ra
tio

n 
 D

os
e 

of
 p

ro
te

ct
an

t 
 Pr

ot
ec

tiv
e 

ef
fe

ct
s 

 R
ef

er
en

ce
s 

  So
rg

hu
m

 b
ic

ol
or

  
(L

.)
 M

oe
nc

h 
 18

0 
m

M
 N

aC
l, 

7 
da

ys
 

 0.
25

 m
M

 S
pm

 
 In

cr
ea

se
d 

gr
ow

th
 

 C
ha

i e
t a

l. 
 (  2

01
0  )

  
 In

cr
ea

se
d 

an
tio

xi
da

nt
 c

ap
ac

ity
 

  O
ry

za
 s

at
iv

a  
L

. 
cv

s.
 M

-1
-4

8,
 

N
on

ab
ok

ra
 a

nd
 

G
ob

in
do

bh
og

 

 20
0 

m
M

 N
aC

l, 
15

 d
ay

s 
 1 

m
M

 S
pd

 o
r 

1 
m

M
 

Sp
m

, 1
5 

da
ys

 
 In

cr
ea

se
d 

C
hl

 c
on

te
nt

 
 R

oy
ch

ou
dh

ur
y 

et
 a

l. 
 (  2

01
1  )

  
 D

ec
re

as
ed

 N
a +

  c
on

te
nt

 
 D

ec
re

as
ed

 M
D

A
 a

nd
 H

 2 O
 2  l

ev
el

s 
 In

cr
ea

se
d 

an
tio

xi
da

nt
 m

et
ab

ol
is

m
 

  C
uc

um
is

 s
at

iv
us

  L
. 

cv
. P

ol
an

 
 50

 m
M

 N
aC

l, 
14

 d
ay

s 
 5,

 1
0,

 o
r 

20
  m

 M
 

N
a 2 S

eO
 4 , 

14
 d

ay
s 

 Im
pr

ov
ed

 th
e 

gr
ow

th
 ra

te
, p

ho
to

sy
nt

he
tic

 p
ig

m
en

ts
 a

nd
 P

ro
 c

on
te

nt
s 

 H
aw

ry
la

k-
N

ow
ak

 
 (  2

00
9  )

  
 D

ec
re

as
ed

 C
l –   i

on
s 

 E
nh

an
ce

d 
an

tio
xi

da
tiv

e 
ca

pa
ci

ty
 

  C
uc

um
is

 s
at

iv
us

  
 2,

00
0 

pp
m

 N
aC

l, 
7 

da
ys

 
 1 

pp
m

 S
e,

 1
4 

da
ys

 
 In

cr
ea

se
d 

ac
tiv

iti
es

 o
f 

PO
D

, C
A

T,
 S

O
D

, A
PX

 a
nd

 P
A

L
 

 W
al

aa
 e

t a
l. 

 (  2
01

0  )
  

 R
ed

uc
tio

n 
in

 e
le

ct
ro

ly
te

 le
ak

ag
e 

an
d 

M
D

A
 c

on
te

nt
 

  B
ra

ss
ic

a 
na

pu
s  

L
. 

cv
. B

IN
A

 
Sh

ar
is

ha
 3

 

 10
0 

an
d 

20
0 

m
M

 N
aC

l 
 25

  m
 M

 N
a2

Se
O

4,
 

48
 h

 
 Im

pr
ov

ed
 a

nt
io

xi
da

tiv
e 

ca
pa

ci
ty

 
 H

as
an

uz
za

m
an

 
et

 a
l. 

 (  2
01

1a
  )  

 D
ec

re
as

ed
 M

D
A

 a
nd

 H
 2 O

 2  l
ev

el
s 

 D
ec

re
as

ed
 c

hl
or

os
is

 
  B

ra
ss

ic
a 

na
pu

s  
L

. 
cv

. B
IN

A
 

Sh
ar

is
ha

 3
 

 10
0 

an
d 

20
0 

m
M

 N
aC

l, 
48

 h
 

 1 
m

M
 S

iO
 2 , 

48
 h

 
 E

nh
an

ce
d 

an
tio

xi
da

tiv
e 

de
fe

ns
e 

 H
as

an
uz

za
m

an
 

an
d 

Fu
jit

a 
 (  2

01
1b

  )  
 D

ec
re

as
ed

 M
D

A
 a

nd
 H

 2 O
 2  l

ev
el

s 

  B
ra

ss
ic

a 
na

pu
s  

L
. 

cv
. H

ay
ol

a 
 15

0 
m

N
 N

aC
l, 

25
 d

ay
s 

 2 
m

M
 N

a2
Si

O
3,

 2
5 

da
ys

 
 In

cr
ea

se
d 

th
e 

R
O

S 
sc

av
en

gi
ng

 c
ap

ac
ity

 
 H

as
he

m
i e

t a
l. 

 (  2
01

0  )
  

 D
ec

re
as

ed
 ti

ss
ue

 N
a +

  c
on

te
nt

s 
 M

ai
nt

ai
ne

d 
th

e 
m

em
br

an
e 

in
te

gr
ity

 o
f 

ro
ot

 c
el

ls
 



492 Plant Response to Salt Stress and Role of Exogenous Protectants to Mitigate…
 N

am
e 

of
 th

e 
cr

op
 

 Sa
lin

ity
 d

os
e 

an
d 

du
ra

tio
n 

 D
os

e 
of

 p
ro

te
ct

an
t 

 Pr
ot

ec
tiv

e 
ef

fe
ct

s 
 R

ef
er

en
ce

s 

  Ze
a 

m
ay

s  
 12

0 
m

M
 N

aC
l, 

28
 d

ay
s 

 0.
4 

-3
.2

 m
M

 
Si

(O
H

) 4 , 
28

 d
ay

s 
 In

cr
ea

se
d 

gr
ow

th
 

 Pa
rv

ee
n 

an
d 

A
sh

ra
f 

 (  2
01

0  )
  

 In
cr

ea
se

d 
C

O
 2  a

ss
im

ila
tio

n 
ra

te
 (

 A
 ),

  g
s ,

 T
r, 

an
d 

le
af

 s
ub

-s
to

m
at

al
 

C
O

 2  c
on

ce
nt

ra
tio

n 
  M

ed
ic

ag
o 

sa
ti

va
  L

. 
cv

. Z
ho

ng
m

u 
N

o.
 1

 a
nd

 D
ef

or
 

 12
0 

m
M

 N
aC

l, 
15

 d
ay

s 
 1 

m
M

 K
 2 S

iO
 3 , 

15
 

da
ys

 
 In

cr
ea

se
d 

ac
tiv

iti
es

 o
f 

an
tio

xi
da

nt
 e

nz
ym

es
 

 W
an

g 
et

 a
l. 

 (  2
01

1b
  )  

  G
ly

ci
ne

 m
ax

  L
. c

v.
 

Ta
ek

w
an

gk
on

g 
 80

 m
M

 N
aC

l, 
14

 d
ay

s 
 2.

5 
m

M
 N

a 2 S
iO

 3 , 
14

 
da

ys
 

 In
cr

ea
se

d 
pl

an
t g

ro
w

th
 

 L
ee

 e
t a

l. 
 (  2

01
0  )

  
 Im

pr
ov

ed
 C

hl
 c

on
te

nt
 

 Tr
it

ic
um

 a
es

ti
vu

m
 

cv
. S

A
R

C
-3

) 
an

d 
A

uq
ab

 
20

00
 

 15
0 

m
M

 N
aC

l, 
10

 d
ay

s 
 2 

m
M

 S
i, 

12
 d

ay
s 

 Im
pr

ov
ed

 g
ro

w
th

 
 Ta

hi
r 

et
 a

l. 
 (  2

01
2  )

  
 D

ec
re

as
ed

 N
a +

  a
nd

 N
a +

 :K
 +
  r

at
io

 



50 M. Hasanuzzaman et al.

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 signi fi cantly 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  

2
  •–   or H 

2
 O 

2
 . 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  fl ow 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 in fl uence 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 signi fi cantly alle-
viated the decrease of  Pn ,  F v/ F m,  F PSII and Chl content under saline conditions. 
Compared with NaCl alone, exogenous Pro also reduced the O  

2
  •–   level and the H 

2
 O 

2
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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, P5CS; 
pyrroline-5-carboxylate reductase, P5CR) as well as accumulation of H 

2
 O 

2
 , 

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 P5CS 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) (Mäkelä 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 bene fi cial 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 ef fi ciency (WUE) and pigment stabilization, 
leading to high photosynthetic performance in Chl  a   fl uorescence and CO 

2
  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 ; López-Gómez 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 P5CS and P5CR 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-Maciá  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 
(López-Gómez 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 de fi cit-responsive genes. Koornneef et al.  (  1998  )  reported several ABA 
de fi cient mutants viz.  aba1 ,  aba2  and  aba3  in  Arabidopsis . ABA de fi cient 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 de fi cient 
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 de fi cit 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  fi eld 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 NaCl), 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 signi fi cantly 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 signi fi cant role in reducing salinity stress. ABA was found to be effective in reduc-
ing Na +  and Cl –  concentrations and Na + /K +  ratio, increasing K +  and Ca 2+  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  GLP1  genes were induced more rapidly in response to ABA 
treatment in  T. 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 signi fi cant decline in the level of IAA in the root system of  T. 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  T. aestivum  seeds with 
IAA 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 IAA, 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 IAA signi fi cantly reduced Na +  
concentration and increased those of Ca 2+  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 (Jemâa et al.  2011  ) .  

    2.5.2.3   Gibberellic Acid 

 Gibberellic acids (also called Gibberellin A 
3
 , GA, and GA 

3
 ) are generally involved 

in growth and development; they control seed germination, leaf expansion, stem 
elongation and  fl owering (Magome et al.  2004 ; Kim and Park  2008  ) . Additionally, 
GAs interact with other hormones to regulate various metabolic processes in the 
plants. However, many con fl icting 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 

3
  have been the main focus of some plant scientists. Innumerable works have 

con fi rmed the potential of GA 
3
  to synergistically improve crop performance under 

normal conditions. In recent decades, light has been thrown on the in fl uence of GA 
3
  

during salt stress (Kaya et al.  2009  ) . Maggio et al.  (  2010  )  reported that GA 
3
  treat-

ment in  L. esculentum  reduced stomatal resistance and enhanced plant water use at 
low salinity. GA 

3
 -priming-induced increase in  T. aestivum  grain yield was attributed 

to the GA 
3
 -priming-induced modulation of ions uptake and partitioning (within 

shoots and roots) and hormones homeostasis under saline conditions (Iqbal and 
Ashraf  2010  ) . Under saline conditions, seed germination has been improved by 
application of GA 

3
  and in this experiment, growth and grain yield of wheat were 

decreased with increasing salinity levels, but increased relatively by seed treatment 
with GA 

3
  (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  m M GA 
3
  appeared to mitigate the adverse effects of salinity stress on the overall 

performance and productivity. Application of GA 
3
  signi fi cantly 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 

3
  counteracted the 

adverse effects of NaCl salinity on relative water content, electrolyte leakage and 
Chl content (Ahmad et al.  2009  ) . GA 

3
  was suf fi cient to attenuate partially the stimu-

latory effect of NaCl supply on Pro and GB biosynthesis in  B. juncea  (Ahmad 
 2010  ) . Application of GA 

3
  also reduced lipid peroxidation in the leaves, which was 

increased during salt stress and thus indicated that application of GA 
3
  reduced the 

harmful effects of salinity and increased resistance to salinity (Ahmad et al.  2009  ) . 
In sugarcane plantlets, foliar application of GA 

3
  (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 

3
 . Exogenous GA also increased sugar 

and soluble protein content, while Chl content remained unchanged (Shomeili et al. 
 2011  ) . The application of GA 

3
  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 

3
  helped in the tolerance of plants 

to salt stress (Ali et al.  2011  ) . Priming of  Beta vulgaris  seeds with GA 
3
  increased the 

 fi nal 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 

3
  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 

1
  and GA 

4
 ) and jasmonic acid increased in GA 

3
  treated plants, while the endog-

enous ABA and salicylic acid (SA) contents declined under the same treatment 
(Hamayun et al.  2010  ) . Recently, Iqbal and Ashraf  (  2010  )  reported that increased 
grain yield in  Triticum aestivum  was attributed to the GA 

3
 -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 

3
 -

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 

3
 -induced plant salt tolerance. Iqbal and Ashraf 

 (  2010  )  hypothesized that pre-sowing treatment with GA 
3
  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  m M 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 Cl –  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 

1
  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  m M) 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 signi fi cantly 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 2+  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 + , Cl − , and H 

2
 O 

2
  

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  T. 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 ; Poór et al.  2011  ) . 

 It was found that SA treatment caused accumulation of both ABA and IAA in  T. 
aestivum  seedlings under salinity. However, the SA treatment did not in fl uence 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 

2
 O 

2
  and NO are considered to be functional links of cross-tolerance to various 

stressors. SA-stimulated pre-adaptation state was bene fi cial in the acclimation to 
subsequent salt stress in  Solanum lycopersicum  (Gémes et al.  2011  ) . At the whole-
plant level, SA-induced massive H 

2
 O 

2
  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 intensi fi ed 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  T. aestivum . They observed that salt-induced deleterious effect in 
wheat seedlings were signi fi cantly 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 signi fi cantly 
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 

2
 O 

2
  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 in fl uence 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-Espín 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 

2
 O 

2
  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, 
de fi ciency 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 
identi fi cation 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 signi fi cantly reduced by BR treatment (Krishna  2003  ) . When  Capsicum 
annuum  seedlings were sprayed with EBR in the presence of NaCl, it signi fi cantly 
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  T. 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  T. aestivum  and signi fi cantly 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 signi fi cantly increased gradually all the 
chemical constituents. Foliar application of BRs also signi fi cantly 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 ef fi ciency 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 in fl uences 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  1 O 
2
 , 

O  
2
  •−  , HO• and H 

2
 O 

2
 , 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 in fl uences 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 

3
 , photo-oxidative conditions, or pathogen attack (Pastori et al.  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 –1 ) 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  T. 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 signi fi cant 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 signi fi cantly 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 

2
 O 

2
  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 speci fi c. 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  a -tocopherol and zeaxanthin in the 
reduced state. It can also function directly as a free radical scavenger by reacting 
with  1 O 

2
 , O  

2
  •−   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 

2
 O 

2
  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 suf fi cient GSH pools. BSO reduced the 
growth of the control cell line by 94%, whereas the NaCl-tolerant cell line showed 
signi fi cantly 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 re fl ected 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  fl owers, no. of  fl owers, 
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 ( a , 
 b ,  g  and  d ). Relative antioxidant activity of the tocopherol isomers in vivo is 
 a  >  b  >  g  >  d  and hence  a -tocopherol has the highest antioxidant activity (Garg and 
Manchanda  2009  ) . Tocopherols contribute to reduce ROS levels (mainly  1 O 

2
  and 

OH•) 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 in fl uence 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-de fi cient plants have recently revealed that  a -
tocopherol is not essential for plant survival under optimal conditions, and 
that  a -tocopherol de fi ciency 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  a -tochopherol and exposed to saline soil with dif-
ferent salinity levels (EC 1.56, 4.68 and 7.83 dS m –1 ). They observed that salinity 
induced decreased in total soluble sugars content and the activities of CAT, POX, PPO 
and PAL were signi fi cantly altered by exogenous  a -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  a -tocopherol also enhanced the antioxidant 
enzyme activities under salt stress which rendered the lower level of H 

2
 O 

2
  and lipid 

peroxidation. Salt stressed plants supplemented with  a -tocopherol decreased the 
Na +  and Cl –  content but increased the K + , Ca 2+  and Mg 2+  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 ; 
Liu et al.  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  

2
  •–   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 ; Misra et al.  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 NaCl, 8 
days) in rice seedlings pre-treated with NO (1  m M 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 Gwóźdź 
 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  m M SNP) signi fi cantly 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 signi fi cantly. However, exogenous NO donor 
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markedly decreased membrane permeability, rate of O  
2
  ·–   production, the contents of 

MDA and H 
2
 O 

2
 , and intercellular CO 

2
  concentration. Treating  H. vulgare  leaves 

with exogenous NO (50  m M SNP), Li et al.  (  2008  )  observed that NO could alleviate 
the damage of salt stress (50 mM NaCl) which was re fl ected by decreased ion leakage, 
MDA and H 

2
 O 

2
  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 signi fi cant 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 

2
 O 

2
  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  m M SNP). They observed that in presence of 100  m M 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 signi fi cantly by 22% and 
12% over the salt treatment, respectively. The rate of O  

2
  •–   production in Hufan1480 

and Hufan2496 decreased signi fi cantly by 20% and 17%, respectively by applica-
tion of 100  m M 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 detoxi fi cation systems in  T. 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 

2
 O 

2
 .  
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    2.5.4.2   Hydrogen Peroxide 

 It is generally thought that H 
2
 O 

2
  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 

2
 O 

2
  as a signaling molecule in transduction 

of stress signals to the alteration of expression pro fi les of target genes was also studied 
in plants (Hung et al.  2005 ; Hernandez et al.  2010  ) . The connection between H 

2
 O 

2
  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 

2
 O 

2
  confers abiotic stress tolerance including salinity. Azevedo Neto et al.  (  2005  )  

reported that addition of H 
2
 O 

2
  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  T. aestivum  seeds soaked in 1, 40, 80 and 120 mM H 

2
 O 

2
  and subsequent growing 

in saline condition (150 mM NaCl) showed that the level of H 
2
 O 

2
  in seedlings arising 

from H 
2
 O 

2
 -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 

2
 O 

2
  treatment improved leaf water relations and maintained tur-

gor. Although Na +  and Cl –  content increased due to salinity, H 
2
 O 

2
 -treated seedlings 

displayed greater tissue K + , Ca 2+ , NO  
3
  –   PO  

4
  3–   levels and improved K + :Na +  ratio. 

Exogenous H 
2
 O 

2
  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  m M H 

2
 O 

2
  for 2 days followed by exposure 

to 150 mM NaCl for 4 and 7 days showed higher rate of  14 CO 
2
   fi xation with lower 

MDA, H 
2
 O 

2
  and Pro contents in comparison to the seedlings subjected NaCl stress 

only. In addition, Cl –  content in the leaves of NaCl treated plants considerably less in 
pre-treated plants. These results clearly indicated that H 

2
 O 

2
  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 

2
 O 

2
  (1.5 mM) showed enhance tolerance to 

salt stress (NaCl, 200 mM, 10 days). The plants grown from primed seeds  fl owered 
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 
et al  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 (Alcazar et al.  2010a,   b ; Gill and Tuteja  2010  ) . 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 ef fi ciency, but this effect is strongly depended both on PAs 
concentration or types and stress levels (Duan et al.  2008  ) . The ef fi ciency of PSII 
(Fv/Fm) measured in leaves of salt-stressed  Cucumis sativus  seedlings was not 
much in fl uenced by 1 mM Spd application, although Spd could ameliorate plant 
growth and increase net photosynthetic rate (P 

 N 
 ), Gs, intercellular CO 

2
  concentration 

(Ci), actual ef fi ciency of photosystem II (ФPSII) and the coef fi cient 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 

 N 
 . 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 ef fi ciency 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 speci fi c 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-de fi ciency 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 in fl uences 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 
signi fi cantly reduced the Na +  and Cl –  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 Cl −  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 
Cl –  in the leaves which were associated with an improvement of the actual PS II 
ef fi ciency 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 signi fi cantly 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 2+  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 × 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 bene fi cial elements for plants: they 
are not required by all plants but can promote plant growth and may be essential for 
particular taxa. These bene fi cial elements have been reported to enhance resis-
tance to abiotic stresses such as drought, salinity, and nutrient toxicity or de fi ciency 
(   Hasanuzzaman et al.  2010a,   b ; Hasanuzzaman and Fujita  2011b ; Tahir et al.  2012  ) . 
In case of Se, the bene fi cial 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 bene fi cial 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 con fi rmed 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 speci fi c physiological mechanisms underlying the bene fi cial 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  m M), 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  ×  R. tianshanicus ) seedlings. However, 
at higher concentrations (10–30  m M), Se exerted diminished bene fi cial 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  m M 
Se. At concentrations between 10 and 30  m M, there were adverse effects on both 
enzymes compared with that at 5  m M Se. In  C. sativus  leaves, Se treatments at 5 and 
10  m M signi fi cantly 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  m M Na 

2
 SeO 

4
 ) and salt (100 and 200 mM NaCl) separately and in combination, 

and grown for 48 h. The AsA content of the seedlings decreased signi fi cantly with 
increased salt stress, while the amount of GSH and GSSG increased. In addition, the 
APX and GST activity increased signi fi cantly with increased salt concentration 
(both at 100 and 200 mM NaCl), while GPX activity increased only at moderate salt 
stress (100 mM NaCl). Glutathione reductase activity remained unchanged at 
100 mM NaCl, 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 

2
 O 

2
  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 

2
 O 

2
  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 de fi ciency can cause various dys-
function in regards to plant growth, development and reproduction. In addition, 
supplementation with Si exerts a number of bene fi cial 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 ligni fi cations; 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 signi fi cantly increased growth of plant. Exogenously applied Si 
also improved some key plant gas exchange characteristics such as net CO 

2
  assimila-

tion rate ( A ), stomatal conductance ( gs ), transpiration ( E ), and leaf sub-stomatal 
CO 

2
  concentration ( Ci ) and thus acted as bene fi cial 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 signi fi cantly 
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 signi fi cantly improved the K +  and K + :Na +  ratio, leaf water potential and 
stomatal conductance, but reduced the Na +  in  T. 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 bene fi cial in profoundly affecting 
physiological phenomena and improving wheat growth under salt stress. Lima et al. 
 (  2011  )  reported that Si application in the nutrient solution signi fi cantly 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 

3
 , while reducing the levels of ABA and Pro (Lee 

et al.  2010  ) . In  Saccharum of fi cinarum , 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 bene fi cial role of 
exogenous Si (1 mM SiO 

2
 ) in the antioxidant defense and MG detoxi fi cation 

systems of rapeseed seedlings exposed to salt stress (100 and 200 mM NaCl). 
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 

2
 O 

2
  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 detoxi fi cation 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  fi ndings, 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 de fi ning salt tolerance is quite dif fi cult 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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          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 −1 , 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 −1 , 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 −1 , 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 pro fi le. 

 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 intensi fi cation, 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 suf fi ciently 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  fl orets per panicles, increase sterility and affect the time of  fl owering 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  fi lling 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  fl ower (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 signi fi cantly 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 classi fi ed into primary 
and secondary effects. Primary salt injuries include direct and speci fi c toxic effects 
as well as indirect effects, such as metabolic disturbance and inhibition of growth 
and development. Secondary salt effects include nutrient de fi ciency and osmotic 
dehydration. Sodium chloride stress decreased growth and yield by (i) nutritional 
de fi ciencies 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 de fi ned 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  fl uxes 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,   c,   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 identi fi ed (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,   c,   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 +  
antiport activity was generally limited to tolerant lines (Pons et al.  2011  ) . Overexpression 
of Sodium proton antiport (NHX) genes are shown to improve salt tolerance (Pons 
et al.  2011 ; Li et al.  2011  ) .  

    3.3.2   Ion Transport 

 Salinity stress imposes two stresses in plants. First is water de fi cit, which is due to 
high solute concentration, and the second is ion stress, which alters the Na +  and Cl –  
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 dif fi cult 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.  
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    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 +  in fl ux; (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 +   fl ux upon NaCl shock showed two phases of responses with high Na +  in fl ux, 
with drastic reduction in net in fl ux and within several minutes there exhibited a 
drastic Na +  ef fl ux in the plant (Shabala  2000  ) . Further Babourina et al.  (  2000  )  con-
cluded that Na +  ef fl ux 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 +  ef fl ux 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 af fi nity 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 AtHKT1  protein mediation of Na +  in fl ux was observed by Uozumi 
et al.  (  2000  ) . A screen for suppressor mutations of the salt-hypersensitive  Arabidopsis  
mutant  sos3  leads to identi fi cation of mutant alleles of  AtHKT1  (Laurie et al.  2002  ) . 
 athkt1  suppression of salt overly sensitive, ( sos3)  is due to reduced Na +  accumulation. 
In wheat,  HKT1  (K + - Na +  transporter) also helps in Na +  in fl ux 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  athkt1  due to Na +  entry. 
Even though,  At HKT1 (Na +  in fl ux 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)  CBL10  belongs to the family of 
calcineurin-B-like-proteins ( CBLs ) which speci fi cally interact with a family of serine-
threonine protein kinases designated as CBL-interacting protein kinases ( CIPKs ) 
(Ahmad et al.  2012a ; Sarwat et al.  2012  ) .  cbl10  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  fl uorescent protein 
fusion proteins suggest that  CBL10  is localized to moving punctate structures 
(endosomes) and at the tonoplast. Yeast-two hybrid and BiFC analysis identi fi ed the 
salt tolerance factor  CIPK24  (SOS2) as predominant interaction partner and revealed 
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 CBL10/CIPK24  complex formation at the tonoplast.  CBL10  and  CIPK24  constitute 
a novel Ca 2+ -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 +  in fl ux. 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 Cl –  in fl ux 
via Na + /H +  antiporters and chloride channels, respectively (Gaxiola et al.  1999  ) . 
According to this model, increased H +  in fl ux 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.  AtNHX1  
and  AtNHX2  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  AtNHX1  expression is not impaired in the  Arabidopsis 
sos1 ,  sos2  or  sos3  mutants. However, mutations that causes ABA de fi ciency or the 
ABA -insensitive1 (abi1)  mutation partially disrupts  AtNHX1  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 ( pma1-4 ) had a number of pheno-
types, which includes reduced Na +  in fl ux, increased Na +  tolerance in response to 
low extracellular pH and increased intracellular Na +  levels. These results suggested 
that in addition to the limited Na +  in fl ux, a mechanism for intracellular sequestration 
of Na +  might exist (Nass et al.  1997  ) .  

    3.3.5   Sodium Ef fl ux 

 Na +  ef fl ux from one cell to another cause problem, therefore, it is must to consider 
the ef fl ux on speci fi c tissues in whole plants. In  Arabidopsis , Na + /K +  antiporter 
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present in the plasma membrane encoded by SOS1 gene catalyzes Na +  ef fl ux. 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 ef fl ux of 
Na +  was observed via roots rather than leaves. SOS1 has various roles like (a) Na +  
ef fl ux 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 +   fl ow and the vacuolar sequestration of Na +  
in leaves. H + -ATPase in plasma membrane generates the driving force for Na +  transport 
by SOS1. Disruption of AHA4 (root endodermis speci fi c 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 ( sos1 ,  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 +  ef fl ux from both 
roots and mesophyll cells and reduces K +  pools and comprises the metabolic 
competence of the cell. Increased uptake of K +  is dif fi cult 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 dif fi cult to maintain the cytosolic K +  ion concentration. These can be 
done mainly by either up-regulation or down-regulation of K +  transporter genes 
( AtKC1 ), which will re fl ect 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.  Athkt1  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 +  ef fl ux 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 ef fi ciently sequester the accumulated Na +  in the leaves, 
which is achieved by ef fi cient 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 

 Cl –  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  ) . Cl –  in fl ux is coupled with Na +  thermodynamically 
in the mesophyll cells of leaves (Shabala  2000  ) . An increase in Cl –  in fl ux was observed 
through protoplast (Teakle and Tyerman  2010  ) . In case of  P. euphratica  resistant plant, 
Cl –  ef fl ux was more comparing with the salt sensitive plants.  

    3.3.8   Calcium 

 Calcium ion (Ca 2+ ) can regulate and also alleviate negative in fl uence of salinity 
stress on plant growth (Ahmad et al.  2012a ; Sarwat et al.  2012  ) . Application of Ca 2+  
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 2+  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 2+  did not have any 
effect on Na +  and K +  accumulation. Na +  ef fl ux and Na +  in fl ux were remarkably 
reduced Ca 2+  under both low and high salinity, their ratio was lowered only under 
low salt stress (Wu and Wang  2012  ) . They suggest that Ca 2+  could regulate K + /Na +  
homeostasis in rice at low salinity by enhancing the selectivity for K +  over Na + , 
reducing the Na +  in fl ux and ef fl ux, 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 signi fi cantly 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 ef fi ciency 
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  fl owering 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 
ef fi ciently 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 in fl uences growth, such as phytohormones (Ahmad 
et al.  2010c  ) . Ashraf  (  2004  )  suggested although salinity in fl uences 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 in fl uence of salinity on the aquaporins and water movements and 
water relations in plants. 

http://dx.doi.org/10.1007/978-1-4614-4747-4_3
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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 de fi cit or salinity stress (Ahmad and 
Sharma  2008 ; Ahmad et al.  2012b  ) . Osmoregulation could be de fi ned 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  fl ow 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  fl ux. 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 suf fi cient 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 

2
  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 
 fi rst phase, decrease in photosynthesis was gradual, whereas in the second phase it 
was rapid and accompanied by a decline of the energy conversion ef fi ciency 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 ef fi ciency 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- D -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 bene fi cial 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 
signi fi cant role for osmotic adjustment and plants ability to maintain K +  levels and 
the involvement of compounds such as putrescine ef fl ux 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 
2
  

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 



1013 Effects of Salinity on Ion Transport, Water Relations and Oxidative Damage

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 

2
  to H 

2
 O is a mixed blessing 

that provides energy for higher organisms. Due to incomplete reduction of O 
2
  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 

2
  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  fi xation 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 

2
 O 

2
  (hydrogen peroxide),  1 O 

2
  (singlet oxygen), O  

2
  –   (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 

2
  radical species. The steps involve the produc-

tion of O  
2
  –  , H 

2
 O 

2
  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  
2
  –  ) 

 Superoxide radical is generated by univalent reduction of molecular oxygen during 
electron transfer. Here, only one electron is involved for reduction. O  

2
  –   is moder-

ately reactive and  fi rst generated ROS with approximately 2–4  m s of half-life. It is 
generated in the thylakoid membrane bound primary electron of photosystem I. O  

2
  –   

induces the formation of other ROS like  1 O 
2
  and OH –  (Halliwell  2006  )  and these 

highly reactive molecules cause lipid peroxidation in membranes.  1 O 
2
  is generated 

from superoxide radical by the reduction of Fe 3+  and furthermore, O  
2
  –   generates 
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H 
2
 O 

2
  through dismutation catalysed by superoxide dismutase and OH –  is produced 

by the production of H 
2
 O 

2
  radicals. The generation of OH –  by the reactions involv-

ing O  
2
  –  , H 

2
 O 

2
  and iron is called Haber-Weiss reaction and Fenton’s reaction is the 

oxidation of Fe 2+  by H 
2
 O 

2
 . Salinity results in increased production of superoxide 

radicals (Ahmad et al.  2010b,   2011 ; Ahmad and Umar  2011  ) .  

    3.6.3   Hydrogen Peroxide (H 
2
 O 

2
 ) 

 H 
2
 O 

2
  is moderately reactive ROS generated by the univalent reduction of O  

2
  –   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 

2
 O 

2
  causes cell death in plants.  

    3.6.4   Singlet Oxygen ( 1 O 
2
 ) 

  1 O 
2
  is generated by transfer of excess excited energy of O 

2
  and not electron transfer. 

The primary source of  1 O 
2
  is the chlorophyll pigments associated with the electron 

transport system and its lifetime is approximately 3  m s (Hatz et al.  2007  ) . During pho-
tosynthesis, chlorophyll triplet state reacts with  3 O 

2
  to form  1 O 

2
 . This  1 O 

2
  is responsible 

to cause detrimental effect on whole photosynthetic machinery.  1 O 
2
  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  
2
  –   and 

H 
2
 O 

2
  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 speci fi c 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),  fl avones, 
carotenoids, anthocyanins and tocopherols (Mittler  2002 ; Ahmad et al.  2009,   2010b, 
  c,   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 speci fi c, 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 ef fi cient 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  

2
  –   to molecular 

oxygen and H 
2
 O 

2
  (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  fi rst 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 

2
 O 

2
  into H 

2
 O and O 

2
 . They play a signi fi cant role in scavenging 

H 
2
 O 

2
  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 

2
 O 

2
  to H 

2
 O and O 

2
  per minute. Though 

CAT mainly reacts with H 
2
 O 

2
 , 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 signi fi cant 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 

2
 O 

2
  scavenging system in chloroplasts (Ahmad et al.  2008,   2010b,   c,   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 is greater than that of DHAR (Asada  1994 ; Minkov et al. 
 1999  ) . Another potential enzyme belonging to the ascorbate-glutathione cycle is 
glutathione reductase (GR). Glutathione is involved in conversion 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,   c,   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 

2
 O 

2
 , O 

2
 , and OH. H 

2
 O 

2
  is reduced by AA to H 

2
 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  fi ndings 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 
sun fl ower 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 detoxi fi cation 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,  fl avonoids, 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 in fl uence 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 

 Identi fi cation 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-de fi ned 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 speci fi ed for individual species rather than generalized for all species (Ashraf 
and Harris  2004  ) . 

 Salinity stress is complex in nature; hence there is no single de fi nite morphological 
marker available for identi fi cation 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 Cl –  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 Cl –  
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 2+  and 
high [Na + ] 

ext
  negatively affects K +  acquisition. Na +  competes with K +  for uptake 

through common transport systems and does this effectively since the [Na + ] 
ext

  in 
saline environments is usually considerably greater than [K + ] 

ext
 . Ca 2+  enhances K + /

Na +  selective intracellular accumulation (Maathuis et al.  1996  ) . Research of the last 
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decade has de fi ned many of the molecular entities that mediate Na +  and K +  
homeostasis and given insight into the function of Ca 2+  in the regulation of these 
transport systems. The salt overly sensitive (SOS) stress-signaling pathway was 
identi fi ed 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 +  in fl ux and ef fl ux 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 Cl –  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 ef fl ux of N +  from root epidermal cells was mediated by a SOS1-like 
homolog, energized by the plasma membrane H + -ATPase. SOS1-like ef fl ux 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, 
 fl ower, 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 modi fi cation of a single trait signi fi cantly 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 bene fi t 
only plants that have suf fi cient 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 Cl –  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 (Cl − ) exclusion; (iii) tissue tolerance 
to accumulated Na +  or Cl − ; and (iv) detoxi fi cation of ROS. Plant species and geno-
types within species show differential responses to salinity stress. Various traits that 
govern salinity tolerance can be identi fi ed by studying physiological and biochemi-
cal mechanisms, which can lead to identi fi cation 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 speci fi c 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, ef fi cient pheno-
typic techniques, relevance of  fi eld and controlled environment studies, perfor-
mance of transgenic under  fi eld conditions, identi fi cation 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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          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 in fl uences are not limited to seashores, but may also 
extend many kilometers inland (Nash III 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 in fl uencing lichen zonation, 
but there are still few available data concerning the different levels of halotolerance. 
These lichens tolerate  fl uctuating 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 in fl uenced by prolonged sun exposure, wind-dependent 
 fl uctuations 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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extent, the intertidal zone can overlap the mesic supralittoral level. There, a second 
fructicose brown-dark Lichinomycetes,  Lichina con fi nis  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 in fl uenced 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 , 

  Fig. 4.1    A patch of brown halophilic  Lichina pygmaea  ( a ) among barnacles ( b ), limpets ( c ), mussels 
( d  ) and sea anemones ( e ) (Plouzané, France). Total immersion of this patch during ~12 h per day 
at ~34 g.l −1  NaCl       
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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  fl uctuations. 
Nevertheless, no intraspeci fi c 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  fl uctuate 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 
classi fi cation. 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 strati fi ed thallus such as the black  Verrucaria  
appear in the littoral fringe, followed by strati fi ed crustose lichens with apothecia in the 
lower supralittoral zone (e.g.  Caloplaca ). The strati fi ed 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 suf fi ciently 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 ; Rodríguez-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 in fl uence 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   Impact 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 de fi nes the necessity of 
protecting photobionts in halotolerant lichens to ensure ef fi cient photosynthesis. 
As intertidal lichens live in sunny environments without any shade, they have devel-
oped a photoprotection system including the synthesis of photoprotective pigments 
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(e.g. atranorin, calycin, 1’-chloropannarin, epiphorellic acid (I and II), pannarin, 
parietin, rhizocarpic acid, usnic acid) (Fernández et al.  1998 ; Hidalgo et al.  2002 ; 
Øvstedal 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  fi ve times more concentrated in specimens exposed 
to sea cliffs than in those living in underbrush or growing on trees (Gauslaa and 
Ustvedt  2003  ) . Parietin ef fi ciently 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 con fi nis ,  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 ef fi ciency 
(Fv/Fm) and in quantum yield for photosynthetic O 

2
  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 

  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       
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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 
et al.  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 

2
  exchanges and chlorophyll  fl uorescence, 

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 1  
NaCl (natural conditions 34 g L −1  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 > │ r │ > 0.76) at a signi fi cant 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 signi fi cant 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.l −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 ; ( c )  Ramalina siliquosa ; ( d )  Xanthoria aureola        
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    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 Büdel  2008 ; Grube and Muggia 
 2010 ; Keddy  2007  ) .  

 According to Ahmadjian  (  1993a  )  there were several misidenti fi cations and taxo-
nomic changes, and the number of photobionts is approximately 25. The photobiont 
genera commonly recognized are listed in Table  4.1 . These classi fi cations 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 de fi ned (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. 

  Fig. 4.4    Perithecium of  Lichina pygmaea  (longitudinal section) with fungus ( a ) ( a ) and cyanobacteria 
 Calothrix  ( b ) ( a, b, c ). Scale bars: ( a ), 10  m m; ( b ), 5  m m; ( c ), 1  m m       
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   Table 4.1    List of the main lichen photobionts (Ahmadjian  1993b ; Friedl and Büdel  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: 
 sucrose 
 trehalose 
 Sugars derivatives: 
 2-O-glucopyranosyl-

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

  Anacystis  
  Aphanocapsa  
  Calothrix*    Lichina  
  Chroococcidiopsis*  
  Chroococcus*    Cora ,  Phylliscum , 

 Pyrenopsidium , 
( Lichinella ?) 

  Cyanosarcina  
  Dichothrix*    Placynthium nigrum  
  Entophysalis  
  Fischerella  
  Gloeocapsa*    Anema ,  Gloeoheppia ,  Peccania , 

 Psorotichia ,  Pyrenopsis , 
 Synalissa ,  Thyrea  

  Hyella    Thelidium litorale , 
 Paraphysothele halodytes  

  Hyphomorpha*  
  Myxosarcina*  
  Nostoc*   Collemaceae, Cyanophyllineae, 

Nephromaceae, 
Pannariaceae, Peltigeraceae, 
Pyrenidiaceae, 
 Stereocaulon , Stictaceae 

  Rivularia*  
  Scytonema*   Ephebaceae, Heppiaceae, 

Pannariaceae, 
Pyrenothricaceae, 
 Stereocaulon , 
Thelotremaceae 

  Stigonema*    Ephebe ,  Spilonema , 
 Stereocaulon  

(continued)



 Photobiont  Genus  Main representative lichen taxa  Main osmolytes 

 Green algae   Asterochloris   Sugars : 
  Cephaleuros    Strigula   sucrose 

 Sugars derivatives: 
 glycerol 
 ribitol 
 sorbitol 
 erythritol 
 iso fl oridoside 
 mannitol 
 Amino acids: 
 proline 
 glycine 
 alanine 
 glutamate 

  Chlorella   Caliciales, Lecanorales, 
 Lecidea , (C ladonia ?) 

  Chlorococcum  
  Chlorosarcina    Lecidea lapicida  and  L. plana  
  Cladophora    Blodgettia  
  Coccobotrys   Verrucariales,  Lecidea humosa  
  Coccomyxa   Baeomycetaceae,  Icmadophila , 

Peltigeraceae 
  Desmococcus   Verrucariales 
  Dictyochloropsis   Peltigeraceae, Stictaceae 
  Dilabi fi lium   Verrucariales 
  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 , 

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

  Prasolia sp.    Mastodia tessellate  
  Pseudochlorella    Lecidea  
  Pseudochlorococcus  
  Stichococcus   Caliciaceae,  Staurothele  
  Trebouxia    Buellia ,  Caloplaca ,  Cladonia , 

 Lecanora ,  Lecidea , 
 Parmelia ,  Physcia , 
 Pilophoron ,  Stereocaulon , 
 Verrucaria ,  Xanthoria  

  Trentepohlia   Arthoniales,  Cystocoleus 
ebeneus ,  Gyalecta jenensis , 
Ostropales, Sphaeriales 

  Trochiscia    Polyblastia  
 Xanthophyceae   Botrydiopsis  

  Heterococcus   Verrucariales,  Verrucaria 
elaeomelaena  and 
 V. Laevata  

 Phaeophyceae   Petroderma   Verrucariales 

Table 4.1 (continued)
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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 
(Büdel  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 auto fl uorescence, plasmalemma disruption) whereas 
in the lichenized state, all cells survive desiccation. This observation could be gen-
eralized to all lichenized cyanobacteria and Büdel  (  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) (Klähn and Hagemann  2011 ; Lüttge  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  fl avodoxin 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 Peña 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 de fi ned as homoiochlorophyllous. To dissipate energy 
particularly during drought stress, cyanobacteria develop several defense systems: 
(i) carotenoid pigments (zeaxanthin and cathaxanthin) prevent oxidative stress, 
(ii) 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 (Lüttge  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 signi fi cantly 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 vitri fi cation, limiting 
harmful chemical reactions and preventing cellular collapse and modi fi cation of pH 
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and ionic strength (Beckett et al.  2008  ) . Speci fi c 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 Graça  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-detoxi fi cation 
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 Graça  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 (Künzler 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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 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 ; 
González 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  Chloro fl exi ,  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 identi fi ed 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  fi rst time Archaea (abun-
dant and highly diversi fi ed 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, 

  Fig. 4.5    Scanning electron 
micrography of the upper 
cortex of  Stereocaulon 
montagneanum  showing 
epilichenic bacterial colonies. 
Scale bar: 10  m m       
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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, 
 g -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 N d -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 Krämer  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 
Krämer  (  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  g -aminobutyrate while 
Gram-positive bacteria stock glutamate, particularly during hyperosmotic stress 
(Killham and Firestone  1984 ; Morbach and Krämer  2002  ) .  Bacillus subtilis  and two 
 Streptomyces  ( S. griseus  and  S. californicus ) answer to osmotic stress by increased 
proline synthesis (Morbach and Krämer  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 diversi fi ed 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 ( 1 O 

2
 ) and superoxide radical (O  

2
  •−  ) that 

leads to the synthesis of hydroxyl radical ( • OH), hydroperoxyl radical ( • O 
2
 H) and 

hydrogen peroxide (H 
2
 O 

2
 ) (Fig.  4.6 ). The alkoxyl (RO • ) and peroxyl (RO  

2
  •  ) 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 de fl ected. 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 disul fi de; NADP + , 
oxidized nicotinamide adenine dinucleotide phosphate; NADPH, reduced nicotinamide adenine 
dinucleotide phosphate       
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(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 suf fi ciently 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 ( b -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 ( g -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 
et al.  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 

2
 O 

2
  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 

2
 O 

2
  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, signi fi cant extracellular tyrosinase 
activity is correlated with reduction of H 

2
 O 

2
 . This copper-containing enzyme cata-

lyzing the oxidation of phenols (e.g. tyrosine) may function here through a catalase-
like mechanism (García-Molina et al.  2005  )  (Fig.  4.7 ). As the Peltigerinean lichens 

His |

His |

His |
His54-N

His38-N

His38-N
His63-N N-His216

N-His194

N-His190

Cu2+
Cu2+

H2O

H2O

H2O2

H2O2

H HHis54-N

His63-N His63-N
N-His216

N-His194

N-His190

Cu2+
Cu2+

O

H

O

His63-N N-His216

N-His194

N-His190

Cu2+Cu2+ Cu2+ Cu2+

O–

O–O– O–

His

His38-N

His38-N

H

H
H

His54-N

His54-N

His54-N

His54-N

His63-N

N-His216

N-His216

N-His194

N-His194

N-His190

N-His190

Cu+ Cu+

H+

His H+

His

(essentially under
anaeobic conditions)

His38-N

His38-N

His63-N N-His216

N-His194

N-His190

Cu+
Cu+

H+

O

O

O

O

H

HH
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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 detoxi fi cation process among lichens was discovered early, 
one point remains unclear. H 

2
 O 

2
  has always been considered as an inactivator of 

several copper containing enzymes, such as fungal tyrosinase (Andrawis and Kahn 
 1985  ) . High H 

2
 O 

2
  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 signi fi cant correlation was previously estab-
lished between the mixed-apoplast H 

2
 O 

2
  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 bene fi t from 
nutrient mobilization and compound synthesis by each organism. They in fl uence 
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  fi x 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,  fi xed nitrogen to other symbionts (fungi and/or microalgae). 
The importance of molecular nitrogen  fi xation is re fl ected in the phenotypic and 
physiological adaptations of lichen-associated cyanobacteria (e.g. numerous 
nitrogen- fi xing heterocysts, or specialized nitrogen- fi xing cells, in symbiotic 
 Nostoc  compared to free-living  fi laments) (e.g.  Lichina  species). Further adaptation 
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is found in tripartite symbiosis where cyanobacteria are concentrated in speci fi c 
organs called cephalodias, where they  fi x 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 in fl uencing different stages of nitrogen 
metabolism such as NO  

3
  −   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- fi xation 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- fi xing 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- fi xing bacteria from  fi ve 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 re fl ect 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 in fl uence of 
phytohormones from nitrogen- fi xing 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  

4
  3−  ) could form pre-

cipitates with calcium (Ca 2+ ), magnesium (Mg 2+ ) and zinc (Zn 2+ ) (Evelin et al.  2009  ) . 
Because these complexes are more dif fi cult 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  fi xation (Lewitus and Caron  1990  ) . In  Anabaena , a loss 
of heterocysts, a decline in chlorophyll a, protein, RNA, and cellular phosphorous is 
speci fi cally 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- fi xing bacteria can solubilize phosphates, they could also play a key 
role to overcome this hurdle. This type of bene fi t 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 
at high salt levels (>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 Cl −  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 Graça  2004 ; 
Rodríguez-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 Graça  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 ; Rodríguez-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 bene fi cial 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 in fl uxes. When K +  
reaches the mM range and Na +  is concentrated in the environment, the Michaelis-
Menten constant (K 

m
 ) decreases to  m M values for the internal K +  concentration 

while the K 
m Na+

  remains in the mM range. As a consequence, the ratio between K 
m 

K+
  and K 

m Na+
  may be as low as 1:700. When Na + /K +  concentration ratio is lower than 

700:1, Na +  in fl ux 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 +  in fl ux is larger than K +  and 
Na +  may substitute for a signi fi cant part of the K +  content, becoming toxic 
(Rodríguez-Navarro  2000  ) . Thus, the toxicity limit in saline conditions depends on 
the considered lichen species and its capability to regulate the Na +  in fl ux. 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 Graça  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 
Cl −  for functioning (Feller et al.  1996  ) , and the haloperoxidases use Cl − , Br −  and I −  
as substrates along with H 

2
 O 

2
  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 

B
  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 

2
  from H 

2
 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 

2
 O to O 

2
  

(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 Graça  2004  ) . In cyanobacteria, Cl −  inhibits ribu-
lose-1,5-bisphosphate-carboxylase activity from  Aphanothece halophytica , thus 
disrupting photosynthesis and decreasing carbon  fi xation. 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 Cl −  in  Halomonas halodenitri fi cans  and  Salinivibrio costicola , 
respectively, in the presence of 1 M Cl − ) to values as high as 700–980 mM Cl −  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  fi rst 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-3,4-
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 ampli fi ed fragment-length polymorphism, Grube and Blaha  (  2005  )  focused 
on the speci fi c 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 identi fi ed. This differential transcription may result 
from gene (over-) expression induced by salt stress. These experiments only gave a 
 fi rst 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)-pro fi les), 
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  fi rst 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 speci fi c 
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 speci fi c 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.      
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          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 t ha −1  from its present 3 t ha −1 . 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 speci fi c detrimental effects on plant growth and development. A variety 
of distinct abiotic stresses exist, such as water (drought,  fl ooding), 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 modi fi cations 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 ef fi ciency of which is responsible for the overall crop yield. If we 
can improve photosynthesis under salt stress conditions, de fi nitely 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  fl uorescence induction 
kinetics to get quick information about the ef fi ciency of photochemical reactions taking 
place in the leaf in the  fi eld 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 ef fi ciency 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  fi nally 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  ) .   

http://www.fao.org/ag/agl/agll/spush/
http://www.fao.org/ag/agl/agll/spush/
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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 insuf fi cient 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 
classi fi ed as glycophytes or halophytes (Flowers et al.  1977  ) . Being the natural 
inhabitants of highly saline soils, halophytes ef fi ciently 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  

4
  2−  ), 

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 ef fi ciency of photosynthesis (Sudhir and Murthy  2004  ) . Salt stress 
can lead to stomatal closure, which reduces CO 

2
  availability in the leaves and inhib-

its carbon  fi xation, 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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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 Cl −  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 modi fi cations 

  Fig. 5.1    Effects of salt stress on plant growth       

 



1535 Changes in Photosystem II in Response to Salt Stress

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 ef fi ciency 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 

2
   fi xation (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 

  Fig. 5.2    Effects of salt stress including osmotic effects and ionic effects on the basic process of 
photosynthesis       

 



154 A. Jajoo

cause osmotic stress, ionic toxicity and induce nutritional de fi ciencies (Munns 
 2002  ) . When Na +  and Cl –  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 

2
  to decline without restricting pho-

tosynthesis and had the bene fi t of greatly increasing water use ef fi ciency. 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 ef fi ciency of photo-
phosphorylation by stimulating the cyclic photosynthetic electron  fl ow 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 

2
  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
 , (2) salt toxicity, (3) 

reduction of CO 
2
  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 II 

 The four major protein components of the photosynthetic electron transport chain 
are Photosystem II (PSII), Photosystem I (PSI), the cytochrome (Cytb 

6
 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 pro fi le which led to the 
decreased energy transfer from light harvesting antenna to PS II. Salt adapted cells 
can maintain a high conversion ef fi ciency of excitation energy through the down 
regulation of PS II RCs (Lu and Vonshak  2002  ) . In the cyanobacterium, salt stress 
inhibits the apparent quantum ef fi ciency of photosynthesis and photosystem II 
(PSII) activity while stimulating photosystem I (PSI) activity and dark respiration 
signi fi cantly. 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 .  parvi fl ora  (Parida et al. 
 2003  ) . High salt stress has a negative in fl uence on PS II 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  fl uorescence 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   fl uorescence has proven to be 
an open window in the heart of the photosynthesis process (Papageorgiou and 
Govindjee  2004 ; Stirbet and Govindjee  2011  ) . Chl  a   fl uorescence is becoming a 
popular tool for plant management especially photosynthesis research. Chl  a  
 fl uorescence originates mainly from PS II. Most interesting aspect of this technique 
is that chlorophyll  fl uorescence parameters start to  fl uctuate before other visual 
symptoms due to stress appear. Various parameters arising from  fl uorescence mea-
surements can be exploited to gain information about status and ef fi ciency of differ-
ent components of PSII in Early stages of development and stress. When a 
dark-adapted photosynthetic sample is illuminated, Chl  a   fl uorescence 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  fl uorescence 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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been shown in Fig.  5.3  illustrating various intermediate phases. The OJIP transient 
is the fast Chl  a   fl uorescence rise, measured at high light intensities [generally at 
3000  m mol photons m-2 s-1]. The OJIP transient starts at O or Fo [minimum 
 fl uorescence, all Q 

A
  is oxidized] and reaches a maximum called P or Fm (all Q 

A
  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 

A
  to Q 

A¯
 . The intermediate I step and the  fi nal 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   fl uorescence 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 
 fl uorescence, information about changes in the ef fi ciency of photochemistry can be 
obtained (Maxwell and Johnson  2000  ) . At a given moment, the physiological state 
of the sample determines the shape of the  fl uorescence transient of any sample. 
Diagnosis and early detection of various stresses using this non-invasive method is 
highly useful even more because  fi eld investigation can be conducted with high 
laboratory precision.  

 Polyphasic chlorophyll  a   fl uorescence transient was measured to evaluate the 
effects of high salt stress on the photochemical ef fi ciency 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  fl uorescence in the induction curve 
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  Fig. 5.3    A representative  fl uorescence induction curve ( fi rst hit) and a curve obtained after second 
hit. The graphs have time axes in logarithmic scale       
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decreased with increase in NaCl concentration. A signi fi cant decline in the minimal 
 fl uorescence (Fo), variable  fl uorescence (Fv) and maximal  fl uorescence (Fm) was 
observed with an increase in salt concentration. This decline in the  fl uorescence 
yield of leaves can be attributed to an inhibition of electron  fl ow at oxidizing site of 
PS II (Lu and Vonshak  2002  ) . The decrease in Fm and  fl uorescence at J, I, P has been 
suggested to be due to two reasons,  fi rst by inhibition of electron transport at the 
donor side of the PS II which results in the accumulation of P  

680
  +   and second due to 

a decrease in the pool size of Q  
A
  ¯  . Area over the  fl uorescence induction curve between 

Fo and Fm is proportional to the pool size of the electron acceptor Q 
A
  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  fl uorescence 
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 signi fi cantly in high salt treatment. ABS/RC i.e. effective 
antenna size of an active reaction centers, is in fl uenced by ratio of active/inactive 
RCs and with increase in NaCl concentration the value of ABS/RC increased.  

 The kinetics of relative variable  fl uorescence (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  fl uorescence at J step i.e. at 2 ms. 
Ef fi ciency with which a trapped exciton can move an electron in to the electron 
transport chain further than Q 

A
 ̄  ( Y o, which is calculated as ETo/TRo) was also 

measured. Increase in the value of Vj by 29% and a decrease in the value of  Y o by 

  Fig. 5.4    The OJIP Chl  a   fl uorescence transient curves (log time scale) in wheat leaves gradually 
exposed to various concentration of NaCl       
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26% (Fig.  5.5 ) in 0.5 M NaCl treatment suggested a loss in reoxidation capacity of 
Q 

A
 ̄  and an inhibition of electron transport at the acceptor side of PS II (Lu and 

Vonshak  1999  )  and also beyond Q 
A
 ̄ . 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 speci fi c to osmotic stress, where as the 
slow decline is irreversible and speci fi c 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  fl ux 
which reaches to the PS II reaction centers and the rate of electron transport at the 
onset of illumination. PI can be calculated as

     = Φ − Φ Ψ − ΨABS Po Po Eo EoPI RC / ABS. / (1 ). / (1 )     

 Where  F  
Po

 , is the exciton trapped per photon absorbed and  Y  
Eo

 , is the probability 
that an electron can move further than Q 

A
 ̄ . With increase in NaCl concentration a 

signi fi cant 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 signi fi cantly with high salt stress it can be said that high 
salt stress did not in fl uence the number of quanta absorbed per unit time. The ratio 
 Y  

Eo
 /(1 −  Y  

Eo
 ) decreased with increase in NaCl concentration and became 57% of the 

  Fig. 5.5    Change (in %) variable  fl uorescence (Vj), ef fi ciency of forward electron transfer (ETo/
TRo) beyond Q 

A
  and area over the curve in response to salt stress in wheat leaves       
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control, suggesting that the ef fi ciency 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 (Krüger et al.  1997  ) . The leaf model 
deals with the phenomenon-logical energy  fl uxes (per cross-section). Electron 
transport in a PS II cross section (ETo/CS) deals with the reoxidation of reduced Q 

A
  

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) re fl ects 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 ef fi ciency of PS II was decreased 
with increase in salt concentration.  
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  Fig. 5.6    Energy pipeline leaf model of phenomenological  fl uxes (per cross section, CS) in gradually 
stressed wheat leaves exposed to various concentrations of NaCl gradually. ( a ) Control ( b ) 0.3 M 
NaCl ( c ) 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        
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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 salt stress. Osmotically, 0.5 M NaCl should behave as 1 M sucrose. Hyperosmotic 
conditions cause an ef fl ux 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 ef fi ciency of light reaction  F  

Po
 /

(1 −  F  
Po

 ), rate of biochemical reaction ( Y  
Eo

 /(1 −  Y  
Eo

 )) 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  fl uorescence in high salt stressed seeds 
demonstrated that the rapid decline in photosynthesis under NaCl stress is revers-
ible and speci fi c to osmotic effects, where the slow decline is irreversible and 
speci fi c 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 signi fi cantly 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 II 

 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  a ,  b  and  g  
centers has been introduced while on the basis of acceptor/reducing side function, 
Q 

B
 -reducing and Q 

B
 -non-reducing centers have been de fi ned. 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  fl uorescence kinetics, presence 
of two distinct populations of PSII centers (termed as PSII a  and PSII 

 b 
 ) 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 PSII 

 g 
  (contains ~ 50 Chl) 

yields PSII 
 b 
  (~ 130 Chl). In a second step, the addition of another 80chl to LHC 

II-peripheral part increases the antenna size to yield PSII 
 a 
  [20]. The dominant form, 

PSII  a , 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 (LHC II-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 

 a 
  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  fl uorescence rise when measured with DCMU. In contrast, 
PSII 

 b 
  are mainly located in stromal region of thylakoid membranes and are charac-

terized by smaller light harvesting antenna of PSII 
 a 
  and there is no possibility of the 

excited states transfer between PS IIs as re fl ected in an exponential  fl uorescence 
rise in the presence of DCMU. Smaller antenna size has been ascribed to the absence 
of peripheral LHC II in PSII. The  a  and  b  centers are similar in terms of their intrin-
sic trapping and  fl uorescence properties (Melis  1991  ) . However they show differ-
ence in the recombination rate (reopening) in the  a  and  b  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 PSII 

 g 
  is localized in stroma lamellae region, 

has the smallest antenna size among the three components and has the longest life-
time. PSII 

 a 
  is believed to be the major ‘normal’ PSII centers whereas PSII 

 b 
  and 

PSII 
 g 
  represent the two minor groups of ‘abnormal’ PSII centers with low quantum 

ef fi ciencies due to their slow electron donation systems. The slow rate of PSII 
 b 
  and 

PSII  g  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 II a ,  b  and  g  
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 

A
 ̄  in relation to electron  fl ow to the 

plastoquinone pool. It has been shown that a number of PS II centers, though pho-
tochemically competent, are unable to transfer electrons ef fi ciently from electron 
acceptor Q 

A
 ̄  to secondary electron acceptor Q 

B
  (Lavergne  1982 ; Graan and Ort 

 1986 ; Guenther et al.  1988  ) . These centers are termed as PS II Q 
B
 -non-reducing 

using Lavergne’s nomenclature (Lavergne  1982  ) . In such centers Q 
A
 ̄  can be reoxi-

dized only by a back reaction with the donor side of PSII (Schanker and Strasser 
 2005  ) . Q 

B
 -non-reducing differs from Q 

B
  reducing center in being incapable of 
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reducing the PQ pool. Q 
B
 -non-reducing is normally either equal to PSII 

 b 
  or a subset 

of it (Guenther et al.  1988  ) . It is found that the electron transfer from the primary 
acceptor Q 

A
  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   fl uorescence 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 
B
  reducing and Q 

B
 -non-

reducing centers was measured by the double-hit method as described in Strasser 
and Tsimilli  1998 . According to this method,  fl uorescence measurement is induced 
by two subsequent pulses (each of 1 s). The  fi rst pulse (denoted as  fi rst 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 

B
  

non-reducing centers increase in salt stressed leaves. In control leaves, the Q 
B
  non-

reducing centers were found to be 13% which became 31% in 0.5 M salt treatment. 

  Fig. 5.7    Important characteristics of PS II alpha ( a ) and beta ( b ) and gamma ( g ) centers       
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In leaves treated with 0.5 M NaCl no recovery was observed and the number of 
non Q 

B
  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  fl uorescence induction curve 
was calculated by the equation [B = ∫(Fm − Ft)dt], where B is the double normalized 
(between 0 and 1) kinetics of complementary area (Strasser et al.  2000  ) . The B 
kinetics of the  fi rst light pulse was  fi tted with three exponentials which correspond 
to three different types of PS II centres (PS II  a ,  b  and  g  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  a  component was found to be 0.41 ms, contrib-
uting to 71% of the total amplitude. The  b  component was about 3.8 fold slower 
(life time ~1.34 ms) and contributed to about 27% of the total amplitude. The  g  
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  a  
centers decrease while that of  b  and  g  centers increase. The relative ratio of  a :  b :  g  
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  g  centers were interconvertible to most extent.  

 It is known that the relative variable  fl uorescence [(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 

 a 
  showed a non-exponential (sigmoid) rise while PSII 

 b 
  were characterized by 

an exponential rise of the time course of complementary area (CA) whereas (Melis 
and Homann  1976  ) . The non-exponential  fl uorescence rise of PSII 

 a 
  is generally 

re fl ects energetic connectivity between these PSIIs while the exponential rise for 

   Table 5.1    Amounts of Q 
B
  non reducing and Q 

B
  reducing centers in response to high salt stress in 

wheat leaves   
 NaCl Concentration (M)  % of Q 

B
  non-reducing centers  % of Q 

B
  reducing centers 

 Control  13 ± 1  87 ± 2 
 0.1  14 ± 1  86 ± 2 
 0.2  20 ± 1  80 ± 2 
 0.3  22 ± 1  78 ± 1 
 0.4  24 ± 1  76 ± 2 
 0.5  31 ± 1  69 ± 3 
 Recovery  31 ± 1  69 ± 2 
 1.0  34 ± 1  66 ± 3 
 Recovery  33 ± 1  67 ± 3 
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PSII 
 b 
  re fl ected the mutual energetic separation of these PSII. In salt stressed leaves, 

the  a  component (sigmoidal phase) of chlorophyll  a   fl uorescence induction curve 
decreased while the  b  component (exponential phase) increased (Mehta et al. 
 2010b  ) . A loss in connectivity also re fl ects that the fraction of closed RCs i.e. Q 

B
 -

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 (Krüger et al.  1997 ; Strasser  1987 ; 
Strasser et al.  2000  )  which help to calculate speci fi c energy  fl uxes. 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 

A
  reduc-

ing) reaction centers. The parameter TRo/RC refers only to the active (Q 
A
  to Q 

A
 ̄) 

centers (Force et al.  2003  ) . Under high salt stress, the  fl ux 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 

A
 , increased indicating that all the Q 

A
  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 
A
 ̄  is 

inhibited so that Q 
A
  cannot transfer electrons ef fi ciently to Q 

B
 . The parameter DIo/

RC re fl ects 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,  fl uorescence and energy transfer to other systems. It is also in fl uenced 
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  fl ux 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 

B
  non-reducing centers and a change in the relative amounts of  a ,  b  and  g  cen-

ters were caused by an increase in the salt concentration. Salt stress led to the con-
version of the active  a  or center into inactive  b  and  g  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 signi fi cantly 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  a ,  b  and  g  centers and an 
increase in the relative amounts of Q 

B
  non-reducing centers. High salt stress leads to 

the conversion of the active  a  centers into inactive  b  and  g  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  fi eld where plant experiences multiple stresses 
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simultaneously. However in  fi eld studies it is dif fi cult to distinguish between 
effects of individual stress. Study of individual stress in lab and in  fi eld 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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          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 Läuchli  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 modi fi cations 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 signi fi cance. 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 in fl uenced 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  

3
  -  ) or bicarbonates of calcium, magnesium, sodium, and potassium; 

in this chapter, we will concentrate mainly on NaCl 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 pro fi le (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 

3
 ) 

2
  decomposes into solid calcium carbonate (lime), CO 

2
  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 in fl uence 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 Cl − ) in the substrate. 
These interactions often lead to Na + -induced Ca 2+  and/or K +  de fi ciencies and Ca 2+ -
induced Mg 2+  de fi ciencies (Grattan and Grieve  1992 ; Chhabra  1996  ) . Soil salinity 
signi fi cantly reduces the absorption of mineral nutrients, especially phosphorus 
(P), because phosphate ions precipitate with Ca 2+ , Mg 2+  and Zn 2+  ions in saline soils 
and become unavailable to plants. 

 Salt anions, such as chloride, can affect soil physical properties by causing  fi ne 
particles to bind together into aggregates, a process known as  fl occulation, which 
is potentially bene fi cial 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 in fi ltration, in fl uencing resource availability and root forag-
ing negatively. The major implication associated with decreased in fi ltration 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  fl ow (Norrström 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  fi eld 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 arti fi cial 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  fl uctuating groundwater levels. 
Thus, plants with distinct sources of water and nutrients are able to take up these 
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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 in fl uence 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 signi fi cantly, 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  fi ne root biomasses of two olive varieties were 
signi fi cantly 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 
in fl uence the root: shoot ratio (Van der Werf and Nagel  1996 ; Rahayu et al.  2005  ) . 
There are also reports that salinity modi fi es 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 ef fi ciency 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 Kafka fi   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 con fi rmed 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 Läuchli  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 ligni fi cation (see below) solidi fi es 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 2+  levels can increase 
root (and leaf) growth is especially well established (Neumann  1995  ) . For example, 
Cramer et al.  (  1988  )  found that treatment with Ca 2+  after the addition of NaCl par-
tially restored  Zea mays  root growth; pre-treatment with Ca 2+  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 2+ , in a salt-resistant and a salt-
sensitive melon variety, respectively. 

 Very little is known concerning the in fl uence 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  fi rst 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 ; Sha fi  et al. 
 2010  ) . In  Populus  spp., the root diameter increment was signi fi cantly 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 

2
  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 speci fi c root length and areas), a likely cost of thicker roots is a 
reduced rate of nutrient uptake. Similar to  fi ndings on root elongation, some studies 
have indicated a strong in fl uence 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 
modi fi ed or absent by the presence of Ca 2+  (Evlagon et al.  1990  ) . Future studies are 
needed to determine the (species-speci fi c) 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 speci fi c 
root length (SRL) and the speci fi c root area (SRA). Higher speci fi c 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 “ fi neness” of the absorp-
tive roots might be linked to a suite of traits in fl uencing 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 signi fi cantly 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 signi fi cantly reduced under salinity, while the SRA of root 
orders  fi ve and six did not change signi fi cantly. 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 de fi ning 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 signi fi cant component of total root resistance under salinity (Passioura  1977 ; 
Rewald et al.  2011c  ) , then root branching could signi fi cantly in fl uence 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 Kafka fi   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  NAC2  transcription factor and other auxin-response genes are up-regulated by 
NaCl, and its over-expression causes increased LR formation, speci fi cally 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”; Pagès 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  fi rst, 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  fi rst 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 ef fi ciency (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 

root
  may be >50% of NPP 

total
 , with  fi ne roots comprising a substantial part 

of total belowground NPP (Nadelhoffer and Raich  1992  ) . On the global scale, root 
turnover is primarily in fl uenced 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  fi ne 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 speci fi c 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 in fl uence of salinity on root turnover rates are 
scarce, salt stress increased the root senescence in  Solanum lycopersicum  var. 
UC82B, while the root senescence was not in fl uenced 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 −1 ) for 11 years. Both varieties exhibited a reduced  fi ne 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 ef fi cient carbon use below ground. Thus, root turnover rates 
and the ability of the  fi ne root system to resist the deleterious effects of salinity 
seemed to affect the salt resistance of plants by in fl uencing water uptake and carbon 
allocation. In contrast, Ramoliya and Pandey  (  2006  )  suggested that increased root 
turnover could be bene fi cial 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  fi ndings 
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 in fl ux 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 in fl uenced 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 identi fi ed 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 

2
 O 

2
  in salt-stressed  Lycopersicon esculentum  root mito-

chondria (Mittova et al.  2004  ) ; Kawasaki et al.  (  2001  )  identi fi ed 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 

2
 O 

2
  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 in fl uences 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  ×  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-speci fi c 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 
speci fi c species, salt and nutrient composition, and the synergism with other stresses 
makes it dif fi cult 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  fi xed by plants, and this  fi gure 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 signi fi cant 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 signi fi cantly 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 speci fi c 
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 KCl 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 

2
 SO 

4
  increased root respiration 

by less than 20%. In the salt-tolerant  Hordeum  cultivar, 10 mM NaCl or KCl 
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  fi rst 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 in fl uence of salt stress on root cell num-
bers and cell sizes. Bernstein and Kafka fi   (  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 ligni fi ed 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 ligni fi cation (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 
ligni fi cation (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 modi fi cations 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, López-Pérez 
et al.  (  2007  )  found that phi thickenings increased in salt-stressed  Brassica oleracea  
plants. Both the modi fi cation of lignin levels and the development of phi thickenings 
are considered to be controversial modi fi cations under salinity stress, and further 
research is needed to explain their adaptive signi fi cance.  

    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 modi fi ed 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 signi fi cantly 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  ) . 
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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  fi rst 
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 NaCl 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 signi fi cant change in the number of cortical cell layers, but it was 
the size of the affected cells which induced modi fi ed 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 modi fi ed cortex sizes or stele to cortex ratios have 
regulatory functions for salt retention or  fl ow 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 back fl ow 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- fl ow 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/ligni fi cation 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 intensi fi ed 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  fl ow 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 signi fi cantly 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 Cl - , 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-
speci fi c 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 

r
  values further. 

Thus, the decrease under higher concentrations of NaCl was caused either by toxic 
effects due to the accumulation of Na +  and Cl –  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 

r
  by 

27% and 72% compared to the control, respectively (Joly  1989  ) . Salinity has been 
found to reduce the Lp 

r
  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 
sun fl ower 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 

r
 ) is related to the relative root biomass and root to shoot ratios. Rewald 

et al.  (  2011d  )  found higher sap  fl ow densities in the coarse roots of a salt-tolerant 
 Olea europaea  variety which possessed higher  fi ne root biomasses than a salt-
sensitive variety under moderate saline irrigation (4.2 dS m −1 ). 

 Water transport within plants can be divided into several discrete steps, one of 
which is radial  fl ow 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  fl ow in the plant 
(Steudle and Peterson  1998  ) . The current model of radial water  fl ow identi fi es 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 
dif fi cult to separate and both use membrane transporters (“aquaporins”, see below). 
Several reports have shown intra- and inter-speci fi c 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 
in fl uence 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 

r
 ) 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 

r
  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 de fi ciencies, strongly 
in fl uence Lp 

r
  (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  fl ow 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 
ligni fi ed 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 in fl uences 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 

r
  and certain highly expressed PIP transcripts in  Arabidopsis thaliana . The often 

observed initial decrease of Lp 
r
  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- fl ow of water to the stele (López-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) 
(López-Berenguer et al.  2006  ) , which is directly related to water  fl ow 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 (López-Pérez et al.  2007  ) . 

 Because salinity can in fl uence 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  fl ux rates of root-branches under salinity was mainly caused 
by a signi fi cant reduction (>80%) of the water uptake by root tips (Rewald et al. 
 2012  ) . The degree of  fl ux reduction was in accordance with measurements on apical 
segments of corn roots, among which Lp 

r
  was reduced by 80% under salinity 

(Evlagon et al.  1990  ) . Furthermore, if salinity decreased branching and if axial 
resistance is a signi fi cant component of total root resistance (Passioura  1972  ) , then 
Lp 

r
  based on radial resistance would underestimate the true value if membrane per-

meability remained unchanged. 
 Salt stress modi fi es primary and secondary xylem differentiation (see above), 

and Sánchez-Aguayo et al.  (  2004  )  found that the average number of ligni fi ed cells 
in vascular bundles was signi fi cantly 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 2+ , Na + /K + , Na + /Mg 2+ , Cl - /NO  

3
  -  , and Cl - /

H 
2
 PO  

4
  -  , 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 2+  or K + -de fi ciencies, or 
both, and Ca 2+ -induced Mg 2+ -de fi ciencies (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 modi fi ed 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 
(Alemán 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-af fi nity (i.e. channels) and high-af fi nity transporters 
(e.g. HAK1-type) for potassium uptake from the growth medium (Alemán et al. 
 2011  ) . Because high af fi nity transporters allow for a higher K + /Na +  discrimination 
than low af fi nity systems, root cells were suggested to shift from low to high af fi nity 
K +  uptake under salinity. Indeed, increased K + /Na +  discrimination of a high af fi nity 
potassium transporter (HKT1) from wheat has been shown to increase the salt toler-
ance of yeast strains de fi cient 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 ; Alemán et al.  2011  and references within); the high-af fi nity 
potassium transporter (HAK1) in barley allows sodium permeation (Santa-Maria 
et al.  1997  ) . However, in the halophyte  Tellungiella halophila , salinity decreased 
HAK5 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 (Alemán 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 de fi ciency rapidly inhibits plant growth. 
While saline conditions may reduce soil-N mineralization under severe salinity, 
thus lowering the N availability (Laura  1977  ) , a reduced 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- fl ow (Hu and Schmidhalter  2005  ) . 
However, some studies showed that salinity instead reduces the NO  

3
  −   concentra-

tions without affecting the total N content, and that the addition of NO  
3
  −   results in a 

reduction in Cl –  uptake and accumulation due to NO  
3
  −  /Cl –  antagonism (Hu and 

Schmidhalter  2005  and references within). While the N form might in fl uence the 
sensitivity of the plant to salinity, for example, indirectly via NH  

4
  +  -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-af fi nity transport system for NH  

4
  +   and/or NO  

3
  −   (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  fi xation capacity (Delgado et al.  1994  and references within) and indirectly 
by reducing available carbon (Brugnoli and Lauteri  1991  ) . Decreased N 

2
   fi xation 

may be due, in part, to the salt-induced decrease in bacteroid O 
2
  uptake capacity, 

respiration and leghemoglobin content (Delgado et al.  1994  ) ; leghemoglobins are 
monomeric, soluble proteins that conduct O 

2
  to the bacteroids at a low constant 

concentration, protecting nitrogenase against O 
2
  damage while allowing oxidative 

phosphorylation. For improving symbiotic nitrogen  fi xation 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 Läuchli  (  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  32 P 
transport within the roots and from the roots to the shoots in the salt treatment in 
 Gossypium hirsutum  and  Lactuca sativa  (Martinez and Läuchli  1994 ; Martinez 
et al.  1996  ) . Although P de fi ciency under salinity is highly species-speci fi c, salinity 
inhibited P uptake, in general, more severely at a low P concentration than at a high 
P concentration (Martinez and Läuchli  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 ef fl ux 
of some micro-nutrients. For example, the aquaporin Lsi1 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 ef fl ux 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 signi fi cant 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 
signi fi cance, 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-speci fi c 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 identi fi ed, root system traits of salt resistance 
plant species could be used for future breeding efforts.      
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          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., in fl uence 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  fi elds 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-suf fi ciency (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  fl ooded conditions and the 
standing water in  fi elds 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 ; Rodríguez 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 signi fi cance 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  fl oodwater. 

 Signi fi cant 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 

 Ionic 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 ). 

 Ionic 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 
Cl −  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 Cl −  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 ef fi cient 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 +  ef fl ux brings a change in plasma membrane permeability by 
displacing Ca 2+  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 +  in fl ux and ef fl ux 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 
 fi ndings 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 ef fi cient 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 OsHKT2) in shoots than in roots of salt-tolerant cv. 
Pokkali has been reported although, OsHKT2;2 (K + -Na +  coupled transporter) 
does not mediate K + -in fl ux 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 + , Cl - , 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 

 LeeI 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 identi fi ed 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  fi rst line of defense in the ROS scavenging, converts superoxide radical to H 

2
 O 

2
  

(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 
et al.  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 

2
 O 

2
  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 glyII 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 

2
 O 

2
  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 
Cl -  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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          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 
 fl ow 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  fi rst, 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  fl ies, 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  fi rst AQP described the mammalian 
AQP1‘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 classi fi ed 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  fi rst high-resolution images of the three-dimensional structure of AQP1. 
Further studies using supercomputer simulations have identi fi ed 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  fi rst 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  fi ve 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  fl ows 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  fi lter’ or ar/R selectiv-
ity  fi lter (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 traf fi cking 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 (Leitão et al. 
 2012  ) . When plant roots are exposed to mercuric chloride (HgCl 

2
 ), which is known 

to inhibit AQPs, the  fl ow of water is greatly reduced while the  fl ow 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 (TIP), 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  fi ve 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 identi fi ed in land plants, and named X (for unrecognized) intrinsic proteins 
(XIPs). 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 

2
 , 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 identi fi ed (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 identi fi ed (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  fl ux of water and small sol-
utes across the vacuolar membrane which suggests that AQPs participate in all 
these processes. Consequently, the  fi rst proteins with AQP function in plants were 
identi fi ed in vacuolar membranes from  Arabidopsis thaliana  (Johnson et al.  1990 ; 
Maurel et al.  1993  ) . This tonoplast intrinsic protein (TIP1;1, initially named  g -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 puri fi ed plasma membranes 
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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  fl ow in response to osmotic 
challenges like drought or salinity for a plant cell. Gerbeau et al.  (  1999  )  reported 
water  fl ux which led to an increased permeability of solutes like urea and glycerol 
in puri fi ed tobacco tonoplast vesicles as compared to plasma membrane vesicles. 
Recent studies revealed the potential contribution of TIPs in transportation of NH  

4
  +  /

NH 
3
  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  )  identi fi ed 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 signi fi cant 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- fi xing 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 ef fl ux. 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 et al.  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  fi lter are similar but PIP1 and PIP2 differ in their 
permeability properties and cellular functions (Wallace and Roberts  2004  ) . Members 
of PIP2 subgroup are more ef fi cient 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-Horse fi eld 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 

2
  (Uehlein et al .   2003  ) .  Hordeum vulgare  PIP2;1 and tobacco PIP1 appear to 

transport CO 
2
  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,  fl oral 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 identi fi ed 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 modi fi cations 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  fl ow 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 identi fi ed 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 de fi ned 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 speci fi c 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 

2
 O 

2
 ), metalloids, organic acids and gaseous com-

pounds such as ammonia (NH 
3
 ) and carbon dioxide (CO 

2
 ). 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 

2
  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 identi fi ed as important selectiv-
ity  fi lters. One such constriction is formed by the NPA region. Water molecules 
form a single  fi le 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  fi eld provide bases for blockade of proton conduction across the 
gated channels (de Groot et al.  2003  ) . A second constriction, called Ar/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  fi lter, 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 speci fi c to the R constriction, cat-
egorization of AQPs depending on this structural motif offers a constructive tool to 
envisage substrate speci fi cities. A simulative modelling approach, based on the 
presence of four residues in the pore region that form the R site, has resulted in the 
classi fi cation 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 af fi nities to  Hs AQP1, 
indicating their major role as water channels. 
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 The detection of  At TIP1; 1 which is the  fi rst 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 puri fi ed tobacco suspension cells for analyzing water transport abilities in TP 
vesicles. Further; experiments on isolated vacuoles from different plants con fi rmed 
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  Mc TIP1;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 dif fi cult 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  Sl TIP2; 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  fi eld trials under normal conditions as well as under salt or drought stress condi-
tions. On the other side, over-expression of  Sl TIP2; 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  fl uctuating changes indicated a de fl ection 
from isohydric behaviour to anisohydric behavior. In the case of the transgenic 
tomato plants, it was hence thought that vacuolar over-expression of  Sl TIP2; 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 
 Nt TIPa (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  At TIP1;1,  At TIP1;2,  At TIP1;3,  At TIP2;1, 
 At TIP4;1 and  At TIP5;1 (Liu et al.  2003 ; Soto et al.  2008  ) . Plants also harbour a 
high-af fi nity urea transporter belonging to the sodium solute transporter protein 
family (Kojima et al.  2006  ) . The transport of NH 

3
  was reported for members of the 
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TIP2 subfamily from wheat ( Ta TIP2; 1) and  Arabidopsis  ( At TIP2; 1,  At TIP2; 3) 
(Jahn et al.  2004 ; Loque et al.  2005  )  and more recently for  At TIP1; 2 (Dynowski 
et al.  2008  ) . TIPs might rather play a role in subcellular partitioning of NH 

3
  and 

contribute to the detoxi fi cation of excess amounts of NH 
3
  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  At TIP1;2,  At TIP2;1 
and  At TIP4;1 in roots and seedlings of  Arabidopsis  was up-regulated under condi-
tions of nitrogen de fi ciency (Liu et al.  2003  )  while  At TIP2;1 and  At TIP2;3 showed 
an ammonium-induced up regulation (Loque et al.  2005  ) . Similarly, AQPs for H 

2
 O 

2
  

include  At TIP1; 1,  At TIP1; 2 and  At TIP2; 3 as (Bienert et al.  2007 ; Dynowski et al. 
 2008  ) . In plants, H 

2
 O 

2
  serves as a signalling molecule and it has been proposed that 

AQPs themselves could be subjected to H 
2
 O 

2
 -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 speci fi cally high degree of sub cellular compartmentation. As a result 
of this diversi fi cation of functions, the cell organelles exhibit a huge facade of 
speci fi c 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-speci fi c 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 dif fi cult to understand the 
organelle- and/or isoform-speci fi c 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  fl uorescence 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 speci fi c sub cellular membranes. Very less is 
known about signal targeting of plant membrane proteins inclusive of AQPs. The 
early classi fi cation of plant AQPs in so-called PIPs and TIPs also indicates the 
possibility that the  fi nal 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 in fl uenced by a wide range of determinants, including targeting 
motifs, post-translational modi fi cations and protein–protein interactions. Although 
the progress has mostly concerned the traf fi cking of PIPs to the plasma membrane 
(PM), it indicates a variety of mechanism that is expected to determine traf fi cking 
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 modi fi cations, 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 
re fi ned to understand in more detail the versatility and functional  fi ne-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 identi fi ed 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 speci fi c 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 puri fi ed 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 
 fl uxes 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  fl exible 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 re fl ects 
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 

2
  into the stroma of the chloroplast, photosynthesis can be limited 

by the stomatal conductance and also by the mesophyll (or internal) conductance to 
CO 

2
 . Terashima and Ono  (  2002  )  showed that mercurial compounds, which act as 

general and nonspeci fi c 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 

2
 . The implication of this transport property was eventually 

established by analysing transgenic tobacco plants that over expressed, or were 
de fi cient in,  Nt AQP1. These materials revealed a strong relationship between the 
changing levels of  Nt AQP1 and the corresponding  g m values (Flexas et al.  2008 ; 
Uehlein et al.  2003  ) . A mutant  Arabidopsis thaliana AtPIP1; 2  gene, has been 
characterized as a CO 

2
  transport-facilitating aquaporin in heterogonous expression 

systems with reduction in photosynthesis under the in fl uence of varied atmospheric 
CO 

2
  concentrations (Heckwolf et al.  2011  ) . Speci fi c aquaporins as membrane intrin-

sic pore proteins are now known to have a function in the alteration of membrane 
CO 

2
  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 been recently detected in inner 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-speci fi c proteins (nodulins) of soybean ( Glycine max ),  Gm NOD26 was 
identi fi ed as one of the most abundant proteins of the peribacteroid membrane 
(Fortin et al.  1987  ) . This nodulin was actually the  fi rst 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 Lsi1 (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 speci fi c for certain cell types and organs however, their expression vary 
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diurnally and in response to environmental or developmental in fl uences. 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  fl ow (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 
 fl uctuations 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  fl uctuations 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 2+  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 4–7 amino 
acid residues, related to PIP subfamily, which caps the pore of the aquaporin occlud-
ing the pore from the cytosol (Tornroth-Horse fi eld 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 modi fi cation 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 traf fi c 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  ) , speci fi c 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 speci fi c activities like transport of ammonia and other sub-
stances (Tyerman et al.  2002 ; Luu and Maurel  2005  ) , such as CO 

2
  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  fl ow 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 de fi cit 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 speci fi c type 
and intensity of stress. 

 Due to variation in AQPs abundance and activity, the plants could enhance rap-
idly water  fl ux 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 in fl ow 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 

leaf
 ) increases in response to enhanced 

demand of water due to stomatal opening (   Tsuda and Tyree  2000  ) . K 
leaf

  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 

leaf
  in dark is associated with down-regulation of JrPIP2 AQP, whereas high K 

leaf
  in 

light was due to up-regulation of JrPIP2. Similar results were analyzed by Tyree 
et al.  (  2005  ) , where increase in K 

leaf
  was observed by irradiance, which was induced 

by  de novo  expression of aquaporins. Enhancement in K 
leaf

  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 ; Martínez-Ballesta et al.  2000  ) . It was reported that NaCl could in fl uence 
negatively the function of AQPs, thus the water channels could be strongly reduced 
in number. AQPs help in mediating the mass  fl ow 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  fl ow. 
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  fl ow 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 de fi cit conditions tonoplast AQP gene is expressed for 
precise regulation of water in cauli fl ower 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 pro fi le 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 signi fi cance 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 modi fi cation 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  

3
  −   and NH  

4
  +   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 speci fi c 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 

2
  assimilation rate increased in leaves over-expressing 

AtPIP1;2 (PIP1b) or NtAQP1(   Aharon et al.  2003 ;    Uehlein et al.  2003  ) . 
 The  fi rst 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 Fps1p 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 ef fl ux of As(OH) 

3
  

approximately 15–20% of total Arsenic toxi fi cation and thus indicate that plant 
aquaporins help in the arsenic detoxi fi cation.  

    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  fi nd 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 
 fl ow 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 speci fi c 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,  fl owering, 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 
2
  diffusion. As it has been found 

that aquaporins has role in CO 
2
  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 

2
  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  fi rst plant NIP identi fi ed is  Gm NOD26 is found to be symbiotically expressed 
to nitrogen- fi xing nodules formed after infection of soybean by  Rhizobiaceae  bac-
teria. There is a 55% increase in  L p 

r
  (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 de fi cit (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  Mc TIP1; 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 puri fi ed 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 AtNIP5; 1 is essential for the uptake of boron under boron limiting conditions 
(Takano et al .   2006  ) . The  fi rst 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 in fl uences 
the opening and closing of stomata and it affects the transpiration. The transcript 
abundance of SunTIP7 (a TIP homolog), in the Sun fl ower 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 ef fl ux 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  fl ow 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  

leaf
 ) decreases under drought stress, possibly in response to Abscisic 

acid (ABA), which increases sharply in the xylem sap (ABA 
xyl

 ) during periods of 
drought (Shatil-Cohen et al.  2011  ) . 

 Further, the study revealed that vascular bundle-sheath cells (BSCs) control  K  
leaf

  
 via  the speci fi c activity of BSC-AQPs. ABA fed to the leaf  via  the xylem (petiole) 
both decreased  K  

leaf
  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  

leaf
  within 2–3 h of application, demonstrating that  K  

leaf
  does not depend 

entirely on stomatal closure. The BSCs showed decreased  P  
f
  in response to ‘drought’ 

and ABA treatment, and a reversible decrease with HgCl 
2
  (an AQP blocker). These 

 P  
f
  responses, absent in mesophyll cells, suggest stress-regulated AQP activity 

speci fi c to BSCs, and imply a role for these cells in decreasing  K  
leaf

   via  a reduction 
in  P  

f
  (Shatil-Cohen et al.  2011  ) . The H 

2
 O 

2
 -regulated expression levels of all plasma 

membrane AQPs of  Arabidopsis thaliana  (AtPIPs) and the permeability of every 
AtPIP for H 

2
 O 

2
  was determined in yeast by Hooijmaijers et al.  (  2012  ) . It was 

observed that only certain isoforms of AtPIPs that were regulated by H 
2
 O 

2
  treatment 

were permeable for H 
2
 O 

2
  in yeast cells. It was further suggested the integrated regu-

lation of AQP expression by H 
2
 O 

2
  and emphasized the importance of capacity of 

individual AQP to transport H 
2
 O 

2
 .  

    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 Rma1H1 (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 
signi fi cance 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  fl ow 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 signi fi cant 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 signi fi cant 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 signi fi cant 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 
 fl ooding 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 2+  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  fi xing bacteria (diazotrophs) with plant roots is a symbiotic 
relationship which is bene fi cial to both (it is called mutualism), in which nitrogen is 
converted into ammonia by enzyme nitrogenase. The reaction is:

     
+ −+ + → +2 3 2N 8H 8e  2NH H     

 Ammonia produced in this way is used by the plant and the bacteria in turn get 
shelter and nutrients from plant roots. G m NOD26, the plant aquaporin to be identi fi ed 
 fi rst, is expressed in nitrogen  fi xing nodules formed in soybean roots due to the infec-
tion by  Rhizobiaceae  bacteria (Wallace et al.  2006  ) . G m NOD26 is a peribacteroid 
membrane component (this is a plant origin membrane that covers the bacteroid and 
so helps in exchanges with the root cell). G m NOD26 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 re fl exa.  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 
signi fi cant enhancement in the apoplastic water  fl ow 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 −1  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 −1  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 
identi fi ed 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 −1  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 −1  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 −1  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  

1/2
  w  ) 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 speci fi c 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 speci fi c 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  L pr reduction by 70% as a result of NaCl exposure. The fact that residual 
 L pr 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  HvPIP1; 6  transcripts in response to salt may re fl ect 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 to15 days) has been found (Marulanda et al.  2010 ; Muries et al.  2011  ) , 
indicating cell-to-cell pathway. Cellular and membrane modi fi cations 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. ( 2009c ) investigated effect of phos-
phorus de fi ciency on ethylene production and Lpr in  Medicago falcata  L. It was 
concluded that ethylene induced by Phosphorous de fi ciency 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 identi fi ed 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 2+  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 2+  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 scienti fi c 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  fl ow, 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 
speci fi c role in water and solute transport, interaction with other AQPs, expression 
and post translational modi fi cations 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 
signi fi cance 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 speci fi city and fundamental 
mechanisms of subcellular traf fi cking of AQPs must be focused.      



238 R. Bhardwaj et al.

      References 

    Agre P (1998) Aquaporin null phenotypes: the importance of classical physiology. Proc Natl Acad 
Sci USA 95:9061–9063  

    Agre P (2006) The aquaporin water channels. Proc Am Thoroc Soc 3:5–13  
    Aharon R, Shahak Y, Wininger S, Bendov R, Kapulnik Y, Galili G (2003) Overexpression of a 

plasma membrane aquaporin in transgenic tobacco improves plant vigor under favorable 
growth conditions but not under drought or salt stress. Plant Cell 15:439–447  

    Alexandersson E, Danielson JAH, Rade J, Moparthi VK, Fontes M, Kjellbom P, Johanson U 
(2010) Transcriptional regulation of aquaporins in accessions of  Arabidopsis  in response to 
drought stress. Plant J 61:650–660  

    Alexandersson E, Fraysse L, Sjövall-Larsen S, Gustavsson S, Fellert M, Karlsson M, Johanson U, 
Kjellbom P (2005) Whole gene family expression and drought stress regulation of aquaporins. 
Plant Mol Biol 59:469–484  

    Alleva K, Niemietz CM, Maurel C, Parisi M, Tyerman SD, Amodeo G (2006) Plasma membrane 
of  Beta vulgaris  storage root shows high water channel activity regulated by cytoplasmic pH 
and a dual range of calcium concentrations. J Exp Bot 57:609–621  

    Amiry-Moghaddam M, Williamson A, Palomba M, Eid T, de Lanerolle NC, Nagelhus EA (2003) 
Delayed K +  clearance associated with aquaporin-4 mislocalization: phenotypic defects in 
brains of alpha-syntrophin-null mice. Proc Natl Acad Sci USA 100:13615–13620  

    Aroca R, Bago A, Sutka M, Paz JA, Cano C, Amodeo G, Ruiz-Lozano JM (2009) Expression 
analysis of the  fi rst arbuscular mycorrhizal fungi aquaporin described reveals concerted gene 
expression between salt-stressed and nonstressed mycelium. Mol Plant Microbe Interact 22:
1169–1178  

    Aroca R, Porcel R, Ruiz-Lozano JM (2012) Regulation of root water uptake under abiotic stress 
conditions. J Exp Bot 63(1):43–57  

    Ayadi M, Cavez D, Miled N, Chaumont F, Masmoudi K (2011) Identi fi cation and characterization 
of two plasma membrane aquaporins in durum wheat ( Triticum turgidum  L. subsp. durum) and 
their role in abiotic stress tolerance. Plant Physiol Biochem 49:1029–1039  

    Azad AK, Sawa Y, Ishikawa T, Shibata H (2004) Phosphorylation of plasma membrane aquaporin 
regulates temperature-dependent opening of tulip petals. Plant Cell Physiol 45:608–617  

    Bansal A, Sankararamakrishnan R (2007) Homology modeling of major intrinsic proteins in rice, 
maize and Arabidopsis: comparative analysis of transmembrane helix association and aro-
matic/arginine selectivity  fi lters. BMC Struct Biol 7:27  

   Barzana G, Arora R, Paz JA, Chaumont F, Martinez-Ballesta MC, Carvajal M, Ruiz-Lozano JM 
(2012) Arbuscular mycorrhizal symbiosis increases relative apoplastic water  fl ow in roots of 
the host plant under both well-watered and drought stress conditions. Ann Bot. doi:  10.1093/
aob/mcsoo7 pp 1-9      

   Becker A (2011) The involvement of aquaporins in ammonia/ammonium transport across root cell 
membranes of barley ( Hordeum vulgare  L.). Thesis Master of Science Ecology and Evolutionary 
Ecology, University of Toronto  

    Beebo A, Thomas D, Der C, Sanchez L, Leborgne-Castel N, Marty F, Schoefs B, Bouhidel K 
(2009) Life with and without AtTIP1;1, an  Arabidopsi s aquaporin preferentially localized in 
the apposing tonoplasts of adjacent vacuoles. Plant Mol Biol 70:193–209  

   Benga G (2012) On the de fi nition, nomenclature and classi fi cation of water channel proteins 
(aquaporins and relatives). Mol Aspects Med, http://dx.doi.org/10.1016/j.mam.2012.04.003  

    Biela A, Grote K, Otto B, Hoth S, Hedrich R, Kaldenhoff R (1999) The  Nicotiana tabacum  plasma 
membrane aquaporin NtAQP1 is mercury-insensitive and permeable for glycerol. Plant J 
18:565–570  

    Bienert GP, Bienert MD, Jahn TP, Boutry M, Chaumont F (2011)  Solanaceae  XIPs are plasma mem-
brane aquaporins that facilitate the transport of many uncharged substrates. Plant J 6:306–317  

    Bienert GP, Muller AL, Kristiansen KA (2007) Speci fi c aquaporins facilitate the diffusion of 
hydrogen peroxide across membranes. J Biol Chem 282:1183–1192  

http://dx.doi.org/10.1093/aob/mcsoo7 pp 1-9
http://dx.doi.org/10.1093/aob/mcsoo7 pp 1-9


2398 Aquaporins: Role Under Salt Stress in Plants

    Boursiac Y, Boudet J, Postaire O, Luu DT, Tournaire-Roux C, Maurel C (2008) Stimulus-induced 
downregulation of root water transport involves reactive oxygen species-activated cell signal-
ling and plasma membrane intrinsic protein internalization. Plant J 56:207–218  

    Boursiac Y, Chen S, Luu DT, Sorieul M, Van den Dries N, Maurel C (2005) Early effects of salinity 
on water transport in  Arabidopsis  roots, molecular and cellular features of aquaporin expres-
sion. Plant Physiol 139:790–805  

    Bramley H, Turner DW, Tyerman SD, Turner NC (2007) Water  fl ow in the roots of crop species: 
the in fl uence of root structure, aquaporin activity, and waterlogging. In: Sparks DL (ed) 
Advances in agronomy. Elsevier, Amsterdam  

    Calamita G, Ferri D, Gena P, Liquori GE, Cavalier A, Thomas D, Svelto M (2005) The inner mito-
chondrial membrane has aquaporin-8 water channels and is highly permeable to water. J Biol 
Chem 280:17149–17153  

    Carvajal M, Cerda A, Martínez V (2000) Does calcium ameliorate the negative effect of NaCl on 
melon root water transport by regulating aquaporin activity? New Phytol 145:439–447  

    Carvajal M, Martinez V, Alcaraz CF (1999) Physiological function of water channels as affected 
by salinity in roots of paprika pepper. Physiol Plant 105:95–101  

    Chaumont F, Barrieu F, Herman EM, Chrispeels MJ (1998) Characterization of a maize tonoplast 
aquaporin expressed in zones of cell division and elongation. Plant Physiol 117:1143–1152  

    Chaumont F, Barrieu F, Jung R, Chrispeels MJ (2000) Plasma membrane intrinsic proteins from 
maize cluster in two sequence subgroups with differential aquaporin activity. Plant Physiol 
122:1025–1034  

    Chaumont F, Barrieu F, Wojcik E, Chrispeels MJ, Jung R (2001) Aquaporins constitute a large and 
highly divergent protein family in maize. Plant Physiol 125:1206–1215  

    Chen Z, Newman I, Zhou M, Mendham N, Zhang G, Shabala S (2005) Screening plants for salt 
tolerance by measuring Kþ  fl ux: a case study for barley. Plant Cell Environ 28:1230–1246  

    Chrispeels MJ, Maurel C (1994) Aquaporins: the molecular basis of facilitated water movement 
through living plant cells? Plant Physiol 105:9–13  

    Cochard H, Venisse JS, Barigah TS, Brunel N, Herbette S, Guilliot A, Tyree MT, Sakr S (2007) 
Putative role of aquaporins in variable hydraulic conductance of leaves in response to light. 
Plant Physiol 143:122–133  

    Daniels MJ, Mirkov TE, Chrispeels MJ (1994) The plasma membrane of  Arabidopsis thaliana  
contains a mercury-insensitive aquaporin that is a homolog of the tonoplast water channel 
protein TIP. Plant Physiol 106:1325–1333  

    de Groot BL, Frigato T, Helms V, Grubmüller H (2003) The mechanism of proton exclusion in the 
aquaporin-1 channel. J Mol Biol 333:279–293  

    Dean RM, Rivers RL, Zeidel ML, Roberts DM (1999) Puri fi cation and functional reconstitution of 
soybean nodulin-26, an aquaporin with water and glycerol transport properties. Biochemistry 
38:347–353  

    Denker BM, Smith BL, Kuhajda FP, Agre P (1988) Identi fi cation, puri fi cation, and partial charac-
terization of a novel Mr 28,000 integral membrane protein from erythrocytes and renal tubules. 
J Biol Chem 263:15634–15642  

    Dordas C, Chrispeels MJ, Brown PH (2000) Permeability and channel-mediated transport of boric 
acid across membrane vesicles isolated from squash roots. Plant Physiol 124:1349–1362  

    Dynowski M, Mayer M, Moran O, Ludewig U (2008) Molecular determinants of ammonia and 
urea conductance in plant aquaporin homologs. FEBS Lett 582:2458–2462  

   El-Mesbahi MN, Azcón R, Ruiz-Lozano JM, Aroca R (2012) Plant potassium content modi fi es the 
effects of arbuscular mycorrhizal symbiosis on root hydraulic properties in maize plants. 
Mycorrhiza. doi:  10.1007/s00572-012-0433-3      

    Farre EM (2012) The regulation of plant growth by the circadian clock. Plant Biol 14:401–410  
    Fetter K, Van Wilder V, Moshelion M, Chaumont F (2004) Interactions between plasma membrane 

aquaporins modulate their water channel activity. Plant Cell 16:215–228  
    Flexas J, Bota J, Galme´s J, Medrano H, Ribas-Carbo M (2006) Keeping a positive carbon balance 

under adverse conditions: responses of photosynthesis and respiration to water stress. Physiol 
Plant 127:343–352  

http://dx.doi.org/10.1007/s00572-012-0433-3


240 R. Bhardwaj et al.

    Flexas J, Ribas-Carbo M, Diaz-Espejo A, Galmés J (2008) Mesophyll conductance to CO 
2
 : current 

knowledge and future prospects. Plant Cell Environ 31:602–661  
    Fortin M, Morrison N, Verma D (1987) Nodulin-26, a peribacteroid membrane nodulin is expressed 

independently of the development of the peribacteroid compartment. Nucleic Acids Res 
15:813–824  

    Fortin MG, Zelechowska M, Verma DP (1985) Speci fi c targeting of membrane nodulins to the 
bacteroid-enclosing compartment in soybean nodules. EMBO J 4:3041–3046  

    Fricke W, Peters WS (2002) The biophysics of leaf growth in salt-stressed barley – a study at the 
cell level. Plant Physiol 129:374–388  

    Fricke W, Akhiyarova G, Wei W, Alexandersson E, Miller A, Kjelldorn PO, Richardson A, 
Wojciechowski T, Scheriber L, Veselov D, Kudoyarova G, Volkov V (2006) The short term 
growth response to salt of the developing barley leaf. J Exp Bot 57:1079–1095  

    Fritz M, Ehwald R (2011) Mannitol permeation and radial  fl ow of water in maize roots. New 
Phytol 189:210–217  

    Fu D, Lu M (2007) The structural basis of water permeation and proton exclusion in aquaporins. 
Mol Membr Biol 24(5–6):366–374  

    Fujiyoshi Y, Mitsuoka K, de Groot BL, Phillippsen A, Grubmuller H, Agre P, Engel A (2002) 
Structure and function of water channels. Curr Opin Struct Biol 12:509–515  

    Galmes J, Pou A, Alsina MM, Tomas M, Medrano H, Flexas J (2007) Aquaporin expression in 
response to different water stress intensities and recovery in Richter-110 ( Vitis sp. ): relationship 
with ecophysiological status. Planta 226:671–681  

    Gaspar M, Bousser A, Sissoëff I, Roche O, Hoarau J, Mahé A (2003) Cloning and characterization 
of ZmPIP1-5b, an aquaporin transporting water and urea. Plant Sci 165:21–31  

    Geldner N, Anders N, Wolters H, Keicher J, Kornberger W, Muller P, Delbarre A, Ueda T, Nakano 
A, Jürgens G (2003) The  Arabidopsis  GNOM ARF-GEF mediates endosomal recycling, auxin 
transport, and auxin-dependent plant growth. Cell 112:219–230  

    Gerbeau P, Amodeo G, Henzler T, Santoni V, Ripoche P, Maurel C (2002) The water permeability 
of  Arabidopsis  plasma membrane is regulated by divalent cations and pH. Plant J 30:71–81  

    Gerbeau P, Guclu J, Ripoche P, Maurel C (1999) Aquaporin Nt-TIPa can account for the high 
permeability of tobacco cell vacuolar membrane to small neutral solutes. Plant J 18:577–587  

    Gonen T, Walz T (2006) The structure of aquaporins. Q Rev Biophys 39(4):361–396  
    Gu R, Chen X, Zhou Y, Yuan L (2012) Isolation and characterization of three maize aquaporin 

genes, ZmNIP2;1, ZmNIP2;4 and ZmNIP4;4 involved in urea transport. BMB Rep 45(2):
96–101  

    Guan X-G, Su W-H, Yi F, Zhang D, Hao F, Zhang H-G, Liu Y-J, Feng X-C, Ma T-H (2010) NPA 
motifs play a key role in plasma membrane targeting of aquaporin-4. IUBMB Life 62(3):
222–226  

    Guenther JF, Chanmanivone N, Galetovic MP, Wallace IS, Cobb JA, Roberts DM (2003) 
Phosphorylation of soybean nodulin 26 on serine 262 enhances water permeability and is regu-
lated developmentally and by osmotic signals. Plant Cell 15:981–991  

    Gupta AB, Sankararamakrishnan R (2009) Genome-wide analysis of major intrinsic proteins in the 
tree plant  Populus trichocarpa : characterization of XIP subfamily of aquaporins from evolu-
tionary perspective. BMC Plant Biol 9:134  

    Hachez C, Chaumont F (2010) Aquaporins: a family of highly regulated multifunctional channels. 
Adv Exp Med Biol 679:1–17  

    Hachez C, Moshelion M, Zelazny E, Cavez D, Chaumont F (2006) Localization and quanti fi cation 
of plasma membrane aquaporin expression in maize primary root: a clue to understanding their 
role as cellular plumbers. Plant Mol Biol 62:305–323  

    Hanba YT, Shibasaka M, Hayashi Y, Hayakawa T, Kasamo K, Terashima I, Katsuhara M (2004) 
Overexpression of the barley aquaporin HvPIP2;1 increases internal CO 

2
  conductance and CO 

2
  

assimilation in the leaves of transgenic rice plants. Plant Cell Physiol 45:521–529  
    Heckwolf M, Pater D, Hanson DT, Kaldenhoff R (2011) The Arabidopsis thaliana aquaporin 

AtPIP1; 2 is a physiologically relevant CO 
2
  transport facilitator. Plant J 67:795–804  



2418 Aquaporins: Role Under Salt Stress in Plants

    Henzler T, Waterhouse RN, Smyth AJ, Carvajal M, Cooke DT, Schäffner AR, Steudle E, Clarkson 
DT (1999) Diurnal variations in hydraulic conductivity and root pressure can be correlated with 
the expression of putative aquaporins in the roots of  Lotus japonicus . Planta 210:50–60  

    Henzler T, Ye Q, Steudle E (2004) Oxidative gating of water channels (aquaporins) in  Chara  by 
hydroxyl radicals. Plant Cell Environ 27:1184–1195  

    Henzler T, Steudl E (2000) Transport and metabolic degradation of hydrogen peroxide in  Chara 
corallina : model calculations and measurements with the pressure probe suggest transport of 
H 

2
 O 

2
  across water channels. J Exp Bot 51:2053–2066  

    Herrera M, Hong NJ, Garvin JL (2006) Aquaporin-1 transports NO across cell membranes. 
Hypertension 48:157–164  

    Holbrook NM, Zwieniecki MA (1999) Embolism repair and xylem tension. Do we need a miracle? 
Plant Physiol 120:7–10  

    Holm LM, Jahn TP, Moller AL, Schjoerring JK, Ferri D, Klaerke DA, Zeuthen T (2005) NH 
3
  and 

NH 4+  permeability in aquaporin expressing  Xenopus  oocytes. P fl ugers Arch 450:415–428  
    Hooijmaijers C, Rhee JY, Kwak KJ, Chung GC, Horie T, Katsuhara M, Kang H (2012) Hydrogen 

peroxide permeability of plasma membrane aquaporins of  Arabidopsis thaliana . J Plant Res 
125:147–153  

    Horie T, Kaneko T, Sugimoto G, Sasano S, Panda SK, Shibasaka M, Katsuhara M (2011) 
Mechanisms of water transport mediated by PIP aquaporins and their regulation via phospho-
rylation events under salinity stress in barley roots. Plant Cell Physiol 52:663–675  

    Hove RM, Bhave M (2011) Plant aquaporins with non-aqua functions: deciphering the signature 
sequences. Plant Mol Biol 75:413–430  

    Hussain SS, Iqbal MT, Arif MA, Amjad M (2011) Beyond osmolytes and transcription factors: 
drought tolerance in plants  via  protective proteins and aquaporins. Biol Plant 55:401–413  

    Hwang JH, Ellingson SR, Roberts DM (2010) Ammonia permeability of the soybean nodulin 26 
channel. FEBS Lett 584:4339–4343  

    Ishikawa F, Suga S, Uemura T, Sato MH, Maeshima M (2005) Novel type aquaporin SIPs are 
mainly localized to the ER membrane and show cell-speci fi c expression in  Arabidopsis thali-
ana . FEBS Lett 579:5814–5820  

    Jahn TP, Moller AL, Zeuthen T, Holm LM, Klaerke DA, Mohsin B, Kuhlbrandt W, Schjoerring JK 
(2004) Aquaporin homologues in plants and mammals transport ammonia. FEBS Lett 574:31–36  

    Jang JY, Kim DG, Kim YO, Kim JS, Kang H (2004) An expression analysis of a gene family 
encoding plasma membrane aquaporins in response to abiotic stresses in  Arabidopsis thaliana . 
Plant Mol Biol 54:713–725  

    Jang JY, Lee SH, Rhee JY, Chung GC, Ann SJ, Kang H (2007) Transgenic  Arabidopsis  and 
Tobacco plants overexpressing an aquaporin respond differently to various abiotic stresses. 
Plant Mol Biol 64:621–632  

    Janz D, Behnke K, Schnitzler JP, Kanawati B, Schmitt-Kopplin P, Polle A (2010) Pathway analysis 
of the transcriptome and metabolome of salt sensitive and tolerant poplar species reveals evo-
lutionary adaption of stress tolerance mechanisms. BMC Plant Biol 10:150  

    Javot H, Lauvergeat V, Santoni V (2003) Role of a single aquaporin isoform in root water uptake. 
Plant Cell 15:509–522  

    Johanson U and Gustavsson S (2002) A new subfamily of major intrinsic proteins in plants. Mol 
Biol Evol 19:456–461  

    Johanson U, Karlsson M, Johansson I, Gustavsson S, Sjovall S, Fraysse L, Weig AR, Kjellbom P 
(2001) The complete set of genes encoding major intrinsic proteins in  Arabidopsis  provides a 
framework for a new nomenclature for major intrinsic proteins in plants. Plant Physiol 126:
1358–1369  

    Johansson I, Karlsson M, Shukla VK, Chrispeels MJ, Larsson C, Kjellbom P (1998) Water trans-
port activity of the plasma membrane aquaporin PM28A is regulated by phosphorylation. Plant 
Cell 10:451–460  



242 R. Bhardwaj et al.

    Johansson I, Larsson C, Ek B, Kjellbom P (1996) The major integral proteins of spinach leaf 
plasma membranes are putative aquaporins and are phosphorylated in response to Ca 2+  and 
apoplastic water potential. Plant Cell 8:1181–1191  

    Johnson KD, Hofte H, Chrispeels MJ (1990) An intrinsic tonoplast protein of protein storage vacu-
oles in seeds is structurally related to a bacterial solute transporter (GIpF). Plant Cell 2:525–532  

    Kaldenhoff R, Fischer M (2006) Functional aquaporin diversity in plants. Biochim Biophys Acta 
1758(8):1134–1141  

    Kaldenhoff R, Grote K, Zhu JJ, Zimmermann U (1998) Signi fi cance of plasmalemma aquaporins 
for water-transport in  Arabidopsis thaliana . Plant J 14:121–128  

   Kaldenhoff R (2012) Mechanisms underlying CO 
2
  diffusion in leaves. Curr Opin Plant Biol 

http://dx.doi.org/10.1016/j.pbi.2012.01.011  
    Kamal AHM, Kim KH, Shin KH, Choi JS, Baik BK, Tsujimoto H, Heo HY, Park CS, Woo SH 

(2010) Abiotic stress responsive proteins of wheat grain determined using proteomics tech-
nique. Austr J Crop Sci 4(3):196–208  

    Kanai S, Moghaieb RE, El-Shemy HA, Panigrahi R, Mohapatra PK, Ito P, Nguyen NT, Saneoka H, 
Fujita K (2011) Potassium de fi ciency affects water status and photosynthetic rate of the vegeta-
tive sink in green house tomato prior to its effects on source activity. Plant Sci 180:368–374  

    Karlsson M, Johansson I, Bush M, McCann MC, Maurel C, Larsson C, Kjellbom P (2000) An 
abundant TIP expressed in mature highly vacuolated cells. Plant J 21:83–90  

    Katsuhara M, Akiyama Y, Koshio K, Shibasaka M, Kasamo K (2002) Functional analysis of water 
channels in barley roots. Plant Cell Physiol 43:885–893  

    Katsuhara M, Koshio K, Shibasaka M, Hayashi Y, Hayakawa T, Kasamo K (2003) Over-expression 
of a barely aquaporin increased the shoot/root ratio and raised salt sensitivity in transgenic rice 
plants. Plant Cell Physiol 44:1378–1383  

    Katsuhara M, Rhee JY, Sugimoto G, Chung GC (2011) Early response in water relations in fl uenced 
by NaCl re fl ects tolerance or sensitivity of barley plants to salinity stress via aquaporins. Soil 
Sci Plant Nutr 57(1):50–60  

    Kirch HH, Vera-Estrella R, Golldack D, Quigley F, Michalowski CB, Barkla BJ, Bohnert HJ 
(2000) Expression of water channel proteins in  Mesembryanthemum crystallinum . Plant 
Physiol 123:111–124  

    Klebl F, Wolf M, Sauer N (2003) A defect in the yeast plasma membrane urea transporter Dur3p is 
complemented by CpNIP1, a Nod26-like protein from zucchini ( Cucurbita pepo  L.), and by 
 Arabidopsis thaliana  delta-TIP or gamma-TIP. FEBS Lett 547:69–74  

    Knepper MA, Nielsen S (2004) Peter Agre, 2003 Nobel Prize winner in chemistry. J Am Soc 
Nephrol 15(4):1093–1095  

    Knipfer T, Fricke W (2010) Root pressure and a solute re fl ection coef fi cient close to unity exclude 
a purely apoplastic pathway of radial water transport in barley ( Hordeum vulgare ). New Phytol 
187:159–170  

    Knipfer T, Fricke W (2011) Water uptake by seminal and adventitious roots in relation to whole-
plant water  fl ow in barley ( Hordeum vulgare  L.). J Exp Bot 62:717–733  

    Kojima S, Bohner A, von Wiren N (2006) Molecular mechanisms of urea transport in plants. J Membr 
Biol 212:83–91  

    Kuchel PW (2006) The story of the discovery of aquaporins: convergent evolution of ideas-but 
who got there  fi rst? Cell Mol Biol 52(7):2–5  

    Lee HK, Cho SK, Son O, Xu Z, Hwang I, Kim WT (2009) Drought stress-induced Rma1H1, a ring 
membrane-anchor E3 ubiquitin ligase homolog, regulates aquaporin levels via ubiquitination 
in transgenic  Arabidopsis  plants. Plant Cell 21:622–641  

   Lee SH, Chung GC, Jang JY, Ahn SJ, Zwiazek JJ (2012) Overexpression of PIP2;5 aquaporin 
alleviates effects of low root temperature on cell hydraulic conductivity and growth in 
 Arabidopsis thaliana  Plant Physiol, doi:10.1104/pp.112.194506  

    Lehto T, Zwiazek JJ (2011) Ectomycorrhizas and water relations of trees: a review. Mycorrhiza 21:
71–90  

    Leitão L, Prista C, Moura TF, Loureiro-Dias MC, Soveral G (2012) Grapevine aquaporins: gating 
of a tonoplast intrinsic protein (TIP2;1) by cytosolic pH. PLoS One 7(3):e33219. doi:  10.1371/
journal.pone.0033219      

http://dx.doi.org/10.1371/journal.pone.0033219
http://dx.doi.org/10.1371/journal.pone.0033219


2438 Aquaporins: Role Under Salt Stress in Plants

    Li RY, Ago Y, Liu WJ, Mitani N, Feldmann J, McGrath SP, Ma JF, Zhao FJ (2009a) The rice aqua-
porin Lsi1 mediates uptake of methylated arsenic species. Plant Physiol 150:2071–2080  

    Li DD, Tai FJ, Zhang ZT, Li Y, Zheng Y, Wu YF, Li XB (2009b) A cotton gene encodes a tonoplast 
aquaporin that is involved in cell tolerance to cold stress. Gene 438(1–2):26–32  

    Li X, Wang X, Yang Y, Li R, He Q, Fang X, Luu DT, Maurel C, Lin J (2011) Single-molecule 
analysis of PIP2; 1 dynamics and partitioning reveals multiple modes of  Arabidopsis  plasma 
membrane aquaporin regulation. Plant Cell 23:3780–3797  

    Li YS, Mao XT, Tian QY, Li LH, Zhang WH (2009c) Phosphorus de fi ciency-induced reduction in 
root hydraulic conductivity in  Medicago falcata  is associated with ethylene production. Environ 
Exp Bot 67:172–177  

    Ligaba A, Katsuhara M (2010) Insight into the salt tolerance mechanism in barley ( Hordeum vul-
gare ) from the comparisons of cultivars that differ in salt sensitivity. J Plant Res 123:105–118  

    LiJuan L, Fei R, PengCheng W, QiJun C, Jia C, XueChen W (2011) Identi fi cation of AtSM34, a 
novel tonoplast intrinsic protein-interacting polypeptide expressed in response to osmotic 
stress in germinating seedlings. Chinese Sci Bull 56:3518–3530  

    Liu LH, Ludewig U, Gassert B (2003) Urea transport by nitrogen-regulated tonoplast intrinsic 
proteins in  Arabidopsis . Plant Physiol 133:1220–1228  

   Lopez D, Bronner G, Brunel N, Auguin D, Bourgerie S, Brignolas F, Carpin S, Tournaire-Roux C, 
Maurel C, Fumanal B, Martin F, Sakr S, Label P, Julien JL, Gousset-Dupont A, Venisse JS 
(2012) Insights into  Populus  XIP aquaporins: evolutionary expansion, protein functionality, 
and environmental regulation. J Exp Bot. doi:  10.1093/jxb/err404      

    Lopez M, Bousser AS, Sissoeff I, Gaspar M, Lachaise B, Hoarau J, Mahe A (2003) Diurnal regula-
tion of water transport and aquaporin gene expression in maize roots: contribution of PIP2 
proteins. Plant Cell Physiol 44:1384–1395  

    Lopez-Berenguer C, Garcia-Viguera C, Carvajal M (2006) Are root hydraulic conductivity 
responses to salinity controlled by aquaporins in broccoli plants? Plant Soil 279:13–23  

    Loque D, Ludewig U, Yuan L, Von-Wiren N (2005) Tonoplast intrinsic proteins AtTIP2;1 and 
AtTIP2;3 facilitate NH3 transport into the vacuole. Plant Physiol 137:671–680  

    Lovisolo C, Tramontini S, Flexas J, Schubert A (2008) Mercurial inhibition of root hydraulic con-
ductance in  Vitis  spp. rootstocks under water stress. Environ Exp Bot 3:178–182  

    Ludevid D, Hofte H, Himelblau E, Chrispeels MJ (1992) The expression pattern of the tonoplast 
intrinsic protein gamma-tip in  Arabidopsis-thaliana  is correlated with cell enlargement. Plant 
Physiol 100:1633–1639  

    Luu DT, Maurel C (2005) Aquaporins in a challenging environment: molecular gears for adjusting 
plant water status. Plant Cell Environ 28:85–96  

    Ma JF, Tamai K, Yamaji N, Mitani N, Konishi S, Katsuhara M, Ishiguro M, Murata Y, Yano M 
(2006) A silicon transporter in rice. Nature 440:688–691  

    Maeshima M, Ishikawa F (2008) ER membrane aquaporins in plants. P fl ugers Arch 456(4):
709–716  

   Mano Y (1996) Studies on the breeding and evaluation of germplasm for salt tolerance in barley. 
Special report for Barley Germplasm Center, Okayama University, 2:1–89  

    Marjanovic Z, Uehlein N, Kaldenhoff R, Zwiazek JJ, Weiss M (2005a) Aquaporins in poplar: what 
a difference a symbiont makes! Planta 222:258–268  

    Marjanovic Z, Uwe N, Hampp R (2005b) Mycorrhiza formation enhances adaptive response of 
hybrid poplar to drought. Ann NY Acad Sci 1048:496–499  

    Martinez-Ballesta MC, Aparicio F, Pallas V, Martinez V, Carvajal M (2003a) In fl uence of saline 
stress on root hydraulic conductance and PIP expression in  Arabidopsis . J Plant Physiol 160:
689–697  

    Martinez-Ballesta MC, Lopez-Perez L, Muries B, Munos-Azcarate O, Carvajal M (2009) Climate 
change and plant water balance: the role of aquaporins - a review. In: Climate Change, 
Intercropping, Pest Control and Bene fi cial Micro-organisms. Sustainable Agriculture 
Reviews 2. (Ed. E. Lichtfouse). Springer Science, New York  

    Martinez-Ballesta MC, Cabanero F, Olmos E, Periago PM, Maurel C, Carvajal M (2008) Two dif-
ferent effects of calcium on aquaporins in salinity stressed pepper plants. Planta 228:15–25  

http://dx.doi.org/10.1093/jxb/err404


244 R. Bhardwaj et al.

    Martinez-Ballesta MC, Diaz R, Martinez V, Carvajal M (2003b) Different blocking effects of 
HgCl 

2
  and NaCl on aquaporins of pepper plants. J Plant Physiol 160:1487–1492  

    Martínez-Ballesta MC, Martínez V, Carvajal M (2000) Regulation of water channel activity in 
whole roots and in protoplasts from roots of melon plants grown under saline conditions. 
Australian J Plant Physiol 27:685–691  

    Martre P, North GB, Nobel PS (2001) Hydraulic conductance and mercury-sensitive water trans-
port for roots of  Opuntia acanthocarpa  in relation to soil drying and rewetting. Plant Physiol 
126:352–362  

    Marulanda A, Azcon R, Chaumont F, Ruiz-Lozano JM, Aroca R (2010) Regulation of plasma 
membrane aquaporins by inoculation with a  Bacillus megaterium  strain in maize ( Zea mays  L.) 
plants under unstressed and salt-stressed conditions. Planta 232:533–543  

    Maurel C, Javot H, Lauvergeat V, Gerbeau P, Tournaire C (2002) Molecular physiology of aqua-
porins in plants. Int Rev Cytol 215:105–148  

    Maurel C, Kado RT, Guern J, Chrispeels MJ (1995) Phosphorylation regulates the water channel 
activity of the seed-speci fi c aquaporin alpha-tip. EMBO J 14:3028–3035  

    Maurel C, Plassard C (2011) Aquaporins: for more than water at the plant-fungus interface? 
New Phytol 190(4):815–817  

    Maurel C, Reizer J, Schroeder JI, Chrispeels MJ (1993) The vacuolar membrane protein gamma-
TIP creates water speci fi c channels in  Xenopus  oocytes. EMBO J 12:2241–2247  

    Maurel C, Tacnet F, Guclu J, Guern J, Ripoche P (1997) Puri fi ed vesicles of tobacco cell vacuolar 
and plasma membranes exhibit dramatically different water permeability and water channel 
activity. Proc Natl Acad Sci USA 94:7103–7108  

    Maurel C, Verdoucq L, Luu DT, Santoni V (2008) Plant aquaporins: membrane channels with 
multiple integrated functions. Annu Rev Plant Biol 59:595–624  

    Maurel C (2007) Plant aquaporins: novel functions and regulation properties. FEBS Lett 581:
2227–2236  

    Mizutani M, Watanabe S, Nakagawa T, Maeshima M (2006) Aquaporin NIP2;1 is mainly localized 
to the ER membrane and shows root-speci fi c accumulation in  Arabidopsis thaliana . Plant Cell 
Physiol 47:1420–1426  

    Mollapour M, Piper PW (2007) Hog1 mitogen-activated protein kinase phosphorylation targets 
the yeast Fps1 aquaglyceroporin for endocytosis, thereby rendering cells resistant to acetic 
acid. Mol Cell Biol 27:6446–6456  

    Morillon R, Catterou M (2001) Brassinolide may control aquaporin activities in  Arabidopsis thali-
ana . Planta 212(2):199–204  

    Morillon R, Lassalles JP (1999) Osmotic water permeability of isolated vacuoles. Planta 210:80–84  
    Morillon R, Liénard D, Chrispeels MJ, Lasalles JP (2001) Rapid movements of plants organs 

require solute-water co-transporters or contractile proteins. Plant Physiol 127:720–723  
    Mosa KA, Kumar K, Chhikara S, Mcdermott J, Liu Z, Musante C, White JC, Dhankher OP (2012) 

Members of rice plasma membrane intrinsic proteins subfamily are involved in arsenite perme-
ability and tolerance in plants. Transgenic Res 10:9600–9608  

    Moshelion M, Becker D, Biela A, Uehlein N, Hedrich R, Otto B, Levi H, Moran N, Kaldenhoff R 
(2002) Plasma membrane aquaporins in the motor cells of  Samanea saman : diurnal and circa-
dian regulation. Plant Cell 14:727–739  

    Munns R, Passioura JB (1984) Effect of prolonged exposure to NaCl on the osmotic pressure of 
leaf xylem sap from intact transpiring barley plants. Austr J Plant Physiol 26:459–464  

    Muries B, Faize M, Carvajal M, Martınez-Ballesta MC (2011) Identi fi cation and differential induc-
tion of the expression of aquaporins by salinity in broccoli plants. Mol Biosyst 7:1322–1335  

    Navarro JM, Garrido C, Martınez V, Carvajal M (2003) Water relations and xylem transport of 
nutrients in pepper plants grown under two different salts stress regimes. Plant Growth Regul 
41:237–245  

    Nedjimi B (2009) Salt tolerance strategies of  Lygeum spartum  L.: a new fodder crop for Algerian 
saline steppes. Flora 204:747–754  

    Neill S, Barros R, Bright J, Desikan R, Hancock J, Harrison J, Morris P, Ribeiro D, Wilson I (2008) 
Nitric oxide, stomatal closure, and abiotic stress. J Exp Bot 59:165–176  



2458 Aquaporins: Role Under Salt Stress in Plants

    Niemietz CM, Tyerman SD (1997) Characterization of water channels in wheat root membrane 
vesicles. Plant Physiol 115:561–567  

    Niemietz CM, Tyerman SD (2000) Channel-mediated permeation of ammonia gas through the 
peribacteroid membrane of soybean nodules. FEBS Lett 465:110–114  

    Opperman CH, Taylor CG, Conkling MA (1994) Root-knot nematode-directed expression of a 
plant root-speci fi c gene. Science 263:221–223  

    Paciorek T, Zazımalova E, Ruthardt N, Petrasek J, Stierhof YD (2005) Auxin inhibits endocytosis 
and promotes its own ef fl ux from cells. Nature 435:1251–1256  

   Park W, Schef fl er BE, Bauer PJ, Campbell BT (2010) Identi fi cation of the family of aquaporin 
genes and their expression in upland cotton ( Gossypium hirsutum  L.). BMC Plant Biol 10:142  

    Patriarca EJ, Tate R, Ferraioli S, Iaccarino M (2004) Organogenesis of legume root nodules. Int 
Rev Cytol 234:201–262  

    Peng YH, Lin WL, Cai WM, Arora R (2007) Overexpression of a Panax ginseng tonoplast aqua-
porin alters sat tolerance, drought tolerance and cold acclimation ability in transgenic 
Arabidopsis plants. Planta 226:729–740  

    Porcel R, Aroca R, Azcon R, Ruiz-Lozano JM (2005) PIP aquaporin gene expression in arbuscular 
mycorrhizal  Glycine max  and  Lactuca sativa  plants in relation to drought stress tolerance. Plant 
Mol Biol 60:389–404  

    Postaire O, Tournaire-Roux C, Grondin A, Boursiac Y, Morillon R, Schaffner AR, Maurel C (2010) 
A PIP1 aquaporin contributes to hydrostatic pressure-induced water transport in both the root 
and rosette of Arabidopsis. Plant Physiol 152:1418–1430  

    Prak S, Hem S, Boudet J, Viennois G, Sommerer N (2008) Multiple phosphorylations in the 
C-terminal tail of plant plasma membrane aquaporins: role in subcellular traf fi cking of AtPIP2;1 
in response to salt stress. Mol Cell Proteomics 7:1019–1030  

    Prasad GVR, Coury LA, Finn F, Zeidel ML (1998) Reconstituted aquaporin 1 water channels 
transport CO 

2
  across membranes. J Biol Chem 273:33123–33126  

    Preston GM, Agre P (1991) Isolation of the cDNA for erythrocyte integral membrane protein of 28 
kilodaltons: member of an ancient channel family. Proc Natl Acad Sci USA 88:11110–11114  

    Quigley F, Rosenberg JM, Shachar-Hill Y, Bohnert HJ (2001) From genome to function: the 
Arabidopsis aquaporins. Genome Biol 3:1–17  

    Rivers RL, Dean RM, Chandy G, Hall JE, Roberts DM, Zeidel ML (1997) Functional analysis of 
nodulin 26, an aquaporin in soybean root nodule symbiosomes. J Biol Chem 272:16256–16261  

    Rodriguez-Gamir J, Ancillo G, Legaz F, Primo-Millo E, Forner-Giner M (2012) In fl uence of salin-
ity on pip gene expression in citrus roots and its relationship with root hydraulic conductance, 
transcription and chloride exclusion from leaves. Environ Expt Bot 78:163–166  

    Ruiz-Lozano JM, Aroca R (2010) Modulation of aquaporin genes by the arbuscular mycorrhizal 
symbiosis in relation to osmotic stress tolerance. In: Seckbach J, Grube M (eds) Symbioses and 
stress: joint ventures in biology, cellular origin, life in extreme habitats and astrobiology. 
Springer, Dordrecht, pp 359–374  

    Sade N, Gebretsadik M, Seligmann R, Schwartz A, Wallach R, Moshelion M (2010) The role of 
tobacco aquaporin1 in improving water use ef fi ciency, hydraulic conductivity and yield pro-
duction under salt stress. Plant Physiol 152:245–254  

    Sade N, Vinocur BJ, Diber A, Shatil A, Ronen G, Nissan H, Wallach R, Karchi H, Moshelion M 
(2009) Improving plant stress tolerance and yield production: is the tonoplast aquaporin 
SlTIP2;2 a key to isohydric to anisohydric conversion? New Phytol 181:651–661  

    Saito C, Ueda T, Abe H, Wada Y, Kuroiwa T, Hisada A (2002) A complex and mobile structure 
forms a distinct subregion within the continuous vacuolar membrane in young cotyledons of 
 Arabidopsis . Plant J 29:245–255  

    Sakurai J, Ishikawa F, Yamaguchi T, Uemura M, Maeshima M (2005) Identi fi cation of 33 rice S.D. 
aquaporin genes and analysis of their expression and function. Plant Cell Physiol 46:1568–1577  

    Sandal NN, Marcker KA (1988) Soybean nodulin 26 is homologous to the major intrinsic protein 
of the bovine lens  fi ber membrane. Nucleic Acids Res 16:9347  

    Sarda X, Tousch D, Ferrare K, Legrand E, Dupuis JM (1997) Two TIP-like genes encoding aqua-
porins are expressed in sun fl ower guard cells. Plant J 12:1103–1111  



246 R. Bhardwaj et al.

    Schaffner AR (1998) Aquaporin function, structure and expression: are there more surprises to 
surface in water relations. Planta 204:131–139  

    Schuurmans JA, van Dongen JT, Rutjens BP, Boonman A, Pieterse CM, Borstlap AC (2003) 
Members of the aquaporin family in the developing pea seed coat include representatives of the 
PIP, TIP, and NIP subfamilies. Plant Mol Biol 53:633–645  

    Shatil-Cohen A, Attia Z, Moshelion M (2011) Bundle-sheath cell regulation of xylem-mesophyll 
water transport via aquaporins under drought stress: a target of xylem-borne ABA? Plant J 
67(1):72–80  

   Shelden MC (2007) A comparison of water stress-induced xylem embolism in two grapevine 
cultivars, Chardonnay and Grenache ,  and the role of aquaporins. PhD thesis, University of 
Adelaide, Adelaide  

    Siefritz F, Otto B, Bienert GP, van der Krol A, Kaldenhoff R (2004) The plasma membrane aqua-
porin NtAQP1 is a key component of the leaf unfolding mechanism in tobacco. Plant J 37:
147–155  

    Siefritz F, Tyree MT, Lovisolo C, Schubert A, Kaldenhoff R (2002) PIP1 plasma membrane aqua-
porins in tobacco: from cellular effects to function in plants. Plant Cell 14:869–876  

    Silva C, Martínez V, Carvajal M (2008) Osmotic versus toxic effects of NaCl on pepper plants. 
Biol Plant 52:72–79  

    Sorieul M, Santoni V, Maurel C, Luu DT (2011) Mechanisms and effects of retention of over-
expressed aquaporin AtPIP2;1 in the endoplasmic reticulum. Traf fi c 12(4):473–482  

    Soto G, Alleva K, Mazzella MA, Amodeo G, Muschietti JP (2008) AtTIP1;3 and AtTIP5;1, the 
only highly expressed  Arabidopsis  pollen-speci fi c aquaporins, transport water and urea. FEBS 
Lett 582:4077–4082  

    Srivastava AK, Suprasanna P, Srivastava S, D’Souza SF (2010) Thiourea mediated regulation in 
the expression pro fi le of aquaporins and its impact on water homeostasis under salinity stress 
in Brassica juncea roots. Plant Sci 178:517–522  

    Steudle E, Peterson CA (1998) How does water get through roots? J Exp Bot 49:775–788  
    Sutka M, Alleva K, Parisi M, Amodeo G (2005) Tonoplast vesicles of  Beta vulgaris  storage root 

show functional aquaporins regulated by protons. Biol Cell 97:837–846  
    Sutka M, Li G, Boudet J, Boursiac Y, Doumas P, Maurel C (2011) Natural variation of root hydrau-

lics in Arabidopsis grown in normal and salt-stressed conditions. Plant Physiol 155:1264–1276  
    Tajkhorshid E, Nollert P, Jensen MO, Miercke LJW, O’Connell J, Stroud RM, Schulten K (2002) 

Control of the selectivity of the aquaporin water channel family by global orientational tuning. 
Science 296:525–530  

    Takano J, Wada M, Ludewig U, Schaaf G, von Wiren N, Fujiwara T (2006) The  Arabidopsis  major 
intrinsic protein NIP5;1 is essential for ef fi cient boron uptake and plant development under 
boron limitation. Plant Cell 18:1498–1509  

    Tanaka Y, Kutsuna N, Kanazawa Y, Kondo N, Hasezawa S, Sano T (2007) Intra-vacuolar reserves 
of membranes during stomatal closure: the possible role of guard cell vacuoles estimated by 
3-D reconstruction. Plant Cell Physiol 48:1159–1169  

    Terashima I, Ono K (2002) Effects of HgCl 
2
  on CO 

2
  dependence of leaf photosynthesis: evidence 

indicating involvement of aquaporins in CO 
2
  diffusion across the plasma membrane. Plant Cell 

Physiol 43:70–78  
    Toole EH, Hendricks SB, Borthwick HA, Toole VK (1956) Physiology of seed germination. Annu 

Rev Plant Physiol 7:299–324  
    Tornroth-Horse fi eld S, Wang Y, Hedfalk K, Johanson U, Karlsson M, Tajkhorshid E, Neutze R, 

Kjellbom P (2006) Structural mechanism of plant aquaporin gating. Nature 439(7077):688–694  
    Tournaire-Roux C, Sutka M, Javot H, Gout E, Gerbeau P, Luu DT, Bligny R, Maurel C (2003) 

Cytosolic pH regulates root water transport during anoxic stress through gating of aquaporins. 
Nature 425:393–397  

    Tsuda M, Tyree MT (2000) Plant hydraulic conductance measured by the high pressure  fl ow meter 
in crop plants. J Exp Bot 51:823–828  

    Tyerman SD, Bohnert HJ, Maurel C, Steudle E, Smith JA (1999) Plant aquaporins: their molecular 
biology, biophysics and signi fi cance for plant water relations. J Exp Bot 50:1055–1071  



2478 Aquaporins: Role Under Salt Stress in Plants

    Tyerman SD, Niemietz CM, Bramley H (2002) Plant aquaporins: multifunctional water and solute 
channels with expanding roles. Plant Cell Environ 25:173–194  

    Tyree MT, Nardini A, Salleo S, Sack L, Omaro BE (2005) The dependence of leaf hydraulic con-
ductance on irradiation during HPFM measurements: any role for stomatal response? J Exp Bot 
56:737–744  

    Tyree MT, Salleo S, Nardini A, Lo Gullo MA, Mosca R (1999) Re fi lling of embolized vessels in 
young stems of laurel. Do we need a new paradigm? Plant Physiol 120:11–21  

    Uehlein N, Lovisolo C, Siefritz F, Kaldenhoff R (2003) The tobacco aquaporin NtAQP1 is a mem-
brane CO 

2
  transporter with physiological functions. Nature 425:734–737  

    Uehlein N, Otto B, Hanson DT, Fischer M, McDowell N, Kaldenhoff R (2008) Function of 
 Nicotiana tabacum  aquaporins as chloroplast gas pores challenges the concept of membrane 
CO 

2
  permeability. Plant Cell 20:648–657  

    Valot B, Dieu M, Recorbet G, Raes M, Gianinazzi S, Dumas-Gaudot E (2005) Identi fi cation of 
membrane-associated proteins regulated by the arbuscular mycorrhizal symbiosis. Plant Mol 
Biol 59:565–580  

    Vandeleur R, Niemietz C, Tilbrook J, Tyerman SD (2005) Roles of aquaporins in root responses to 
irrigation. Plant Soil 274:141–161  

    Vandeleur RK, Mayo G, Shelden MC, Gilliham M, Kaiser BN, Tyerman SD (2008) The role of PIP 
aquaporins in water transport through roots: diurnal and drought stress responses reveal differ-
ent strategies between isohydric and anisohydric cultivars of grapevine. Plant Physiol 
149:445–460  

    Vera-Estrella R, Barkla BJ, Amezcua-Romero JC, Pantoja O (2012) Day/night regulation of aqua-
porins during the CAM cycle in  Mesembryanthemum crystallinum . Plant Cell Environ 
35(3):485–501  

    Vera-Estrella R, Barkla BJ, Bohnert HJ, Pantoja O (1999) Salt stress in  Mesembryanthemum crys-
tallinum  L. cell suspensions activates adaptive mechanisms similar to those observed in the 
whole plant. Planta 207:426–435  

    Vera-Estrella R, Barkla BJ, Bohnert HJ, Pantoja O (2004) Novel regulation of aquaporins during 
osmotic stress. Plant Physiol 135:2318–2329  

    Vera-Estrella R, Bohnert HJ (2011) Physiological roles for the PIP family of plant aquaporins. 
Plant Cell Monographs 19:193–222  

    Voicu MC, Cooke JEK, Zwiazek JJ (2009) Aquaporin gene expression and apoplastic water  fl ow 
in bur oak ( Quercus macrocarpa ) leaves in relation to the light response of leaf hydraulic con-
ductance. J Exp Bot 60(14):4063–4075  

    Wallace IS, Choi WG, Roberts DM (2006) The structure, function and regulation of thenodulin 26-like 
intrinsic protein family of plant aqua glyceroporins. Biochim Biophys Acta 1758:1165–1175  

    Wallace IS, Roberts DM (2004) Homology modeling of representative subfamilies of  Arabidopsis  
major intrinsic proteins, classi fi cation based on the aromatic/arginine selectivity  fi lter. Plant 
Physiol 135:1059–1068  

    Wallace IS, Roberts DM (2005) Distinct transport selectivity of two structural subclasses of the 
nodulin-like intrinsic protein family of plant aquaglyceroporin channels. Biochemistry 
44:16826–16834  

    Wallace IS, Wills DM, Guenther JF, Roberts DM (2002) Functional selectivity for glycerol of the 
nodulin 26 subfamily of plant membrane intrinsic proteins. FEBS Lett 523:109–112  

    Wan XC, Steudle E, Hartung W (2004) Gating of water channels (aquaporins) in cortical cells of 
young corn roots by mechanical stimuli (pressure pulses): effects of ABA and HgCl 

2
 . J Exp Bot 

55:411–422  
    Wan XC (2010) Osmotic effects of NaCl on cell hydraulic conductivity of corn roots. Acta Biochim 

Biophys Sin 42:351–357  
    Wang X, Li Y, Ji W, Bai X, Cai H, Zhu D, Sun XL, Chen LJ, Zhu YM (2011) A novel glycine soja 

tonoplast intrinsic protein gene responds to abiotic stress and depresses salt and dehydration 
tolerance in transgenic  Arabidopsis thaliana . J Plant Physiol 168:1241–1248  



248 R. Bhardwaj et al.

    Weaver CD, Crombie B, Stacey G, Roberts DM (1991) Calcium-dependent phosphorylation of 
symbiosome membrane-proteins from nitrogen- fi xing soybean nodules-evidence for phospho-
rylation of nodulin-26. Plant Physiol 95:222–227  

    Weig A, Deswarte C, Chrispeels MJ (1997) The major intrinsic protein family of  Arabidopsis  has 
23 members that form three distinct groups with functional aquaporins in each group. Plant 
Physiol 114:1347–1357  

    Weig AR, Jakob C (2000) Functional identi fi cation of the glycerol permease activity of  Arabidopsis 
thaliana  NLM1 and NLM2 proteins by heterologous expression in  Saccharomyces cerevisiae . 
FEBS Lett 481:293–298  

    Werner M, Uehlein N, Proksch P, Kaldenhoff R (2001) Characterization of two tomato aquaporins 
and expression during the incompatible interaction of tomato with the plant parasite  Cuscuta 
re fl exa . Planta 213:550–555  

    Witte CP (2011) Urea metabolism in plants. Plant Sci 180:431–438  
    Wu B, Beitz E (2007) Aquaporins with selectivity for unconventional permeants. Cell Mole Life 

Sci 64:2413–2421  
    Yamada S, Komori T, Myers PN, Kuwata S, Kubo T, Imaseki H (1997) Expression of plasma 

membrane water channel genes under water stress in  Nicotiana  excelsior. Plant Cell Physiol 
38:1226–1231  

    Ye Q, Muhr J, Steudle E (2005) A cohesion/tension model for the gating of aquaporins allows 
estimation of water channel pore volumes in  Chara . Plant Cell Environ 28:525–535  

    Zardoya R (2005) Phylogeny and evolution of the major intrinsic protein family. Biol Cell 
97:397–414  

    Zawonik MS, Ameneiros M, Benavides MP, Vazquez S, Groppa MD (2011) Response to saline 
stress and aquaporin expression in Azospirillum-inoculated barley seedlings. Appl Microbiol 
Biotechnol 90:1389–1397  

    Zelazny E, Borst JW, Muylaert M, Batoko H, Hemminga MA, Chaumont F (2007) FRET imaging 
in living maize cells reveals that plasma membrane aquaporins interact to regulate their subcel-
lular localization. Proc Natl Acad Sci USA 104:12359–12364  

    Zhao FJ, Ago Y, Mitani N, Li RY, Su YH, Yamaji N, McGrath SP, Ma JF (2010) The role of the 
rice aquaporin Lsi1 in arsenite ef fl ux from roots. New Phytol 186(2):392–399  

    Zhu C, Schraut D, Hartung W, Schäffner AR (2005) Differential responses of maize MIP genes to 
salt stress and ABA. J Exp Bot 56:2971–2981      



249P. Ahmad et al. (eds.), Ecophysiology and Responses of Plants under Salt Stress, 
DOI 10.1007/978-1-4614-4747-4_9, © Springer Science+Business Media, LLC 2013

          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 
a year, 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 signi fi cant 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 (Barnabás 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 de fi cit (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 de fi cit 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 in fl uencing plant 
growth response to water de fi cit is turgor pressure, the force causing plastic enlarge-
ment of cells, leaves and stems. Reduced turgor potential due to salinity-mediated 
water-de fi cit 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  fl owering as well as reducing the number of  fl owers 
(   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 signi fi cant 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 Cl −  concentrations. Thus salt stress has a major inhibitory effect on photosyn-
thetic apparatus of crop plants. 
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 Since Na +  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 2+ , thus causing 
nutrient de fi ciency. 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  ) . 

  Fig. 9.1    Salt stress responses of crop plants       
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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 Oilseed 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 
sun fl ower, 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 signi fi cant 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 signi fi cant 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 −1  ECe, is classi fi ed as a salt tolerant species 
(Table  9.2 ); whereas, linseed being unable to tolerate salinity levels beyond 2.0 
ds m −1  ECe is classi fi ed as a salt sensitive species. Soybean, sun fl ower and 
saf fl ower 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)   

 Crop(s) 
 Area 
 (Million hectares) 

 Production 
 (Million metric tons) 

 Major oilseeds  205.48  424.59 
 Soybean  102.17  260.85 
 Rapeseed   31.41   60.98 
 Sun fl ower 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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 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 modi fi cation, 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  ) . Sun fl ower 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 saf fl ower genotypes (Bergman et al.  2006 ; Vles 
and Gottenbos.  1989  ) . Overall, salt stress adversely affects both quantity and qual-
ity of oilseed crop production.  

   Table 9.2    Salt tolerance of oilseed crops   

 Crop 

 Salt tolerance parameters 

 Reference  ECe threshold 
 Slope 
 % per ds m -1   Rating 

 Canola  9.7  14  Tolerant  Francois 1994 
 Soybean  5.0  20.0  Moderately tolerant  Abel and MacKenzie 1964, 

Bernstein and Ogata 1966 
 Sun fl ower  4.8   5.0  Moderately tolerant  Francois 1996 
 Saf fl ower  7.5   6.0  Moderately tolerant  Francois and Bernstein 1964 
 Peanut  3.2  29.0  Moderately sensitive  Shalhevet et al. 1969 
 Linseed  2.0  10.0  Sensitive  Shannon 1997 
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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  fl owering 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 
modi fi cation 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  fl oral 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 speci fi c 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 et al .   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 suf fi cient 
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 −1  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  ) . Puri fi ed 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 identi fi ed 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-speci fi c and intra-speci fi c 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, sun fl ower 
and saf fl ower 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 
identi fi cation 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 dif fi cult 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. Identi fi cation 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 signi fi cant QTL 
with reference to salinity tolerance in Brassica species has been reported, making it 
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dif fi cult 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 identi fi ed 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 identi fi ed in a different cross 
involving F 

2
  population derived from cultivars, Jackson and a wild soybean acces-

sion (Hamwieh and Xu  2008  ) . The identi fi ed 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 signi fi cant contribution with regards to identi fi cation 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 identi fi ed in RILs of the cross 
between FT-Abyara and C01 RILs was found to be heterozygous. Further from 
these residual heterozygous RILs, NILs were developed by sel fi ng. NILs with 

   Table 9.3    Cultivars of oilseed species developed through conventional breeding   

 Oilseed species  Cultivars/lines 
 Parameter for testing 
tolerance  References 

  Brassica napus   Dunkeld (canola), 
ST9194, Rapora, 
Mytnitskii, 
Chisayanatane 

 Biomass, seed yield, 
germination 

 Qasim (2000), Puppala 
et al. (1999), 
Pokrovskii (1990) 

  Brassica 
juncea  

 Common Green, 
Varuna, RH 30, 
Pusa Bold, Kranti, 
BM-1, LL-84, P-15, 
KS-51 

 Germination, vegetative 
stage, biomass, seed 
yield 

 Kwon et al. (1997), Rai 
(1977), Kumar 
(1984), Dhawan et al. 
(1987), Kumar 
(1995), Ashraf (1992), 
Ashraf et al. (1994), 
Ahmad et al. (2012) 

  Brassica 
carinata  

 C90-1191, P5/80, Yellow 
Dodella 

 Germination and 
seedling growth 

 Ashraf and Sharif (1997) 

  Brassica 
campestris  

 BSH1  Germination and seed 
yield 

 Paliwal (1972), Kumar 
(1984) 

  Arachis 
hypogea  

 NRCG 2588, 4659, 
5513, 6131, 6450, 
6820, 6919, 7206, 
TMV 2 NLM, TG 
33, JNDS-2004-15 

 Seed yield  Singh et al. (2008) 

  Helianthus 
annuus  

 DKS-4040, G-101 and 
P64A93 

 Achene yield  Hussain et al. (2012) 

  Carthamus 
tinctorius  

 Golse fi d and Isfahan14  germination percentage 
and seedling growth 

 Ghazizade et al. (2012) 
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FT-Abyara chromosome segment at the QTL regions showed a signi fi cantly 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  fi ne 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 
identi fi ed 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-speci fi c 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 +  in fl ux and active 
ef fl ux (Serrano et al.  1999  ) , osmotic adjustment and accumulation of compatible 
solutes (   Ahmad et al.  2010 , Ahmad et al.  2011  ) . Plants accumulate signi fi cant 
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 signi fi cantly 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  bet A 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 signi fi cantly 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  PR10  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 con fi rm the actual mechanism by which  PR10  gene 
helps in the improvement of salt tolerance. 

 Rise in the cytosolic free calcium concentration is one of the  fi rst 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 2+  in fl ux 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 
identi fi ed 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 , 
 SOD2  (vacuolar Na + /H +  antiporter genes) (Yokoi et al.  2002 ; Gao et al.  2004 ; Guo 
et al.  2006  )   GmCAX1  (Cation/proton antiporter gene) (Luo et al.  2005  ) ;  AVP1  
(vacuolar H + -PPiase gene) (Gaxiola et al.  2001  ) ;  AtHKT1  (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  AtNHX1  were able to 
grow,  fl ower, 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  AtNHX1  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 in fl uence 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 2+  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 sun fl ower, 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 signi fi cant 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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          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  fi elds 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  fi nally in order to increase pro fi tability of farms in using production factors. 

 For classi fi cation 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  fi rst 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 modi fi cations in plant function that are caused by stress 
environmental conditions (Jacobsen et al.  2012 ; Mi fl in  2000  ) .  

    10.2   Tomato Response to Salinity 

 Salinity is a signi fi cant 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 signi fi cant 
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 signi fi cant 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 classi fi ed as “moderately sensitive” to salinity (Foolad  2004  )  
and, undoubtedly, it holds an important position in agriculture section (Koushafar 
et al.  2011  ) . Water de fi cit 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  fl avour 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  )  con fi rmed the critical role for biomass 
partitioning and for root growth and morphology in tomato process adaptation to 
salts. Our  fi ndings 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 dif fi culty of plant to uptake water (directly proportional to salt 
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concentration) with consequences similar to those caused by a water de fi cit 
(physiological drought);  
  Toxic stress, consisting in the toxic effect and denaturing that some excess ions, • 
especially Na + , cause to cytoplasm enzymatic activities;  
  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  fi rst 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  fi rst 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  fi rst phase is actually the main  fi eld of scienti fi c debate on salinity. 

 Photosynthesis and the rhythm of cell growth are the  fi rst 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  fl ows, 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 

2
  diffusion in the gas and liquid phase, and bio-chemical 

limitations, mainly carboxylation rate and ef fi ciency, 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 dif fi culty comes from the fact that, being numerous the factors regulating pho-
tosynthetic activity, it is particularly dif fi cult 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 Cl –  ions can have a direct effect on photosynthetic apparatus because 
they reduce the ef fi ciency 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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et al.  2012 ; Lloyd et al.  1989 ; Walker et al.  1981 ; Chartzoulakis et al.  2002  ) . Actually, 
it was shown that CO 

2
  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  fi eld 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  fi xed 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  fi rst 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  fi rst 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 Cl - ) 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  fi eld 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 
et al.  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  ) . Modi fi cations 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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The balance of width between each part of the plant is provided by assimilation rate 
and carbohydrate partitioning, but it can be highly modi fi ed 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 signi fi cance 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  ) .   

  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), ( c ) 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 signi fi cantly different at P < 0.01 and P < 0.05, respectively 
according to Duncan’s multiple range test       
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    10.4   Role of Abscisic Acid (ABA) and Other Phytohormones 
Under Salinity 

 Since plants are sessile organisms, for them having and ef fi cient 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  fi eld 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.  2006  ) . 
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 
 fi eld 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  ) . Modi fi cations 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 Cl –  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 modi fi cations 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 Modi fi cation 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 ; Kafka fi   1996  ) . On tomato we measured a 
reduction of total root weight and length in salt treatments and a large increase in 
speci fi c root length (SRL) compared to the control (Lovelli et al.  2012  submitted). 
Snapp and Shennan  (  1992  )  observed no modi fi cation 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 
arti fi cial we may meet dif fi culties 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 signi fi cant interaction between salinity and root depth 
on speci fi c 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  fi brous 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 modi fi cation under salinity 
seems to be of great help for elucidation of mechanisms for tomato adaptation to salt 
stress on whose signi fi cance 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 signi fi cant amount of 
tomato roots belonging to the lower diametric class (0–0.5 cm) (Fig.  10.2 ; Lovelli 
et al.  2012  submitted). Increased Speci fi c Root Length (SRL) usually associates 

  Fig. 10.2    Length of roots belonging to different diameter classes (mm) in the three treatments and 
at three distant depths ( top ,  mid  and  bottom ). Vertical bars are standard error of the mean       
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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 Speci fi c Root Length (SRL) under salinity 
re fl ects 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 modi fi cations 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  fi xed 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  fi rst 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 speci fi c root length, corresponding to an increase in  fi ne 
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 scienti fi c  fi eld 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 
scienti fi c 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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          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-Györgyi  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  fl avonoids 
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,  fl avonoids, stilbenes 
and lignans (Rice-Evans et al.  1996 ; Jaganath and Crozier  2010  ) . 
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 Phenolic acids, including hydroxybenzoic acid (C 
6
 –C 

1
 ) and hydroxycinnamic 

acid (C 
6
 –C 

3
 ) 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 

6
 –C 

3
 –C 

6
 ), i.e. a three-ring structure: the benzene moiety (A), the 

  g  -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  fl avones, isolavones,  fl avonols,  fl avanones,  fl avan-3-ols,  fl avan-3,4-diols and 
anthocyanins (called also anthocyanidins). Structures of various classes of  fl avonoids 
are also presented on Fig.  11.2 . Other  fl avonoids are minor compounds in plants, 
including chalcones, dihydrochalcones, aurones, coumarins and dihydro fl avonols 
(Crozier et al.  2006  ) . The high diversity of  fl avonoids 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  fl avonoids. 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  fl avonoid when compared to the 
native compound (Lemańska et al.  2001 ; Borkowski et al.  2005  ) . The most com-
monly present sugar residue in  fl avonoid 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 in fl uences 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 thea fl avins which may polymerize to high-molec-
ular weight compounds – thearubugins. Catechins also form oligomeric and polymeric 

  Fig. 11.1    Phenolic acid structures       
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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 

6
 –C 

2
 –C 

6
 ) (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 

  Fig. 11.2    Basic structures of various classess of  fl avonoids       

  Fig. 11.3    Structures of common plant stilbenes       
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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  fl ax 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  fi rst 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  fl avonoids and stilbenes. The three-ring  fl avonoid structure formation is fol-
lowed by the condensation of  p -coumaroyl-CoA with three malonyl-CoA units 

  Fig. 11.4    Structures of various groups of lignans       

 



28711 Phenolic Content Changes in Plants Under Salt Stress

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 
stereospeci fi c conversion to naringenin by chalcone isomerase (CHI, EC 5.5.1.6). 
Further steps, starting from naringenin formation, are speci fi c for various  fl avonoid 
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  fl ower 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  fl avonols and 
 fl avones, 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  fi xation (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  fl avonols and (iso-) 
 fl avones, may in fl uence 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  fl avonoid 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 
 fl avonoid pathway, which strongly suggests that  fl avonoid 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 iso fl avonoids (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 in fl uenced 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 ¢ -dimethoxy fl avone, 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 de fi cit 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 ef fi ciency of the antioxidant activity is highly 
structure-dependent (Rice-Evans et al.  1996  )  as well as pH-dependent (Lemańska 
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  fl avonoids (such as anthocyanins,  fl avonols – 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  fl avonoid content was also observed 
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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 (Goliński 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  fi nally 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-Müller  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 iso fl avonoids, 
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 (Waśkiewicz 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 ; Crifò 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 de fi cit 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 (Sánchez-Rodríguez et al.  2011  ) . 

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

    11.2   Oxidative Stress: De fi nition and Factors Involved 
in Its Induction 

 Most environmental stresses affect the production of active oxygen species in plants, 
causing oxidative stress, which is de fi ned 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 de fi nition 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  fl uctuations 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 
et al.  2011  ) . Salt stress in soil or water is one of the major stresses especially in arid 
and semi-arid regions, where salinity strongly limits crop development (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  fi elds salt levels  fl uctuate seasonally and spatially, and this 
variation will occur due to the circumstances in fl uencing 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  fi rst being ion toxicity caused by an excessive accu-
mulation of Na +  and Cl −  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  

2
  −  ), hydrogen peroxide (H 

2
 O 

2
 ) 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 ef fi cient 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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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 in fl uence 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 ‘ fl eshy’ or ‘succulent’) 
(Huchzermeyer et al.  2004 ; Flowers and Flowers  2005  ) . 

 Halophytes, although widespread taxonomically, are relatively rare amongst the 
250,000 species of  fl owering 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. 

  Fig. 11.5    Scheme of the two-phase growth response to salinity (Adapted from Munns et al. 
 1995  )        
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The timescale is days, weeks or months, depending on the species and the salinity 
level. The  fi rst 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 in fl uence 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 dif fi cult 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 pro fi le was investigated in dif-
ferent parts of plants (leaves, roots, fruit) (Keutgen and Paweltzik  2008 ; Mohamed 
and Aly  2008 ; Telesiński 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  fl avonoids 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 ; Telesiński 
et al.  2008 ; Lopez-Berenguer et al.  2009 ; Noreen and Ashraf  2009 ; Frary et al. 
 2010 ; Petridis et al.  2012 ; Rezazadeh et al.  2012  ) . Telesiński 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  fl avonoid 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  fl avonoids increased with enhanced salinity. Total phenolic content and the 
concentration of  fl avonoids were stable under salt stress enhancement at day 21 of the 
study (Telesiński 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 
 fl uctuated, 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 in fl uence 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 
signi fi cant 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  fl avonoids. However, when treat-
ing the plant with 77 mM Na 

2
 SO 

4
  a 0.5-fold decrease in total phenolic content was 

observed together with a 4.5-fold increase in the  fl avonoid 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  fl avonoids 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  fl avonoid contents increased signi fi cantly, 
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 signi fi cant (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 pro fi les in 
leaves under salt stress (max. 150 mM of NaCl treatment for 21 days). However, 
these differences in total antioxidant contents (total phenolics and  fl avonoids) 
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 signi fi cantly 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  fl avonoids 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,  fl avonoids and 
phenolic acids in two varieties of lettuce, i.e. Verte (salt-tolerant) and Romaine (salt-
sensitive) after 12 days of 100 mM NaCl treatment. Both lettuce varieties contained 
mainly phenolic acids and a minor  fl avonoid 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 signi fi cant increase was found in the  fl avonoid 
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 signi fi cantly 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 pro fi le 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 in fl orescences 
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 signi fi cantly 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  fl avonoids, 
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 pro fi les under control conditions, with  fl avonoids as a major fraction. 
After salt treatment the  fl avonoid 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 
in fl uence 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  fi eld and greenhouse trials. The authors observed that plant response to 
salt stress was the same in the  fi eld and pot experiments. The contents of both 
 fl avonoids and total phenols increased at moderate salinity (6.5 and 6.9 dS/m in the 
 fi eld 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 
signi fi cant 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 signi fi cant 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  fl avonoid 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  fl avonoids – 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 NaCl 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  fl avonoids, 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 
signi fi cantly 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 NaCl the metabolite levels were different. A signi fi cant 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 
pro fi le 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 signi fi cantly 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,  fl avonoids 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 signi fi cant 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  fl avonoids 
(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 of fi cinalis ). 
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 signi fi cantly increased at 50 mM NaCl (from 0.91 to 1.59), increased 
to 4.22 at 100 mM NaCl and decreased at 150 mM NaCl (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 NaCl, for 3 months) and various levels of copper (0, 0.5 and 
1.0  m M Cu 2+  as CuSO 

4
 ) on total phenolic content were investigated (Mehrizi et al. 

 2012  ) . Copper plays an important role in the synthesis of phenolic compounds and 
its de fi ciency 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 signi fi cant. Plants exposed to 0.5 and 1.0  m M Cu 2+  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 NaCl (3.80 and 3.17 mg GAE/g DW). 

 Moreover, the effect of the type of salt (KCl, K 
2
 SO 

4
 , NaHCO 

3
 , Na 

2
 SO 

4
 , CaCl 

2
 , 

NaCl, Na 
2
 CO 

3
 ) 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 

2
 SO 

4
  and CaCl 

2
 , 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  ) . 



304 A. Waśkiewicz et al.

 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  fl avonoid 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 signi fi cantly 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 bene fi ts 
and responses to cultivation under saline conditions. Salt stress did not affect con-
tents of total phenolics,  fl avonoids 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,  fl avonoids 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  fl avonoid 
level dropped down to 50 % of the nonstress level in the salt-tolerant, and  fi nally to 
25 % in the salt-sensitive line. 

  Morinda citri fi lia , 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,  fl avones 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  fl avonoid 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  (Yıldıztugay 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 signi fi cantly 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 0 and 
250 mM NaCl treated plants. Polyphenol content increased signi fi cantly 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 signi fi cant 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  fl owers 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 con fi rm 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 in fl uence 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  fi eld of the group of the metabolites is of prime concern.      
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          12.1   Introduction 

 Polyamines (PAs) are small aliphatic amines that are ubiquitous to all living organisms. 
In plants, the most abundant polyamines are putrescine (Put, 1,4-diaminobutane), 
spermidine (Spd,  N -3-aminopropyl-1,4-diaminobutane) and spermine (Spm, 
bis( N -3-aminopropyl)-1,4-diaminobutane) in amounts varying from micromolar to 
more than millimolar. Cadaverine (Cad, 1,5-diaminopentane) was also reported in 
some higher plants, in particular Gramineae, Leguminoseae and Solanaceae. Some 
unusual polyamines with longer amine chain have also been detected (Bagni and 
Tassoni  2001  ) . Plant polyamines have been suggested to play important roles in 
morphogenesis, growth, embryogenesis, organ development, leaf senescence, biotic 
and abiotic stress responses (Martin-Tanguy  1997 ; Walden et al.  1997 ; Kakkar and 
Sawhney  2002 ; Kuznetsov et al.  2006 ; Kusano et al.  2007 ; Groppa and Benavides 
 2008 ; Kusano et al.  2008  ) . Despite the fact that their possible implications in the 
latest processes have long been reviewed, their exact functions and their way of 
action remain elusive. 
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 Ion toxicity is a speci fi c stress condition occurring when an essential element is 
absorbed and accumulates within plant tissues in excess, leading to metabolic 
impairment, or when non-essential elements become fully available in the soil and 
are absorbed by the transpiration stream. Metabolic disorders resulting from ion 
toxicity are a consequence of a direct toxicity of accumulated ions, induced 
de fi ciencies in other essential elements or alterations in the plant water status. 
Salinity, heavy metals and aluminium are the most important ion toxicities affecting 
plant growth and development in both  fi eld and natural environment. Under  fl ood 
conditions, iron excess resulting from reduction of ferric to ferrous form may also 
affect plant development. Under  fi eld conditions, excessive application of fertilizers 
may induce transient ion toxicities, especially at the seedling stage. Behaving at 
physiological pH as polycations, polyamines were reported to be involved in the 
plant response to most ion toxicities, even if their underlying physiological func-
tions remain unclear in relation to the complexity of the environmental constraint 
which may vary in  fi eld conditions over a small scale and involve several toxic ele-
ments, but also because of the multifarious roles of polyamines in plant growth and 
developmental processes.  

    12.2   Metabolic Pathways: Speci fi cities of Polyamine 
Metabolism in Plants 

 In plants, PAs have not only been localized in the cytoplasm, but also in organelles 
such as vacuoles, mitochondria, chloroplasts and nucleus (Kumar et al.  1997  ) . In 
plants, PAs are synthesized from two major alternative pathways, which are repre-
sented in Fig.  12.1 . Starting from arginine, the diamine putrescine may be formed 
via ornithine by arginase (EC 3.5.3.1) and ornithine decarboxylase (ODC, EC 
4.1.1.17). Putrescine can also be synthesized via agmatine by three sequential reac-
tions catalysed by arginine decarboxylase (ADC, EC 4.1.1.19), agmatine iminohy-
drolase (AIH, EC 3.5.3.12), and  N -carbamoylputrescine amidohydrolase (CPA, EC 
3.5.1.53), respectively. As far as we know, this previous pathway is speci fi c to 
plants. The existence of these alternative biosynthetic pathways may be explained 
by the differential localization of the two enzymes ADC and ODC, ADC being 
localized in thylakoid membranes of chloroplasts and ODC being localized in the 
nucleus and tightly associated with chromatin, resulting in the speci fi c regulation of 
different plant processes. Putrescine can also be directly converted from agmatine 
by the action of agmatinase (EC 3.5.3.11). Ornithine can be converted back to cit-
rulline by transcarbamoylase activity (EC 2.1.3.3) and then arginine by the action of 
ARS synthase (EC 6.3.4.5) and ARS lyase (EC 4.3.2.1). In  Sesamum  leaves and 
 Helianthus tuberosus  tuber explants, a citrulline decarboxylase activity which forms 
 N -carbamoylputrescine from citrulline was also detected (Bagni and Tassoni  2001  ) . 
Spd and Spm are synthesized from Put by the addition of aminopropyl groups, 
transferred from decarboxylated S-adenosyl methionine (SAM) in reactions catalysed 
by Spd synthase (EC 2.5.1.16) and Spm synthase (EC 2.5.1.22). Decarboxylated 
SAM is produced from SAM by SAM decarboxylase (SAMDC, EC 4.1.1.50).  
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 The diamine Cad is derived from lysine via a reaction of lysine decarboxylase 
(LDC, EC 4.1.1.18), an enzyme mainly localised in chloroplasts. The biosynthesis 
of the aromatic amines phenylethylamine and tyramine has not yet been described. 

 Polyamine catabolism in plants is catalysed by two oxidative enzymes, copper-
containing diamine oxidase (DAO, EC 1.4.3.6) and  fl avoprotein-dependant 
polyamine oxidase (PAO, EC 1.5.3.11). Both enzymes are localized in the cell 
walls. DAO catalyses the oxidation of Put to 4-aminobutanal with concomitant pro-
duction of NH 

3
  and H 

2
 O 

2
 , and the resulting aldehyde is further metabolised to 

 g -aminobutyric acid via  D  1 -pyrroline. PAO catalyses the conversion of Spd and Spm 
to 4-aminobutanal and N-(3-aminopropyl)-4-aminobutanal, respectively, along with 
the production of 1,3-diaminopropane and H 

2
 O 

2
 . A backcross conversion of Spm to 

Spd, and from Spd to Spm similar to that found in animals, has recently been dem-
onstrated (Tavladoraki et al.  2006 ; Moschou et al.  2008c  ) . 

 As shown in Fig.  12.1 , ethylene and PAs share a common precursor, SAM, which 
can be metabolised successively to 1-amino cyclopropane-1-carboxylic acid (ACC) 
and ethylene. The presence of this common precursor can be a cause for reciprocal 
relationships between PAs and ethylene. Spm has been shown to inhibit the enzymes 
of ethylene biosynthesis, ACC oxidase in particular, (Locke et al.  2000  ) . Conversely, 
ethylene has been shown to inhibit the activity of ADC and ODC, but increase 
DAO’s one, an enzyme involved in PAs catabolism (Aziz et al.  1997 ; Torrigiani 
et al.  2003  ) . Polyamines also share this common precursor SAM with nicotianamine 
and phytosiderophores in graminaceous species (Fig.  12.1 ). Competition between 
PAs and phytosiderophores has recently been reported (Tari et al.  2006  ) . 

  Fig. 12.1    Polyamine biosynthetic and catabolic pathway, and linkage to other related pathways       
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 Polyamine biosynthetic pathways also interact with other pathways; such as 
those of alkaloids, proline, urea and nitric oxide (NO) (Ober and Hartmann  1999 ; 
Häkkinen et al.  2007 ; Abdelhady et al.  2009  ) . Some studies have highlighted the 
interactions between PAs, ornithine and proline (Jiménez-Bremont et al.  2006  ) . 
Nitric oxide originates from two enzymatic sources in plants, nitric-dependent and 
the recently discovered arginine-dependant (Tun et al.  2006 ; Yamasaki and Cohen 
 2006 ; Gao et al.  2009  ) . Nitric oxide synthase (NOS, EC 1.14.13.39) catalyses argi-
nine to produce NO. 

 PA catabolic pathway interacts with pathways related to GABA as shown by 
Fig.  12.1 .  

    12.3   Different Forms of Polyamines: Free, Bound, Conjugated 

 At cytoplasmic pH, PAs behave as polycations (Put 2+ , Cad 2+ , Spd 3+  and Spm 4+ ). Due 
to their positive charge, these compounds can bind various high molecular weight 
compounds by hydrogen and ionic binding, electrostatic and hydrophobic interac-
tions, including DNA, RNA, chromatin and proteins, which can cause stabilization 
or destabilization of these large molecules. Furthermore, they can covalently conju-
gate to endoglutamines of proteins by action of transglutaminase (TGase, EC 
2.3.2.13) (Sera fi ni-Fracassini et al.  1995  ) . These molecules can also be conjugated 
by transferase to low molecular weight compounds like hydroxycinnamic acids, 
especially in Solanaceae, forming phenol amides. Put mainly forms monomers 
(PCA-soluble fraction) with coumaric acid, caffeoyl acid or ferulic acid, but can also 
conjugate dimmers of these hydroxycinammic acids (PCA-insoluble fraction) 
(Martin-Tanguy  1997 ; Bagni and Tassoni  2001  ) . Thus, these ligands are of particular 
importance for the regulation of PAs concentration inside the cell, but are also impli-
cated in a myriad of fundamental cellular processes, including regulation of gene 
expression, translation, cell proliferation, modulation of cell signalling, and mem-
brane stabilization (Martin-Tanguy  1997  ) . Also, Put can be methylated to form meth-
ylputrescine, the  fi rst speci fi c precursor of nicotine and tropane alkaloids (Hashimoto 
et al.  1989  ) . The balance of free and conjugated PAs is critical for different develop-
mental processes and the relative proportions of each form may vary among different 
species as reviewed by Bagni and Tassoni  (  2001  )  and Martin-Tanguy  (  1997  ) .  

    12.4   Polyamine Transport 

 Application of exogenous PAs, labelled or not ([ 14 O]Put, [ 14  C]Put and [ 14  C]Spd), at 
the whole plant or tissue level, gave evidences of their absorption and translocation 
in plants, their translocation across tonoplast and plasma membrane (Antognoni 
et al.  1998  ) . 

 At the whole plant level, PAs have been identi fi ed in xylem as well as in phloem, 
but only under their free form (   Friedman et al.  1986 ;    Antognoni et al.  1998  )  and a 
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long-distance transport has been displayed by Rabiti et al. ( 1989 ) and by Caffaro 
et al. ( 1993 ). Transport rate may be plant age-dependent and contents in xylem 
appear much lower than those in phloem (Antognoni et al.  1998  ) . Differential 
impact of some abiotic stress on Put, Spd and Spm translocation from root to shoot 
suggests that such translocation does not occur passively through the transpiration 
stream but that it may involve speci fi c transporters contributing to xylem loading 
(Ndayiragije and Lutts  2006a  ) . 

 Nevertheless, despite the fact that long-distance translocation of PAs and trans-
port between organelles and cells has been displayed for numerous years in plants, 
few studies have focused on the mechanisms involved in these transports. Several 
PA transport systems have been proposed in plants, but none have been identi fi ed at 
the molecular level. Some results from uptake-experiments of Put and Spd into car-
rot cells suggested that the entry of PAs into the cells is driven by a transmembrane 
electrical gradient, with a possible antiport mechanism between external and inter-
nal PAs (Pistocchi et al.  1987  ) . Other results suggested that in maize roots, the bulk 
of exogenously applied Put is transported across the plasma membrane by a carrier-
mediated process (DiTomaso et al.  1992a ). 

 Whether single or different carriers for PAs exist, as well as the regulation of PAs 
allocation, have yet to be elucidated.  

    12.5   Modelling Plant Polyamine Status Through the Use 
of Speci fi c Inhibitors and Transgenic Approaches 

    12.5.1   Speci fi c Inhibitors 

 Irreversible inhibitors of the enzymes of PA metabolism have been developed ini-
tially to investigate PA biosynthesis and catabolism during plant development and 
their possible functions in growth and differentiation processes as reviewed by Bais 
and Ravishankar  (  2002  ) . Their use to induce disturbances of cellular PA homeosta-
sis by partial inhibition of their metabolic pathway have enhanced our understand-
ing of PA regulation in response to abiotic stresses. The site of inhibition on PA 
metabolism is presented in Fig.  12.1 . 

 DL- a -di fl uoromethylarginine (DFMA) and D-arginine are irreversible inhibitors 
of ADC activity, while DL- a -di fl uoromethylornithine (DFMO) is an irreversible 
inhibitor of ODC. The ability to carry out the selective inhibition of ADC or ODC 
with these compounds has provided valuable insights regarding the metabolic con-
trol of Put synthesis in response to stress or hormonal induction of decarboxylase 
activity. The increase in Put content occurring in stressed organs can be blocked by 
DFMA, but not by DFMO which suggests that Put synthesis is primarily the result 
of increased ADC activity rather than ODC activity in numerous stressed plant spe-
cies (Benavides et al.  1997 ; Hao et al.  2005 ; Liu et al.  2005,   2006a  ) . This, however, 
is not a general rule, as demonstrated in species treated with heavy metals in which 
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an increase of ODC activity is largely involved in the increase of Put content (Wang 
and Kao  2006 ; Groppa et al.  2008  ) . 

 Put incorporation into Spd and Spm can be blocked by methylglyoxal(bis-
guanilhydrazone) (MGBG), an inhibitor of SAM decarboxylase, while Spd is inhib-
ited by cyclohexylammonium sulphate (CHA). Diamine oxidase and PAO activity 
can be inhibited by aminoguanidine and  a -hydroxyethylhydrazine, respectively 
(Fig.  12.1 ) (Aziz et al.  1998 ; Maiale et al.  2004 ; Ndayiragije and Lutts  2006b  ) . 

 A modi fi cation in PAs titers can be related to a modi fi cation in PAs biosynthe-
sis or in PAs catabolism. By compiling the experimental use of various inhibitors, 
the importance of each metabolic step of the PA pathway in the stress response 
can be pointed out. For example, D-arginine and CHA application showed that an 
increase of Put in response to NaCl can be related to an increase of PAs biosyn-
thesis, although a parallel decrease of their catabolism is not excluded (Ndayiragije 
and Lutts  2006b  ) . 

 Incorporation of inhibitors can give some clues about a putative bene fi cial or 
deleterious effect of PAs on plant growth and can help to understand the underlying 
mechanisms of PAs in plant response to ionic stress by comparing responses of 
plants organs or tissue differing in their PAs titer and/or ratios. For example, callus 
treatment with D-arginine led to more serious growth reduction than no treatment 
under salt stress (Liu et al.  2006b  ) . Incorporation of D-arginine to rice culture allevi-
ates the toxic effect of AlCl 

3
  on root growth (Wang and Kao  2006  ) . Application of 

CHA, which induced an increase of Put content, increased salt deleterious effect at 
both root and shoot level (Ndayiragije and Lutts  2006b  ) . Spermidine and Spm 
reduction induced by MGBG were associated with growth reduction in barley 
treated with salt (Liu et al.  2006b  ) . 

 These inhibitors also help to understand interconnection between PAs pathway and 
proline one as they share common precursor and product (Fig.  12.1 ). By modulating 
the activity of ADC or DAO with DFMA or aminoguanidine, respectively, some 
authors have demonstrated the contribution of increasing Put synthesis or degradation 
under salt stress to GABA or proline formation (Aziz et al.  1998 ; Xing et al.  2007 ; Su 
and Bai  2008  ) . Inhibitors of both PA and ethylene synthesis make it possible to probe 
the interaction of PAs with ethylene in a variety of experimental procedures, consider-
ing the fact that they share a common precursor (Fig.  12.1 ). Investigation with the use 
of aminoethoxyvinylglycine (AVG) or aminooxyacetic acid (AOA) (Aziz et al.  1997 ; 
Bar et al.  1998  ) , both inhibitors of ethylene synthesis, demonstrated the competition 
between Spd, Spm and ethylene pathways, and the effect of the modulation of their 
regulation on plant growth in response to ionic stress (Bar et al.  1998  ) . The use of 
AVG and MGBG also con fi rms a competition between PAs and phytosiderophore 
synthesis, which share a common SAM precursor (Fig.  12.1 ), that modulates Cu 2+  
accumulation in wheat (Tari et al.  2006  ) . 

 Nevertheless, use of inhibitors as a tool to modify plant metabolism suffers from 
a number of limitations. Some doubts are raised about the speci fi city of some inhib-
itors. (Suzuki  1996 ;    Scaramagli et al.  1999 ; Hao et al.  2005 ; Maiale et al.  2004  ) . 
However, the effect of some other molecules as putative inhibitor of PAO has been 
investigated and some synthetic amines, PA analogues or oligamine appears to be 
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good candidates in further assays (Cona et al.  2004 ; Maiale et al.  2008  ) . Moreover, some 
authors had evidenced the possible interaction between the inhibitor and the stressing 
agent. Wang and Kao  (  2006  )  have suggested a possible binding of Al to the carboxyl 
group of D-arginine or methylornithine, which in turn reduce the uptake of Al.  

    12.5.2   Transgenic Approaches 

 Transgenics offer a convenient tool for studying the involvement of PAs not only in 
plant growth and development but also in response to ion toxicities. Similarly, 
identi fi cation of mutants affected in PA biosynthesis, especially in the model plant 
species  Arabidopsis thaliana , allowed researchers to gain more information about 
their implication in growing processes. However, the resulting abnormal pheno-
types of those mutants or transgenic lines are not always suitable for further test 
aiming to quantify their level of resistance to ion toxicities. considering the numer-
ous functions of PAs and interaction with plant growth regulators, the only reliable 
strategy to analyse the impact of gene transfer affecting PA metabolism on stress 
response consists in the association of transferred coding sequences with inducible 
promoter (Masgrau et al.  1997  ) . The overexpression of introduced gene might, in 
some cases, repress the expression of the corresponding endogenous gene. 

 The use of the constitutive promoter to drive gene expression does not constitute 
the optimal solution since endogenous polyamines usually accumulated to higher 
amounts in speci fi c tissues and cell types (Watson et al.  1998 ; Clay and Nelson 
 2005  ) . The consequence of overexpression of a given gene may widely vary depend-
ing on the considered organs: as an example, Thu-Hang et al.  (  2002  )  transferred 
SAMDC from  Datura stramonium  to rice and concluded that consequences were 
completely different in leaves and seeds from both a quantitative and qualitative 
point of view. 

 Finally, because of numerous post-transcriptional and post-translational regula-
tory processes, the overexpression of a given gene involved in the synthesis of a 
given polyamine does not always lead to accumulation in this polyamine in the free 
soluble form (Mayer and Michael  2003  ) . 

 An ADC-coding gene under the control of an ABA-inducible promoter has been 
integrated in rice and transgenic plants exhibited a higher ADC activity in salt stress 
conditions (Roy and Wu  2001  ) . However, transgenic plants remained unaffected for 
ODC, Spd synthase or SAMDC activities, therefore suggesting that components of 
PA pathways could be individually manipulated. Kasinathan and Wingler  (  2004  )  
identi fi ed two mutants in  A. thaliana  exhibiting constitutively low levels of ADC: 
plants were unable to accumulate PAs in salt stress conditions and are hypersensi-
tive to low NaCl dose, thus demonstrating the positive role of ADC in salt stress 
resistance. However, overexpression of ADC in transgenic lines do not allow to 
increase salt-resistance in  A. thaliana  and only leads to Put accumulation while Spd 
and Spm titers remain unaffected: transgenic plants usually present a dwarf pheno-
type with numerous morphological abnormalities (Alcazar et al.  2005  ) . 
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 Overexpression of Spm synthase encoding genes afford protection against 
numerous abiotic stresses, as recorded by Kasukabe et al.  (  2004  )  in  A. thaliana  and 
by Wen et al.  (  2008  )  in European pear ( Pyrus communis ).This gene therefore con-
stitute a good candidate for future improvement of cross resistance against different 
types of stress in plants, although additional works are required to more precisely 
identify the impact of Spd in stressed tissues. Some experimental evidences based 
on microarray approaches suggest that Spd accumulation could trigger the expres-
sion of numerous stress-related genes, including transcription factors encoding 
genes. Surprisingly, overexpression of SAMDC is also leading to Spd accumulation 
but was not reported to afford similar advantages in terms of resistance to abiotic 
stresses. Manipulation of PA biosynthetic pathway in transgenic plants was also 
shown to provide protection not only to abiotic but also to biotic stresses (Hussain 
et al.  2011  ) .   

    12.6   Responses to Ion Toxicities 

    12.6.1   Salt Stress 

 More than 800 million hectares of land worldwide are affected by salinity, which 
accounts for nearly 7 % of the world’s total land area (FAO 2008). Some of these 
salt affected lands have arisen from natural causes (weathering of parental rocks, 
oceanic salts carried by wind etc.), but a signi fi cant proportion of recently cultivated 
agricultural lands has become saline owing to land clearing or irrigation, both of 
which causes water tables to rise and concentrate the salts in the root zone (Munns 
and Tester  2008  ) . 

 It has been demonstrated that exogenous PAs can mitigate the deleterious effects 
of salt stress on seed germination (Zhu et al.  2006 ; Ali  2000 ; Ali et al.  2009 ; Chai 
et al.  2010  )  and may contribute to drastic increase in root and shoot elongations and 
fresh weights of the plants growing in saline conditions (Cavusoglu et al.  2007  ) . 
The in fl uence of exogenous PAs and their endogenous concentrations on the one 
hand, and the underlying cause of the registered improvement on the other hand, 
still remain a matter of debate. Some authors, for example, reported that exoge-
nously-applied Put on salt-treated plants is hardly converted to Spd (Sarjala et al. 
 1997  ) . Similarly, exogenous application of PAs may induce synthesis of uncommon 
PAs such as homospermidine (Larher et al.  1998  ) . According to Roychoudhury 
et al.  (  2011  ) , exogenously applied Spd and Spm may prevent salt-induced cellular 
damages in rice and help to maintain a proper K + /Na +  balance. Some authors, how-
ever, concluded that in some experimental systems, exogenously applied Spd and 
Spm could be immediately converted in diaminopropane as a consequence of PA 
oxidase activity and the response of salt-treated plants to a given exogenous PA 
should therefore not be regarded as a result of this unique compound (Bouchereau 
et al.  1999 ; Takahashi and Kakehi  2010  ) . 
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 Total PAs have been shown to increase in response to salinity (Santa-Cruz et al. 
 1998 ; Jiménez-Bremont et al.  2007 ; Upreti and Murti  2010  )  Nevertheless, there are 
numerous con fl icting data concerning (1) the nature of accumulated PAs (2) the 
enzymes involved in PA synthesis in response to stress and (3) the nature of the 
initial signal triggering PA accumulation. 

 In numerous cases, ADC was directly involved in salt-stress-induced PAs over-
synthesis (Hummel et al.  2004 ; Legocka and Kluk  2005  ) . Transcriptional regulation 
of  adc  genes has been reported to occur under salt stress (Hao et al.  2005  ) . Similarly, 
Chattopadhayay et al.  (  1997  )  demonstrated that ADC activity was higher in salt-
resistant than in salt sensitive rice cultivars. Most plant species, however, contain 
several genes coding for arginine decarboxylase and these genes could be differently 
regulated in salt stress conditions (Mo and Pua  2002 ; Urano et al.  2003 ; Hummel 
et al.  2004 ; Quinet et al.  2010  ) . According to Kumria and Rajam  (  2002  ) , overex-
pression of ODC in tobacco resulted in increased salt resistance in this species. 
Activities of both the enzymes ODC and ADC were higher in salt-resistant Pokkali 
than in salt-sensitive IKP cultivar of rice, especially in the roots of salt-treated plants 
(Quinet et al.  2010  ) . However, ADC and ODC activation leading to Put accumula-
tion does not appear a suf fi cient step for salt tolerance improvement since several 
studies reported that such an improvement is a direct consequence of a stress-
induced increase in (Spm + Spd/Put) ratio (Bar et al.  1996 ; El-Shintinawy  2000 ; 
Zapata et al.  2004  ) . According to Santa-Cruz et al.  (  1998  ) , Spd and Spm synthesis 
are therefore of a crucial importance and could be directly affected by light environ-
ment which directly in fl uence both Spd- and Spm synthase activities. In maize, 
salinity is also triggering  Zmspds  genes ( Zmspds1  being hyperosmotic responsive 
while  Zmspds2  is NaCl responsive) (Jiménez-Bremont et al.  2007  ) . Quinet et al. 
 (  2010  )  found that salt stress also increased DAO and PAO activities in the roots of 
salt-resistant Pokkali and in the shoots of salt-sensitive IKP, while Roy et al.  (  2005  )  
found that the PAO activity was higher in salt-sensitive rice cultivars than in salt-
tolerant ones. They also showed that majority of PAs bound to plasma membrane in 
the root of tolerant cultivars were found to be Spd and Spm, whereas the plasma 
membrane of salt sensitive rice cultivars contain only Put. 

 A protective role of PAs on photosystems has also been reported in salt-stressed 
rice (Chattopadhayay et al.  2002  ) . Polyamines were recently demonstrated to allevi-
ate the detrimental effects of increasing salinity on chromosomal aberrations (Tabur 
and Demir  2010  ) . Polyamines have been demonstrated to act on ATPase activities 
and to be involved in regulation of several cation channels which could be involved 
in toxic Na +  compartmentation at the cell level (Zhao et al.  2007 ; Shabala et al. 
 2007  ) . Putrescine was recently proposed as a key component regulating salt excre-
tion to epidermal trichomes in the halophyte species  Atriplex halimus  (Ben Hassine 
et al.  2009  ) . (Ndayirajige and Lutts  2006a,   b  )  demonstrated that exogenous applica-
tion of PAs improved discrimination among monovalent cations at the root level of 
salt-stressed rice, especially at the xylem loading sites. Exogenous Put also improved 
CO 

2
  assimilation, at least partly as a consequence of an increased stomatal conduc-

tance, and also increased pollen viability allowing higher yields under moderate 
salinity (Ndayirajige and Lutts  2007  ) . 
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 Beside accumulation of toxic ions (namely Na +  and Cl − ), salt stress also induces 
de fi ciencies in essential elements. A decrease in K +  concentration was reported as an 
ef fi cient signal triggering Put synthesis (Shabala et al.  2007  ) . Similar observations 
have been reported for salt-induced de fi ciencies in Mg 2+  (Geny et al.  1997  ) , phos-
phate (Shih and Kao  1996  )  and Ca 2+  (Anjum  2010  ) . According to Watson and 
Malmberg  (  1996  ) , a decrease in K +  induced an increase in ADC activity occurring 
as a consequence of a post-translational activation process: although Put increases 
in response to K +  de fi ciency, the endogenous concentration of Spd and Spm was 
reported to decrease under these conditions. According to Hummel et al.  (  2004  ) , 
root elongation increased in response to agmatine accumulation occurring as a result 
of ADC activation: this accumulation could increase root elongation allowing the 
root system to explore soil pro fi le at deeper depth in case of ion de fi ciency. 

 According to Xing et al.  (  2007  ) , there is a positive correlation between the ability 
of plants to recover after exposure to salt stress and a decrease in GABA concentra-
tion issued from PA oxidation, thus suggesting that this compound could be involved 
in triggering of the plant defence mechanisms. 

 Salt stress is a complex environmental constraint which includes both an ionic 
and an osmotic component. The latter component is mainly due to decrease in the 
external water potential which, in turns, compromises water uptake by stressed 
plants. Accordingly, the putative involvement of PAs in plant response to water 
shortage is a matter of great interest. Osmo-protecting compounds such as proline 
may contribute to osmotic adjustment (Kishor et al.  2005  ) . Polyamines and proline 
share common precursor and product (see     Sect. 2 ). By blocking Put synthesis with 
DFMA or aminoguanidine in tomato leaf discs treated with salt, proline accumula-
tion was also inhibited (Aziz et al.  1998  ) . An increase of Put degradation via DAO 
activity under salt stress contributes to GABA and proline synthesis (Lin and Kao 
 2002 ; Xing et al.  2007 ; Su and Bai  2008  ) . Polyamines may also interact in a very 
complex way in stomatal regulation. Liu et al.  (  2000  )  and Zhao et al.  (  2007  )  consider 
that all PAs may interact with Ca 2+  channels involved in turgor regulation of gard cell 
and such an interaction may involve inositol 1,4,5-triphosphate as key components 
(Wilson et al.  2009  ) . Peremarti et al.  (  2009  )  also demonstrated that a transgenic rice 
overexpressing SAMDC from  Datura stramonium  is more resistant to drought, 
especially during the recovery period occurring subsequently to stress relief.  

    12.6.2   Heavy Metals 

 Heavy metals are elements which density is higher than 5.0 or 6.0 g cm −3 , such as 
Cd, Cr, Hg, Pb, Al, Ag, Sn etc. or elements with a high atomic mass given dense 
sulphurs of low solubility (   di Toppi and Gabbrielli  1999 ; Girard et al.  2005  ) . Some 
of them are essential elements for all living organisms, including plants (Cu, Zn, Mn 
etc.) while others do not exert any known function in plant metabolism (Cd, Hg, Ni, 
Pb, Cr etc.). Some of these elements may create long term problems not only because 
they accumulate in organisms, and thus circulate in food chains, but also because 
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they remain in the ecosystems in potentially dangerous concentrations, especially in 
sediments. The soil covering ore-bearing rock contains heavy metals (mainly Zn, 
Pb, Ni, Cr, Cu, Co) and metalloids (Mn, Cd, As, Se). Heavy metal contamination 
also occurs in industrial areas where the source includes road transport, refuse 
dumps and sewage sludge. Emission of dust from the metal processing industries is 
another source of contamination (especially Cd, Zn, Fe, Pb, Cu, Cr, Hg, Ni). 

 Cadmium is one of the major heavy metals that show phytotoxicity even at a low 
concentration. This metal can result in the damage of cell membrane by lipid per-
oxidation (Shah et al.  2001  ) , inhibits growth and even causes plant death (di Toppi 
and Gabbrielli  1999 ; Aravind and Prasad  2003  ) . Cadmium stress was reported to 
induce changes in PAs levels (Groppa et al.  2001,   2003  ) , antioxidant enzyme activi-
ties and membrane permeability (Shah et al.  2001  ) . Spermidine and Spm, but not 
Put, were effective in reducing CdCl 

2
 -induced toxicity in rice and this protection is 

most likely related to the avoidance of H 
2
 O 

2
  generation but also to the reduction of 

Cd uptake (Hsu and Kao  2007  ) . In other experimental systems, Put was found to be 
the main PA overproduced in response to Cd toxicity (Groppa et al.  2003,   2008 ; 
Geuns et al.  1997 ; Balestrasse et al.  2005  ) . Exogenous Spm reduced Cd-induced 
oxidative stress in wheat and induction of NO by this PA could play an important 
adaptive role in this respect (Groppa et al.  2008  ) . In the speci fi c case of Cd, both 
ADC and ODC are involved in Put overproduction and accumulation of this diamine 
could also partly result from DAO inhibition (Balestrasse et al.  2005  ) . The conse-
quences of Cd accumulation on PAs metabolism may also be in fl uenced by the 
simultaneous presence of other ionic compounds, as it frequently occurs in dry areas 
of developing countries where the lack of wastewater treatment facilities may be 
responsible for considerable loads of both salt and heavy metals on agriculture soils. 
Lefèvre et al.  (  2009b  )  demonstrated that free Put, Spd and Spm increased in response 
to Cd + NaCl or Cd + KCl while only Put increased in response to Cd + NaNO 

3
 . 

 Polyamines also accumulated in response to Zn and the conjugated fractions 
appear to assume key (although still unknown) functions in plant response to this 
element (Todeschini et al.  2007 ; Lingua et al.  2008  ) . Zinc lead to overexpression 
of  PaADC  and  PaODC  in poplar shoots and both free and conjugated PAs accumu-
lated in response to this metal (Franchin et al.  2007  ) . Castiglione et al.  (  2009  )  
recently established a strong correlation between the ability of poplar clones to 
cope with high amounts of Zn and Cu within roots on the one hand, and leaf accu-
mulation of conjugated PAs on the other hand, suggesting that these compounds 
could play a role in root-to-shoot signalling. In Cu-treated carrot cell suspension, 
Put also accumulated in bound fractions (Gorecka et al.  2007  ) . Light conditions 
and sugar synthesis were reported to be necessary for Cu-induced upregulation of 
PAs biosynthetic pathway (Lin and Kao  1999 ; Franchin et al.  2007 ; Lingua et al. 
 2008  ) . Both Put and Spd were shown to decrease in radish seedlings exposed to Cu 
stress, although exogenous epibrassinolide mitigated the Cu-induced changes, 
therefore suggesting a link between PAs and brassinolides pathway in stress condi-
tions (Choudhary et al.  2010  ) . 

 Polyamines have also been shown to accumulate in response to Pb (Zacchini 
et al.  2003  ) , Hg (Ding et al.  2010  )  and As (Mascher et al.  2002  ) . Some heavy metals 
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(especially Cu, Cd and Zn) could directly bind to PA groups to form Schiff base 
complexes in arti fi cial experimental systems and this property was recently used for 
the synthesis of resins used for puri fi cation of heavy-metal containing industrial 
water (Kolodynska et al.  2008 ; Keypour et al.  2008  ) . Since PAs exhibit a polyca-
tionic charge at physiological pH, such protective functions by direct chelating 
properties appear unlikely in plant cell, although the presence of additional anionic 
groups, such as phosphate, may directly in fl uence the binding properties of heavy 
metals on amine groups of purine basis (Bregier-Jarzebowska et al.  2009  ) . According 
to Ding et al.  (  2010  )  Hg stress disturbed the activities of ADC, ODC and PAO in 
water hyacinth leaves, and exogenous Spd can alleviate the metabolic disturbance 
of PAs caused by Hg. 

 In numerous polluted areas, several heavy metals are usually simultaneously 
present. Polyamine metabolism constitutes a promising target to confer cross- 
resistance to several pollutants since Wen et al.  (  2010  )  demonstrated that a trans-
genic pear ( Pyrus communis  L.) overexpressing apple  SPDS  ( MdSPDS1 ) exhibited 
improved tolerance to CdCl 

2
 , PbCl 

2
  and ZnCl 

2
  comparatively to wild type. Since 

PAs are involved in both plant growth regulation (see  Sect. 8 ) and tolerance to heavy 
metals, they received attention in the framework of phytoremediation aiming at 
decontaminating polluted soil with high biomass producing plants. Shevyakova 
et al.  (  2011  )  recently demonstrated that spraying leaves of adult rape plants ( Brassica 
napus ) with Put markedly reduced the toxic effect of Ni on root growth, enhanced 
leaf supply with Fe and increased Ni content in young leaves by 2.5 times. Cicatelli 
et al.  (  2010  )  also demonstrated that arbuscular mycorrhizal fungi restore normal 
growth in white poplar clone exposed to heavy metal-contaminated soil and that this 
is associated with upregulation of PA biosynthetic gene expression.  

    12.6.3   Iron Toxicity 

 Iron is present in aerobic soils as Fe 3+  but a large part of this element could be 
reduced to Fe 2+  in waterlogged soils characterized by anaerobic conditions and low 
pH. Iron toxicity consequently appears in plants due to excessive Fe 2+  absorption by 
roots. Since it concerns mainly (if not only) rice production, iron toxicity is very 
often a neglected ionic toxicity, although it constitutes a widespread nutrient disor-
der affecting the growth of wetland rice in Asia, Africa and South America. Majerus 
et al.  (  2007  )  demonstrated that PAs concentrations are higher in iron-resistant culti-
var TOG7105 than in the iron-sensitive IRGC104047, one of the most obvious dif-
ferences being the high concentration of Put in shoot of the former comparatively to 
the latter. Such an increase in Put occurred concomitantly with an iron-induced 
oversynthesis of ethylene, suggesting that PA synthesis from methionine was more 
ef fi cient in the resistant than in the sensitive cultivar. In an in vitro system, it has 
also been reported that PAs may protect phospholipids vesicles or isolated DNA 
(Pedreno et al.  2005  )  from the deleterious effect of iron excess leading to PAs 
synthesis.  
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    12.6.4   Aluminium 

 Aluminium (Al) belongs to the non-essential metals. Under neutral soil conditions, 
it exists in the non-phytotoxic insoluble form, whereas acidi fi cation of soil and soil 
water below pH dramatically enhances the release of the phytotoxic Al ion. Acid 
soils occupy up to 40 % of world arable lands and Al phytotoxicity may be consid-
ered as one of the major limiting factors of crop productivity in the world. 

 According to Wang and Kao  (  2006  ) , Put accumulation in rice is the main factor 
causing root growth inhibition under Al stress. According to these authors, 
ligni fi cation could be responsible for both Put and AlCl 

3
 -inibited growth of rice 

roots, although a direct impact of PAs on mitotic index independently of ligni fi cation 
process has also been demonstrated (Mahajan et al.  2009 ). 

 Putrescine accumulation in cell suspensions exposed to Al occurs concomitantly 
with exudation of organic acids (such as succinate, malate or oxalate) which play a 
key role in Al resistance, but no experimental evidence demonstrates a causal link 
between these events and exogenous succinate has no impact on PAs titers (Minocha 
and Long  2004  ) . Aluminium strongly stimulates ADC activities in  Picea rubens  but 
has only a small impact on Spd and Spm concentrations (Minocha et al.  1996  ) . Some 
authors postulated that Put accumulation is a direct consequence of Al-induced 
de fi ciencies in Ca concentrations and that this diamine exhibiting two positive 
charges at cellular pH could substitute with Ca 2+  in various interactions with cellular 
components (Minocha et al.  1996  ) . Mohapatra et al.  (  2010  )  generated poplar trans-
genic cell lines overexpressing mouse ODC and reported that oxidation of accumu-
lated Put induced oxidative stress in response to Ca 2+  de fi ciencies, although these 
transgenic lines also accumulated lower concentration of Al 3+  on Al-enriched 
media. 

 Beside Put, Spd could assume protecting functions in response to Al toxicity: 
overexpression of Spd synthase ( MdSPDS1 ) in  Pyrus communis  clearly improves 
plant tolerance to 30  m M AlCl 

3
  via ameliorating oxidative status through stimula-

tion of superoxide dismutase and glutathione reductase (Wen et al.  2009  ) .   

    12.7   Involvement of Polyamines in Sensing and Signalling 

 Ionic stresses can lead to a range of different constraints in plants, which have to 
cope with all these environmental signals. Plant adaptation to environmental stresses 
is dependent upon the activation of cascades of molecular networks involved in 
stress perception, signal transduction, and the expression of speci fi c stress-related 
genes and metabolites which are described thereafter and in Fig.  12.2 .  

 High salinity causes both (1) an ionic stress linked to the toxic effects of excess 
ions, mainly Na +  and Cl − ; (2) an osmotic stress associated with low water potential 
of the root medium which creates a water de fi cit within the plant; (3) a nutritional 
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  Fig. 12.2    Ionic    stress sensing and signalling. The model begins with the perception of signals 
from environments by receptors, which then results in the activation of secondary messengers. An 
input signal can be osmotic stress (e.g., turgor changes) or derived from osmotic stress injury. 
These latest can modify membrane  fl uidity, and these alterations can be perceived by cells via 
sensory proteins embedded in membranes, while the way they perceive the signal remains unknown 
(Munnik and Meijer  2001 ; Los and Murata  2004 ). The histidine kinase AtHK1, identi fi ed by Urao 
et al.  (  1999  ) , has been shown to be inactivated in reposne to high salinity.Membrane phospholoip-
ids constitue a system that generate important signalling molecules, such as IP 

3
 , phosphatidic acid 

(P. acid) and diacylglycerol (DAG) (Kacperska  2004  ) . Transient IP 
3
  signals, involved in the open-

ing of Ca channels, are generated by the phospholipase C (PLC)-mediated hydrolysis of phosphati-
dylinositol-4,5-biphosphate (PIP 

2
 ). The enzyme is activated by changes in cytosolic Ca in response 

to osmotic stress. Input signal can also be an excess or deprivation of ions which can be perceived 
by ion transporters or proteins. These proteins are supposed to be histidine kinase, while they have 
not been identi fi ed yet. Proteins then transmit the signals into the cell through the signal transduc-
tion pathways leading to gene expression and biochemical changes. The redox status has also been 
proposed as a stress-sensing system. Accumulation of H 

2
 O 

2
 , together with changes in the thiol 

disul fi de status of the cell, provides the redox signal leading to changes in gene expression 
(Kacperska  2004  ) . Secondary messengers can modulate intracellular Ca 2+ -levels, often initiating a 
protein phosphorylation cascade that  fi nally targets proteins directly involved in cellular protection 
or transcription factors controlling speci fi c sets of stress-regulated genes. One of the major salt 
detoxy fi ng mechanisms in the cell is calcium activated SOS3-SOS2 protein complex, which activates 
SOS1, a Na + /H + -antiporter on the plasma membrane responsible for extrusion of Na +  out of the cell. 
At the same time SOS3-SOS2 complex is also involved in inhibiting Na +  transporter (Mahajan et al. 
 2008  ) . SOS pathway appeared to be speci fi c to high cytosolic Na +  level. It is probably one of the 
most elucidated pathways. Osmotic stress may trigger both ABA-dependant and ABA-independent 
pathways (Xiong and Zhu  2002 ; Xiong et al.  2002  ) . Second messengers modulate intracellular 
Ca 2+  and/or ABA levels, often initiating a protein phosphorylation cascade (MAPK, CDPK, SOS2/
PKS) that  fi nally targets proteins directly involved in cellular protection or transcription factors 
controlling speci fi c sets of stress regulated genes (Chinnusamy et al.  2004 ; Shao et al.  2007  ) . Induction 
of the jasmonate pathway is related to heavy metal stress and nutrient de fi cency. They act as 
signal molecules and can increase ethylene concentration by stimulating the activity of ACC 
synthase and oxidase (Maksymiec  2007  ) . Transcription factors are proteins with a DNA domain
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imbalance caused by reduced nutrient uptake and/or transport to the shoot (Bartels 
and Sunkar  2005  ) . Heavy metals also induce an ionic stress and a nutritional imbalance. 
They are present in the environment at such low concentrations that their effect on 
the substrate’s osmotic potential is negligible. However, several studies have shown 
that toxic levels of these ions induce a secondary water stress (Poschenrieder and 
Barceló  1999  and references therein). Some metals such as Fe, Cu, Cr, Va and Co 
are able to induce oxidative stress via Fenton- Haber-Weiss-type reactions that pro-
duce reactive oxygen species (ROS). Salt stress also can however induce secondary 
oxidative stress by changes in the redox balance which occurs as a result of unspeci fi c 
cell degradation processes (Møller  2001  ) . All these constraints generated by exces-
sive concentrations of ions can induce plant injuries by disruption of intracellular 
ion homeostasis, membrane dysfunction, photosynthesis impairment and inhibition 
of metabolic activity resulting in growth and yield reduction. The relative contribu-
tion of each different constraint to growth inhibition is dif fi cult to assess, as many 
factors are involved such as ion concentrations, duration of exposure, plant species, 
cultivars, plant development stage and organ, environmental conditions etc. Progress 
has been made in identifying components of signalling pathways involved in salt 
and osmotic stresses, while those involved in heavy metals response are still scarce. 
Nevertheless, cell signalling still remains a puzzle, as primary target of toxicity, 
degree of response speci fi city, sensing and signalling events that lead to transcrip-
tional activation are left mysterious. 

 The perception of the signal generates second messengers (such as inositol phos-
phates (IP), ROS, ABA, JA, Ca 2+ ). Calcium is an ubiquitous messenger elicited by 
numerous abiotic as well as developmental, hormonal and biotic stress cues (For 
reviews see Lecourieux et al.  2006 ; Hong-Bo et al.  2008a, b   ). Abscissic acid plays 
a major role in plant response to stress as it accumulates rapidly, mediate long-
distance signal and also the expression of some genes responsive to abiotic con-
straints (Zhang et al.  2006 ; Wasilewska et al.  2008  ) . 

Fig. 12.2 (continued) that binds to the  cis -acting elements present in the promoter of a target 
gene. They induce or repress the activity of the RNA polymerase, thus regulating gene expression. 
Transcription factors can be grouped into families according to their DNA-binding domain. A group 
of genes controlled by a certain type of transcription factor is known as a regulon. In the plant 
response to abiotic stresses, at least four different regulons can be identi fi ed: (1) CGF/DREB regu-
lon; (2) NAC (NAM, ATAF and CUC), and ZF-HD (Zinc- fi nger homeodomain) regulon; (3) 
AREB/ABF (ABA-responsive element-binding protein/ABA-biding factor) regulon; (4) MYC 
(myelocytomatosis oncogene)/MYB (myeloblastosis oncogene) regulon. The  fi rst two regulons 
are ABA independent, and the last two are ABA dependent (Zhu  2001 ; Cheong et al.  2003 ; Agarwal 
et al.  2006 ; Kim  2006 ; Nakashima and Yamaguchi-Shinozaki  2006 ; Saibo et al.  2009 ). MYC/
MYB regulon are also regulated by jasmonic acid (Abe et al.  2003  ) . A recently discovered sensor, 
CBL (calcineurin B-like) protein, interact with a class of kinases known as CBL-interacting pro-
tein kinase (CIPK) to transduce the signal (Li et al.  2009  ) . Mutations in these calcium sensors like 
 CBL1  and their interacting protein kinases have been shown to cause aberrations in the expression 
of some of the major stress responsive genes like  RD29  and  RD22  (Cheong et al.  2003 ; Mahajan 
and Tuteja  2005 ). The product of the stress-regulated genes may participate in the production of 
transcription factors and regulatory molecules like the plant hormones ABA, ethylene and salicylic 
acid (SA). Some of these regulatory molecules can, in turn, initiate a second round of circulation 
(Xiong and Zhu  2002 ; Xiong et al.  2002 ; Shao et al.  2007  )        
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 Despite contributing to stress damage, ROS are key components to many 
biological processes, notably to cell signalling pathway (Foyer and Noctor  2005 ; 
Fujita et al.  2006 ; Mittler et al.  2004  ) . ROS may be sensed directly by key signalling 
proteins such as tyrosine phosphatase through oxidation of conserved cysteine resi-
dues (reviewed by Xiong et al.  2002  ) , but ROS can also activate signal cascades via 
Ca 2+  or ABA (Zhang et al.  2006  ) . The chemical identity and the subcellular source 
of the ROS that accumulate during ionic stress could dictate the expression pattern 
of speci fi c sets of genes and the induction of certain defence mechanisms. 

 Growth regulatory hormones have been shown to elicit tissue speci fi c changes in 
PAs metabolism, despite the fact that precise mechanisms remain unknown. 
Polyamines have been shown to be the downstream components in ABA signalling 
(Liu et al.  2005  ) . Moreover, some of the genes involved in polyamine biosynthesis 
( ADC2 ,  SPMS ,  SAMDC2 ) are inducible by the ABA-dependent response of ionic 
stresses (Urano et al.  2003  ) . These results are emphasized by the fact that stress – 
(DRE/CRT) and ABA-responsive elements (ABRE and/or ABRE-related motifs) 
are present in the promoters of these genes (Alcázar et al.  2006 ) (Fig.  12.2 ). 

 The initial signal triggering PAs oversynthesis in plants submitted to ionic 
stresses remains unknown. Despite the fact that ABA response is linked to osmotic 
stress, and that Erdei et al.  (  1996  )  postulated that an osmotic signal linked to the 
decrease in external osmotic potential is required for polyamine accumulation, this 
abiotic stress does not seem to be the only signal of PAs biosynthesis in short term 
response. As a matter of fact, Lefèvre et al.  (  2001  )  have shown that increase of ion 
and PA contents in rice subjected to different salt stresses occurred rapidly after 3 h 
independently of any change in the plant water status, while exposure to PEG dur-
ing 12 h which induce a strong decrease in shoot osmotic potential and water con-
tent had only a limited impact on PAs content. 

 Ion imbalance and some nutrient elements de fi ciency generated by excess of 
some ions (Fig.  12.1 ) were reported to also generate increase of PAs (Sudha and 
Ravishankar  2002  ) . Putrescine accumulation was notably reported in response to K 
or Mg de fi ciency. Calcium in fl uence the PA transport through a cascade pathway 
involving protein kinase and phosphate activities. 

 Induction of the jasmonate pathway is related to heavy metal stress (Fig.  12.1 ) 
(Maksymiec  2007  ) . Some studies have also highlighted a role of jasmonate in nutri-
ent signalling (Armengaud et al.  2004  ) . A strong up-regulation of  ADC2  occurs in 
response to a K + -de fi ciency, often reported beside accumulation of toxic ions (see 
 Sect. 6 ) (Armengaud et al.  2004  ) .  ADC2  is reported to be a JA-responsive gene for 
various stresses (Goossens et al.  2003 ; Perez-Amador et al.  2002 ; Urano et al.  2003  ) . 
Jasmonic acid and its methyl ester methyl jasmonate (MeJA) induce increase in free 
Put, soluble conjugated Put, Spd, Spm and N-methylPut in hairy roots of  Hyoscyamus 
muticus  (Biondi et al.  2000  ) . Methyl jasmonate elicits massive accumulation of 
caffeoylputrescine in tomato leaves (Chen et al.  2006  ) . This molecule induces a 
strong and rapid accumulation of N-methylPut in tobacco cells, both as free and 
soluble–conjugated forms (Goossens et al.  2003  ) . It induces ADC, ODC and 
SAMDC genes (Goossens et al.  2003  ) . Xu et al.  (  2004  )  demonstrated that  NtODC1  
in tobacco is the gene encoding for ODC that is induced by MeJA. Sequence analysis 
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revealed that  ODC1  promoter fragment contains both G-box and TGACG-motif 
elements similar to those found in other MeJA-responsive genes. 

 Polyamine catabolism produces H 
2
 O 

2
  (see Sect. 2). Some authors have shown 

that a higher ROS production can be correlated with low PA biosynthetic activities 
or high PA catabolic activities Moschou et al.  2008b  ) , indicating a possible feed-
back on gene regulation. Up-regulation of Spd synthase activity in transgenic 
 Arabidopsis thaliana  displayed a remarkable increase of ADC activity, Spd and 
Spm content in leaves, indicating that Spd synthase plays an important role in regu-
lating the cellular levels of PAs (Kasukabe et al.  2004  ) .  

    12.8   Polyamine Functions 

 Polyamines assume a myriad of biological functions during plant growth and 
development. Indeed, PA metabolism directly impacts on seed germination 
(Benavides et al.  1997  ) , seedling growth (Urano et al.  2005  ) ,  fl owering processes 
(Gomez-Jimenez et al.  2010  ) , fruit maturation (Mattoo et al.  2007  )  and senescence 
(Sera fi ni-Fracassini et al.  2010  ) . Polyamines are directly involved in both sexual 
(Falasca et al.  2010 ; Del Duca et al.  2010  )  and vegetative reproduction (Vusoku 
et al.  2006  ) . Beside their involvement as key regulatory molecules in unstressed 
conditions, PAs may also act as protective molecules to repair or prevent stress-
induced injuries through direct interaction with numerous cell structures and bio-
chemical pathways. 

    12.8.1   Protein Protection 

 Since PAs are present in all cell compartments, they are thus able to interact with 
negatively-charged radicals of many enzymes and may help to stabilize their struc-
ture under ionic stress conditions. Spermine has been shown to afford protection to 
protein kinases in various plant species (Kuznetsov and Shevyakova  1997 ; Chang 
and Kang  1999 ; Smith and Maravolo  2004  ) . According to Kuehn et al.  (  1983  ) , both 
Spm and Spd directly act on phosphorylation of nuclear proteins in  Physarum 
polycephalum . Smith and Maravolo  (  2004  )  also con fi rmed that Spm activates pro-
tein kinase in  Marchantia polymorpha . However, Ye et al.  (  1994  )  showed that Put 
may also ef fi ciently contribute to protein phosphorylation. Beside their positive 
impact on phosphorylating processes, PAs could also inhibit phosphatase activities 
(Guo and Roux  1995  ) . 

 Speci fi c interactions between PAs and target protein depend on acyltransferase 
(glutamyl-peptide  g -glutamyltransferase; EC 2.3.2.13) (Sera fi ni-Fracassini et al. 
 1995  ) . Polyamines may speci fi cally interact with enzymes involved in cell cycle 
regulation (Del Duca et al.  2000a  ) . Because of their positive charges, PAs may sub-
stitute to Mg 2+  as cofactors of several key proteins, as reported by Athwal and Huber 
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 (  2002  )  for protein 14-3-3 where PAs bind at speci fi c sites on loop n°8 and modify 
both the structure and the hydrophobicity of this regulatory protein. 

 Polyamines assume key protecting roles of several chloroplastic proteins, espe-
cially Rubisco, and thus help to maintain an ef fi cient photosynthesis under stress 
conditions (Del Duca et al.  2000b  ) . Besford et al.  (  1993  )  established that exogenous 
Spd and Spm effectively delayed the loss of D1, D2, cytochrome b6f protein com-
ponents of thylakoid membrane and the stromal protein Rubisco (large subunit) and 
chlorophyll from osmotically treated oat leaf. Polyamines could interact with numer-
ous proteins of PSII (H-bonding) through polypeptides C = O, C – N and N – H 
groups (Szalai et al.  1997 ; Kotzabasis et al.  1999 ; Legocka and Zajchert.  1999  ) . It 
has been demonstrated however that some amines may thus cause the release of 
extrinsic polypeptides of 17, 23 and 33 kDa associated with the oxygen evolving 
complex and may have deleterious impact on PSII (Beauchemin et al.  2007  )  although 
this mainly occur for monoamines but not for naturally-occurring biogenic PAs 
(Hamdani et al.  2009  ) . 

 Polyamines were also reported to have similar protective effects on proteins inte-
grated in the respiratory chain (Torrigiani et al.  1986  ) . Spermidine also protects 
superoxide dismutase (SOD) and ascorbate peroxidase (APX), allowing an appro-
priate response of stressed tissues to secondary oxidative stress resulting from toxic 
ion overload (Ahn and Jin  2004 ; see Sect.  8.2 ). 

 Beside speci fi c interactions with given proteins, polyamines were also reported 
to amplify protein synthesis and to hamper protein degradation through protease 
inhibition (   Scaramagli et al.  1999  )  and these properties could partly account for the 
antisenescing impact of PAs on stressed plant tissues.  

    12.8.2   Free Radical Scavenger and Protection 
Against Oxidative Stress 

 Oxidative stress is an important component of all types of ion toxicities. Since the 
early work of Drolet et al.  (  1986  ) , PAs were demonstrated to act as free radical 
scavenger and could therefore ef fi ciently prevent ROS – induced damages on plant 
cells (Hussain et al.  2011  ) . Such property explains the positive impact of PAs on 
other ROS-inducing environmental constraints such as ozone (Langebartels et al. 
 1991  )  and paraquat application (Kurepa et al.  1998 ; Zheleva et al.  1994  ) . Wang 
et al.  (  2007  )  consider that the protective impact of PAs against oxidative stress is the 
main component of resistance to Cu excess in  Nymphoides pelatum . Similarly, Wen 
et al.  (  2010  )  demonstrated that Spd-levels are involved in enhanced heavy metal 
 tolerance in  Pyrus communis  by exerting an antioxidant activity. 

 It still remains to be determined which fraction of PA displays such an antioxida-
tive property: according to Kubis  (  2005  ) , free Spd and Spm may directly detoxify 
superoxide anions while other authors consider that conjugated PAs are mainly 
responsible for this property through their hydrocynamic groups (Langebartels et al. 
 1991  ) . Papadakis and Roubelakis-Angelakis  (  2005  )  demonstrated that PAs may 
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inhibit ROS synthesis through inhibition of NADPH oxidase in mitochondria. 
Alternatively, PAs also stimulated the synthesis of antioxydants such as ascorbate 
and reduced glutathione in response to low temperatures and water stress in  Cicer 
arietinum  (Nayyar and Chander  2004  )  and to Cd-induced phytotoxicity in wheat 
roots (Groppa et al.  2008  ) . 

 It has also been demonstrated that PAs may stimulate antioxidative enzymes 
such as peroxidase and glutathione reductase (Tang et al.  2004 ; Verma and Mishra 
 2005  ) . According to Poduslo and Curran  (  1996  ) , Put may form a complex with 
SOD, which could be targeted to the main sites of ROS production more ef fi ciently 
than the isolated enzyme. Similarly, chilling-induced increase in PAs content in 
cold-resistant cucumber is directly related to maintenance of SOD, peroxidase and 
catalase activities, while all of these enzyme activities are inhibited in cold-sensitive 
genotypes unable to display ef fi cient PAs accumulation (Zhang et al.  2009  ) . 
According to Ye et al.  (  1997  ) , resistance to oxidative stress in wheat is directly 
related to the stress-induced stimulation of both ADC and ODC activities leading to 
increased concentration of endogenous Put. Nevertheless, according to these 
authors, the response to a similar increase in Put in terms of resistance to secondary 
oxidative stress widely differs among cultivars. 

 As previously stated (see  Sect. 2 ), PA catabolism itself produces H 
2
 O 

2
  and poplar 

transgenic cell lines overexpressing mouse  ODC  gene suffers from numerous abnor-
malities as a direct consequence of oxidative stress resulting from Put oxidation 
(Mohapatra et al.  2009  ) : these data therefore demonstrate that PAs synthesis and 
degradation need to be tightly regulated in stresses plant tissues.  

    12.8.3   Stabilization of Biological Membranes 

 Polyamines stabilize membrane biological structures and therefore contribute to the 
maintenance of cell functions and exchanges (Bouchereau et al.  1999 ; Groppa et al. 
 2008  ) . Such a protective effect could be directly linked to their involvement as free 
radical scavengers or as regulatory molecules triggering antioxidative defense 
mecanisms (see Sect.  8.2 .) since biological membranes are especially sensitive to 
the deleterious impact of ROS. 

 A close association between biological membranes and PAs is however fre-
quently reported in the literature and could be part of a protective mechanism as  fi rst 
reported by Besford et al.  (  1993  )  in osmotically-stressed  Avena sativa . This prop-
erty may be partly explained by the positive charges of PAs, allowing them to sub-
stitute with Ca 2+  in their stabilizing interaction with negatively charged phospholipids. 
Protection thus appears to be more ef fi cient for Spd exhibiting three positive charges 
at cellular pH than for Put which only presents two positive charges, the latter hav-
ing only minor effect on plasma membrane stability under stress conditions 
(Majewska-Sawka et al.  1998  ) . 

 Similar protective functions of PAs have also been recorded on thylakoid 
membranes (Velikova et al.  1998 ; Srivastava et al.  1995  ) . Interactions of PAs with 
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light harvesting complexes (LHC) of photosynthetic tissues could have a direct 
impact on stress sensitivity: according to S fi chi et al.  (  2004  ) , Put allows to reduce 
the size of LHCII while Spm increases it. 

 Beside phospholipids, PAs were also found to physically interact with membrane 
proteins through hydrophobic interactions involving both amino – and imino groups 
(Sera fi ni-Fracassini et al.  1995  ) . Protein PotD from  Escherichia coli  was the  fi rst 
one to be isolated and puri fi ed from microsomal fractions and it appears to be 
involved in complex regulation of transport systems across the plasmamembrane 
(Pistocchi et al.  1993  ) . Soon after, a similar protein was isolated from  Cucurbita 
pepo  (Tassoni et al.  1996  ) : it belongs to two different higher protein complexes of 
66 and 44 kD (Tassoni et al.  1998  )  and  fi xes only Spd but not Put. Similar proteins 
were also isolated from maize but could be involved in Spd translocation across 
biological membranes rather than in protective mechanisms (Tassoni et al.  2002  ) . 
Other interactions between PAs and membrane proteins may involve H + -ATPase, 
which may contribute to Na +  compartmentation in salt stressed-rice (Roy et al. 
 2005  )  and barley (Zhao and Qin  2005  ) , although covalently conjugated PAs may 
also have a positive impact on tonoplastic H + -ATPase from osmotically-stressed 
plants (Liu et al.  2004  ) .  

    12.8.4   Regulation of Mineral Nutrition and Ion Homeostasis 

 Although ion toxicities have an impact on PA biosynthesis (see Sect. 6), some exper-
imental evidences also demonstrate that PAs may conversely have a strong impact 
on plant nutrition and ion distribution, not only among plant organs within the plant 
but also within cell compartments. Polyamine synthesis offers an ef fi cient strategy 
for charge homeostasis within cells since they constitute the results of a metabolic 
pathway, which could be regulated according to cellular nutritional status (Watson 
and Malmberg  1996  ) . Accordingly, PAs (and especially Put) accumulation was 
reported to occur as a result of K de fi ciency (Jokela et al.  1997 ; Watson and Malmberg 
 1996  )  and it has been hypothesized that the diamine may substitute to K in some of 
its structural functions. 

 By reinforcing barrier effects of Casparian bands, exogenous Spd inhibits Na +  
transport from roots to shoots under conditions of high salinity and thus attenuates 
salt injuries in barley seedlings (Zhu et al.  2006  ) . Exogenous Put and Spd were 
shown to improve growth of salt-treated rice in relation to an increase in K + /Na +  
ratio in both roots and shoots (Krishnamurthy  1991 ; Ndayiragije and Lutts  2006a, 
  2007  )  and a similar effect was detected in undifferentiated calli (Ndayiragije and 
Lutts  2006b  ) . Exogenous Spd and Spm also reduce salt-induced Mg de fi ciencies in 
salt-treated rice (Chattopadhayay et al.  2002  )  and Cu accumulation in  Nymphoides 
pelatum  exposed to this heavy metal (Wang et al.  2007  ) . 

 Tamai et al.  (  1999  )  demonstrated that Put in fl uence K +  partitioning between roots 
and shoots in barley. Ben Hassine et al.  (  2009  )  also con fi rmed that endogenous PAs 
(Spd and Spm) are involved in the salt excretion process in epidermal trichomes of 
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the xerohalophyte species  Atriplex halimus . Some of these data suggest that PA 
could interfere with ion channels and transporters at the plant cell level. Indeed, it 
has been recently demonstrated that in plant cells, elevated PA levels in the cell 
cytosol modulates the activity of plasma membrane ion channels and improve ionic 
relation. Polyamines may activate H + -ATPase through stabilisation of the regulatory 
14-3-3 protein  fi xation on the enzyme (Garu fi  et al.  2007  ) . 

 Shabala et al.  (  2007  )  used patch-clamp measurements on protoplasts and reported 
that micromolar concentrations of exogenous PAs are ef fi cient in preventing NaCl-
induced K +  ef fl ux. However, those externally applied PAs should be transported 
across the plasma membrane and exert their inhibitory effects on K + -ef fl ux and non-
selective cation channel (NSCC)-mediated currents from the cytosolic side only. 
Since those NSCC are often cited as a major route for Na +  uptake (Demidchik and 
Tester  2002  ) , the fact that Put and Spm block NSCC may help to reduce the magni-
tude of NaCl-induced plasma membrane depolarization. Zhao et al.  (  2007  )  similarly 
con fi rm that PA signi fi cantly blocks the inward K +  and Na +  currents in root epider-
mal and cortical cells. These blocking effects of PAs were increased with increasing 
polyaction charge. In root xylem parenchyma, the inward K +  currents were blocked 
by extracellular Spd while the outward K +  currents were enhanced. According to 
these authors, PA improve K + /Na +  homeostasis in barley and should consequently 
be regarded as a self-protecting response. Vacuolar sequestration of Na +  is also an 
important component of salt stress tolerance and Brüggemann et al.  (  1998  )  demon-
strated that Spd and Spm inhibit fast activating vacuolar currents in tonoplast. 

 Polyamines may also regulate Ca 2+ -permeable channels, and thus activate the K +  
inward at the plasma membrane in guard cells by raising cytoplasmic Ca 2+  concen-
tration, which would stimulate stomatal closure (Liu et al.  2000 ; Oliver et al.  2000 ; 
Yamaguchi et al.  2007  ) . Spermine having a higher net charge has been shown to be 
more ef fi cient than Put and Spd in this regulation. Putrescine is also suggested to 
indirectly regulate Ca 2+ -channel  via  its catabolism and resulting H 

2
 O 

2
  production 

(see Sect. 2).  

    12.8.5   Interaction with Cell Wall Components and Involvement 
in Ligni fi cation Processes 

 Polyamines are associated with primary cell wall and may directly interact with 
their pectic components. According to Messiaen et al. ( 1997 ), PA  fi xation on cell 
wall is a direct consequence of their charges at physiological pH and selectivity is 
an outcome of electrostatic interaction. Accordingly, Put is  fi xed only on type I 
rhamnogalacturonane. Polyamine may bind to polygalactutonic acid in a competi-
tive way with both monovalent (Na + ) and divalent (Ca 2+ ) cations. According to 
Messiaen and Van Cutsem  (  1999  ) , PAs may have an impact on polygalacturonic 
acid conformation and could also in fl uence transduction signal associated with the 
mobilisation of pectic fragments. 
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 Polyamines also in fl uence pectine methylesterase activities (Charnay et al.  1992  )  
and lignin synthesis (Angelini et al.  1993  ) . It is indeed well established that diamine 
and PA oxidases present an apoplastic distribution and that H 

2
 O 

2
  issued from PA 

oxidation is used for further lignin synthesis by associated peroxydases or for the 
establishment of cross-linking between extensin and phenolics associated with cell 
wall polysaccharides (Su et al.  2005 ; Fincato et al.  2011  ) . Rea et al.  (  1998  )  demon-
strated that apoplastic CuAO are directly involved in periderm formation in response 
to pathogenesis. Cross-linking between cell wall polymers appears to be affected by 
inhibitors of CuAO (Wisniewski et al.  2000  ) . According to Laurenzi et al.  (  2001  ) , 
those enzymes are associated with extension in intercellular spaces, suggesting that 
PA metabolism is directly in fl uencing cell wall rigidi fi cation. Conversely, Spm was 
shown to inhibit polygalacturonase activity involved in pectin denaturation (Sitrit 
and Bennett  1998  ) . All ionic toxicities involve a water stress component and 
PA-induced modi fi cations of cell wall rheological properties may thus display a 
strong impact on relationship between cell turgor upholding and cell elongation 
processes. Since cell wall could constitute a site of sequestration for toxic divalent 
cations such as Pb or Zn, it could be hypothesized that PA accumulation could 
somewhat interfere with cell wall binding capacities.  

    12.8.6   Interaction with DNA and Regulation of Cell Cycle 

 One of the major symptoms of ion toxicity consists in plant growth inhibition, which 
may itself be triggered by a decrease in the cell division rate and/or inhibition of cell 
elongation. It also frequently involves speci fi c gene expression and interactions 
between PAs and nucleic acid are of crucial importance in this respect. Polyamines 
could indeed be directly associated with DNA and chromatin and there is a direct 
correlation between ploidy level and nuclear amounts of PAs (Figueras et al.  1990  ) . 
Polyamines directly in fl uence DNA conformation as well as interactions between 
DNA and associated proteins (Vandenroeck et al.  1994 ; Hobbs et al.  2002  ) . 
Polyamines were reported to stabilize DNA and to protect it from stress-induced 
damages, including thermal denaturation (Ha et al.  1998 ; Pagoria and Maravolo 
 2005 ; Terui et al.  2005  ) . According to Liu et al. ( 2006c )   , the conjugated fraction of 
PAs assumes key functions in this respect. Because of its small size, Put may  fi x on 
both major and minor grooves of DNA while Spd and Spm are preferentially  fi xed 
on major grooves (   Bryson and Greenall  2000  ) . Polyamines may also interact with 
mRNA, tRNA and rRNA and could therefore have a positive impact on protein 
synthesis, independently from their impact on gene expression and chromatin stabi-
lisation. Spermidine stabilizes ribosome structure and reduces the occurrence of 
dissociations of the two subunits (Mulo et al.  1998 ; Igarashi et al.  2006  ) . 

 Self-assembly of PAs with phosphate ions has been demonstrated (D’Agostino 
and Di Luccia  2002  ) : the intercalation of phosphate anion between the N-terminal 
ends of two PAs determines, through electrostatic interactions, the formation of 
basic cyclical structures that further aggregate into supramolecular complexes, thus 
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producing aggregates that interact with genomic DNA and protect it from nuclease 
activities, from thermal denaturation or even from direct interactions with toxic ions 
such as Na +  (D’Agostino et al.  2005,   2006 ; Di Lucia et al.  2009  ) . As a consequence, 
PA could directly in fl uence binding of transcription factors on DNA and may there-
fore indirectly control speci fi c gene expression (Hiraga et al.  2000 ; Kasukabe et al. 
 2004 ; Sudha and Ravishankar  2002  ) . 

 Some isoforms of ODC are directly associated with chromatin while ADC 
mainly presents a cytosolic localisation (Acosta et al  2005  ) . Activity of ODC thus 
directly in fl uences the rate of cell division in meristematic tissues. Not only Put but 
also Spd appears to assume key functions in this respect and activation of Spd syn-
thase in actively growing tissues has also been reported (Cvikrova et al.  1999 ; 
Paschalidis and Roubelakis-Angelakis  2005  ) . Some uncommon aromatic monoam-
ine, such as tyramine, has also been shown to in fl uence the rate of cell division in 
meristematic tissues (Martin-Tanguy and Carré  1993  ) . An increase in PAs synthesis 
is usually recorded during the G1 phase of the cell cycle (   Bueno et al.  1993  ) . Stress-
induced inhibition of cell division has been reported as a consequence of a decrease 
in Spm concentration (Hussain et al.  2011  ) . Similarly, Fowler et al.  (  1996  )  demon-
strated that cyclin required for mitosis coordination is activated by PAs.  

    12.8.7   Involvement in Abiotic Stress Signalling 
and in Gene Expression 

 As discussed in Sect.  7 , the concentration-dependent imbalance in the antioxidant 
status can mediate a signal in plants (Foyer and Noctor  2005 ; Scandalios  2005  ) . 
Among the different ROS generated in response to ionic stresses, H 

2
 O 

2
  has been 

recognized as the most potent signalling ROS in plants owing to its relative stability 
and ability to diffuse through membranes (Van Breusegem et al.  2008  ) . Evidences 
are provided that H 

2
 O 

2
  issued from the degradation of Put by DAO is involved in 

ABA-induced stomatal closure in  Vicia faba  leaves (An et al.  2008  ) . These authors 
have proposed a model of H 

2
 O 

2
  generation by Put; DAO is activated in response to 

ABA which produces H 
2
 O 

2
  by catalysing Put oxidation. The increase H 

2
 O 

2
  produc-

tion may activate the Ca 2+  channel, resulting in an increased Ca 2+  level in guard 
cells. Therefore, a Ca 2+  messenger mediates ABA signalling processes and induces 
stomatal closure. 

 By overexpressing or downregulating apoplastic PAO, or downregulating 
SAMDC in tobacco, some authors suggest that apoplastic H 

2
 O 

2
  generation induces 

either the expression of effector stress-responsive genes or the programmed cell 
death syndrome, depending on a speci fi c H 

2
 O 

2
  threshold linked to stress magnitude 

(Rea et al.  2004 ; Moschou et al.  2008a,   b  ) . The apoplastic catabolism of PAs could 
transduce more ef fi ciently H 

2
 O 

2
 -derived signals, as apoplast hold weak antioxidant 

potential. Moschou et al.  (  2008b  )  suggest that when PA anabolism predominates 
over PA catabolism, programmed cell death fails to occur, whereas when the oppo-
site occurs, programmed cell death is induced. 
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 Nitric oxide, a highly reactive gaseous molecule that shares a common precursor 
with PAs (see Sect. 2), was shown to play a key role as a signalling molecule in 
plant responses to biotic and abiotic stresses through activation of various defence 
genes (Delledonne et al.  2001  )  or induction of a dose-dependent stomatal closure 
(   Neill et al.  2002  ) . Tun et al.  (  2006  )  presented evidences that Spd and Spm induce 
NO production in various tissues of  Arabidopsis thaliana  seedlings without appar-
ent lag phase, whereas Put and arginine have little or no effect. Nitric oxide was 
found to be signi fi cantly increased in the roots of both Cd and PAs treated wheat, 
especially when exposed to Spm (Groppa et al.  2008  ) . Cross-talk was demonstrated 
between PAs and NO in cucumber leaves under drought stress, suggesting that NO 
may act downstream of PAs (Arasimowicz-Jelonek et al.  2009  ) . Although exoge-
nous PAs did not affect NO production in well-watered cucumber seedlings, treat-
ment of seedlings with PAs prior to imposition of water de fi ciency triggers NO 
production, Spd and Spm being more ef fi cient than Put (Arasimowicz-Jelonek et al. 
 2009  ) . PAs modulate NO production at least by the arginine-dependant pathway, 
which has been reported to be the main pathway of NO synthesis in water stress 
signalling (Hao et al.  2008  ) . 

 Kasukabe et al.  (  2004  )  evidenced the role of Spd as a signalling molecule in plant 
response to stress in transgenic  Arabidopsis thaliana  over-expressing Spd synthase 
gene. Results from microarray analysis revealed the up-regulation of several stress-
related genes in the transgenic Arabidopsis compared to the wild type linked to an 
increase in Spd and Spm content, more speci fi cally genes encoding DREB tran-
scription factors, DREB1A, DREB1B, and DREB2B. These DREB transcription 
factors regulate the expression of several stress-responsive genes by binding to the 
 cis -acting DRE motif in the promoter region of the target genes. Kusano et al.  (  2008  )  
demonstrated that Put activates transcription of genes coding for PAs absorption 
from the external medium. Terui et al. ( 2004 ) showed that more than 300 genes are 
speci fi cally induced by PAs in  Escherichia coli  and that among them, 30 % are cod-
ing for transcription factors. In tomato fruits, more than 1,000 genes are directly 
regulated by PAs: they include gene coding for transcription factors, modulators of 
signal transduction, genes involved in amino acids and ethylene synthesis, iso-
prenoid pathway and  fl avonoid biosynthesis (Handa and Mattoo  2010  ) . According 
to these authors, genes over-expressed in the presence of Spm and Spd are often 
down-regulated by Put. Transgenic tomato plants overexpressing a yeast SAMDC 
displayed a strong modi fi cation in the transcriptomic pro fi le (Mehta et al.  2002  ) .  

    12.8.8   Anti-senescing Properties 

 Like other abiotic stresses, ion toxicities hasten senescence in relation to a decrease 
in cell membrane stability, increase in protein degradation, photosynthesis inhibi-
tion and decrease in chlorophyll concentration (Lutts et al.  1996 ; Ghanem et al. 
 2009 ; Lefèvre et al.  2009a  ) . Polyamines clearly exhibit antisenescing properties, 
which could be due to the fact that PAs oversynthesis reduces the production of 
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the senescing hormone ethylene as a consequence of the competitivity of their 
metabolic pathways. Antisenescing properties of PAs could also be due to the 
protection afforded by these compounds to various cellular components (see 
Sects.  8.1 ,  8.3 ,  8.5 ,  8.6 ) as well as to their antioxidative properties (see Sect.  8.2 ) 
(Larher et al.  1998 ; Tassoni et al.  2006 ; Malik and Singh  2005  ) . Antisenescing 
properties of PAs have been related to their impact on proteolytic, amylasic or 
nucleasic activities (Sung et al.  1994  ) . Several PAs, including uncommon cadav-
erine, may drastically reduce endopeptidase (Desjouis et al.  1996  ) , RNase (Galston 
and Kaur-Sawhney  1990  )  and lipoxygenase activities (Borrell et al.  1997  ) . 
According to Antognoni et al.  (  1998  ) , oxidation of PAs and mobilisation of Put 
through phloem could be observed during the  fi rst steps of senescence processes 
while Galston and Kaur-Sawhney  (  1990  )  reported that senescence could be 
directly linked to ADC degradation. 

 According to Sera fi ni-Fracassini et al.  (  2010  ) , antisenescing properties of Spd is 
directly associated with an inhibition of DNA fragmentation and an increase in 
chloroplast viability. Both Spd and Spm may closely associate with light harvesting 
complex, protect PSII from degradation and stabilize chlorophyll through the estab-
lishment of coordination links with central Mg (Della Mea et al.  2004  ) .   

    12.9   Conclusions and Future Perspectives 

 As presented in this review, PAs assume numerous functions in sensing and signal-
ling in response to ion toxicities, as well as in repairing or preventing stress-induced 
injuries. Different tools involving speci fi c inhibitors of PA synthesis, exogenous 
application of PAs as well as transgenic approaches considerably improved our 
knowledge about PA functions. However, albeit numerous studies have been per-
formed these last years to elucidate their way of action, numerous data are still lack-
ing, such as the nature of the initial signal triggering PA accumulation, the nature of 
the accumulated PAs, their form (free, bound or conjugated) and the precise mecha-
nisms of PA interaction with other molecules. The diversity of PA natural content 
between different species and cultivars also complicates the different approaches 
used to understand their metabolism. 

 An integrative approach of PA synthesis involving an insight into the identi fi cation 
of genes underlying the differential regulation of polyamine levels by traditional 
quantitative trait locus (QTL) mapping and cloning, as well as by transcriptomic 
analysis, coupled to a proteomic and metabolomic analysis will lead to a better over-
view of PA metabolism. Such tools could improve the understanding of some 
remaining missing data. Polyamine localization inside the cells and transport mecha-
nisms also need to be elucidated. In this way, PA research still remains a challenge. 

 Yet, PA synthesis appears as a promising criterion to evaluate plant tolerance to 
mineral toxicities, and may probably be used in the future for selection of cultivated 
plants exhibiting a higher tolerance, assuming that the remaining questions previ-
ously mentioned would be resolved.      
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          13.1   Introduction 

 Abiotic and biotic stresses cause alterations in the normal physiological processes 
of all plants, including the economically important crops. Plant damage and decrease 
in their productivity take place most often due to naturally occurring unfavorable 
factors of the environment (natural stress factors). These include extreme tempera-
tures; water de fi cit or abundance; increased soil salinity; high solar irradiance; early 
autumn or late spring ground frosts; pathogens, etc. Along with these factors, plants 
are imposed to a large scale of new stressors related to human activity (anthropo-
genic stress factors) including, toxic pollutants such as pesticides, noxious gasses 
(SO 

2
 , NO, NO 

2
 , NO 

x
 , O 

3
  and photochemical smog); photooxidants; soil acidi fi cation 

and mineral de fi cit due to acid rains; overdoses of fertilizers; heavy metals; 
intensi fi ed UV-B irradiation, etc. (Fig.  13.1 ). All these stresses cause an increased 
production of reactive oxygen species (ROS) in plants that alter their normal physio-
logical functions, decrease the biosynthetic capacity of plant organisms, and cause 
damages which may lead to plant death (Mittler  2002 ; Ahmad et al.  2008 ; Gill and 
Tuteja  2010b ; Potters et al.  2010  ) .  

    13.1.1   Reactive Oxygen Species 

 Independently of the type of stress (natural or anthropogenic), the accumulation of 
ROS is an undeniably established fact. Currently, overproduction of more than ten 
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  Fig. 13.1    Natural and anthropogenic stress factors       

   Table 13.1    Reactive oxygen species   

 Free Radicals  Nonradicals 

 Superoxide radical  O
2
·−

        Hydrogen peroxide  H 
2
 O 

2
  

 Hydroxyl radical  OH·  Hypobromous acid  HOBr 
 Hydroperoxyl radical  HO

2
·    Hypochlorous acid  HOCl 

 Carbonate radical  CO
3
·−

        Ozone  O 
3
  

 Peroxyl radical  RO
2
·    Singlet oxygen  O  

2
  1   D g 

 Alkoxyl radical  RO·  Organic peroxides  ROOH 
 Carbon dioxide radical  CO

2
·    −    Peroxynitrite  ONOO −  

 Singlet radical  O  
2
  1  ∑g +   Peroxynitrate  O 

2
 NOO −  

 Peroxynitrous acid  ONOOH 
 Peroxomonocarbonate  HOOCO  

2
  −   

oxygen-containing molecules and radicals (Table  13.1 ) are known to induce oxidative 
stress. However, most detrimental to all biological systems are O  

2
 · −  , H 

2
 O 

2
 , OH·,  1 O 

2
  

(Halliwell  2006  ) . In plants, ROS are generated mainly as by-products of various 
processes requiring high metabolic activity or high rate of electron  fl ow via electron-
transport chains. The major targets of deleterious ROS action are cellular macro-
molecules as phospholipids, proteins, and nucleic acids.   
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  Fig. 13.2    Reactive oxygen species and plant defense systems       

    13.1.2   Plant Defense Systems 

 During the phylogenesis, plants have developed a complex of antioxidant protective 
systems in order to cope with all destructive effects of the unfavourable environ-
mental conditions (Fig.  13.2 ). In general, the plant antioxidative systems can be 
divided in to, (a) Enzymatic antioxidants including superoxide dismutase (EC 
1.15.1.1), catalase (EC 1.11.1.6), guaiacol peroxidase (EC 1.11.1.7) and enzymes 
belonging to the ascorbate-glutathione cycle – ascorbate peroxidase (EC 1.11.1.11), 
glutathione peroxidase (EC 1.11.1.9), monodehydroascorbate reductase (EC 
1.6.5.4), dehydroascorbate reductase (EC 1.8.5.1), glutahtione reductase (EC 
1.6.4.2.) and glutathione-S-transferase (EC 2.5.1.18). (b) Non-enzymatic antioxidants 
including lipid-soluble, membrane associated antioxidants –  a -tocopherol,  b -carotene, 
which directly quench free radicals of lipid peroxidation (triplet chlorophyll and 
 1 O 

2
 ). Water-soluble antioxidants – glutathione and ascorbate, taking part in the 

detoxi fi cation of O·  
2
  −   and H 

2
 O 

2
 ; polyphenols ( fl avonoids, tannins and anthocya-

nins), proteinaceus thiols, proline, glycinebetaine, and  polyamines.   
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 By activation of some or all of these systems, the plants are capable of overcoming 
the oxidative stress. However, in the case of prolonged or acute short stress, the 
capacity of the defense systems becomes exhausted or overloaded and this leads to 
considerable damages and even to plant death.  

    13.1.3   Salinity Stress 

 Salinity of soil as a result from increased quantity of cations (Na + , K + , Mg 2+ , Ca 2+ ) 
and anions (Cl − , SO  

4
  2−  , HCO  

3
  −  ) which are originated from more water-soluble salts 

such as NaSO 
4
 , NaHCO 

3
 , NaCl, and MgCl 

2
  as well as less water-soluble salts such 

as CaSO 
4
 , MgSO 

4
 , and CaCO 

3
 , is one of the major abiotic stresses that reduce plant 

growth and productivity of many crops worldwide. Salinity may originate from 
natural factors (for example mineral erosion in soil), but also may result from human 
activities (as irrigation with high mineralized water and/or ineffective draining of 
the irrigated area, application of fertilizers, etc.). Most often soil salinity is enhanced 
by the presence of NaCl in water and soil, although other salts also can be involved. 
Detrimental effects of NaCl are complex, and include ion toxicity, hyperosmotic 
stress, and may induce subsequent stresses such as nutritional imbalances and oxi-
dative stress (Zhu  2001  ) . 

 The metabolic toxicity of Na +  is mainly due to its capability to compete with K +  
for target sites with important cell functions. More than 50 enzymes are activated by 
K +  and elevated levels of Na +  or high Na + /K +  ratio can disrupt a number of enzymatic 
processes in the cytoplasm. The protein biosynthesis also requires appropriate levels 
of K +  for proper tRNA binding to the ribosomes, and high levels of Na +  can nega-
tively in fl uence this process (Tester and Davenport  2003 ; Bartels and Sunkar  2005  ) . 

 Increased concentration of Na +  can cause a hyperosmotic stress by preventing 
plant water uptake which results in the so-called “physiological drought” (Turkan 
and Demiral  2008  ) . 

 Elevated concentration of Na +  can cause a de fi cit of nutrition elements by inhib-
iting their intake through the plasmalemma transporters (for instance the selective 
K +  channels) in the root cells. The salinity can lead to a hormonal disbalance and 
increased ROS production which can result to additional oxidative stress (Azevedo 
Neto et al.  2008 ; Turkan and Demiral  2008  ) . Like drought stress salinity can induce 
accumulation of ABA followed by stomatal closure and respective decrease in the 
CO 

2
 /O 

2
  ratio in leaves and inhibits the CO 

2
   fi xation. These conditions are prerequi-

site for enhanced ROS production. 
 To unscramble the salinity stress from other plant stresses (as drought and 

osmotic stress) is dif fi cult because the increased salts alter the ionic chemical bal-
ance in plants and affect water availability to plants, and similarly to other stressors 
may cause oxidative stress via production of ROS. The plant responses to salt stress 
is documented as multigenic in nature as adaptation to high salt levels involves 
osmotic adjustment, toxic ions compartmentation and oxidative stress tolerance 
(Turkan and Demiral  2008  ) . 
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 The investigation on salt stress and modulation of plant salinity tolerance in various 
cultivars has been extensively carried out using different approaches (Georgiev and 
Atkins  1993 ; Tanaka et al.  1999 ; Apse and Blumwald  2002 ; Garratt et al.  2002 ; Rios-
Gonzalez et al.  2002 ; Borsani et al.  2003 ; Badawi et al.  2004 ; Flowers  2004 ; Brankova 
et al.  2007 ; Ivanova et al.  2008 ; Nenova  2008 ; Ogawa and Mitsuya  2012  ) .   

    13.2   Polyamines: Chemistry and Metabolism 

 The triamine spermidine (Spd) and tetraamine spermine (Spm), as well as their 
precursor the diamine putrescine (Put) are the major polyamines (PAs) which are 
constitutive for all plant species. Polyamines are organic low-weight molecules with 
straight-chained C 

3
 -C 

15
  aliphatic structure with at least two primary amino groups 

and one or more internal imino groups (Edreva  1996 ; Groppa and Benavides  2008 ; 
Gill and Tuteja  2010a  ) . Besides putrescine, spermine and spermidine, which are 
common for all plant species, there are also unusual polyamines which occur only 
in distinct plant species (i.e. diamines cadaverine and 1,3-diaminopropane) or syn-
thesized under certain conditions (i.e. norspermine, norspermidine, thermospermine 
and caldopentamine) (Table  13.2 ).  

 Generally, polyamine biosynthesis in plants can be described as a two-phase 
process – the  fi rst stage is the biosynthesis of diamines, and the second stage is 
spermidine and spermine biosynthesis (Fig.  13.3 ). The putrescine is synthesized 
through decarboxylation of L-arginine to agmatine by arginine decarboxylase (ADC 
– E.C.4.1.1.19), followed by hydrolysis and deamination of agmatine by agmatine 
iminohydrolase (AIH – E.C. 3.5.3.12) and formation of N-carbamoylputrescine. 
N-carbamoylputrescine is then subjected to hydrolysis, deamination and decarbox-
ylation by N-carbamoylputrescine amidohydrolase (CPA – E.C. 3.5.1.53) and 
the  fi nal product is putrescine. A parallel pathway for putrescine synthesis is the 

   Table 13.2    Naturally occurring polyamines in plants   

 Name  Structure 

 1,3-Diaminopropane  H 
2
 N(CH 

2
 ) 

3
 NH 

2
  

 Putrescine  H 
2
 N(CH 

2
 ) 

4
 NH 

2
  

 Cadaverine  H 
2
 N(CH 

2
 ) 

5
 NH 

2
  

 Norspermidine  H 
2
 N(CH 

2
 ) 

3
 NH(CH 

2
 ) 

3
 NH 

2
  

 Spermidine  H 
2
 N(CH 

2
 ) 

3
 NH(CH 

2
 ) 

4
 NH 

2
  

 Homospermidine  H 
2
 N(CH 

2
 ) 

4
 NH(CH 

2
 ) 

4
 NH 

2
  

 Aminopropylcadaverine  H 
2
 N(CH 

2
 ) 

3
 NH(CH 

2
 ) 

5
 NH 

2
  

 Norspermine  H 
2
 N(CH 

2
 ) 

3
 NH(CH 

2
 ) 

3
 NH(CH 

2
 ) 

3
 NH 

2
  

 Spermine  H 
2
 N(CH 

2
 ) 

3
 NH(CH 

2
 ) 

4
 NH(CH 

2
 ) 

3
 NH 

2
  

 Thermospermine  H 
2
 N(CH 

2
 ) 

3
 NH(CH 

2
 ) 

3
 NH(CH 

2
 ) 

4
 NH 

2
  

 Homospermine  H 
2
 N(CH 

2
 ) 

3
 NH(CH 

2
 ) 

4
 NH(CH 

2
 ) 

4
 NH 

2
  

 Canavalmine  H 
2
 N(CH 

2
 ) 

4
 NH(CH 

2
 ) 

3
 NH(CH 

2
 ) 

4
 NH 

2
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direct decarboxylation of L-ornithine, catalyzed by ornithine decarboxylase 
(ODC – E.C.4.1.1.17). The polyamines spermidine and spermine are synthesised by 
incorporation of an aminopropyl residue from decarboxylated S-adenosylmethionine 
to putrescine or spermidine – this step is catalyzed by the enzymes spermidine 
synthase (SPDS – E.C.2.5.1.16) or spermine synthase (SPMS – E.C.2.1.5.22) 
respectively. The necessary for polyamine biosynthesis decarboxylated 
S-adenosylmethionine is formed by decarboxylation (S-adenosylmethionine decar-
boxylase SAMDC – E.C.4.1.1.50) of S-adenosylmethionine (SAM) which is a com-
mon precursor of polyamines and ethylene (Slocum  1991  ) .  

 The polyamine degradation is realized through oxidative deamination catalyzed 
by aminooxidases, which are copper-containing diamine oxidases (DAO – 
E.C.1.4.3.6) and  fl avoprotein-containing polyamine oxidases (PAO – E.C.1.5.3.14). 
DAO oxidize the primary amino groups of polyamines. The oxidative deamination 
of putrescine produces  D  1 -pyrroline, H 

2
 O 

2
  and NH 

3
 . PAO oxidize the secondary 

amino groups of polyamines and the  fi nal products of the process are  D  1 -pyrroline 
(from Spd oxidation) or 1-(3-aminopropyl)-pyrroline (from Spm oxidation), along 
with 1,3-diaminopropane and H 

2
 O 

2
  (Federico and Angelini  1991  ) . 
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  Fig. 13.3    Polyamine metabolic pathways       
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 Under physiological pH conditions polyamines bear positive charge and may 
conjugate with other negatively charged organic molecules like phenolic acids, pro-
teins, phospholipids or nucleic acids. Thus polyamines in higher plants could be 
present in free, soluble conjugated and insoluble bound forms. The interaction with 
macromolecules and cell substructures allow polyamines to participate in a number 
of important growth and developmental processes in plants (regulation of gene 
expression; cell division, growth, and differentiation; cell, organ, and tissue senes-
cence; dormancy breaking of tubers and germination of seeds; stimulation, support 
and development of  fl ower buds; embryo- and organogenesis; fruit set, growth and 
ripening; plant morphogenesis; etc.). Additionally, PAs act in concert with light and 
phytohormones and are considered as plant endogenous growth regulators with 
hormone-like properties. Because of their polycationic nature, polyamines possess 
free radical scavenging features and antioxidant activity and may confer plant toler-
ance to different biotic and abiotic stresses (Groppa and Benavides  2008 ; Gill and 
Tuteja  2010a  ) .  

    13.3   Polyamines and Salinity Stress Tolerance in Plants 

 The participation of polyamines in the scavenging of free radicals, antioxidant 
activity and modulation of plant stress tolerance to various abiotic stresses has been 
extensively studied. A number of authors have reported the relationship of PA 
metabolism with plant responses to nutrient de fi ciency in the environment (Sarjala 
and Kaunisto  2002 ; Camacho-Cristobal et al.  2005  ) , low or high temperature stress 
(Pillai and Akiyama  2004 ; Todorova et al.  2007  ) , drought (Yamaguchi et al.  2007 ; 
Todorova et al.  2008  ) , UV treatment (Smith et al.  2001 ; An et al.  2004 ; Zacchini 
and de Agazio  2004 ; Katerova and Todorova  2009  ) , excess of heavy metals (Groppa 
et al.  2001,   2003 ; Zhao et al.  2008  ) , and herbicide treatments (Benavides et al. 
 2000 ; Durán-Serantes et al.  2002 ; Szigeti and Lehoczki  2003 ; Cuevas et al.  2004 ; 
Deng  2005  ) . The cited extensive investigations clearly demonstrate that polyamines 
play a pivotal role in conferring plant stress tolerance under unfavorable environ-
mental conditions. 

    13.3.1   Endogenous Polyamine Concentrations 

 Similarly to other stresses, investigations with different plant species have shown 
that alteration of polyamine concentrations occur in response to salinity. The effect of 
saline conditions on endogenous polyamines showed that polyamine concentrations 
altered in different manner depending on plant species and cultivars, plant organ and 
developmental stage of tissues, duration and intensity of stress treatment (Liu et al. 
 2007  ) . Although some authors have found a decrease in endogenous polyamine 
concentrations under salinity stress (Benavides et al.  1997 ; Liu et al.  2008 ; Legocka 
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and Sobieszczuk-Nowicka  2012  ) , mainly an accumulation of PAs due to salt stress 
has been reported in plant tissues (Kakkar et al.  2000 ; Upreti and Murti  2010 ; Iqbal 
and Ashraf  2012  ) . Lefèvre et al.  (  2001  )  reported that short-term salt stress (50/100 mM 
NaCl or KCl) markedly increased Put (putrescine) concentrations of roots for the 
salt-resistant rice cultivar Pokkali compared with the sensitive one (IKP). The authors 
did not observe a clear relationship between the mean level of salinity resistance and 
the endogenous amounts of spermidine or spermine. Shoot Put concentration of the 
salt-resistant cultivar was only slightly increased after exposure to both salt stresses. 
Therefore, the authors suggested that physiological signi fi cance of Put accumulation 
may depend on the organ considered. It was also found that in salt-stressed het-
erotrophic maize callus culture total PA content and especially Put amount was higher 
in the resistant cultivar than in the salt-sensitive one (Willadino et al.  1996  ) . 

 Most common PAs abundance (and especially of higher polyamine spermidine 
and spermine) was associated with increased stress tolerance to salinity (Ahmad 
et al.  2009 ; Ben et al.  2009 ; Yamamoto et al.,  2011 ; Alet et al.  2011,   2012  ) . Zapata 
et al.  (  2003,   2004,   2008  )  studied the effect of salinity on polyamine levels in differ-
ent plant species subjected to 100 mM or 150 mM NaCl. They found that in general 
Put decreased, while Spd and Spm increased in saline-stressed plants (Zapata et al. 
 2003,   2004  ) . Additionally the ratio (Spd + Spm)/Put increased with salinity (Zapata 
et al.  2004  ) , which correlated with the idea of a protective role of higher PAs against 
salt stress. Similarly, El-Shintinawy  (  2000  )  also pointed out that salinity signi fi cantly 
enhanced the augmentation of Spm and Spd accompanied with a reduction in Put 
amount in wheat cultivars. In their study Tassoni et al.  (  2008  )  analyzed polyamine 
metabolism in  Arabidopsis thaliana  (ecotype Columbia) in fl orescences and stalks 
collected from plants germinated and grown under increasing salt-stress conditions 
(0–75 mM NaCl). The authors found that free spermidine was the most abundant 
polyamine and its levels, as well as those of free spermine, increased with salt con-
centration, supporting the hypothesis for a speci fi c role of higher polyamines in the 
tolerance to salt stress. In experiment with barley seedlings Zhao et al.  (  2003  )  have 
examined the effect of wide range (0–300 mmol/L) of NaCl on free and bound 
polyamines and have found that polyamine content raised up in dose-dependent 
manner in relation to salt concentrations, but amount of bound fractions were 
reduced by highest concentration. Additionally, they found a positive correlation 
between the plant growth rate and the ratio of bound PA/free PA levels. The authors 
suggested that under salt stress, the balance between free PA and bound PA content 
in roots is important for salt tolerance of barley seedlings. In order to examine the 
plant responses to salt stress (0, 50, and 100 mM NaCl), Kim et al.  (  2010  )  investi-
gated Chinese cabbage seedlings grown as a hydroponic culture. They found that 
spermidine content decreased as salinity increased, but spermine content increased, 
which also correlated with proposed idea of polyamine protection under saline envi-
ronment. Jouve et al.  (  2004  )  have shown that  Populus tremula  was able to cope with 
up to 150 mM NaCl mainly due to accumulation of spermine as well as compatible 
solutes (sucrose, proline, mannitol and raf fi nose).    Ghosh et al.  (  2011  )  found that salt 
induction had changed the nature of polyamine content in time-dependent manner. 
Accumulation of polyamines in both rice varieties (Pokkali and Nonabokra) 
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ampli fi ed with increased duration of NaCl treatment. In other experiment with three 
rice cultivars differing in their salt-sensitivity Roychoudhury et al.  (  2008  )  found that 
salt-tolerant plants (Nonabokra) accumulate less Put than salt-sensitive cultivars 
(M-1-48) after salinity treatment for 48 h, which was comparable with less signi fi cant 
reduction of growth rate. Correspondingly, Spd and Spm synthesis in the salt-tolerant 
variety is stimulated to stabilize membrane systems. The effect of salt stress (50, 100 
and 150 mM NaCl) on the endogenous levels of free, bound and total polyamines 
was studied in root tissues of salt tolerant (Coban) and salt sensitive (Sanbro) culti-
vars of sun fl ower ( Helianthus annuus  L.) plants for the 5th, 15th and 25th days of 
the growth periods (Mutlu and Bozcuk  2007  ) . The amounts of free, bound and total 
Spm increased in root tissues of sun fl ower plants, while the levels of other polyamine 
titers were either decreased in general or remained unchanged signi fi cantly. The 
authors suggested that increase in some polyamine concentrations in sun fl ower root 
tissues under salinization implies their possible role in diminishing the injurious 
effect of salinity stress. The salt tolerance in sun fl ower plants was related to the 
excessive augmentation of total polyamines in root tissues of salt tolerant cultivar 
Coban under saline condition (Mutlu and Bozcuk  2007  ) . A marked increase was 
noted in free Spd and Spm, soluble conjugated and insoluble bound Put, Spd and 
Spm contents in the roots of cucumber ( Cucumis sativus  L) cultivar Changchun mici 
(comparatively tolerant to high salinity) than Jinchun No. 2 under short-term salt 
stress (Duan et al.  2008  ) . Hummel et al.  (  2004  )  observed the reduction in polyamines 
measured in shoots and partially in roots during long term exposure of  Pringlea 
antiscorbutica  seedlings to severe salinity (300 mM NaCl). Only spermine content 
was increased in roots after salt stress. The authors concluded that major effect of 
saline stress was the modi fi cation of polyamine distribution between roots and 
shoots. Higher Spm content in roots was a developmental response to stress and its 
accumulation in roots facilitated reinitiation of root growth (Hummel et al.  2004  ) . 

 In general one possible mechanism is assumed which explain the participation of 
endogenous polyamines (primarily spermine) in plant salt tolerance. In a number of 
articles where the protective role of endogenous higher polyamines has been shown, 
it was proposed that under salinity conditions PAs regulated the activity of plasma 
membrane H + -ATPase. Janicka-Russak et al.  (  2010  )  suggested that the decrease in 
PAs could result in the removal of excess cations from the cell. This action of endog-
enous PAs contributes to ionic homeostasis by modi fi cation of the plasma membrane 
H + -ATPase and the vacuolar H + -ATPase activities in cucumber roots treated with 
NaCl. Similarly, Roy et al.  (  2005  ) , showed that root plasma membranes of rice salt-
tolerant cultivars Nonabokra and Pokkali were rich in Spm and Spd, whereas the 
root plasma membranes of sensitive cultivars (M-1-48 and IR8) were rich in Put 
only. After treatment of barley seedlings with different concentrations of NaCl 
(0–300 mM) for 3 days Liu et al.  (  2006a  )  have shown that Put content declined, while 
spermine and spermidine were ampli fi ed in roots. The polyamines, especially Spd, 
enhanced the activities of tonoplast H + -ATPase and H + -PPase, which are capable to 
create the proton gradient across the vacuole membrane and to pump in the excessive 
cytosol Na +  into the vacuole and to rebuild the relative ion and pH balance. Thus 
tonoplast H + -ATPase and H + -PPase play crucial roles in plant salt adaptation and 
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maintenance of their activities higher is essential for plant growth and survival under 
salt stress. The authors suggested that the conversion of Put to Spd and Spm and main-
tenance of higher levels of Spd and Spm were necessary for plant salt tolerance through 
enhanced tonoplast H + -ATPase and H + -PPase activities in roots (Liu et al.    2006a  ) .  

    13.3.2   Biosynthetic Polyamine Enzymes 

 It is well known that plant ability to control stress, including salinity, is linked to 
their ability to synthesize PAs (Kasinathan and Wingler  2004 ; Hamdani et al.  2011  ) . 
When Kasinathan and Wingler  (  2004  )  analyzed polyamine concentration and salt 
stress tolerance in two  Arabidopsis thaliana  mutants,  spe1-1  and  spe2-1  with 
reduced activity of ADC, they showed that polyamine accumulation depends on 
acclimation to salinity and that decreased polyamine formation leads to reduced salt 
tolerance. Similarly, a marked increase was reported in ADC, ODC, SAMDC and 
DAO activities in the roots of comparatively tolerant to high salinity cucumber cul-
tivar Changchun mici than in cv. Jinchun No. 2 under short-term salt stress (Duan 
et al.  2008  ) . It was reported that ADC activity in NaCl-stressed heterotrophic maize 
callus culture is also signi fi cantly incremented, especially for the salt-resistant cal-
luses, which was believed to be related with the rise in putrescine (Willadino et al. 
 1996  ) . However, long-term (salt treatment 21 days) led to reduced activities of ADC 
and SAMDC in salt tolerant (var Giza) and salt sensitive (var El Paso)  Oryza sativa  
cultivars (Maiale et al.  2004  ) . The activity of SPDS was reduced in the salt tolerant 
rice cultivar but not in the salt sensitive variety and the authors suggested that SPDS 
activity has important role for plants subjected to salt stress. 

 The expression of several genes involved in PA biosynthesis ( ZmODC ,  ZmSPDS2A , 
 ZmSPDS2B ,  AtADC2 ,  AtSPMS ,  SPMS ,  SAMDC1 ,  SAMDC2 ) is up-regulated in the 
presence of salt stress (Li and Chen  2000a ; Urano et al.  2003,   2004 ; Rodríguez-
Kessler et al.  2006  )  in different plants ( Zea mays ,  Arabidopsis thaliana ,  Oryza 
sativa ). Rodríguez-Kessler et al.  (  2006  )  described a spermidine synthase cDNA 
from  Zea mays  leaves ( ZmSPDS2A ) and discussed the transcriptional regulation of the 
corresponding gene and other genes related to PA biosynthesis ( ZmODC ,  ADC  and 
 SAMDC ) under salinity.  ZmSPDS2A  was equally expressed in leaves, stem and 
roots, however the transcripts of other genes involved in PA biosynthesis ( ZmODC , 
 ADC  and  SAMDC ) showed tissue-speci fi c regulation. It was reported that in maize 
only  ZmODC ,  ZmSPDS2A  and the identi fi ed second transcript encoding a spermidine 
synthase ( ZmSPDS2B ) were up-regulated by salt stress. In  Oryza sativa  L. seed-
lings, the expression of the  SAMDC1  gene was considerably induced by salinity (Li 
and Chen  2000a  ) . The transcript levels of  SAMDC1  in two rice varieties differing in 
salt tolerance was higher in the salt-tolerant japonica rice variety Lansheng, than in 
the salt-sensitive one (variety 77–170), and occurred more quickly when both vari-
eties were exposed to low salt conditions. The results suggested that the expression 
of the  SAMDC1  gene in seedlings is positively correlated with the salt tolerance of 
rice. Hao et al.  (  2005  )  studied two SAMDC c DNAs isolated from apple ( MdSAMDC1  
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and  MdSAMDC2 ) and found that  MdSAMDC2  was positively induced by salt 
stresses, but  MdSAMDC1  was not activated. In  Arabidopsis  the polyamine biosyn-
thetic gene  ADC1  has been found to be expressed in all tissue tested, while  ADC2  is 
mainly expressed in siliques and cauline leaves, and is induced upon various stress 
types, including salinity (Urano et al.  2003,   2004 ; Bagni et al.  2006  ) . When analyz-
ing the expression pro fi les of genes responsible for PA biosynthesis in  Arabidopsis 
thaliana  (two genes for  ADC , four genes for  SAMDC,  four genes for  SPDS , and two 
genes for  SPMS ) under various abiotic stress conditions, Urano et al.  (  2003  ) , found 
that  AtADC2  and  AtSPMS  mRNAs (encoding ADC and spermine synthase) 
increased markedly in response to NaCl. Stress-inducible accumulation of  AtADC2  
mRNA correlated with putrescine accumulation under NaCl treatment. Normally 
ODC activity is involved in Put biosynthesis but in  Arabidopsis  there is no detect-
able ODC activity (Hanfrey et al.  2001  )  and ADC is considered as a key enzyme in 
PA biosynthesis in  Arabidopsis . The role of stress-inducible  AtADC2  gene in 
 Arabidopsis  was analyzed through a  Ds  insertion mutant of  AtADC2  gene ( adc2-1 ) 
under salinity conditions (Urano et al.  2004  ) . In the  adc2-1  mutant, which was more 
sensitive to salinity than the control plants, free Put content was signi fi cantly 
reduced (compared with the control plants) and did not increase under salt stress. 
The salinity sensitive phenotype of  adc2-1  was recovered by the addition of exog-
enous Put. The authors concluded that endogenous Put plays an important role in 
salt tolerance in  Arabidopsis  and  AtADC2  is a key gene for its production under salt 
stress and normal conditions. 

 It was reported that  MdADC  expression and ADC activity decreased in apple 
( Malus sylvestris  (L.) Mill. var. domestica) in vitro callus experiencing salt recov-
ery, and increased when the callus was subjected to successive salt stress (Liu et al. 
   2006b  ) . Under the same conditions ODC activity showed a pattern opposite to that 
of ADC. Moreover, treatment with the ADC inhibitor (D-Arginine) caused serious 
growth impairment under salt stress. The authors’ results clearly showed that the 
ADC pathway is involved in the salt stress response. 

 When the localization of  SPMS  gene promoter activity was examined using the 
 SPMS  promoter- b -glucuronidase ( GUS ) gene expressed in transgenic  Arabidopsis  
plants the gene was detected in almost all organs during all developmental growth 
stages (Sagor et al.  2011  ) . However,  ACL5  (encoding thermospermine synthase) 
promoter activity was predominantly observed in the vascular systems. The authors 
reported that upon high salt stress  SPMS  promoter activity was strongly detected in 
all organs except cotyledons, whereas the  ACL5  promoter activity was reduced 
which is consistent with the decreased levels of  ACL5  transcripts. The results 
showed that  SPMS  expression differs from that of  ACL5  in respect to tissue 
speci fi city and salt stress response, suggesting relevant differences in Spm and ther-
mospermine functions (Sagor et al.  2011  ) . 

 During the last decade number of authors reported enhanced salinity tolerance in 
different transgenic plants engineered to overproduce polyamines by overexpres-
sion of the genes involved in PAs biosynthesis (Table  13.3 ).  

 In  Oryza sativa , the overproduction of polyamines was achieved by overexpres-
sion of  ADC  from  Avena sativa  and  SAMDC  under the control of ABA inducible 
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promoter and it was shown that transgenic plants had higher salinity tolerance as 
compared to non-transformed plants (Roy and Wu  2001,   2002  ) . The transgenic 
 Nicotiana tabacum  plants, overexpressing the putrescine synthesis gene  ODC  from 
mouse possessed enhanced salt tolerance (Kumria and Rajam  2002  ) . The introduction 
of  SPDS  gene into  Arabidopsis  and  Ipomoea batatas  cv. Kokei 14 led to the enhanced 
tolerance against multiple abiotic stresses including salinity (Kasukabe et al.  2004, 
  2006  ) . Transgenic eggplants overexpressing  ADC  gene from  Avena sativa  accumu-
lated polyamines and exhibited an increased tolerance to multiple abiotic stresses 
including salinity (Prabhavathi and Rajam  2007  ) . The transgenic tobacco overex-
pressing human  SAMDC  gene has showed increased PA levels (especially conjugated 
Put and Spd fractions) and tolerance to salinity (Waie and Rajam  2003  ) . Salt-induced 
damage was attenuated in the transgenic  Nicotiana tabacum  L. plants overexpressing 
 SAMDC  from  Dianthus caryophyllus  L.  fl ower (Wi et al.  2006  ) . Recently, it was 
reported that salt stress induced damage in tobacco transgenic plants overexpressing 
the suadea salsa full-length S-adenosylmethionine synthetase ( SsSAMS2 ) gene under 
the control of cauli fl ower mosaic virus 35S promoter, was attenuated (Qi et al.  2010  ) . 
The authors showed that  SsSAMS2  overexpression in transgenic tobacco plants leads 
to increase in free Spm, Spd and Put content, and as a result promotes salt tolerance. 
Transgenic European pear ( Pyrus communis  L. ‘Ballad’) and tomato overexpressing 

   Table 13.3    Salt stress tolerance in transgenic plants engineered to overproduce polyamines   

 Gene 
 Gene 
source 

 Transgenic 
plant  PA overproduction  Reference 

  ADC   Oat  Rice  Put  Roy and Wu 
 (  2001  )  

  ADC   Oat  Eggplant  Put, Spd (particularly 
conjugated forms) 
and free Spm fraction 

 Prabhavathi and 
Rajam  (  2007  )  

  ODC   Mouse  Tobacco  Put  Kumria and 
Rajam  (  2002  )  

  SAMDC   Tritordeum  Rice  Spm and Spd  Roy and Wu 
 (  2002  )  

  SAMDC   Human  Tobacco  Spd, Put, especially 
conjugated fraction 

 Waie and Rajam 
 (  2003  )  

  SAMDC   Carnation  Tobacco  Put, Spd and Spm  Wi et al.  (  2006  )  
  SAMS  

( SsSAMS2 ) 
 Suadea 

salsa 
 Tobacco  Free Spm, Spd and Put  Qi et al.  (  2010  )  

  SPDS 
(MdSPDS1)  

 Apple  European 
pear 

 Spd  He et al.  (  2008  )  

  MdSPDS1   Apple  European 
pear 

 Spd  Wen et al.  (  2008  )  

  MdSPDS1   Apple  Tomato  Spd and Spm  Neily et al. 
 (  2011  )  

  SPDS   Fig leaf 
gourd 

 Arabidopsis  Spd, especially 
conjugated fraction 

 Kasukabe et al. 
 (  2004  )  

  SPDS (FSPD1)   Fig leaf 
gourd 

 Sweet potato  Spd  Kasukabe et al. 
 (  2006  )  
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apple  SPDS  ( MdSPDS1 ) performed attenuated susceptibility to NaCl stress in relation 
to the wild plant (Wen et al.  2008 ; Neily et al.  2011  ) . Additionally, He et al.  (  2008  )  
documented that the same transformation led to enhanced enzymatic (SOD, APX, 
MDHAR, GR) and non-enzymatic antioxidant capacity in response to salinity. The 
overexpression of   fi g leaf gourd  ( Cucurbita  fi cifolia )  SPDS  in  A. thaliana  enhanced 
the tolerance of transgenic plants to various types of environmental stresses, including 
salinity, suggesting the key role for spermidine as regulator in stress signaling path-
ways (Kasukabe et al.  2004  ) . The authors suggested that Spd could be involved in 
stress tolerance phenomenon as a direct stress-protecting compound and as a stress-
signaling regulator.  

    13.3.3   Aminooxidase(s) 

 Under normal and stress conditions PA content in plant cells depends not only on 
their biosynthesis and transport but also on their catabolism where aminooxidases 
(copper-containing DAO and  fl avin-containing PAO) are involved. PAOs are 
grouped into families, which are participating either in terminal catabolism or back-
conversion of polyamines. DAOs exhibit high af fi nity for diamines, while PAO oxi-
dize secondary amine groups from Spd and Spm (Alcazar et al.     2006 ). However, it 
was noted that in soybean plants CuAO preferred Cad over Put and the catabolic 
enzyme was active even under salinity (Campestre et al.  2011  ) . DAO and PAO are 
localized in the cytoplasm and cell walls where they provide H 

2
 O 

2
  required for sub-

erinization, ligni fi cation and formation of cross-bridges between the components of 
the cell wall that confer cell wall-stiffening (Cona et al.  2003 ; Kuznetsov and 
Shevyakova  2007 ). In contrast to DAO, which are known to occur in high amounts 
in dicotyledonous, PAO occur in high levels in monocotyledonous plants (Šebela 
et al.  2001 ; Cona et al.  2006  ) . However, Maiale et al.  (  2004  )  did not detect PAO 
activity in crude extracts of salt tolerant (var Giza) and salt sensitive (var El Paso) 
 Oryza sativa  cultivars subjected to long-term salt stress. 

 The activities of CuAO and PAO lead to a reduction in the PA levels. Additionally, 
along with the other products, CuAO and/or DAO generate H 

2
 O 

2
 , which is known to 

act as a signal molecule in low concentrations, and might coordinate adaptation 
processes in plants (Kuznetsov and Shevyakova  2007 ; Alcazar et al. 2010; Campestre 
et al.  2011  ) . Therefore the PA catabolism and the associated H 

2
 O 

2
  production are 

important in the induction of abiotic stress (including salinity) tolerance in plants. 
Moschou et al.  (  2008  )  revealed the importance of the H 

2
 O 

2
  derived from PA catabo-

lism in the induction of salinity-induced tolerance in tobacco ( Nicotiana tabacum  
cv Xanthi) using transgenic plants overexpressing or downregulating apoplastic 
PAO. In addition, Rodríguez et al.  (  2009  )  reported that PA oxidation by the activity 
of PAO could be the major source contributing to ROS production involved in maize 
leaf elongation under salinity. The authors showed that maximal activity of PAO 
was not affected by salinity, and suggested that the enzyme in  Zea mays  is tolerant 
to salt stress. As expected, the total activity of PAO was found to be up to 20-fold 
higher than that of the CuAO. 
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 Campestre et al.  (  2011  )  examined the possible relationship between polyamine 
catabolism mediated by CuAO and the elongation of  Glycine max  L. hypocotyls 
from plants exposed to NaCl. Salinity caused a rise in CuAO activity in segments of 
the hypocotyl elongation zone in in vitro and in vivo experiments. The expression 
of  GmCuAO1  gene (found by Delis et al.  2006  predominantly in tissues character-
ized by rapid extension growth, as the apical segments of etiolated hypocotyls) was 
detected in the elongation zone but, surprisingly, there was no change in its expres-
sion level under salinity (Campestre et al.  2011  ) . The authors conclude that the 
higher CuAO activity found under salt stress could not be attributed to a higher 
expression of  GmCuAO1  gene. 

 Classical approaches, using inhibitors of enzymes involved in polyamine metab-
olism, pointed to their possible role in plant adaptation to NaCl stress. Using a DAO 
speci fi c inhibitor aminoguanidine and exogenously applied Put, Su and Bai  (  2008  )  
reported that a 15–20 % of proline accumulated in  Glycine max  leaves under salt 
stress (50–150 mM NaCl) could result from PA (Put) degradation products. 
Additionally, the activity of DAO was also enhanced. Shevyakova et al.  (  2006  )  sug-
gested that salinity (400 mM NaCl) induced peroxide in the leaves of the halophyte 
 Mesembryanthemum crystallinum  L. was produced via DAO activity. This assump-
tion was supported in experiments with addition of the inhibitor aminoguanidine to 
the root medium in the presence of NaCl. In addition, their study indicated that 
activation of DAO combined with H 

2
 O 

2
 –peroxides reaction in leaves and roots is 

implicated in the regulation of free and conjugated PA concentrations under salinity. 
In a study conducted with similar model system Kuznetsov et al.  (  2007  )  also noted 
enhanced DAO activity, which correlated with the increased H 

2
 O 

2
  production in the 

presence of NaCl. Salinity (50, 100, 150 mM NaCl) strongly increased the activity 
of DAO in  Glycine max  (cv. Suxie-1) roots (Xing et al.  2007  ) . Accumulation of 
 g -aminobutyric acid (GABA) levels also increased with the increasing NaCl con-
centrations. Expectedly, PA degradation under NaCl treatment led to reduced 
amounts of free Put, Cad and Spd. The authors observed a close correlation between 
the alterations in DAO activity and GABA accumulation also after treatment with 
the aminoguanidine inhibitor. It was suggested that higher GABA accumulation 
induced by treatment with NaCl might result from PA degradation, concluding that 
PAs could execute their functions through formation of GABA under salinity. 
Soybean plants treated with N,N 1 -diaminoguanidine (an inhibitor of CuAO) showed 
a decrease in CuAO and signi fi cant reduction of reactive oxygen species in the 
elongation zone, even under salinity (Campestre et al.  2011  ) . N,N 1 -diaminoguanidine 
ceased the increased hypocotyl length in control and salinity exposed plants. The 
authors suggested that the activity of CuAO may be is partly contributing to the 
hypocotyl growth under NaCl stress, via generation of H 

2
 O 

2
  by polyamine catabo-

lism – thus reinforcing the importance of polyamine catabolism and H 
2
 O 

2
  produc-

tion in the induction of salt tolerance in plants. Supporting the idea of Moschou 
et al.  (  2008  ) , Rodríguez et al.  (  2009  )  and Campestre et al.  (  2011  )  for the important 
role of H 

2
 O 

2
  produced by PAO and/or DAO, Shoresh et al.  (  2011  )  noted that under 

salinity PAO activity was highly increased in the leaf-growing zone in  Zea mays , 
possibly providing the ROS required for elongation. The authors suggested that the 
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enhanced PAO activity was an adaptive mechanism directed to restore the normal 
levels of ROS at the expansion zone where NADPH oxidase could no longer pro-
vide the required ROS for growth. 

 It was reported that under 0–200 mM NaCl PAO activity was increased in the 
roots of barley seedlings (Zhao et al.  2003  ) . Interestingly DAO activity was also 
increased in transgenic eggplants (overexpressing oat  ADC  gene) that exhibited an 
increased tolerance levels to multiple abiotic stresses including salinity (Prabhavathi 
and Rajam  2007  ) . Duan et al.  (  2008  )  also reported that under short-term salt stress 
DAO activity increased along with the biosynthetic PA enzymes (ADC, ODC, 
SAMDC) in the roots of comparatively tolerant to high salinity cucumber cultivar 
Changchun mici than in cv. Jinchun No. 2. 

 The polyamine metabolic pathway is interconnected with other metabolic routes 
engaged in the formation of different signaling molecules (as H 

2
 O 

2
  and NO) and 

metabolites (ethylene, SAM, proline, GABA) which are important in plant stress 
(including salinity) responses (Kuznetsov et al.  2007 ; Xing et al.  2007 ; Su and Bai 
 2008 ; Alcazar et al. 2010).   

    13.4   Application of Polyamines for Enhanced 
Salinity Stress Tolerance 

 Large number of evidence suggested that exogenous application of PAs could be 
used as promising tool to enhance plant tolerance under salt stress conditions. Ali 
 (  2000  )  showed that exogenous Put reduced the net accumulation of Na +  and Cl –  ions 
in different organs of  Atropa belladonna  subjected to salinity stress. Put alleviated 
the negative effect of NaCl during germination and early seedling growth and 
increased endogenous Put of  A .  belladonna . Verma and Mishra  (  2005  )  also reported 
that Put counteracted the salinity induced decrease in seedling growth and biomass 
accumulation, and increased the activity of antioxidant enzymes and carotenoids in 
leaf tissues of salt stressed  Brassica juncea  seedlings. Similar results were reported 
by Tang and Newton  (  2005  ) , who showed that polyamines (mainly Put) lessened 
salt-induced oxidative damage by increasing the activities of antioxidant enzymes 
and decreasing lipid peroxidation in callus and seedlings of Virginia pine. Putrescine 
(0.5 mM) was completely able to amend the toxic effects of salt stress (100 mM 
NaCl) on electrolyte leakage and lipid peroxidation and partially on relative water 
content in chickpea plants (Sheokand et al.  2008  ) . Additionally, Put had a positive 
effect on antioxidant enzyme activities under salt stress. In other study (Shi et al. 
 2008  ) , exogenous putrescine (100  m M) was added to nutrient solution 3 days before 
cucumber ( Cucumis sativus  L. cv. “Jinyan No.4”) seedlings were exposed to 100 mM 
NaCl treatment. Putrescine considerably diminished the negative effects of NaCl on 
root growth through decreasing of Na +  uptake and increasing of potassium accumu-
lation in roots. Demetriou et al.  (  2007  )  reported that enhanced salinity provoked 
negative changes in the photosynthetic apparatus of green alga  Scenedesmus obliquus  
by affecting both its structure and function: 10 ‰ NaCl increased the effective 
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antenna size and decreased the active reaction center population, accompanied by a 
signi fi cant inhibition of the photosynthetic rate. Exogenously added Put altered 
these negative changes, by inducing the reciprocal reorganization of the photosyn-
thetic apparatus (Demetriou et al.  2007  ) . Increased salinity (150 mM NaCl) pro-
voked a negative modi fi cation in plasma membrane phospholipids and polyamine 
treatment (particularly putrescine and spermidine) caused a favorable effect in main-
taining of plasma membrane stability and functions of wheat roots under surplus 
salinity (Mansour et al.  2002  ) . 

 The effects of higher polyamines (Spd and Spm) on physiological and biochemi-
cal changes in 12-day-old rice seedlings (salt-tolerant Pokkali and salt-sensitive 
M-1–48) were investigated during salinity stress (Chattopadhayay et al.  2002  ) . Both 
polyamines considerably prevented the electrolyte leakage, amino acid and chloro-
phyll loss, and inhibition of photochemical reactions of photosynthesis, as well as the 
downregulation of chloroplast-encoded genes like  psbA ,  psbB ,  psbE  and  rbcL  
induced by the salinity stress. In similar experiments with roots of salt-tolerant 
(Nonabokra) and salt-sensitive (M-1-48) rice cultivars treated with 150 mM NaCl 
and 1 mM Spd, Gupta et al.  (  2012b  )  for a  fi rst time showed that polyamines partici-
pate in the salt stress signaling due to spermidine-mediated phosphorylation and acti-
vation of 42 kDa Ca 2+ -independent non-MAPK protein kinase. This fact allowed the 
authors to presume that this protein kinase plays a key role in the activation of different 
stress regulatory biomolecules, indicating its importance in salinity mediated signal 
transduction (Gupta et al.  2012a,   b  ) . In other study with rice seedlings (salt-tolerant 
Pokkali and salt-sensitive KDML 105), the application of 1 mM spermidine helps the 
plant to withstand the negative effect of NaCl (Saleethong et al.  2011  ) . The authors 
concluded that exogenous spermidine enhanced the salinity tolerance of rice by sta-
bilizing membrane, scavenging free radicals and maintaining K + /Na +  balance. 

 Salt stress reduced all evaluated growth parameters and yield components, con-
tent of leaf pigments, carbohydrates, protein, spermidine and spermine as well as 
amylase activity of  Vigna sinensis  plants (Alsocari  2011  ) . Exogenous application of 
spermine mitigated the deleterious effects of salinity stress on growth and yield of 
the stressed plants. The protective effect of spermine on  V. sinensis  plants appeared 
to be mainly due to the increased chlorophyll and protein content and endogenous 
polyamines (Alsocari  2011  ) . Similar results were reported by Sakr and El-Metwally 
 (  2009  )  who showed that exogenous spermine partially alleviated the harmful effect 
of soil salinization on wheat growth and yield. Spermidine application in salinized 
nutrient solution during short-time stress resulted in alleviation of the salinity-
induced membrane damage in the roots and plant growth and photosynthesis inhibi-
tion, together with an increase in polyamine and proline contents and antioxidant 
enzyme activities in the roots of salt-sensitive cucumber cultivar Jinchun No. 2 
(Duan et al.  2008  ) . Recently, Roychoudhury et al.  (  2011  )  provided an additional 
information concerning protective effect of exogenous application of spermidine 
and spermine on NaCl-treated rice seedlings. The authors showed that mitigation of 
inhibitory effect of salinity stress was conferred by preventing growth inhibition, 
averting different forms of cellular injuries, maintaining K + /Na +  balance or increas-
ing the level of compatible osmolytes and activity of antioxidant enzymes. 
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 Similarly to endogenous polyamines, the bene fi cial effect of the exogenous 
polyamines is related to the improvement of the ion balance in salt-treated cells due 
to their polycationic nature. As was illustrated in series of experiments, the applica-
tion of 1 mM Put decreased the Na +  accumulation of rice calli and rice plants exposed 
to salt stress (Ndayiragije and Lutts  2006,   2007  ) . The protective effect of exogenous 
polyamines under high salinity is associated mainly with improving of the K + /Na +  
homeostasis through restricting the Na +  in fl ux into roots and thus preventing the loss 
of K +  from cells (Zhao et al.  2007  ) . Zhao and Qin  (  2004  )  also proposed that one of 
the possible mechanisms involved in the alleviating of salt injury in barley seedlings 
by PAs application was to maintain tonoplast integrity and function under saline 
conditions. Furthermore, Zhu et al.  (  2006  )  suggested that exogenous Spd inhibits 
Na +  transport from roots to shoots under conditions of high salinity by reinforcing 
the barrier effects of Casparian bands, which are bene fi cial for attenuating the salt 
injuries in barley seedlings. Salinity stress severely inhibited the H + -ATPase activity 
in rice plants, but spermidine treatment signi fi cantly recovered its activity (Roy 
et al.  2005  ) . Shabala et al.  (  2007  )  showed that application of polyamines in micro-
molar concentrations was ef fi cient in preventing NaCl-induced K +  ef fl ux from the 
pea mesophyll. The authors suggested that polyamines may directly block the K +  
ef fl ux through non-selective cation channels and activate the plasma membrane H + -
ATPase, so restoring the membrane potential (Shabala et al.  2007  ) . Moreover, main-
taining of cytosolic K + /Na +  balance seems to be the major bene fi cial effect of 
polyamine regulation of membrane transport activity (Shabala and Cuin  2008  ) . 
However, preliminary application of 1 mM Spm, Spd or Put prevented NaCl-induced 
K +  leak only in the mature root zone of hydroponically grown maize and Arabidopsis. 
In contrast, in the distal elongation root zone, PA pre-treatment resulted in an even 
larger NaCl-induced K +  ef fl ux, so PAs affect the cell membrane transporters in a 
highly speci fi c way (Pandol fi  et al.  2010  ) . The authors concluded that the ameliora-
tive affect of PAs is a result of combination of several issues which probably incor-
porate PA transport, accumulation and metabolism in cell, and the functional 
expression of speci fi c target proteins or signaling components (Pandol fi  et al. 
 2010  ) .  

    13.5   Conclusion and Future Perspective 

 The importance, actuality and inevitability of the salinity stress, as well as its nega-
tive impact on the physiological processes and plant productivity have drawn the 
attention of a number of investigators to study the problems of salt stress. The 
research in this area is routed mainly into  fi ve directions:

   Studies on the physiological response of the plant organism subjected to salinity  –
stress  
  Comparison of the effects of salt stress on several plant organisms, differing in  –
their species, variety or genetically determined resistance to the stress factor  
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  Searching for possibilities to decrease the unfavorable consequences caused by  –
a salinity by induction of adaptation or by means of application of xenobiotics, 
including polyamines  
  Selection using cell cultures and conventional plant breeding   –
  Genetic engineering for improved stress tolerance     –

 One popular procedure for increasing plant salt tolerance is the using of exogenous 
application of different chemicals. For now the polyamine large-scale agricultural 
bene fi t application is rather limited. 

 Alterations in polyamine content, expression of genes and/or activity of polyamine 
biosynthetic enzymes due to salt stress have been explored in a large number of 
plant species, for example rice (Krishnamurthy and Bhagwat  1989 ; Chattopadhyay 
et al.  1997 ; Quinet et al.  2010  ) , tomato (Santa-Cruz et al.  1997a,   b,   1998 ; Botella 
et al.  2000  ) , wheat (Li and Chen  2000b  ) , sun fl ower (Alvarez et al.  2003  ) ,  Fraxinus 
angustifolia  (Tonon et al.  2004  ) , Arabidopsis (Urano et al.  2004  ) ,  Lotus glaber  
(Sanchez et al.  2005 ) and  Lupinus luteus  (Legocka and Kluk  2005  ) . Most of the 
studies demonstrate that polyamine abundance is associated with enhanced plant 
salinity tolerance. Hence, perspective and modern strategy for improvement of plant 
tolerance to cope with salinity is the using of transgenic and molecular genetic 
approaches to increase cellular PAs levels. Current studies with gain- or loss-of-
function mutants have also suggested a close relationship between plant stress tolerance 
and the level of endogenous PAs in plants (Alcazar et al.  2006  ) . Therefore, screening 
of varieties that maintain high level of endogenous polyamines is promising approach 
to enhance salinity tolerance.      
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  Abbreviations  

  ABA    Abscisic acid   
  GA    Gibberellic acid   
  JA    Jasmonic acid   
  JAZ proteins    Jasmonte-Zim proteins   
  MeJA    Methyl ester of jasmonic acid   
  JIPs    JA-induced proteins   
  PSII    Photosystem II   
  ROS    Reactive oxygen species   
  RuBPCase    Ribulose-1,5- bisphosphate carboxylase   
  RuBPOase    Ribulose-1,5- bisphosphate oxygenase     

        14.1   Introduction 

 During the past 20 years, a class of phytohormones derived from the metabolism of 
membrane fatty acids, collectively known as jasmonates, has attracted considerable 
attention. Jasmonates (jasmonic acid and related compounds) have been the only 
plant hormone class that is biosynthesized from fatty acid. The biological activity of 
MeJA, extracted from  Artemisia absinthium  L., was reported nearly 10 years later 
(Ueda and Kato  1980  ) . Since then, jasmonates have been found in many species and 
are considered ubiquitous (Meyer et al.  1984 ; Hamberg and Gardner  1992  ) . 
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 The most abundant member of the group is jasmonic acid (JA). First identi fi ed 
and isolated from a culture of the fungus  Lasiodiplodia theobromae , JA is the best-
known and best-characterized member of the jasmonate family. Recent studies have 
shown that JA can be modi fi ed in various ways, such as conjugation to different 
amino acids such as leucine (JA-leucine) and isoleucine (JA-isoleucine), or hydrox-
ylation, forming compounds of extreme importance for the activation of jasmonate-
responsive defense genes (Creelman and Mullet  1995 ; Liechti and Farmer  2006 ; 
Thines et al.  2007  ) . 

 Besides JA, another jasmonate of key importance is its methyl ester form, MeJA. 
MeJA was discovered in 1962 as a sweet-smelling compound in  Jasminium 
grandi fl orum  L.  fl ower extracts (Demole et al.  1962  ) . After its discovery in jasmine 
 fl owers, JA was isolated from a pathogenic fungus , Lasiodiplodia theobromae  
(Aldridge et al.  1971  ) . 

 First isolated from essential oil extracted from  Jasminum grandi fl orum  petals, 
due to its volatile property, MeJA initially aroused considerable commercial interest 
from the perfume industry, stimulating studies focused on its structure and 
synthesis. 

 Other jasmonates with biological activity include tuberonic acid (from the leaves 
of potato  Solanum tuberosum  L., Yoshihara et al.  1989  ) , dihydrojasmonic acid (from 
 Vicia faba  L., Miersch et al.  1989  ) , and cucurbic acid (from seeds of  Cucurbita pepo  
L., Fukui et al.  1977  ) . Conjugation to isoleucine is necessary to elicit some jas-
monate responses (Staswick and Tiryaki  2004  ) , and many other conjugates exist 
(Gapper et al.  2002 ; reviewed by Hamberg and Gardner  1992  ) .  

    14.2   Occurrence and Distribution of Jasmonates 

 Jasmonates seem to be ubiquitously distributed throughout the plant kingdom. They 
were detected in 206 plant species representing 150 family including ferns, mosses, 
and fungi (Meyer et al.  1984 ; Sembdner and Gross  1986  ) . The level of JA in plant 
tissues varies as a function of tissue type, development, and external stimuli (for 
reviews, see Sembdner and Parthier  1993 ; Koda  1992 ; Vick and Zimmerman  1987 ; 
Hamberg and Gardner  1992  ) . The highest levels of JA/JAMe are reported in  fl owers 
and reproductive tissues, whereas much lower levels are found in roots and mature 
leaves. In soybean seeds and seedlings, JA levels were highest in the youngest 
organs including the hypocotyl hook, plumule, and 12-h axis, compared to the zone 
of cell elongation and more mature regions of the stem, older leaves, and roots. JA 
levels are low in soybean seeds but increase to 2 mg g −1  fresh weight in developing 
axes within 12 h of imbibition. High levels of JA are also found in  fl owers and peri-
carp tissues of developing reproductive structures (Creelman and Mullet  1995, 
  1997 ; Lopez et al.  1987  ) . The presence of JA and MeJA has been described in 
anthers and pollen of three species of  Camellia  (Yamane et al.  1982  ) . 

 Levels of endogenous jasmonates increase upon wounding and are followed by 
activation of genes involved in plant defense responses such as those coding for 
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proteinase inhibitors, enzymes of phytoalexin synthesis, vegetative storage proteins, 
thionins, and defensins (Creelman and Mullet  1997 ; Farmer et al.  1998 ; Ryan  2000  ) . 
However, it is less well understood how the rise of jasmonates is regulated. The 
elevation of jasmonate levels is usually correlated with the activation of genes cod-
ing for JA biosynthetic enzymes (for review, see Wasternack and Hause  2002  ) . 
Application of linolenic acid (LA) to plants resulted in accumulation of JA. Free LA 
levels doubled within 1 h after wounding while JA levels rose 10-fold. Therefore, 
the wound–induced increase in JA level could have resulted from release of LA 
from phospholipids, or the utilization of LA present before wounding for JA biosyn-
thesis. When the time points of accumulation of different jasmonates were deter-
mined, JA levels were found to increase within 2–5 min of wounding. It is important 
that these changes occurred throughout the plant and were not restricted to wounded 
leaves. The speed of the stimulus leading to JA accumulation in leaves distal to a 
wound is at least 3 cm min −1 . The data give new insights into the spatial and tempo-
ral accumulation of jasmonates and have implications in the understanding of long-
distance wound signaling in plants. 

 In soybean leaves that had been dehydrated to cause a 15% decrease in fresh 
weight, JA levels increased −5-fold within 2 h and declined to approximately con-
trol levels by 4 h (Creelman and Mullet  1995  ) . Colonization of barley  (Hordeum 
vulgare  cv Salome) roots by an arbuscular mycorrhizal fungus,  Glomus intraradices  
Schenck and Smith, leads to elevated levels of endogenous JA and its amino acid 
conjugate JA-isoleucine, whereas the level of the JA precursor, oxophytodienoic 
acid, remains constant. The rise in jasmonates is accompanied by the expression of 
genes coding for an enzyme of JA biosynthesis (allene oxide synthase) and of a 
jasmonate-induced protein (JIP23), (Hause et al.  2002  ) .  

    14.3   Biosyntheses of Jasmonates 

 In  1984 , Vick and Zimmermann provided one of the  fi rst insights into the biosyn-
thesis of jasmonates. 

 Jasmonates are derived from the tri-unsaturated fatty acids – linolenic acid (18:3). 
The biosynthesis of JA starts with the insertion of oxygen at position 13 of  a -linolenic 
acid catalyzed by 13-lipoxygenase. The resulting hydroperoxide is converted by 
allene oxide synthase into an unstable allene oxide that can rapidly be degraded 
in vitro by chemical hydrolysis. Under cellular conditions, the allene oxide is pref-
erentially, if not exclusively, converted by allene oxide cyclase into (9S, 
13S)-oxophytodienoic acid. Both the allene oxide synthase and the cyclase are 
located in the plastids, and they probably operate in concert or they are linked physi-
cally in some form of complex, although no direct evidence exists for this. The 
product is transferred to the peroxisomes, where a speci fi c 12-oxo-phytodienoate 
reductase reduces the double bond in position 10, i.e. in the cyclopentenone ring, to 
3-oxo-2-(pent-2 ¢ -enyl)-cyclopentane-1-octanoic acid. This is a key step in directing 
the metabolism towards jasmonic acid, as this compound only is able to undergo the 
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three cycles of  b -oxidation, catalysed by the multifunctional enzyme complex acyl-CoA 
oxidase, which are required to give the 12-carbon (−)-7-iso-jasmonic acid. This is 
the main isomer isolated from plant tissues and was long thought to be the active 
metabolite. However, it is now recognized that (+)-7-iso-jasmonic acid or cis-(epi)-
jasmonic acid is in fact the active isomer. As both side chains are on the same side 
of the 3R,7S-cyclopentanone ring and the keto group at C-6 can tautomerize to an 
enol, the more stable (3R, 7R) isomer (−)- or trans-jasmonic acid is usually isolated 
as the main product (90% of the equilibrium mixture). According to the present 
knowledge, this enantiomer is the unique precursor for the naturally occurring 
(+)-7-iso-JA. The more stable (−)-JA is then formed by spontaneous isomerization. 
The metabolic pathway has been reviewed by Hause et al.  (  2002  )  and by Gfeller 
et al.  (  2010  ) . 

 A number of amino acid conjugates of jasmonic acid have been found in plants, 
and those with leucine and isoleucine have especial importance. For example, 
jasmonoyl-isoleucine and hydroxylated and carboxylated analogues are formed in 
plants in response to wounding, and jasmonoyl-isoleucine speci fi cally is now know 
to be a central element in hormone signaling by jasmonic acid. As with the free acid, 
the common isomer (−)-7-jasmonoyl-L-isoleucine is not the active isomer, but 
rather the much less abundant (+)-7-epimer. pH changes promote conversion of the 
(+)-7-epimer to the inactive (−)-7- form, suggesting that this may be a simple mech-
anism regulating the activity of the hormone through epimerization.  

    14.4   Physiological Functions of Jasmonates 

    14.4.1   Plant Growth and Development 

 During the 1980s the  fi rst reports of physiological effects attributed to JA and MeJA 
appeared, describing activities related to senescence in  Artemisia absinthium  (Ueda 
and Kato  1980  ) , and growth inhibition in  Vicia faba  (Dathe et al.  1981  ) . Since then, 
the number of metabolic and physiological activities attributed to jasmonates con-
tinues to increase. Jasmonates have been described as exerting a wide range of dif-
fering effects on virtually all plants, ranging from inhibition to promotion of plant 
processes. As described by Parthier  (  1991  ) , the effect exhibited on the plant may 
even be concentration dependent, with some processes stimulated at lower concen-
trations but inhibited at higher concentrations. A few examples of activities 
in fl uenced by jasmonates include inhibition of seed germination and seedling 
growth, stimulation of seed germination (at lower concentrations), promotion of 
seed dormancy breaking, and promotion of leaf senescence. The growth of vegeta-
tive tissues is also affected by treatment with jasmonates (Staswick et al.  1992 ; 
Huang et al.  2010  ) . Plants treated with MeJA develop shorter petioles than do con-
trol plants (Cipollini  2005  ) , and the short-petiole phenotype is observed in some 
genetically characterized mutants that accumulate higher than wild-type levels of 
JA in response to wounding (Bonaventure et al.  2007  ) . The cultivation of barley 
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plants in solution of JA exercised a considerable effect on the growth of the seedlings. 
Concentrations of the order 2.5 × 10 −6 –2.5 × 10 −4  M tend to inhibit growth. Lower 
concentrations had no effect on the growth of the seedlings. Similar in nature are 
also changes in the root system (Popova et al.  1988  )  (Photo     14.1 ).  

 In  fl owers, JA plays multiple roles that are related to general developmental pro-
cesses (Maciejewska et al.  2004 ; Krajncic et al.  2006  ) . Negative effects of jas-
monates on  fl ower opening and bud initiation have been reported for  Pharbitis nil  
and  Nicotiana tabacum  (Barendse et al.  1985 ; Kesy et al.  2011  ) . Moreover, a tissue-
speci fi c synthesis of JA in  fl owers has been described. On the other hand, JA appears 
to be necessary for pollen development and anther dehiscence in  Arabidopsis.  Much 
less is known on the role of JA for nectar secretion. The data presented by Radhika 
et al.  (  2010  )  showed that jasmonates have an in fl uence on  fl oral nectar secretion in 
 Brassica napus.  Pauwels et al.  (  2008  )  reported that high levels of MeJA repressed 
cell cycle progression by arresting cells in the G2 phase. 

 Elevated levels of JA has been shown to play a role in symbiotic processes such 
as arbuscular mycorrhiza and to control the induction of nitrogen- fi xing root nod-
ules. The involvement of jasmonates in tuberization in potato, yam and Jerusalem 
artichoke was inferred from their ability to induce tubers, and from changes in the 
levels of endogenous jasmonates during the growth of the plants, which can account 
for the initiation of tuberization. As to potato tuberization, JA and MeJA have strong 
tuber-inducing activity. tubers (Koda  1997  ) . 

 JA can in fl uence other aspects of plant growth and development, such as senes-
cence and leaf abscission. At concentrations higher than 50  m M, jasmonates induced 
senescence in plant cell cultures and excised leaves. The senescence response 
includes a loss of chlorophyll, degradation of chloroplast proteins, and accumulation 
of new proteins. Jasmonates speci fi cally inhibited translation of the large subunit of 
ribulose bisphosphate carboxylase (RuBPCase) by inducing cleavage of the rbcL 
transcript (Weidhase et al.  1987  ) . While jasmonates can induce senescence when 
applied at high concentrations, it is not clear whether this regulator modulates senes-
cence in vitro. Jasmonates can also induce tendril coiling (Weiler et al.  1993  ) . Tendril 
coiling is induced by mechanical stimulation and roles for auxin and ethylene have 
been proposed. Although jasmonates can stimulate ethylene biosynthesis by induc-
ing activity of the ethylene forming enzyme (Czapski and Saniewski  1992  ) , studies 
on tendril coiling showed that jasmonates can mediate this response in the presence 
of an inhibitor of ethylene biosynthesis (Weiler et al.  1993  ) . In early studies, JA, but 
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not MeJA, was suggested to be the endogenous pollen germination regulator. More 
than 10 years later, two jasmonate compounds, N-[(−)-jasmonoyl]-(S)-isoleucine 
and N-[7-iso-cucurbinoyl]-(S)-isoleucine, were identi fi ed in pollen grains of  Pinus 
mugo  (Knöfel and Sembdner  1995  ) . Jasmonates have been shown to stimulate fruit 
ripening, most likely through its action on ethylene biosynthesis (Czapski and 
Saniewski  1992  ) . Kim et al.  (  2009  )  reported that transgenic overexpression of the 
 Arabidopsis  gene jasmonic acid carboxyl methyltransferase ( AtJMT ) in rice resulted 
in a large reduction in grain yield through increased MeJA and ABA levels in 
young panicles. Exposure of nontransgenic plants to drought conditions also 
increased MeJA and ABA levels in young panicles and signi fi cantly reduced grain yield. 
In both cases, the reduction in grain yield was due to lower numbers of spikelets and 
lower  fi lling rates than were observed for nontransgenic controls. The ABA increase 
in  AtJMT  transgenic panicles grown in non-drought conditions suggests that MeJA, 
rather than drought stress, induces ABA biosynthesis under drought conditions. 
These results led the authors to postulate that plants produce MeJA during drought 
stress, which in turn stimulates the production of ABA, together leading to a loss of 
grain yield. Salt stress also increases the JA levels in roots of rice plants and in leaves 
of  Iris hexagona  (Moons et al.  1997 ; Wang et al.  2001  ) . Application of 100 mmol 
MeJA to the intact bark of 30-year-old Norway spruce induced anatomical reactions 
related to defense. Within 30 days, a single MeJA treatment induced swelling of 
existing polyphenolic parenchyma cells and an increase in their phenolic contents 
and formation of additional parenchyma cells the cambial zone. Treatment enhanced 
resin  fl ow and increased resistance to the blue-stain fungus,  Ceratocystis polonica  
(Franceschi et al.  2002  ) .  

    14.4.2   Jasmonates and Photosynthesis 

 The phytohormonal regulation of photosynthesis is an important aspect of the 
mechanism of photosynthetic regulation. A number of phytohormones (ABA, GA, 
kinetin, etc.) affect the rate of photosynthetic CO 

2
   fi xation and photorespiration, and 

the activity of some enzymes of carbon and nitrogen metabolism (Popova et al. 
 1987,   1988  ) . To a certain extent the action of JA is similar to the effect of ABA on 
a number of photosynthetic parameters. Two groups reported on the effect of jas-
monates on photosynthesis- this of Weidhase in Germany and the group of Popova, 
in Bulgaria. We demonstrated that in barley ( Hordeum vulgare  L.) plants exogenous 
treatment with JA or MeJA revealed changes in a number of photosynthetic param-
eters, such as a decrease in the rate of photosynthetic CO 

2
   fi xation and the activity 

of RuBPCase (Table  14.1 ).  
 A breakdown in the biosynthesis of Rubisco (Weidhase et al.  1987 ; Popova and 

Vaklinova  1988  ) , an inhibition of the Hill reaction activity and some changes in 
the kinetic characteristics of the  fl ash-induced O 

2
  evolution (Maslenkova et al. 

 1990,   1995  )  have been reported to occur as a result of JA and MeJA treatments. 
The observed inhibition in the Hill reaction activity and changes in the kinetic 
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characteristics of the  fl ash-induced O 
2
  evolution are hypothesized to be determined 

by alteration in chloroplast membrane during a prolonged treatment with JA. 
Treatment with JA resulted in the conversion of PSII a  to PSII b  centers (Maslenkova 
et al.  1990  )  and the enhanced participation of a more resistant to stress coopera-
tive mechanism for oxygen production (Zeinalov  1982  ) . 

 In primary leaves of  Hordeum vulgare  L plants grown in the presence of JA 
alterations in the size of chloroplasts were induced that led to disorganization of 
chloroplast ultrastructure. The number of thylakoids per granum as well as the aver-
age length of granal and stromal thylakoids were lower in JA-treated plants (Popova 
and Uzunova  1996  ) . MeJA affects plant transpiration (Lee et al.  1996 ; Wang  1999  )  
by promoting stomatal closure (Raghavendra and Reddy  1987 ; Suhita et al.  2003  ) . 
MeJA-induced stomatal closure is accompanied by an alkalization of the guard cell 
cytoplasm in  Paphiopedilum  spp. (Gehring et al.  1997  ) . 

 Barley plant grown for 7 days in solutions of ABA and JA showed high 
increase in the activity of the cytoplasmic located carbonic anhydrase (Popova 
et al.  1991  ) . The authors suggested that after exogenous treatment with ABA and 
JA (and probably during exposure of plants to stress) the internal concentration 
of CO 

2
  became limited for a normal activity of Rubisco and this led to appear-

ance of additional mechanism for CO 
2
  concentration with the participation of 

carbonic anhydrase. 
 Metodiev et al.  (  1996  )  discussed the dual effect of JA on photosynthesis depend-

ing on the duration of treatment and JA concentration. They showed that long-term 
treatment (7 days) of barley plants led to a noticeable decrease in both the initial 
slope of the A/Ci curves and the maximum photosynthetic assimilation (A) at satu-
rating C 

i
 . The proportion of stomatal and nonstomatal factors in limitation of pho-

tosynthesis depended on the applied JA concentration. Short-term treatment (up to 
2 h) with JA affected neither the stomatal conductivity for CO 

2
  nor the rate of pho-

tosynthetic CO 
2
  assimilation. The suggestion was that JA may affect photosynthe-

sis indirectly, either as a stress-modulating substance, or through the alteration in 
gene expression. 

 MeJA vapors induced the biosynthesis of anthocyanin in light-grown soybean 
seedlings but inhibited anthocyanin accumulation in etiolated seedlings 
(Franceschi and Grimes  1991  ) . Exogenously applied MeJA also induced antho-
cyanin accumulation in other plants (Tamari et al.  1995 ; Saniewski et al.  1998, 
  2003,   2006  ) . 

   Table 14.1    Effect of JA on the rate of photosynthetic CO 
2
   fi xation, photorespiration, and the 

activity of RuBP carboxylase (RuBPCase) and RuBP oxygenase (RuBPOase). Data are of  fi ve 
experiments ± SE   

 JA (M) 
 CO 

2
   fi xation 

  m M CO 
2
  (mg chl h) −1  

 Photorespiration 
  m M O 

2
  (mg chl h) −1  

 RuBPCase 
 % of the control 

 RuBPOase 
 % of the control 

 H 
2
 O(control)  77.0 ± 7.6  3.34  100.0  100.0 

 2.5 × 10 −7   68.5 ± 8.5  5.79  74.6 ± 14.1  96.0 ± 3.4 
 2.5 × 10 −6   54.1 ± 8.5  5.32  72.3 ± 10.3  92.0 ± 4.8 
 2.5 × 10 −5   40.9 ± 5.7  4.24  65.7 ± 7.4  99.3 ± 3.7 
 2.5 × 10 −4   39.9 ± 3.0  3.95  7.4 ± 1.1  – 
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 Work on the photosynthesis and transpiration effects of jasmonates application 
in conifers is limited, although many examples demonstrating the effect of exog-
enous MeJA application on other plants exist. Foliar applications of 1 mmol L −1  
JA increased carbon export from the leaves to the stem and roots within hours of 
treatment in  Populus  spp. (Babst et al.  2005  )  and 100 mmol L −1  MeJA treatment 
reduced photosynthetic rate and growth in Scots pine  (Pinus sylvestris  L.),  ( Heijari 
et al.  2005  ) .  

    14.4.3   Jasmonates and Protein Synthesis 

 Jasmonates induced accumulation of a number of proteins (JA-induced proteins, 
JIPs) in many plant species were  fi rst described in barley leaves (Weidhase et al. 
 1987  ) , but since then have been reported for most plants. Maslenkova et al.  (  1992  )  
induced experimental data showing an induction of JIPs mainly belonging to the 
thylakoid-bounded polypeptides. Most of the JIPs were identical to ABA- and 
NaCl-induced ones, leading to the assumption that exogenously applied jasmonates 
act as stress agents. Plant tissues treated with MeJA or exposed to stressors that 
induce  in planta  jasmonates accumulation synthesize high levels of JIPs (Parthier 
et al.  1992 ; Reinbothe et al.  1992 ; Mueller-Uri et al.  1988 ; Parthier  1989 ). 
Concomitantly, these tissues reduce or even shut-down the synthesis of most proteins 
that were present before MeJA or stress treatment (Mueller-Uri et al.  1988  ) . Earlier 
experiments, obtained for detached leaf tissues of barley, have identi fi ed translation 
initiation as the site at which protein synthesis is downregulated by MeJA (Reinbothe 
et al.  1993  ) . Reinbothe et al. ( 1994a ) demonstrate that one of the cloned JIPs in 
barley, JIP60, is a ribosome-inactivating protein (RIP) that differs from previously 
characterized RIPs (18–23 kDa) in exhibiting a distinctive mode of action. Our data 
showed that treatment of barley plants with MeJA led to breakdown in the biosyn-
thesis of Rubisco (Table  14.2  and Fig.  14.1 )   

 It is important to note that jasmonates did not provoke the same or a similar set 
of effects in all plants. Some changes in gene expression such as the downregulation 
of proteins involved in the photosynthetic apparatus and the upregulation of some 
defence related proteins are commonly observed, but often the eventual outcome of 
the jasmonate-induced altered gene expression strongly depends on the species and 

   Table 14.2    Effect of JA on RubisCO protein level, the level of large and small subunits of Rubis 
CO and leaf soluble protein in barley leaves. Values are means ± SE for three experiments   

 JA (M) 
 Rubisco protein 
 mg(mg sol pr) −1  

 Large subunit 
 mg(mg sol pr) −1  

 Small subunit 
 mg(mg sol pr) −1  

 Soluble protein 
 mg (g FW) −1  

 H 
2
 O (control)  538 ± 64.7  395.0 ± 17.4  162.23 ± 33.9  6.94 ± 2.04 

 2.5 × 10 −7   400 ± 28.9  265.9 ± 26.7  85.10 ± 14.6  6.00 ± 2.34 
 2.5 × 10 −6   266 ± 57.9  215.3 ± 33.0  69.33 ± 21.6  5.99 ± 2.21 
 2.5 × 10 −5   278 ± 105.9  211.8 ± 26.4  63.77 ± 18.7  5.40 ± 2.04 
 2.5 × 10 −4   123.4 ±61.6  172.5 ± 26.4  48.47 ± 16.0  3.82 ± 1.61 
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tissue under investigation. Numerous JA-responsive genes have been identi fi ed that 
are clearly upregulated and lead to the synthesis of JIPs. Comparative analyses 
revealed that different plant species express different JIPs. Some types of JIPs have 
been identi fi ed in a single species. For example, some of the JIPs from barley seed-
lings have not been identi fi ed yet in any other plant. Many data indicate that plants 
developed, in addition to a set of common JA-responsive genes, a whole variety of 
specialized JA-responsive genes. At present, there is no simple genetic explanation 
for the origin of these specialized JA-responsive genes. The observations of Lannoo 
et al.  (  2006  )  provided the  fi rst  fi rm evidence that even closely related species 
respond differently upon treatment with MeJA because of the presence/absence of 

  Fig. 14.1    Polypeptide pro fi les and gel scans of soluble proteins from barley leaves after 15% 
SDS-PAGE:  a  control (water),  b  0. 25  m  M JA,  c  2.5  m  M JA,  d  25  m  M JA,  e  250  m  M JA. The major 
protein differences among control and treated plants are indicated in  kDa  with  arrows        
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some target gene(s), and indicate that extreme care should be taken before generaliz-
ing the results obtained with a particular model plant to other species. 

 The most abundant gene product occurring in barley leaves upon JA treatment or 
upon endogenous rise of JA is a 23-kD protein (JIP23, Andresen et al.  1992 ; 
Lehmann et al.  1995  ) . JIP23 is always detectable after the elevation of jasmonate 
levels (Kramell et al.  2000  ) . Therefore, the occurrence of JIP23 is a valuable reporter 
of endogenous rise of jasmonates as used for the analysis of the pathogenic interac-
tion of barley leaves with powdery mildew (Hause et al.  1997  ) . Also, in other tissues 
of the barley plant, there is a strict correlation of the expression of JIP23 and 
enhanced endogenous JA levels. JIP23 is expressed constitutively in the root tip, the 
scutellar node, and the leaf base, which are tissues that show enhanced JA levels 
(Hause et al.  1996 ; Maucher et al.  2000  ) . Furthermore, the elevated JA level in these 
barley tissues correlates with reactive oxygen species (ROS) expression, suggesting 
a causal link between expression of genes coding for JA biosynthetic enzymes, 
elevation of JA levels, and expression of JA-induced genes (Maucher et al.  2000  ) . 
Therefore, simultaneous recording of the expression of ROS and JIP23 and JA lev-
els represents a tool for asking whether an increase in JA biosynthesis is correlated 
with expression of JA-biosynthetic genes and JA-dependent processes.   

    14.5   Jasmonates and Environmental Stresses 

    14.5.1   Abiotic Stress 

 Several types of stress conditions, such as wounding, salinity, drought, ozone, UV 
irradiation and pathogen infection, cause endogenous JA accumulation and the 
expression of jasmonate-responsive genes. Jasmonate levels were increased in soy-
bean ( Glycine max,  Creelman and Mullet  1995  )  and  Pinus pinaster  (Pedranzani 
et al.  2007  )  upon plant exposure to drought and in tomato ( Solanum lycopersicum , 
Pedranzani et al.  2003  )  and  Iris hexagona  (Wang et al.  2001  )  upon exposure to high 
salinity. In rice, both drought and high salinity increased jasmonate levels in the 
leaves and roots, resulting in the induction of stress-related proteins and JA biosyn-
thetic genes (Moons et al.  1997 ; Kiribuchi et al.  2005 ; Tani et al. 2008). 

    14.5.1.1   Jasmonates and Salinity Stress 

 Among environmental stresses NaCl salinity is one of the main limitations to the 
growth and photosynthesis of nonhalophytic plants. The extent of this inhibition is 
correlated to the extent of NaCl salinity, the plant species, and the environment. 

 Barley is rated among the salt-tolerant crop species in the tribe  Triticeae  (Munns 
 2005  ) . Response of barley to JA and osmotic/salinity stress treatment has been the 
focus of several studies (Maslenkova et al.  1992 ; Lehmann et al.  1995 ; Ortel et al.  1999  ) . 
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Dombrowski  (  2003  )  reported a wounding–JA salinity interaction in tomato, where 
salt stress induced wound-related genes through the activation of the octadecanoid 
pathway. Most of these studies however, focus on the osmotic stress component of 
the salt stress usually involving the shock treatment with sudden increase in salt in 
the growth medium of whole plants or  fl oating of barley leaf discs in salt solution. 
Popova and Maslenkova  (  1997  )  reported that pre-treatment of barley plants with JA 
for 4 days before salinization ameliorated the inhibitory effects of salinity on growth 
and photosynthesis when compared to a direct salt stress (Table  14.3 ).  

 Gas exchange measurements showed signi fi cant changes in the values of CO 
2
  

compensation point, stomatal resistance and transpiration rate in plants treated with 
NaCl and JA. Pretreatment with JA or step-wise treatment with NaCl improved the 
values of these parameters and led to adaptation of barley seedlings to salinity stress 
(Tsonev et al.  1998 , Table  14.4 ).  

   Table 14.3    Effect of NaCl and JA on growth, photosynthetic CO 
2
   fi xation and the activity of 

RuBPCase and PEPCase. Seedlings wet grown for 8 days. They were treated 4 days with 25  m M 
JA and then with 100 mM NaCl for the next 4 days. To obtain NaCl stepwise treated plants NaCl 
concentration was gradually increased by 25 mM every 2 days until 100 mM NaCl was reached   

 Treatment 

 Length 
of seedlings 
(cm) 

 CO 
2
   fi xation 

 ( m mol CO 
2
 ) 

(mg chl h) −1  

 RuBPCase 
 ( m mol CO 

2
 ) 

(mg min) −1  

 PEPCase 
 ( m mol CO 

2
 ) 

(mg min) −1  

 Chl. (a + b) 
 (mg chl) 
(g FW) −1  

 Control  9.94 ± 0.65  64.9 ± 6.7  0.38 ± 0.09  0.064 ± 0.09  2.30 ± 0.07 
 100 mM NaCl  5.44 ± 0.39  31.1 ± 2.9  0.14 ± 0.04  0.132 ± 0.01  1.73 ± 0.05 
 25–100 mM NaCl  8.76 ± 0.81  48.8 ± 6.3  0.33 ± 0.10  0.119 ± 0.03  1.78 ± 0.05 
 25  m M JA  6.93 ± 0.72  49.55 ± 5.3  0.29 ± 0.07  0.128 ± 0.07  2.43 ± 0.04 
 25  m M JA +100 mM 

NaCl 
 7.77 ± 0.58  48.22 ± 2.7  0.31 ± 0.12  0.102 ± 0.09  2.04 ± 0.07 

   Table 14.4    Leaf gas exchange characteristics of barley plants after treatment with NaCl and JA. 
 a , carboxylating ef fi ciency; Г, CO 

2
  compensation point;  A,  net CO 

2
  assimilation;  C i, intercellular 

CO 
2
  concentration;  L s, stomatal limitation of photosynthesis;  r‘  

 s 
 , stomatal resistance to CO 

2
 ;  Tr,  

transpiration rate. Values are means ± SE for four experiments   

 Treatment   a  (cm s −1 ) 
 Г 
( m mol mol −1 ) 

  A  
( m mol CO 

2
  

m −2  s −1 )   Ls  (%) 
  Ci/Ca  
(Ca = 350)   r ¢   

 s 
  (s cm −1 ) 

  Tr  (mg 
H 

2
 O 

m −2  s −1 ) 

 Control  0.068  92.2  8.75  27.5  0.72  7.8 ± 0.5  29.5 ± 2.0 
 100 mM NaCl  0.007  345.3  0.05  41.2a  0.95a  48.8 ± 2.7  9.6 ± 1.4 
 25–100 mM 

NaCl b  
 0.033  87.2  4.20  42.1  0.64  18.5 ± 1.8  14.5 ± 1.2 

 25  m M JA  0.037  135.6  3.79  47.0  0.77  15.8 ± 0.2  19.8 ± 0.8 
 25  m M 

JA + 100 mM 
NaCl 

 0.054  77.7  4.71  39.7  0.69  17.5 ± 1.3  16.9 ± 0.9 

   a  The data for  L  
 s 
  and C 

i
 /C 

a
  in the variant with 100 mM NaCl were calculated at C 

a
  = 400 ppm 

because of greater Г 
  b  Stepwise increased NaCl concentration from 25 to 10 mM within 8 days  
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 The data on structural and functional characteristics of chloroplasts in JA 
pretreated barley manifested that JA can improve photosynthetic performance of 
the NaCl stressed plants. Also, it was shown that JA pre-treatment prior to salinity 
stress resulted in lower Na +  accumulation, therefore linking JA to Na +  homeostasis. 
These results point to the suggestion of a possible role for JA in increasing the salt 
tolerance when it is applied to the plants for a short period before exposure to salin-
ity stress, thus improving their non-vulnerability to unfavorable conditions, possi-
bly involved in salinity tolerance mediated by JA (Popova and Maslenkova  1997  ) . 

 Similar data have been reported by Walia et al.  (  2006  ) . They observed that 
genes involved in JA biosynthesis showed increased abundance during salt stress. 
The authors hypothesized that JA plays a role in salt stress adaptation in barley. They 
tested this hypothesis by applying JA to barley plants and by observing its effect on 
salinity tolerance. In addition, they also examined the extent of interaction as indi-
cated by gene expression overlap between JA and salinity stress response of barley 
using transcriptome pro fi ling. Data con fi rmed that pre-treatment with JA partially 
alleviated photosynthetic inhibition caused by salinity stress. Expression pro fi ling 
after a short-term exposure to salinity stress indicated a considerable overlap between 
genes regulated by salinity stress and JA application. Three JA-regulated genes, argi-
nine decarboxylase, ribulose 1·5-bisphosphate carboxylase/oxygenase (Rubisco) 
activase and apoplastic invertase were identi fi ed. Rubisco activase transcript increased 
by seven-fold in JA-pre-treated salinized plants and 3.8-fold in JA treatment, but not 
differentially expressed at a signi fi cant level in salinity-stressed plants. The expres-
sion analysis results indicated an increase in the mRNA abundance of several photo-
synthesis-related genes in response to JA treatment (Walia et al.  2007  ) . 

 Data by other authors indicated a decrease in levels of photosynthesis-related 
proteins such as Rubisco and light-harvesting cab-binding proteins upon treatment 
with jasmonates (Popova and Vaklinova  1988 ; Reinbothe et al. 1994). Although the 
abundance of Rubisco small subunit and Rubisco activase transcripts increased, the 
expression level of several other light-responsive genes including those encoding 
for cab-binding protein decreased in abundance upon JA treatment. There are reports 
indicating jasmonate regulation at post-transcriptional and translational levels for 
some genes (Reinbothe et al.  1993 , 1994). Post-translational regulation is one pos-
sibility that may explain the differences between our expression results and previ-
ous reports on protein abundance for photosynthesis-related genes. Maslenkova 
et al.  (  1992  )  reported about effect of JA treatment and salinity stress on the polypeptide 
composition of soluble and membrane bounded polypeptide of barley seedlings. 
They showed that high JA concentration (250  m M) induced marked quantitative and 
qualitative changes concerning mainly the proteins with the approximately equal 
mobility as in NaCl-stressed plants. The most obvious increase in thylakoid poly-
peptide band intensity was at 55–56 kDa. The relative share of some polypeptides 
with apparent polypeptide masses above 66 kDa and polypeptide with lower molec-
ular masses in the region 20.5–15 kDa was enhanced. At the same time one new 
band at 31 and 31.5 kDa was well expressed at 25 and 250  m M and became discern-
ible in 100  m M NaCl-treated plants. The intensity of some polypeptides of soluble 
proteins of 60, 47, 37, 30, and 23.4 kDa increased with increasing JA concentration, 
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whereas the intensities of other polypeptides bands (molecular masses 55, 21.4 and 
15 kDa) decreased. The appearance of one new polypeptide, of 25.1 kDa, was 
observed only in NaCl-treated plants. The function(s) of jasmonate-induced poly-
peptides is not known. It was presumed that they participate in the modulation of 
aging reactions or of plant physiological responses to stress (Fig.  14.2 ).  

 Popova et al.  (  1991  )  observed a substantial increase of the cytoplasmic localized 
carbonic anhydrase in barley leaves after treatment with JA. The authors tempted to 
suggest that, under conditions of stress, there may an induction of CO 

2
  concentra-

tion mechanism and the observed increase in 30 kDa polypeptide corresponds to the 
same electrophoretic mobility and molecular mass of carbonic anhydrase. Various 
studies have also shown a relationship between salinity adaptation and an increase 
in CA activity (Latorella and Vadas  1973 ; Brown et al .   1987 ; Fisher et al .   1996  ) . 
Therefore, the increased abundance of CA by JA pre-treatment 2 days before salin-
ity stress can prime the subsequently stressed plants and make photosynthetic 
machinery more adaptive to salinity stress compared to directly salt-stressed plants. 
Less inhibited net photosynthetic rate in JA-pre-treated plants relative to salinity-
stressed plants, coupled with increased transcript levels of Rubisco activase, and CA 
indicates a potential role of these genes in improved tolerance of barley as a conse-
quence of JA pre-treatment. 

 Rice ( Oryza sativa  L.) is considered salt sensitive compared to other cereals. 
Data reported by Wilson  (  2007  )  showed that JA pretreatment in rice does not ame-
liorate salinity stress, possible due to increased accumulation of toxic ions and 
changes in ion homeostasis. Effects of 100 mM NaCl (osmotic stress) on shoot 
growth and biosynthesis of JA in two maize genotypes ( Zea mays  L.), salt-sensitive 
Across 8023 and resistant hybrid SR 03 were investigated (Shahzad et al.  2009  ) . 
Exogenous treatment of JA, signi fi cantly reduced the maize seedling growth in 
terms of shoot extension, root length and root and shoot fresh weights. The differ-
ences in JA biosynthesis in genotypes of contrasting salt resistance indicated that 
jasmonic acid may have a role in plant adaptation to osmotic stress and increased JA 
in roots of the salt-sensitive genotype may be responsible for shoot growth inhibi-
tion. Similar data had been reported by Kang et al.  (  2005  )  for rice seedling differing 
in their sensitivity to salt stress and treated with JA. The obtained results indicated 
that application with exogenous JA can ameliorate salt-stressed rice seedlings, espe-
cially the salt-sensitive cultivar rather than the salt-tolerant cultivar. MeJA applica-
tion greatly mitigated the adverse effects of NaCl on soybean growth and endogenous 
hormones. MeJA signi fi cantly increased ABA levels, while the endogenous amount 
of giberreline (GA 

4
 ) was reduced by the application of NaCl. The data revealed that 

MeJA counteracted the negative effects of NaCl stress on plant growth, chlorophyll 
content, leaf photosynthetic rate, leaf transpiration rate, and proline content (Yoon 
et al.  2009  ) . Mansour et al.  (  2008  )  reported that treatment of broad been ( Vicia faba ) 
with JA led to reduction in vegetative growth, altered mineral composition of leaves 
and to partial alleviation of salinity stress. Wang  (  1999  )  showed that treatment of 
strawberry with MeJA alleviated the negative effect of water stress. 

 The in fl uence of MeJA and NaCl on a  Catharanthus roseus  suspension cell cul-
ture with high production of ajmalicine was investigated. NaCl treatment increased 
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  Fig. 14.2    Gel scans of soluble proteins from barley leaves after 15% SDS-PAGE.  a  control 
(water),  b  100 mM NaCl,  c  25–100 mM NaCl,  d  25  m M JA,  e  25  m M JA + 100 mM NaCl. The 
major protein differences among control and treated plants are indicated in  kDa  with  arrows        
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both the cell membrane permeability and ajmalicine accumulation. MeJA treatment 
promoted ajmalicine accumulation and maintained membrane permeability of cells 
under salt stress (Xiang et al.  2011  ) .  

    14.5.1.2   Jasmonates and Heavy Metal Stress 

 A short time effects of 25 and 150  m M Cu 2+  or 50  m M MeJA on growth of roots and 
leaves of  Phaseolus coccineus, Allium cepa  and  Zea mays  were investigated 
(Maksymek and Krupa  2007  ) . The authors suggested that the leaf growth inhibition 
induced by excess Cu 2+  was connected in  Z. mays  with jasmonate, and in  P. coccineus  
with ethylene, NADPH oxidase and, to a minor degree, with jasmonate. 

 In  Arabidopsis thaliana  leaves, during the  fi rst hours of exposition to excess Cu 
or Cd, a considerable increase of hydrogen peroxide accumulation and superoxide 
radicals was observed. Increased superoxide radicals and hydrogen peroxide level 
was obtained after exogenous methyl jasmonate supply. Excess Cd, in contrast to Cu, 
increased in the  fi rst hour of SOD activity. The results indicated that the  fi rst effect of 
the investigated heavy metals stress was accumulation of superoxide radicals and 
hydrogen peroxide. That increase was mostly connected with the activity of NADPH 
oxidase, induction of jasmonate signaling pathways and partially, in the case of Cd, 
with superoxide dismutase activity (Maksymiek and Krupa  2002  ) . Copper and cad-
mium in in vivo conditions induced accumulation of jasmonates in mature leaves of 
 Arabidopsis thaliana  and in young and oldest  Phaseolus coccineus  plants (Maksymiec 
et al.  2005 , Maksymiek and Krupa  2006 ). The dynamics of jasmonate accumulation 
showed a biphasic character in both plants. In the  fi rst phase, after 7 h ( A. thaliana ) or 
14 h ( P. coccineus ) of exposure to Cu or Cd, a rapid increase of JA level occurred, 
followed by a rapid decrease observed during seven successive hours. In the next 
phase, a repeated but slow increase of JA content occurred. The heavy metal stress 
induced in particular a more stable (3R,7R) form of jasmonates. The results indicated 
that JA is connected with the mechanism of toxic action of both heavy metals in 
plants, differentially reacting to exogenous JA and possessing variable dynamics 
depending on the plants studied as well as their growth stage. 

 The effect of MeJA at concentrations of 10 and 100  m M MeJA in alleviating Cd 
toxicity in and soybean plants were investigated. Pretreatment with lower MeJA 
concentration before Cd exposure signi fi cantly alleviated the Cd damage to shoot 
dry weight and total chlorophyll contents and also, reduced lipid peroxidation. 
The increase in catalase and polyphenol oxidase activities were also observed 
under cadmium stress. The activity of ascorbate peroxidase was enhanced by 
MeJA under no stress and cadmium stress. However, peroxidase activity increased 
under no stress conditions. The authors suggested that the application of MeJA 
caused signi fi cant alleviation of cadmium damages to soybean plants (Keramat 
et al.  2010  ) . 

 Exposure of  Wolf fi a arrhiza  ( Lemnaceae ) to lead (Pb) resulted to decrease in 
fresh weight, chlorophyll  a , carotenoid, monosaccharide and soluble protein con-
tent, and high accumulation of lipid peroxides. Exogenously applied 0.1  m M JA 
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protected  W. arrhiza  fronds against Pb stress inhibiting heavy metal accumulation, 
restoring plant growth and primary metabolite level. It was also found that JA 
activated enzymatic (catalase, ascorbate peroxidase, NADH peroxidase) and 
non-enzymatic antioxidant (ascorbate, glutathione) system in  W. arrhiza , and there-
fore, suppressed oxidative destruction of cellular components induced by heavy 
metal (Pijaotrowska et al.  2009  ) .  

    14.5.1.3   Jasmonates and Extreme Temperature Stress 

 Jasmonate has been shown to increase the chilling tolerance of several plant species. 
Scientists found that in reducing chilling injury, jasmonates may play an integral 
role in the intracellular signal-transduction cascade that acts in inducible defense 
mechanisms that plants can develop against chilling stress. 

 Protection plant cells against environmental stress by jasmonates may also asso-
ciate with involving special gene expression (Ding et al.  2001  ) . Exposure of avo-
cado (Gonzalez-Aguilar et al.  2003  )  and tomato (Ding et al.  2001  )  fruits to low 
concentration of jasmonates suppressed chilling injury and decay in low tempera-
ture storage fruits. Wang and Buta  (  1994  )  demonstrated that MeJA prevented the 
chilling injury of zucchini squash fruit ( Cucurbita pepo  L.) subjected to low tem-
perature stress. In addition, jasmonates may prevent chilling injury by a mechanism 
that involves regulation of ABA and polyamine (PA) levels. ABA and PA have been 
found to stabilize cell membranes and maintain cellular structure. Therefore, regu-
lation of ABA and PA levels by jasmonates can maintain cellular integrity and 
increase the tolerance of plant tissues to chilling injury. High temperature shocks 
has been useful in some peach ( Prunus persica ) cultivars to prevent chilling injury, 
although undesirable side effects have been determined. The young grape plants 
treated with 50  m mol L −1  JA solution and at 38 °C heat acclimation (HA) were stud-
ied. The result showed that SOD, POD, CAT, APX activity and soluble protein 
content in young grape plants become higher than under normal temperature. It was 
suggested that JA or HA enhances thermoprotection (Chen et al.  2006b ) 

 The potential ability of stressed leaves to signal other leaves and induce the pro-
duction of heat shock proteins (Hsps) suggests that a systemic nature of the heat-
shock response might be adaptive for stress tolerance. It may prepare unstressed 
leaves for a stress that might occur in the near future. The systemic induction of 
Hsps may serve a protective function in unstressed leaves. For example, leaf tem-
peratures can vary signi fi cantly within a single plant, throughout the day (Larcher 
 1995  ) , which may stress only certain leaves at any given time.  

    14.5.1.4   Jasmonates and Oxidative Stress 

 There is no general consensus on the contribution of jasmonates to oxidative stress, 
besides inducing the production of ascorbic acid (AsA). AsA is the most abundant 
water-soluble antioxidant in plants. It provides the  fi rst line of defense against 
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damaging reactive oxygen species (ROS), and helps protect plant cells from many 
factors that induce oxidative stress, including wounding, ozone, high salinity, and 
pathogen attack. Plant defenses against these stresses are also dependent upon jas-
monates. MeJA also induces H 

2
 O 

2
  production in plants (Orozco-Cárdenas and Ryan 

 1999 ; Orozco-Cárdenas et al.  2001 ; Wang and Wu  2005  ) , although the increase in 
H 

2
 O 

2
  may result in decreased AsA concentrations, which may in turn promote the 

imbalance between active oxygen species and antioxidants that leads to oxidative 
stress, (an increase in H 

2
 O 

2
  is not always detrimental to plant function). MeJA pro-

motes H 
2
 O 

2
 -induced stomatal closure (Suhita et al.  2004  ) , thereby protecting plants 

from water stress. It has been shown in drought-resistant Mediterranean shrubs that 
an increase in H 

2
 O 

2
  in the apoplast of mesophyll cells, xylem vessels and differen-

tiating sclerenchyma cells might be more related to a structural role than to oxida-
tive damage (Jubany-Marí et al.  2010  ) . MeJA treatment led to enhanced production 
of H 

2
 O 

2
  in  Arabidopsis  leaves and roots, indicating in vivo oxidative stress. With 

monobromobimane (mBBr) labeling to capture the oxidized sulfhydryl groups, 2D 
gel separation, and LC-MS/MS analysis Alvarez et al.  (  2009  )  isolated 35 protein 
spots that displayed signi fi cant redox and/or total protein expression changes. 
Thirty-three spots were identi fi ed in both control and MeJA-treated samples. Some 
of these proteins were redox responsive and others displayed abundance changes in 
response to MeJA. Many cysteine residues involved in the disul fi de dynamics were 
mapped based on applied methods. Identi fi cation of redox proteins and their cysteine 
residues involved in the redox regulation is promising for a deeper understanding of 
the jasmonate signaling networks. 

 Pan et al.  (  1995  )  reported that growing peanut ( Arachis hypogaea  L.) seedlings 
in solution containing MeJA at 100, 200, and 400 mg L −1  resulted in increase the 
levels of protective enzymes SOD and CAT which were able to remove superoxide 
and H 

2
 O 

2
  and leads to protection the integrity of plasma membrane from drought 

damage. 
 The application of MeJA (50 and 100  m M) in roots and shoots of maize seed-

lings subjected to paraquat decreased the lipid peroxidation with highest ef fi ciency 
and meaningfully in roots and shoots as compared with controls (Norastehnia and 
Asghari  2006  ) . Pretreatment of barley seedlings with 23  m M MeJA before expo-
sure to paraquat fully blocked the inhibitory effect of Pq on photosynthesis and 
provided protection against subsequent Pq-induced oxidative damage (Hristova 
and Popova  2002  ) . 

 Treatment of 40 day-old adventitious roots of  Panax ginseng  with 200  m M MeJA 
or SA caused an increase in the carbonyl and H 

2
 O 

2
  contents. Total phenolic, 

 fl avonoid, ascorbic acid, non-protein thiol and cysteine contents and 1,1-diphenyl-
2-picrylhydrazyl radical reducing activity were increased by MeJA and SA. The 
activities of glucose 6-phosphate dehydrogenase, phenylalanine ammonia lyase, 
substrate speci fi c peroxidases (caffeic acid peroxidase, quercetin peroxidase and 
ferulic acid peroxidase) were higher in MeJA treated roots than the SA treated ones. 
Increased shikimate dehydrogenase, chlorogenic acid peroxidase and  b -glucosidase 
activities and proline content were observed in SA treated roots than in MeJA ones. 
Cinnamyl alcohol dehydrogenase activity remained unaffected by both MeJA and SA. 
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These results strongly indicate that MeJA and SA induce the accumulation of 
phenolic compounds in ginseng root by altering the phenolic synthesis enzymes 
(Ali et al.  2007  ) . Recent data showed that SA and MeJA in fl uenced on the antioxi-
dant systems in  Haematococcus pluviialis . Both SA and MeJA at 500  m M concen-
tration reduced the growth of alga with more pronounced effect of SA. Carotenoid 
and chlorophyll contents were decreased by SA and increased by MeJA (Vidhyavathi 
and Sarada  2011 .) Para- Lobato et al.  (  2009  )  showed that treatment of sun fl ower 
( Helianthus annuus  L.) seedlings with 50  m M MeJA led to a fast increase in ROS 
content, followed by a marked increase in the activity of H 

2
 O 

2
 -scavenging enzymes, 

guaiacol peroxidase, ascorbate peroxidase, and catalase. It was suggested that exog-
enous MeJA may be involved in the oxidative stress processes by regulating antioxi-
dant enzyme activities. 

 JA and SA pretreatment enabled young grape plants to maintain higher content 
of soluble protein and activity of SOD, CAT, POD, APX and decrease electrolyte 
leakage to weaken oxidative stress under heat shock. It was suggested that JA or 
heat acclimation enhanced thermoprotection by similar mechanisms (Chen et al. 
2006). 

 Suza et al.  (  2010  )  reported evidence showing that wounding and jasmonates 
in fl uenced AsA accumulation in various plant species, and showed data from 
 Arabidopsis  and tomato testing the in fl uence of jasmonates on AsA levels in 
wounded and unwounded plants. Their  fi ndings indicated that the effects of wound-
ing and jasmonates on AsA accumulation differ between species, these factors both 
enhanced AsA accumulation in  Arabidopsis , but depressed AsA levels in tomato. 
MeJA has been shown to cause H 

2
 O 

2
  production in parsley suspension-cultured 

cells (Kauss et al.  1994  )  and to act as a signal molecule for the induction of defense 
genes in tomato plants (Orozco-Cárdenas et al.  2001  ) . 

 Using molecular approaches Sasaki-Sekimoto et al.  (  2005  )  provided data that 
jasmonates activated the coordinated gene expression of factors involved in nine 
metabolic pathways belonging to two functionally related groups: (1) ascorbate and 
glutathione metabolic pathways, which are important in defence responses to oxida-
tive stress, and (2) biosynthesis of indole glucosinolate, which is a defence com-
pound occurring in the  Brassicaceae  family. They con fi rmed that jasmonates 
induced the accumulation of ascorbate, glutathione and cysteine and increased the 
activity of dehydroascorbate reductase, an enzyme in the ascorbate recycling path-
way. They also showed that O 

3
  exposure caused the induction of several genes 

involved in antioxidant metabolism in the wild type  Arabidopsis.  The authors sug-
gested that the coordinated activation of the metabolic pathways mediated by jas-
monates provides resistance to environmental stresses. 

 Jubany-Mari et al.  (  2010  )  examined the contribution of MeJA to the acclimation 
of a Mediterranean shrub,  Cistus albidus  L., to water stress under natural climatic 
conditions. For this purpose, changes in MeJA, H 

2
 O 

2
 , AsA and the maximum 

ef fi ciency of PSII photochemistry ( F  
v
 / F  

m
  ratio) and lipid peroxidation were moni-

tored in young leaves of two sets of plants: well-watered plants and plants exposed 
to water stress and then re-watered. MeJA accumulation in water-stressed plants 
showed a maximum increase after 11 weeks of water stress and a second increase 
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after the re-watering, which was performed in week 17 of the experiment. Like 
MeJA, H 

2
 O 

2
  variations showed a biphasic time course, reaching the  fi rst peak under 

mild water stress and the second peak during plant recovery. H 
2
 O 

2
  accumulation 

was not associated with oxidative damage, and in addition to showing intact cell 
ultrastructure, water-stressed plants showed lower lipid peroxidation than well-
watered plants. The  F  

v
 / F  

m
  ratio remained above 0.75 throughout the experiment in 

both sets of plants. AsA concentrations began to increase at the beginning of water 
stress, before the increase in MeJA. AsA reached a steady maximum, which was 
maintained during water stress, and returned to initial values when plants were re-
watered. On the basis of these results, the authors concluded that MeJA, H 

2
 O 

2
  and 

AsA are involved in the mechanisms of plant resistance to water stress as follows: 
MeJA arrested the growth of young leaves and AsA prevented oxidative damage.   

    14.5.2   Biotic Stress 

 Plants respond to herbivores and pathogens attack with increased emission of vola-
tile organic compounds. These molecules act as indirect defences when attracting 
natural enemies of herbivores and thus bene fi t the plant. It remains controversial 
whether undamaged plants capture chemicals released by damaged neighbouring 
plants and respond to them by increasing their defensive barriers against an immi-
nent attack. 

 Within their environment, plants interact with a wide range of microorganisms, 
some of which are pathogenic and cause disease, and others that are bene fi cial and 
stimulate plant growth or activate natural defenses. Because of their agronomic 
importance, plant-microorganisms interrelations have been the major focus in many 
biology researches. To recognize and respond to this variety of pathogenic and 
bene fi cial microorganisms, plants have developed sophisticated strategies to per-
ceive microorganisms and translate that perception into an appropriate adaptive 
response. This plant innate immune response is surprisingly complex and highly 
 fl exible in its capacity to recognize and respond to different invaders (Pozo et al. 
 2004  ) . There are many data supporting that jasmonates are involved in plant defense 
responses to insect wounding, attack by various pathogens, and water de fi cit 
(Creelman and Mullet  1995 ; Wasternack and Parthier  1997 ; Seo et al.  2001 ; Rakwal 
et al.  2002  ) . The levels of endogenous jasmonates were reported to be increased 
following pathogen exposure (Reymond and Farmer  1998 ; Thomma et al.  1998  ) . 
Likewise, exogenous application of jasmonates to plants induced stress-related or 
pathogenesis-related (PR) genes (Moons et al.  1997 ; Mei et al.  2006  ) . Thus, the 
role(s) of jasmonates in response to biotic stresses has been well documented. 

 In the absence of adaptive immunity displayed by animals, plants respond locally 
to biotic challenge via inducible basal defense networks activated through recogni-
tion and response to conserved pathogen-associated molecular patterns. In addition, 
immunity can be induced in tissues remote from infection sites by systemic acquired 
resistance (SAR), initiated after gene-for-gene recognition between plant resistance 
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proteins and microbial effectors. The nature of the mobile signal and remotely 
activated networks responsible for establishing SAR remain unclear. Salicylic acid 
participates in the local and systemic response, but SAR does not require long-
distance translocation of SA. Truman et al.  (  2007  )  showed that, despite the absence 
of pathogen-associated molecular pattern contact, systemically responding leaves 
rapidly activate a SAR transcriptional signature with strong similarity to local basal 
defense. They presented several lines of evidence that suggest jasmonates are cen-
tral to systemic defense, possibly acting as the initiating signal for classic SAR. JA 
but not SA, rapidly accumulated in phloem exudates of leaves challenged with an 
avirulent strain of  Pseudomonas syringae . In systemically responding leaves, tran-
scripts associated with jasmonate biosynthesis were up-regulated within 4 h, and JA 
increased transiently. SAR can be mimicked by foliar JA application and is abro-
gated in mutants impaired in jasmonate synthesis or response. The authors con-
cluded that jasmonate signaling appears to mediate long-distance information 
transmission. 

 While extensive research has examined plant defense responses to attack by her-
bivores and pathogens, plant responses to parasitism by other plants are not well 
characterized. The expression of induced plant defenses is mediated by complex 
signaling networks in which the plant hormones JA and SA play key roles. In gen-
eral, JA-mediated signaling pathways are implicated in the regulation of antiherbi-
vore defenses, while the SA pathway is associated with defense responses against 
pathogens. However, there are many exceptions to this basic framework, and recent 
work suggests that interactions between the JA and SA pathways may play impor-
tant roles in  fi ne-tuning defense responses. It is now clear that pathogen-induced 
modulation of signaling via other hormones contributes to virulence. A picture is 
emerging of complex crosstalk and induced hormonal changes that modulate dis-
ease and resistance, with outcomes dependent on pathogen lifestyles and the genetic 
constitution of the host. Robert-Seilaniantz et al.  (  2011  )  reported on recent advances, 
updating current knowledge on classical defense hormones SA, JA, and ET, and the 
roles of auxin, abscisic acid (ABA), cytokinins (CKs), and brassinosteroids in mold-
ing plant-pathogen interactions. 

 Treatment of cut freesia var. Cote d’Azur  fl owers with 0.1  m l MeJA L −1  vapour 
suppressed petal specking caused by  Botrytis cinerea  infection. MeJA did not exert 
direct antifungal activity in-vitro, suggesting that treatment in-vivo reduced  B. 
cinerea -induced  fl ower specking by induction of host defence responses. 0.1  m L 
MeJA L −1  signi fi cantly increased vase life of cut freesia  fl owers and delayed senes-
cence judged by lower wilt scores and higher fresh weights as compared to untreated 
controls (Darras et al.  2005  ) . Pretreatment of tomato by soaking the seeds in MeJA 
or treating them with gaseous MeJA ef fi ciently reduced the development of disease 
caused by the necrotrophic fungus  Alternaria  (Kepczynska nd Krol  2011  ) . 

 Mathew and Sankar  (  2012  )  studied the growth characteristics of  Ocimum basili-
cum  L.,  Ocimum sanctum  L. and  Ocimum gratissimum  L. cell suspension cultures 
treated with elicitors, MeJA and chitosan individually and in combination. They 
found that when the elicitors were used individually they enhanced the accumula-
tion of cell biomass, but when administered in combination there was no signi fi cant 
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enhancement of cell biomass. The study demonstrated that both elicitors could 
effectively enhance cell biomass and can be used for effective induction of phy-
tochemicals in  O. basilicum  L.,  O. sanctum  L. and  O. gratissimum  L. 

 The effects of the application of the JA derivative n-propyl dihydrojasmonate 
(PDJ) on ET biosynthesis, volatile compounds, and endogenous JA and MeJA were 
examined in Japanese apricot ( Prunus mume  Sieb.) infected by a pathogen 
( Colletotrichum gloeosporioides ). The inoculation with the pathogen-induced an 
increase in 1-aminocyclopropane-1-carboxylic acid (ACC), ET, JA, and MeJA. In 
contrast, PDJ application reduced the endogenous JA, MeJA, and ethylene produc-
tion and expression of the ACC oxidase gene (PmACO1) caused by the pathogen 
infection. The authors suggested that PDJ application might in fl uence ET produc-
tion through PmACO1 and that aroma volatile emissions affected by pathogen 
infection can be correlated with the ET production, which is mediated by the levels 
of jasmonates (Nimitkeatkai et al.  2011  )    

    14.6   Jasmonates and Secondary Metabolites 

 It is known that jasmonates have a central role in the regulation of the biosynthesis 
of several secondary metabolites, including terpenoids, alkaloids, phenylpropanoids, 
and antioxidants. The constitutive activation of the jasmonate-signaling pathway 
causes enhanced production of secondary metabolites in tomato plants. Exogenous 
application of MeJA promotes accumulation of caffeoylputrescine in tomato leaves, 
a metabolite derived from the phenylpropanoid and polyamine pathways; it has a 
putative function in the plant reproductive process (Chen et al. 2006). See et al. 
 (  2011  )  showed that the addition of different concentrations of MeJA showed differ-
ent trends in pigment content and pigment production in  Melastoma melabathri-
cum . Lower concentrations of MeJA (2–5 mg L −1 ) showed signi fi cantly higher 
pigment content and pigment production as compared to the higher concentrations 
of MeJA (12.5–50 mg L −1 ). Since the addition of MeJA did not increase the cell 
biomass but pigment production, it was suggested that MeJA stimulated the synthe-
sis of anthocyanin production via induction of particular enzymes that catalyzes the 
synthesis of anthocyanin. Synergistic and antagonistic effects on other hormones 
have been observed, too. The effects of two elicitors: JA and MeJA on cell growth 
as well as on rosmarinic acid accumulation in cell suspension cultures of 
 Mentha  ×  piperita  were investigated. The highest rosmarinic acid accumulation 
117.95 mg g −1  DW was measured 24 h after addition of 100  m M MeJA. There was 
no substantial in fl uence of elicitors on rosmarinic acid secretion into the culture 
media. It was documented that suspension cultures of  M. piperita  treated with elici-
tors showed a decrease in biomass accumulation when compared to the control 
(Krzyzanowska et al.  2011  ) . 

 Jasmonate derivatives induce the accumulation of so-called JIPs that were found 
in all plant species tested. Their accumulation can also be caused by desiccation or 
ABA effects. Jasmonate-induced-proteins are of varying molecular weights, and 



402 L.P. Popova

molecules of different size classes have immunologically been shown to be related. 
The major portion of these proteins is not glycosylated, has no proteolytic activity 
and is metabolically stable. Labelling with immunogold and electron microscopy 
showed that some of them are located within the nucleus, while others were detected 
in the vacuole. None have ever been found in mitochondria. JIPs are lacking in 
roots, in bleached leaves, and in leaves of chlorophyll-de fi cient  Hordeum vulgare  
mutants. They exist in etiolated leaves, though. Jasmonates do not only regulate the 
transcription of these proteins, they do also in fl uence the rate of translation of dif-
ferent groups of mRNA. They do, for example, decrease the production rate of 
several essential housekeeping proteins (Reinbothe et al. 1994).  

    14.7   Stress Signaling Role of Jasmonates 

 All terrestrial land plants are believed to be receptive to jasmonate. And while the 
effects of the jasmonate hormone are crucial to the ultimate survival of the organ-
ism, how the signaling pathway works has been a mystery. 

 Recently scientists at Washington State University discovered a key family of 
molecules, the Jasmonte-Zim (JAZ) proteins, which play a crucial role in the jas-
monate pathway. “It is the last major hormone for which the central signaling com-
ponents have not been described,” explained Regents Professor and co-author of the 
study, John Browse. The study was published in the August 9th issue of Nature, the 
research paper was among the top ten most frequently downloaded from the Nature 
website that month (Chini et al.  2007  ) . 

 JA is activated upon speci fi c conjugation to the aminoacid L-isoleucine (Ile), 
which produces the highly bioactive hormonal signal (3R,7S)-jasmoyl-L-isoleucine 
(JA-Ile) that functionally and structurally mimicked by the  Pseudomonas syringae  
phytotoxin coronatine (Staswick and Tiryaki  2004  ) . JA responses typically depend 
on large-scale changes in gene expression. In unstressed cells containing low JA 
levels, transcription factors that promote expression of JA-responsive genes are 
repressed by members of the Jasmonate ZIM-domain (JAZ) protein family. Increased 
JA levels stimulate JAZ binding to coronatine insensitive1 (COI1), which is the 
F-box protein component of the E3 ubiquitin ligase SCFCOI1 (Thines et al.  2007  ) . 

 Further research identi fi ed the JAZ proteins as repressor proteins, working to 
suppress the action of the jasmonate responsive genes. Jasmonate promotes the 
destruction of the JAZ repressor proteins, enabling the activation of genes involved 
in defense and development. Only when jasmonate is present the inhibition of these 
genes is released. Surprisingly, the genes encoding JAZ proteins are also activated 
by the jasmonate signal. In the study by Thines et al.  (  2007  ) , eight members of the 
 JAZ  family were identi fi ed as rapid JA-responsive genes. Database searches 
identi fi ed  fi ve additional genes that encoded related proteins, bringing the total 
number of family members to 12. 

 The expression of the JAZ proteins in response to jasmonate is a safety feature 
for the plant. The presence of JAZ ensures that the jasmonate signaling will eventually 
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be shut down again by initiating the formation of the proteins that it originally 
marked for destruction. This type of system is referred to as a negative feedback, a 
signal sets off a series of reactions that ultimately results in the cessation of the 
original signal. 

 In a review of the role of jasmonates in plants, Creelman and Mullet  (  1997  )  high-
light the delicately balanced dual role of jasmonates in both plant defence and plant 
development. Resource allocation may be divided between growth and defence 
mechanisms, and models such as the “growth rate hypothesis” and the “growth-
differentiation balance hypothesis” have been developed to describe the resource 
competition between growth and defence (Stamp  2003  ) . 

 These discoveries will help the researchers to study and understand the mecha-
nisms that plants use to defend themselves against insects and diseases and to address 
the fundamental question of how plants recognize and respond to tissue injury.  

    14.8   Jasmonates and Horticulture 

 The increasing demand for consumption of fresh horticultural crops, along with 
more restrictions on the use of synthetic chemicals to preserve produce quality, has 
encouraged scienti fi c research to aim at developing new technologies based on nat-
ural products such as MeJA and its derivatives. MeJA treatment regulates diverse 
processes such as skin colour development (by promoting  b -carotene synthesis and 
chlorophyll degradation), chilling injury and ion leakage. Treatment with MeJA 
reduces a number of stress-induced injuries that occur during the postharvest life of 
intact and fresh-cut fruits and vegetables. Studies show that fruits treated with MeJA 
maintain higher sugar, organic acid and vitamin C levels. MeJA has also been shown 
to stimulate ethylene production, by increasing 1-aminocyclopropane-1-carboxylatic 
acid (ACC) synthase and ACC oxidase activities, which in turn enhances fruit ripening. 
Furthermore, MeJA treatment inhibits the gray mould rot caused by  Botrytis cinerea  
and reduces decay caused by the green mould  Penicillium digitatum.  Recently, it 
was reported that MeJA induced the expression of pathogenesis-related protein and 
alternative oxidase genes, increased the transcript accumulation of heat shock pro-
teins, and enhanced antioxidant capacities and antioxidant enzyme activities. These 
 fi ndings help to explain the mode of action of MeJA in increasing chilling tolerance 
in fruits and vegetables (González-Aguilar et al.  2006  ) . 

 The challenge for future research will be to develop treatments with optimal 
application and conditions for each crop; this will help to maintain quality and pre-
vent deterioration of perishable crops for a period of time that is long enough to 
allow the commercialisation of produce in distant markets. In this regard, the use of 
MeJA in combination with packaging is a good alternative treatment, and has the 
potential to be used as a commercial treatment in the near future (González-Aguilar 
et al.  2006  ) . 

 Scientists in Israel, Mexico, Spain and Taiwan were studying the practical use of MeJA 
in maintaining quality of fruits and vegetables (reviewed by Sevillano et al.  2010  ) . 
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So far, MeJA appears effective in reducing chilling injury in avocados, cucumbers, 
grapefruit, mangoes, peppers, and zucchini squash, and in retarding physiological 
breakdown and decay in strawberries, pepper slices and celery sticks. Today, due to 
safety, application of these compounds for reducing environmental stress progres-
sively increased and can be promising. However, the mechanism of MeJA treatment 
used to protect against decay and chilling injury is unclear. Inducing chilling toler-
ance make possible to storage fruits in low temperature for long time. Hadian and 
Zolfagharinasab  (  2007  )  reported that MeJA suppressed chilling injury and water 
loss and preserved external appearance in pomegranate fruits without abnormal 
effects on internal fruits quality. 

 Fan et al.  (  1998  )  reported that exogenous MeJA and JA promoted color change 
and improved the quality of ‘Golden Delicious’ and ‘Fuji’ apples ( Malus x domes-
tica  Borkh.). González-Herranz et al.  (  2009  )  showed that the application of MeJA 
to grapes ( Vitis vinifera  L.) decreased fruit detachment force and promote the 
development of dry stem scars on the berries, both of which could improve the 
quality of machine-harvested raisin grapes. However, treatment with MeJA also 
promoted preharvest fruit drop, which is undesirable. They found that the optimi-
zation of the use of MeJA as a harvest aid for ‘Thompson Seedless’ requires appli-
cation of between 2 and 10 mM MeJA followed by harvest within 3 days after 
treatment. 

 Tuber sprouting may be inhibited and/or melanization which occurs during pro-
cessing may be reduced by exposure of the tubers to an effective amount of a jas-
monate. With respect to the latter, treatment of tubers with jasmonate minimizes or 
controls the accumulation of reducing sugars, and hence reduces the development 
of undesirable dark pigments (melanization) which occurs during processing, such 
as during frying or cooking. By varying the amount of jasmonate applied to the 
tubers, either sprout inhibition or reduction of melanization (improvement of pro-
cessed color quality) or both, may be preferentially selected. Exposure to low 
amounts of jasmonate provides greater sprout control but decreased improvement 
of processed color quality, while high amounts provide greater improvement in the 
processed color quality at the expense of poorer sprout inhibition. Exposure to inter-
mediate amounts of jasmonate provides both tuber sprout control and processed 
color quality improvement  (  Patent 1995012311  ) . 

 Transgenic fruits were used by Kausch et al.  (  2012  )  as a plant model to evaluate 
the effects of reduced endogenous MeJA on cellular metabolites in ripening tomato 
fruits. During on-shelf ripening, transgenic fruits were signi fi cantly reduced in the 
content of 19 out of 30 metabolites examined, including Ile, Val, Ala, Thr, Asn Tyr, 
Glu, Gln, His, Phe, Trp, GABA, citrate, succinate, myo-inositol, unidenti fi ed com-
pound B, nucleic acid compound Nucl1, choline, and trigonelline as compared to 
the wild-type azygous counterparts. A signi fi cant increase in  b -glucose levels in 
transgenic fruits was observed at the pink stage. The authors show that intracellular 
MeJA signi fi cantly regulates overall primary metabolism, especially aminome 
(amino acids and polyamines) of ripening fruits.  
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    14.9   Conclusion and Future Perspectives 

 During the last few years the information on the nature of chemicals and the signaling 
pathways that they are involved against biotic and abiotic biotic stress factors has 
been generated. The mechanisms, by which the plants maintain their physiology 
and development under abiotic stress using different chemical signals at different 
times and in response to different stress conditions, and cross talk between each of 
them, still remained to be fully understood (Toteja and Sopory 2008). 

 Some research on horticultural uses of MeJA has focused on pre-harvest or post-
harvest treatments to protect against microbial development on harvest tissues. 

 As biological control become more important and useful in horticultural crop 
production the used of jasmonates-induced defenses may provide valuable augmen-
tation of integrated pest management strategies. Jasmonates have a crucial role in 
protecting ornamental and food crops from post-harvest disorders and diseases. 
Jasmonates may also enhance plant quality or to be used in propagation. Jasmonates 
can alter physiological processes in plants, to make plants more valuable for humans. 
Although only a few studies address these effects, the current ecological role of 
jasmonates remain very signi fi cant challenge. A major challenge for current biology 
is to integrate research approaches that address different levels of biological organi-
zation, from molecular to ecological systems.      
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          15.1   Introduction 

 Soil salinity is a serious threat to global crop production (Zhu  2001  ) . More than 
20% of cultivated land is affected by salinity worldwide (Zhu  2001 ; Rengasamy 
 2006  )  and owing to climate change, the area under salinity is expected to increase 
(Wassmann et al.  2009  ) . 

 Salinity imposes both osmotic stress and ionic toxicity to plants disturbing the 
activities of cytosolic enzymes thereby causing nutritional disorders (Hernández 
et al.  1993,   1995 ; Serrano and Rodriguez  2002 ; Zhu  2003 ; Valderrama et al.  2006  )  
and oxidative damage (Xiong and Zhu  2002 ; Xiong et al.  2002  ) . Overproduction of 
reactive oxygen species (ROS) such as hydroxyl radical ( • OH), single oxygen (O  

2
  1  ), 

superoxide (O  
2
  –  ), hydrogen peroxide (H 

2
 O 

2
 ) and alkoxy radicals (RO) under salinity 

cause oxidative damage (Xiong and Zhu  2002 ; Xiong et al.  2002 ). 
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 Nitric oxide (NO), an important bioactive molecule, is involved in the regulation of 
various physiological and biochemical processes in plants such as seed germination 
(Kopyra and Gwóźdź  2003 ; Arasimowicz and Floryszak-Wieczorek  2007  ) , plant 
growth (Durner and Klessig  1999 ; Arasimowicz and Floryszak-Wieczorek  2007  ) , 
stomatal oscillations (Neill et al.  2002 ; Bright et al.  2006  ) , plant maturation and 
senescence (Leshem et al.  1998 ; Guo and Crawford  2005 ; Arasimowicz and 
Floryszak-Wieczorek  2007  ) . 

 Nitric oxide is synthesized through both enzymatic and non-enzymatic reactions 
(Bethke et al.  2004  ) , however its synthesis increases substantially under salinity. 
For instance, upon exposure to salt stress, endogenous level of NO was signi fi cantly 
increased in olive ( Olea europaea  L.; Valderrama et al.  2007  ) , sun fl ower ( Helianthus 
annuus  L.; David et al.  2010  )  and Arabidopsis ( Arabidopsis thaliana  (L.) Heynh; 
Zhao et al.  2007a ; Qiao et al.  2009  ) . Through its involvement in the electron trans-
port chain during respiration (Zottini et al.  2002  ) , NO modulates the antioxidant 
defense system scavenging ROS under salinity in plants (Table  15.1 ; Kopyra and 
Gwóźdź  2003 ; Molassiotis et al.  2010  ) . NO also helps to maintain a high K + /Na +  
ratio in the cytosol (Table  15.1 ; Ruan et al.  2004 ; Siddiqui et al.  2011  )  through 
increased expression of plasma membrane and/or tonoplast H + -ATPase and H + -
PPase under salinity (Zhao et al.  2004 ; Shi et al.  2007  ) . Furthermore, NO triggers 
accumulation of organic osmolytes and compatible solutes, like proline, soluble 
sugars (Table  15.1 ; Guo et al.  2009  ) , so as to maintain cell turgor and regulate water 
acquisition.  

 In this chapter, the role of NO in improving resistance against salinity in plants 
is being discussed through different methods.  

    15.2   Osmoregulation and Osmoprotection 

 Salinity causes osmotic stress which affects tissue water contents and water uptake 
in plants. Seed germination is the  fi rst step in the ontogeny of plants. Germination 
starts by water imbibition and ends with radical protrusion through resumption of 
metabolism (Bewleyl  1997  ) . Owing to salinity-induced osmotic stress, seed germi-
nation signi fi cantly decreases under salinity (Misra and Dwivedi  2004 ) leading to 
poor crop stand establishment (Almansouri et al.  2001  ) . However, NO application 
signi fi cantly increases germination and stand establishment in several crops under 
salinity (Table  15.2 ; Kopyra and Gwóźdź  2003 ; Li et al.  2005 ; Zheng et al.  2009  ) .  

 In yellow lupin ( Lupinus luteus  L.), salinity signi fi cantly suppressed germina-
tion, nonetheless seed treatment with sodium nitroprusside (SNP), the NO donor, 
triggered germination under salinity (Kopyra and Gwóźdź  2003  ) . Similarly, in the 
succulent shrub suaeda ( Suaeda salsa  (L.) Pall.), a halophyte, NO stimulated seed 
germination under salinity stress (Li et al.  2005  ) . Pre-sowing seed treatment with 
0.1 and 0.2 mM NO signi fi cantly improved the germination of rice ( Oryza sativa  L.) 
genotypes under salinity (Habib et al.  2010  ) . Likewise in wheat ( Triticum aestivum  L.), 
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   Table 15.1    Mechanisms of nitric-oxide-induced salinity resistance in different plant species   

 NO-mediated effect  Plant species  References 

 Increased expression of tonoplast H + -ATPase 
and Na + /H +  antiporter gene 

 Maize  Zhang et al.  (  2006, 
  2007a  )  

 Increased germination rate and root growth  Lupin  Kopyra and 
Gwóźdź  (  2003  )  

 Survival of more green leaf tissue, and increased 
quantum yield for photosystem II 

 Rice  Uchida et al.  (  2002  )  

 Expression of plasma membrane H + -ATPase 
resulting in increased K + /Na +  ratio 

 Reed  Zhao et al.  (  2004  )  

 Decreased Na +  accumulation in cytosol  Maize  Zhang et al.  (  2004  )  
 Increased K +  content in cytosol  Wheat  Ruan et al.  (  2004  )  
 Decreased Na +  content with simultaneous 

increase in K +  content 
 Seashore mallow  Guo et al.  (  2009  )  

 Increased activity of catalase, superoxide 
dismutase, peroxidase and ascorbate 
peroxidase 

 Seashore mallow  Guo et al.  (  2009  )  

 Increased activity of enzymatic (superoxide 
dismutase, guaiacol peroxidase, catalase, 
ascorbate peroxidase) and non-enzymatic 
(ascorbate, reduced glutathione) antioxidants 

 Tomato  Wu et al.  (  2011  )  

 Increased proline accumulation  Seashore mallow  Guo et al.  (  2009  )  
 Wheat  Ruan et al.  (  2002  )  
 Tomato  Wu et al.  (  2011  )  

 Increased accumulation of soluble sugars  Tomato  Wu et al.  (  2011  )  
 Increased accumulation of putrescine, spermine 

and spermidine 
 Cucumber     Fan et al. ( 2012 ) 

 Increased activity of catalase, superoxide 
dismutase, dehydroascorbate reductase and 
ascorbate peroxidase, guaiacol peroxidase 
and glutathione reductase, and increased 
expression of plasma membrane and 
tonoplast H + -ATPase and H + -PPase 

 Cucumber  Shi et al.  (  2007  )  

 Increased activity of catalase and superoxide 
dismutase, decrease in contents of 
malondialdehyde and hydrogen peroxide, 
and increased K + /Na +  ratio 

 Wheat  Zheng et al.  (  2009  )  

 Increased activity of superoxide dismutase, 
peroxidase and ascorbate peroxidase and 
proline accumulation, and decrease in 
contents of malondialdehyde 

 Mustard  Zeng et al.  (  2011  )  

through improved water imbibition and metabolism, seed soaking in SNP solution 
increased the germination rate as well as coleoptile and radicle growth (Zheng 
et al.  2009  ) . Apart from the accumulation of ions in vacuoles, plants synthesize 
low-molecular-mass organic compounds, the compatible solutes, which help to 
regulate turgor and water acquisition under osmotic stress (Yancey et al.  1982 ; 
Bohnert et al.  1995 ; Hasegawa et al.  2000  ) . Several osmolytes including glycine-
betaine, sugar alcohols, soluble sugars, proline, trehalose, polyols, etc., have been 
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   Table 15.2    In fl uence of externally-applied nitric oxide on germination, and some morphological 
characteristics under salinity in different plant species   

 Plant species  Salinity level 
 NO 
treatment 

 Increase over salinity 
control  Reference 

 Yellow lupin  100 mM NaCl  100  m M SNP  88% increase in 
germination 

 Kopyra and 
Gwóźdź  (  2003  )  

 Cucumber  100 mM NaCl  50  m M SNP  52% increase in 
shoot dry weight 

 Shi et al.  (  2007  )  

 Cucumber  100 mM NaCl  50  m M SNP  48% increase in root 
dry weight 

 Shi et al.  (  2007  )  

 Suaeda (brown 
seeds) 

 800 mM NaCl  50  m M SNP  62% increase in 
germination 

 Li et al.  (  2005  )  

 Suaeda (brown 
seeds) 

 800 mM NaCl  200  m M SNP  27% increase in 
germination 

 Li et al.  (  2005  )  

 Suaeda (black 
seeds) 

 400 mM NaCl  50  m M SNP  16% increase in 
germination 

 Li et al.  (  2005  )  

 Suaeda (black 
seeds) 

 400 mM NaCl  200  m M SNP  82% increase in 
germination 

 Li et al.  (  2005  )  

 Wheat  300 mM NaCl  100  m M SNP  20% increase in 
germination 

 Zheng et al.  (  2009  )  

 Wheat  300 mM NaCl  100  m M SNP  18% increase in 
coleoptiles dry 
weight 

 Zheng et al.  (  2009  )  

 Tomato (cv. 
Hufan148) 

 100 mM NaCl  100  m M SNP  11% increase in 
shoot dry weight 

 Wu et al.  (  2011  )  

 Tomato (cv. 
Hufan2496) 

 100 mM NaCl  100  m M SNP  31% increase in 
shoot dry weight 

 Wu et al.  (  2011  )  

 Tomato (cv. 
Hufan148) 

 100 mM NaCl  100  m M SNP  13% increase in root 
dry weight 

 Wu et al.  (  2011  )  

 Tomato (cv. 
Hufan2496) 

 100 mM NaCl  100  m M SNP  40% increase in root 
dry weight 

 Wu et al.  (  2011  )  

 Rice  100 mM NaCl  1  m M SNP  21% increase in 
surviving green 
parts 

 Uchida et al. 
 (  2002  )  

 Rice  100 mM NaCl  10  m M SNP  17% increase in 
surviving green 
parts 

 Uchida et al. 
 (  2002  )  

 Cucumber  50 mM NaCl  100  m M SNP  41% increase in plant 
height 

 Fan et al. (2012) 

 Cucumber  50 mM NaCl  100  m M SNP  67% increase in plant 
fresh weight 

 Fan et al. (2012) 

 Cucumber  50 mM NaCl  100  m M SNP  50% increase in plant 
dry weight 

 Fan et al. (2012) 

 Cucumber  100 mM NaCl  50  m M SNP  50% increase in 
shoot dry weight 

 Shi et al.  (  2007  )  

 Cucumber  100 mM NaCl  50  m M SNP  33% increase in root 
dry weight 

 Shi et al.  (  2007  )  

 Mustard  150 mM NaCl  100  m M SNP  51% increase in 
relative water 
contents 

 Zeng et al.  (  2011  )  
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reported to accumulate in various plant species under salinity and drought 
(Yancey et al.  1982 ; Bohnert et al.  1995 ; Hasegawa et al.  2000 ; Farooq et al.  2009  ) . 
In addition to their role in the maintenance of water balance in plant tissues, these 
osmolytes also act as osmoprotectants; for instance, proline scavenges free radicals 
(Chen and Murata  2000  ) . 

 NO stimulates cytosolic synthesis of proline; for example, exogenous applica-
tion of SNP signi fi cantly increased cytosolic proline accumulation in seashore mal-
low ( Kosteletzkya virginica  L.), conferring salinity resistance (Guo et al.  2009  ) . 
Moreover NO application have found to increase proline accumulation in wheat, 
that scavenges ROS and stabilize the structure of the macromolecule (Ruan et al. 
 2002  ) . Likewise in tomato ( Lycopersicom esculentum  Mill.), same treatment has 
shown to improve the accumulation of proline as well as soluble sugars under salt 
stress (Wu et al.  2011  ) . Another study on tomato showed that exogenous NO 
signi fi cantly ameliorated the salinity induced decrease in photosynthetic pigments 
rate of photosynthesis (Wu et al.  2010  ) .  

    15.3   Ion Homeostatis 

 In cytosol, a high K + /Na +  ratio is vital for normal cell functioning. However, 
signi fi cant enhancement of Na +  uptake under salinity disrupts the physiological and 
biochemical activities in plant cells by disturbing K + /Na +  ratio that, eventually leads 
to death of cell, tissue or organ (Adams et al.  1992  ) . Reduced Na +  uptake, improved 
K +  uptake and compartmentation of absorbed Na +  are strategies for plants to cope 
with salinity-induced damages in this regard. 

 NO regulates these strategies responsible for salinity resistance in plants. Salt-
inducible enzyme Na + /H +  antiporter is involved in removal of Na +  from cytosol and/
or its vacuolar compartmentation (Niu et al.  1993 ; Michelet and Boutry  1995 ; Apse 
et al.  1999 ; Chen et al.  2010  ) . NO signi fi cantly increases the activity of vacuolar 
H + -ATPase and H + -Ppase – the driving forces for Na + /H +  exchange (Zhang et al. 
 2007a  ) . In maize ( Zea mays  L.), for instance, exogenous application of NO substan-
tially increased the activity of tonoplast H + -ATPase and Na + /H +  antiport facilitating 
Na +  compartmentation (Zhang et al.  2006,   2007a  ) . In seashore mallow, however, 
NO application signi fi cantly decreased Na +  contents and simultaneously increased 
K +  contents in shoots under salt stress. 

 In the calluses of reed ( Phragmites communis  Trin . ), NO application increased the 
expression of the plasma membrane H + -ATPase, leading to a high K + /Na +  ratio in the 
cytosol (Zhao et al.  2004  ) . Similarly in calluses from poplar ( Populus euphratica  L.), 
NO induced salt resistance by improving plasma membrane H + -ATPase activity that 
increased the K + /Na +  ratio (Zhang et al.  2007b  ) . In another study on maize, NO 
increased K +  accumulation in roots, leaves and sheaths, and simultaneously decreased 
Na +  accumulation contributing to salt resistance (Zhang et al.  2004  ) . However in 
wheat, NO did not affect Na +  content but K +  content signi fi cantly increased thus 
increasing the K + /Na +  ratio in roots of wheat seedling under salinity (Ruan et al.  2004  ) . 
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Exogenous application of SNP alleviated the salinity induced injury by maintaining 
a higher K + /Na +  ratio and an increased plasma membrane H + -ATPase activity in cal-
lus of wild type  Arabidopsis  but not in callus of ethylene-insensitive mutant  inetr1-3  
(Wang et al.  2009  ) . 

 Several experiments using NO donors and inhibitors indicated plasma membrane 
H + -ATPase and vacuolar H + -ATPase and H + -PPase dependent increase in K + /Na +  
ratio in the cytosol. Therefore NO serves as a signal for inducing salt resistance in 
plants (Zhao et al.  2004 ; Zhang et al.  2006 ; Shi et al.  2007  ) .  

    15.4   Antioxidative Defense System 

 Salinity-induced osmotic stress triggers the synthesis of reactive oxygen species 
(ROS) (Abogadallah  2010  ) . Besides oxidative damage to lipids (Fridovich  1986 ; 
Wise and Naylor  1987  ) , proteins and nucleic acids (Fridovich  1986 ; Imlay and Linn 
 1988  ) , these cytotoxic ROS may also disrupt normal metabolism in plants (Farooq 
et al.  2009 ). However, NO substantially ameliorates oxidative stress damage by act-
ing as an antioxidant, stimulating production of enzymatic and non-enzymatic anti-
oxidants as well as osmoprotectants (Beligni et al.  2002 ; Guo et al.  2009 ; Tanou 
et al.  2009a ; Molassiotis et al.  2010  ) . 

 In mustard ( Brassica juncea  L.), NO application signi fi cantly increased the 
activity of superoxide dismutase (SOD), peroxidase (POD) and ascorbate peroxi-
dase (APX), to prevent oxidative damage as indicated by the reduced value of 
malondialdehyde (MDA) (Zeng et al.  2011  ) . Likewise in seashore mallow, exoge-
nous application of NO increased the activity of catalase (CAT), SOD, POD and 
APX protecting plants from oxidative damage under salinity (Guo et al.  2009  ) . 
Whereas in bitter orange ( Citrus aurantium  L.) trees, root pre-treatment with NO 
increased the activity of SOD, CAT, APX and glutathione reductase (GR), pro-
moted maintenance of cellular redox homeostasis and mitigated oxidative damage 
under salt stress (Tanou et al.  2009a  ) . This induction of the antioxidant system helps 
to resist salinity stress (Tanou et al.  2009a  ) . Exogenous application of NO protected 
chickpea ( Cicer arietinum  L.) plants from salinity-induced oxidative damage 
through increased activity of antioxidant enzymes including SOD, CAT, APX, GR 
and dehydro-ascorbate reductase (DHAR) and higher ratios of glutathione/glutathi-
one disul fi de and ascorbate/dehydroascorbate (Sheokand et al.  2010  ) . Similarly the 
exogenous application of NO signi fi cantly increased in the activity of antioxidant 
enzymes (superoxide dismutase, catalase, ascorbate peroxidase) in rice, thus 
increasing the resistance against salinity (Uchida et al.  2002  ) . 

 NO can also act as an antioxidant to protect plants from oxidative damage 
(Beligni et al.  2002  ) . In wheat, NO application substantially enhanced the activity 
of SOD and CAT (Ruan et al.  2002  ) . Whereas in tomato, exogenous application of 
NO improved the antioxidant enzymes SOD, guaiacol peroxidase, CAT, APX, non-
enzymatic antioxidant ascorbate and reduced glutathione under salinity thus help-
ing to alleviate salt-induced oxidative damage (Wu et al.  2011  ) .  



41915 Role of Nitric Oxide in Improving Plant Resistance Against Salt Stress

    15.5   Regulation of Signalling and Plant Hormones 

 Upon exposure to salinity stress, endogenous level of certain plant hormones such 
as abscisic acid (ABA) and cytokinins increase substantially (Thomas et al.  1992 ; 
Aldesuquy  1998 ; Vaidyanathan et al.  1999  ) . Increased endogenous level of these 
hormones modulate salinity resistance in plants; for instance, ABA alters salt-stress-
induced genes (de Bruxelles et al.  1996  )  regulating salinity resistance in plants 
(Gupta et al.  1998  ) . 

 The protective role of NO during salinity-induced osmotic stress is dosage-
dependent (Kopyra and Gwóźdź  2003  ) . At low concentrations, the mechanism of 
NO in leaf water control is ABA-dependent but at high concentrations, NO can 
maintain leaf water by inducing stomatal closure independent of ABA accumula-
tion (Xing et al.  2004  ) . 

 NO mediates ABA signalling in guard cells to regulate stomatal oscillations; 
however with reduced endogenous NO, the degree of ABA-induced stomatal clo-
sure decreases (Neill et al.  2002  ) . Exogenous NO application af fi rms its involve-
ment in stomatal regulation in dose-dependent manner. For instance, externally-applied 
NO decreased the rate of transpiration through ABA-induced stomatal closure in 
several plant species including broad bean ( Vicia faba  L.), salpichroa ( Salpichroa 
organifolia  L.) and  Tradescantia  spp. (Garcia-Mata and Lamattina  2001  ) . 
Nevertheless, application of NO inhibitors reverses NO-induced stomatal closure 
thus af fi rming its involvement in this process (Bright  2006  ) .  

    15.6   Molecular Mechanism 

 Physiological and metabolic adaptations to salinity at the cellular level have led to 
the identi fi cation of several genes responsible for salt resistance in plants (Shinozaki 
et al.  1998  ) . NO is also involved in the expression of certain genes under salinity 
(Chen et al.  2010  ) . For example, expression of  NtGRAS1 , new member of the GRAS 
gene family was induced by NO application in tobacco ( Nicotiana tabacum  L.). 
 NtGRAS1  regulated the transcription of genes involved in salinity resistance in 
plants (Czikkel and Maxwell  2007  ) . 

 Chen et al.  (  2010  )  reported that owing to NO-induced expression of the  HA1  and 
 SOS1 , salt secretion and net Na +  ef fl ux in salt glands was increased in mangrove 
plant ( Avicennia marina  (Forssk.) Vierh.) resulting in increased salinity resistance. 
Furthermore, increase in Na +  sequestration into the vacuoles of the epidermis and 
hypodermal cells by NO-induced expression of  VHA-c1  and  NHX1  genes also con-
fers salinity resistance in mangrove plant (Chen et al.  2010  ) . 

 The protein kinases family is also involved in NO-mediated signaling cascades 
under salt stress. For example in tobacco cell suspensions exposed to salt stress, the 
osmotic stress-activated protein kinase ( NtOSAK ) activated by NO gets interacted 
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the enzyme involved 
in glycolysis to provide energy and carbon molecules (Wawer et al.  2010  ) . 
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 In a recent proteomic study on citrus ( Citrus aurantium  L.), Tanou et al.  (  2009a  )  
provided a global survey of the proteins controlled by salinity. Root pre-treatment 
with SNP prior to imposing salt stress reversed many of the NaCl-responsive 
proteins. These SNP/NaCl responsive proteins-mainly involved in photosynthesis 
(corresponding to enzymes of Calvin-Benson cycle), defense mechanism and 
energy/glycolysis are potentially important for salt resistance as these may exert a 
NO-mediated effect by acclimating citrus plants before the actual experience of salt 
stress. In another proteomic study on citrus, NO application modi fi ed accumulation 
levels of leaf S-nitrosylated proteins and decreased protein carbonylation (Tanou 
et al.  2009b  ) . In maize, however NO application induced G-protein-associated pro-
tein accumulation (Bai et al.  2011  ) . 

  Arabidopsis  mutant  Atnoa1 , with an impaired in vivo NOS activity and low 
endogenous NO level, is more sensitive to salinity than its wild type (Zhao et al. 
 2007a  ) . However, exogenous NO application to  Atnoa1  improved salinity resistance 
by mitigating salinity-induced oxidative damage (Zhao et al.  2007b  ) .  

    15.7   Conclusion and Future Perspective 

 Nitric oxide, a small ubiquitous molecule, modulates an array of physiological and 
biochemical processes in plants. In plants, NO improves salinity resistance through 
production of osmolytes and speci fi c proteins controlling water  fl ux, ion homeosta-
sis and antioxidant defense system scavenging free radicals. NO also regulates hor-
monal balance to improve salt resistance in plants. 

 Experimental evidence in supporting the above roles for NO has been obtained 
through the application of either gaseous NO or NO donors. However, different NO 
donors may release different molecular species of NO, which may have distinct 
effects on plants under salt stress; these differential effects should be monitored. 
Despite the exponential growth in NO research in plants under abiotic stresses, there 
is a need for much more – given the essential roles of NO in plant growth and devel-
opment under salinity. Integration of NO functions with plant metabolism, growth 
and development, especially with plant hormones should be examined in more 
detail. A deeper understanding of the NO-induced transcription factors, regulating 
genes, the products of the major stress responsive genes and cross talk between dif-
ferent signaling components should also investigated.      
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          16.1   Introduction 

 Environmental stresses, such as salinity, cold, and drought, in fl uences crop produc-
tivity. High salinity affects approximately 30 % of the irrigated land and dry-land 
agriculture in the world (Pitman and Läuchli  2002  ) . Salinity affects plant growth 
through the following factors; (1) water stress, which is caused by low osmotic 
potential of the solution, (2) imbalance of nutrition, and/or (3) speci fi c ion effects. 
These factors are easily combined to in fl uence plant growth (Marschner  1995 ; 
Shannon  1997 ; Munns and Tester  2008  ) . Because plants obtains mineral nutrients 
including nitrogen (N) and phosphorus (P) from soil, almost all major living 
processes, such as growth, photosynthesis, and protein and lipid metabolism, are 
affected by accumulation of salts in soil (Evelin et al.  2009  ) . Most crop plants have 
evolved to adapt low salinity condition, thus, these plants exhibit severe symptoms, 
including nutritional disorders, growth retardation, and senescence, under high 
salinity conditions. Nutrient availability is totally changed in high salt condition, 
because uptake of some minerals is competed with uptake of Na +  or Cl −  (Bartels and 
Sunkar  2005 ; Munns and Tester  2008  ) . For example, Na +  induces K +  de fi ciency and 
NO  

3
  −   absorption is inhibited by excess Cl −  (Peuke and Jeschke  1999  ) . Frequently, 

salinity causes a decrease in absorption of K + , Ca 2+ , NO  
3
  −  , and phosphate (Pi) 

(Shokri and Maadi  2009  ) . The ratios of Na + /K + , Na + /Ca 2+ , Ca 2+ /Mg 2+ , and Cl − /NO  
3
  −   

are normally increased by salinity stresses, which provides high amount of Na +  and 
Cl − . Salinity stresses also damage macromolecules including chlorophyll, thus 
photosynthetic activity is reduced and senescence in leaves and growth retardation 
can be observed (Grattan and Grieve  1999 ; Feng et al.  2002 ; Wahid et al.  2004 ; 
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De Michele et al.  2009  ) . To become salt tolerance in non-halophytic plants, these 
plants have developed the mechanism to exclude Na + , leading to maintenance of a 
high K +  /Na +  ratio. 

 Several environmental factors are involved in nutrient availability and uptake by 
plants. In the soil solution, the activity of the nutrient ion is dependent on pH, 
concentration, and composition. For example, Pi can be easily insoluble in low pH 
and it is hard for plants to uptake Pi. The concentration and ratios of accompanying 
elements also affect the uptake and transport of the nutrient, such as K +  and Na +  as 
described above. Three possible types of salinity-fertility relationships have been 
proposed (Bernstein et al.  1974  ) . (1) Salt tolerance could be increased by application 
of fertility when the soil fertility is low. (2) When the fertility level is the sub-
optimal, salt tolerance is decreased even though the fertility is applied. (3) The 
impacts of salinity and fertility at the optimum and sub-optimum fertility levels are 
independent (no relationship), because the relative yield is the same for the two 
conditions. Generally, if the most limiting factor is relieved rather than the less limiting 
factors, plant growth can be improved, i.e. if the nutrient is severely limited, appli-
cation of nutrition may increase plant growth even in salinity condition. Most soil 
in the world is suffered from nutrition de fi ciency. Thus, improving soil fertility to an 
adequate level would improve plant growth and crop yield in several  fi elds, includ-
ing salt stressed  fi eld. A clear understanding of how this interaction changes from 
low to high salinity is indispensable. In many cases, nutrient limitation is the limiting 
factor for plant growth more than salinity under low salinity stress condition, 
i.e. application of nutrition increases salt tolerance in such condition. Under moder-
ate salinity condition, nutrient de fi ciency and salinity stress may be equally limiting 
to plant growth, and no clear interaction is observed. On the other hand, high salin-
ity generally limits plant growth more than nutrient limitation (Grattan and Grieve 
 1992  ) . In this review, we focus on the interaction between salinity and two nutri-
ents, N and P, and how salinity affects homeostasis of N and P.  

    16.2   Salinity and N Uptake and Transport 

 Generally, N is the most limiting nutrient for plant growth in most soil, regardless 
of saline or non-saline. Consequently, the application of N fertility usually improves 
plant growth and crop yield. N is an important element to compose several cell 
components, such as amino acids and nucleic acids. 

 NO  
3
  −   uptake is interfered with salinity, especially high Cl − , in many plants, lead-

ing to decreasing NO  
3
  −   contents (Khan and Srivastava  1998  ) . High external Cl −  con-

centration causes salinity-induced de fi ciency of NO  
3
  −  , resulting in reduction of yield 

and plant growth. Because of NO  
3
  −  /Cl −  antagonism, fertilization of NO  

3
  −   decreased 

concentration of Cl −  in leaves (Deane-Drummond  1986 ; Hu and Schmidhalter 
 1997  ) . In another case, application of N enhanced the development of rice shoot 
biomass under salinity condition (Abdelgadir et al.  2005  ) . NO  

3
  −   concentration was 

reduced in tomato fruits when Cl −  concentration increased in the nutrient solution 
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(Chapagain et al.  2003  ) . These results suggest a direct competitive effect between 
NO  

3
  −   and Cl − . Because many tree and vine plants are susceptible to Cl −  toxicity 

(Grattan and Grieve  1999  ) , this type of competitive effect might be particularly 
important for these plants. In addition to direct competition of Cl −  with NO  

3
  −  , the 

state of the membrane and/or membrane proteins also affects uptake of NO  
3
  −   by 

changes in the plasmalemma integrity (Frechilla et al.  2001  ) . The application of 
Ca 2+  also increased NO  

3
  −   uptake under salt stress (Dubey  1997  ) , probably because 

Ca 2+  is involved in maintaining membrane integrity and/or activity of NO  
3
  −   trans-

porters may be enhanced by Ca 2+  under salinity conditions. 
 Inhibition of NH  

4
  +   uptake by salinity could be due to direct competition with Na +  

(NH  
4
  +  / Na +  antagonism) and to the depolarizing effect of NaCl on the plasmalemma 

(Hawkins and Lewis  1993  ) . These changes in uptake of N nutrient in fl uence different 
steps of N transport and metabolism, such as uptake, reduction (NO  

3
  −   → NO  

2
  −   → NH  

4
  +  ), 

and protein synthesis (Fig.  16.1 ; Frechilla et al.  2001  ) . Interestingly, the sensitivity 
of plant to salinity is changed by the N form (Speer and Kaiser  1994  ) . Increase of 
NH  

4
  +  /NO  

3
  −   ratio makes wheat and maize more sensitive to salinity (Leidi et al. 

 1991 ; Botella et al.  1997  )  and cucumber accumulate more Na +  and Cl −  and less Ca 2+  
and K +  in leaves (Martinez and Cerda  1989  ) . Application of NH  

4
  +   and 75 mM NaCl 

to salt-sensitive  Populus x canescens  signi fi cantly reduced N uptake, even though 
application of NO  

3
  −  , instead of NH  

4
  +  , did not show any signi fi cant change in the N 

uptake rate in salinity condition (Dluzniewska et al.  2006  ) . On the other hand, the 
salinity-induced growth retardation of Madagascar periwinkle,  Catharanthus roseus  
was largely improved by application of NH 

4
 NO 

3
 , compared to the application of 

  Fig. 16.1    Schematic pathway for nitrogen assimilation in plants. Nitrate reductase (NR) and 
asparagine synthetase (AS) are localized in cytosol, and nitrite reductase (NiR), glutamine syn-
thase (GS), glutamate synthase (glutamine oxoglutarate aminotransferase; GOGAT), glutamate 
dehydrogenase (GDH), and carbamoylphosphate synthetase (CPSase) are localized within the 
plastids. The full names of each abbreviated amino acids are as follows:  a KG,  a -ketoglutarate; 
Arg, arginine; Asn, asparagine; Gln, glutamine; Glu, glutamate       

 



428 K. Miura

only NO  
3
  −   in (Zhonghua et al.  2011  ) , possibly due to the competitive uptake of 

NH  
4
  +   and Na + .  

 NO  
3
  −   transporters are categorized into two families, NRT1 and NRT2. In  Arabidopsis 

thaliana,  53 and 7 genes encode NRT1 and NRT2, respectively (Tsay et al.  2007  ) . In 
addition, 5 genes are annotated to high-af fi nity NH  

4
  +   transports (AMT) in  Arabidopsis 

thaliana  (   Loqué and Wirén  2004 ). The protein amount of the low-af fi nity transporter 
NRT1;1 was signi fi cantly decreased by salinity stress in  Arabidopsis,  whereas no alter-
ation in the high-af fi nity transporters NRT2;1 AMT1;3, or AMT1;4 was observed 
(Monneuse et al.  2011  ) . The transcript levels of tomato  NRT1.1 ,  NRT1.2 , and  NRT2.1  
are also down-regulated by salt treatment (Yao et al.  2008  ) . 

 Negative effect of salt on N uptake is occasionally occurred. Reduction of total 
N uptake and soil N availability caused by soil salinity decreased in growth of grain 
legumes (van Hoorn et al.  2001  ) . This negative effect of salt on N uptake was also 
observed in fenugreek ( Trigonella foenum-graecum ), a plant in the family Fabaceae 
(Evellin et al.  2012  ) , lettuce, onion (Cantrell and Linderman  2001  ) , cowpea (Silveira 
et al.  2001  ) , and pea (Frechilla et al.  2001  ) . Salt stress also inhibited nodule forma-
tion in legumes, leading to decreases in tissue N concentrations (Rao et al.  2002 ; 
Garg and Manchanda  2008 ; Garg and Manchanda  2009 ; Fahmi et al.  2011 ; Evellin 
et al.  2012  ) . Comparing of leaf N content and growth in Mediterranean Fan Palm 
and Mexican Fan Palm under salt stress revealed that leaf nitrogen productivity (the 
rate of biomass gain per unit leaf N and time) was the major factor causing the 
differences in relative growth rate under salinity stress (Nieves et al.  2011  )  

 Salinity often negatively affects plant growth and crop yield. But in some case, 
salt treatment improves quality of crops. NO  

3
  −   has common harmful effects on 

human health (Anjana and Muhammad  2007  ) , even though it is limiting factor for 
plant growth. Under saline stress, NO  

3
  −   content was reduced in edible broccoli 

 fl orets (López-Berenguer et al.  2009  ) . Increased Cl −  concentration in the nutrient 
solution reduced NO  

3
  −   content in tomato fruits, probably because of NO  

3
  −  /Cl −  antag-

onism (Chapagain et al.  2003  ) . The quality of fruits in terms of chemical constitu-
ents (mainly sugars and acids), pigments, and especially taste from saline-treated 
plants was improved in some case, compared to fruits from control plants. Decreased 
NO  

3
  −  , as well as accumulation of sugars and several chemical constituents, may 

contribute to bene fi cial change in quality of fruits. Thus, saline treatment is already 
very popular for its nutritional and therapeutic properties.  

    16.3   Nitrogen Assimilation Affected by Salt Stress 

 In addition of N uptake, N metabolism, such as N assimilation, amino acid and 
protein biosynthesis is also affected by salt stress (Dluzniewska et al.  2006 ; Ehlting 
et al.  2007  ) . Activities of NO  

3
  −   assimilation enzymes, such as nitrate reductase 

(NR), nitrite reductase (NiR), glutamine synthetase (GS), and glutamate synthase 
(glutamine oxoglutarate aminotransferase; GOGAT) are altered under salt stress. 
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NR is the  fi rst enzyme in the NO  
3
  −   assimilation pathway (Fig.  16.1 ) and is a limiting 

factor of plant growth and development (Skriver and Mundy  1990 ; Flores et al. 
 2002 ; Masclaux-Daubresse et al.  2010  ) . NR activity is affected by several environ-
mental stresses, including salt stresses (Solomonson and Barber  1990 ; Maighany 
and Ebrahimzadeh  2004 ; Tcherkez  2011  ) . But the effect of salinity on NR in differ-
ent plants have frequently been contradictory. NR activity increases with exogenous 
NO  

3
  −   concentration in  Sprulina platensis  (Jha et al.  2007  )  .  In most cases, NR activity 

in leaves and roots is inhibited by salt stress, as reported for  Sorghum vulgare  
(Rao and Gnaham  1990  ) , bean, cotton (Gouia et al.  1994  ) , maize (Abd-El Baki 
et al.  2000  ) , and Algarrobo ( Prosopis alba ), a native legume from the semi-arid 
regions of north-western Argentina (Meloni et al.  2004 ). N concentration and NR 
and GS activities were higher in salt-tolerant genotypes of durum wheat, compared 
to salt-susceptible ones (Yous fi  et al.  2012  ) . In contrast, salinity stress stimulates 
NR activity in soybean roots (Bourgeais-Chaillou et al.  1992  )  and cucumber roots 
(Reda et al.  2011  ) . In the case of a true mangrove  Bruguiera parvi fl ora , NR activity 
was increased with 100 mM NaCl treatment, but treatment with 200 and 400 mM 
NaCl decreased its activity (Parida and Das  2004  ) . The modi fi cation of NR activity 
is very rapid. The NR protein is regulated by post-translational modi fi cations, such 
as phosphorylation, which is catalyzed by speci fi c protein kinase followed by asso-
ciation with the 14-3-3 protein (Campbell  1999 ; Kaiser et al.  2002 ; Shen and Huber 
 2006  ) . This phosphorylation of NR leads to an inactive complex formation (Athwal 
and Huber  2002  ) . Protein phosphatase type 1 and 2A dephosphorylates NR to reac-
tivate (Kaiser and Huber  2001  ) . Such post-translational modi fi cations of NR may 
occur in response to salt stress because application of inhibitors for protein phos-
phatases prevents NR activity in cucumber roots (Reda et al.  2011  ) . These data 
suggest that the effect of salinity on NR activity is dependent on plant species, tissues, 
and NaCl concentration. 

 The conversion of NO  
2
  −   to NH  

4
  +   is catalyzed by NiR (Fig.  16.1 ). Generally, NH  

4
  +   

is toxic to plants, because NH  
4
  +   triggers protein extrusion associated with NH  

4
  +   

uptake, cytosolic pH disturbances, uncoupling of photophosphorylation, and so on 
(Kronzucker et al.  2001  ) . Therefore, NH  

4
  +   is required to be assimilated into non-

toxic organic nitrogen compounds, such as glutamine and glutamate. These amino 
acids are important precursors for almost all nitrogenous compounds. That is why 
the conversion of NH  

4
  +   to non-toxic organic nitrogen compounds is vital step for 

plants. NH  
4
  +   can be assimilated into nitrogenous organic compounds by the con-

certed action of two enzymes, GS-GOGAT cycle (Fig.  16.1 ). NH  
4
  +   may also be 

directly incorporated into glutamate by glutamate dehydrogenase (GDH) in the 
presence of the cofactor NAD(P)H (Fig.  16.1 ). These enzymes for N assimilation 
are also affected by salinity stress. Several key genes, such as  NR, NiR,  and  GS , 
were signi fi cantly down-regulated by salinity in tomato (Ouyang et al.  2007  ) . The 
enzyme activity of NR, NiR, and GS in tomato leaves was also reduced by salinity, 
whereas NR and GS activities were enhanced in salt-treated tomato roots (Debouba 
et al.  2006  ) . Similarly, in potatoes, GS activity was down-regulated in leaves, but 
increases in roots after salinity stress (Teixeira and Fidalgo  2009  ) . According to 
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these results, it is suggested that NH  
4
  +   assimilation in roots is increased for providing 

a nitrogen source to shoots. In pearl millet ( Pennisetum typhoids  L.), the activities 
of NR, NiR, and GOGAT, but not GS, decreased after salt treatment (Albassam 
 2001  ) . In  Brassica juncea  L., application of both N and sulfur was more effective in 
alleviating the adverse effect of NaCl on growth, and the activity of NR, NiR, GS, 
and GOGAT (Siddiqui et al.  2012  ) . Because sulfur is also an important macronutri-
ent and is required for constitution of coenzyme A, cysteine, enzymes, glutathione, 
and proteins (   Marschner  2002  ) , addition of both macronutrients may cumulatively 
affect reversal of growth and N-assimilation enzymes. Overexpression of a ferre-
doxin-NR gene has been shown to increase photorespiration and enhance salt and 
chilling stress tolerance in rice (Yan et al.  2006  ) . Furthermore, high NO  

3
  −   in the 

irrigation solution restores the activities of these N assimilation enzymes and ame-
liorates the retarded growth caused by salinity stress. The activity and transcript 
abundance of ferredoxin-dependent GOGAT is reduced in response to salinity in the 
leaves of the common iceplant (Popova et al.  2002  ) . Interestingly, at lower salinity 
GS activity increased in leaves of wheat, but GS activity decreased at high salinity 
stress (Wang et al.  2007 ). Even in high salinity condition, GDH activity increased 
(Wang et al.  2007 ). At both lower and higher salinity conditions, glutamate was 
accumulated (Wang et al.  2007 ). It is suggested that under lower salinity GS-catalysis 
may be the main glutamate synthesis pathway and GDH-catalysis pathway may be 
activated at higher salinity conditions. In shoots of triticale seedlings, GS activity 
decreases under high salinity conditions, but no alteration of GDH activity has been 
observed (Kwinta and Cal  2005  ) . Glutamate is a precursor of proline and proline is 
an important osmoprotectant as described below. Thus, plants need to keep a sub-
stantial supply of glutamate to maintain high-rate proline synthesis (Lutts et al. 
 1999 ; Hayashi et al.  2000  ) . These  fi ndings indicate that salt stress has signi fi cant 
impacts on N reduction and assimilation in plants.  

    16.4   Photorespiration and Salt Stress 

 In C 
3
 -plants, NH  

4
  +   is also produced through photorespiration as well as through 

primary assimilation from NR. And it is suggested that release of photorespiratory 
NH  

4
  +   is higher than the rate of production from NR (Wingler et al.  2000  ) . 

Photorespiration lowers photosynthetic ef fi ciency, because CO 
2
  and NH  

4
  +   should be 

re-assimilated with the concomitant consumption of both ATP and reducing power 
(Maurino and Peterhansel  2010  ) . Water shortage and salinity lead to increases in 
photorespiration (Kriedemann and Downton  1981  ) . Under stress conditions, high 
concentrations of polyamines, free amino acids, and ammonium ions are accumu-
lated in plant tissues. In wheat, the  fl ux of NH  

4
  +   from NR decreased and the contents 

of photorespiratory amino acids signi fi cantly increased under NaCl stress (Wang 
et al.  2007 ). Salinity stress increased glycine-NH  

4
  +   recycling from photorespiration, 

leading to the accumulation of glutamate, which is used for proline biosynthesis in 
cashew plants (Viégas and Silveira  1999  ) .  
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    16.5   Nitrogen Compounds and Salinity 

 Salinity stress stimulates protein degradation and inhibition of protein synthesis. 
And it also promotes accumulation of a number of metabolites, which are termed 
compatible solutes, because these solutes do not interfere with biochemical reactions. 
These metabolites include carbohydrates, such as mannitol, sucrose, and raf fi nose 
oligosaccharides, and N-containing compounds, such as amino acids and polyamines 
(Bohnert et al.  1995  ) . Salt stress, like other abiotic stresses, can lead to oxidative 
stress through the increase in reactive oxygen species (ROS), such as superoxide 
(O  

2
  −  ), hydrogen peroxide (H 

2
 O 

2
 ), and hydroxyl radicals (·OH). ROS may cause 

cellular damage through oxidation of lipids, proteins, and nucleic acids (Apel and 
Hirt  2004  ) . Plants produce antioxidants such as glutathione and ascorbate, as well as 
activate ROS-scavenging enzymes, such as superoxide dismutase, catalase, ascorbate 
peroxidase, guaiacol peroxidase, and glutathione reductase to minimize the effects 
of oxidative stress caused by ROS (Alscher et al.  1997 ; Apel and Hirt  2004  ) . 

 Amino acids are one form of nitrogen-containing compounds that have been 
shown to accumulate under salt stress (Mansour  2000  ) . These amino acids 
include proline, arginine, alanine, glycine, serine, leucine, and valine, as well as 
the non-protein amino acids citrulline and ornithine (Rabe  1990  ) . These amino 
acids could play a substantial role in mitigation of the effect of salt stress on K +  
homeostasis, leading to plant adaptation to salinity by decreasing the extent of 
the NaCl-induced K +  ef fl ux (Cuin and Shabala  2007  ) . Among these amino acids, 
proline has a very important role and its content is remarkably increased in many 
plants (Ali et al.  1999  ) . As described above, the main precursor of proline synthe-
sis is glutamate. Glutamate is reduced to glutamate semialdehyde, which sponta-
neously cyclized to pyrroline 5-carboxylate. And pyrroline 5-carboxylate is 
converted to proline. The  fi rst step is catalyzed by P5CS (D−1-pyrroline-5-
carboxylate synthase), which is a key enzyme for proline synthesis, and expres-
sion of P5CS is induced under salt stress (Silva-Ortega et al.  2008  ) . Proline acts 
as an osmoprotectant, can function as a protein stabilizer and a hydroxyl radical 
scavenger, stabilizes cell membranes by interacting with phospholipids, and 
serves as a source of carbon and nitrogen (Kavi Kishor et al.  2005  ) . Overexpression 
of  P5CS  resulted in high accumulation of proline and increase in salt tolerance 
(Kishor et al.  1995 ; Sawahel and Hassan  2002  ) . Exogenous application of pro-
line also enhanced plant growth under salinity stress (Shaddad  1990  ) . Because 
accumulation of proline is induced by several environmental stresses, including 
salt stress, it is suggested that proline accumulation is a universal stress response. 
Protein degradation occurs in response to environmental stresses. This degrada-
tion may provide amino acids, which functions in protection of ROS and is also 
required for synthesis of new proteins for survival (Mansour  2000  ) . 

 In addition of proline, glycine betaine is also a major osmoprotectant, which is 
synthesized by many plants in response to stresses, such as salinity stress. Glycine 
betaine helps in maintaining the osmotic status of the cell to ameliorate the abiotic 
stress (Chinnusamy et al.  2005 ; Vinocur and Altman  2005  ) . Glycine betaine is 
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synthesized from choline catalyzed by choline monooxygenase and betaine 
aldehyde dehydrogenase. Overexpression of glycine betaine synthesizing genes 
resulted in the production of a high amount of glycine betaine, leading to tolerance 
to abiotic stresses, including salt stress (Rhodes and Hanson  1993 ; Vinocur and 
Altman  2005  ) . Furthermore, application of glycine betaine by foliar spray improved 
plant growth under high salt conditions in rice and maize (Harinasut et al.  1996 ; 
Yang and Lu  2005  ) . Proline and glycine betaine are N-containing compounds that 
are major osmolytes for the defensive machinery that copes with stress.  

    16.6   Interaction of Salinity and Phosphorus 

 P is an essential macronutrient for plants, because P is required for several key com-
pounds, including the sugar-Pi intermediates of respiration and photosynthesis, the 
phospholipids of the plasma membrane, and nucleic acids (Taiz and Zeiger  2006  ) . 
P can also be used for regulation of some enzymes (phosphorylation), transfer of 
energy, and the transport of carbohydrates. However, P is one of the most immobile 
nutrients in soils (Holford  1997  ) . Thirty to forty percentage reduction in crop produc-
tivity in the world is estimated to be caused by P limitation (Vance et al.  2003  ) . 

 Salinity stress decreases the uptake and concentration of P in plant tissues. Thus, 
plants exhibit reduced and stunted growth, dark green coloration of the leaves, 
production of slender stems, and death of older leaves (Taiz and Zeiger  2006  ) . 
NaCl induces a high ionic strength in the soil, which reduces the activity of P. 
Uptake of P into plants under salt stress may be required for the maintenance of 
vacuolar membrane integrity, leading to facilitating the compartmentalization of 
Na +  ions within vacuoles. This compartmentalization is important process to pre-
vent the effect of Na +  ions on metabolic pathways in the cytosol (Cantrell and 
Linderman  2001  ) . 

 Unlike NO  
3
  −  /Cl −  antagonism, uptake of H 

2
 PO  

4
  −   and Cl- ions is not competitive. 

However, salinity-induced reductions in P concentrations in plant tissues have been 
found in several studies. Salinity stress reduces P availability, partly because the 
ionic strength caused by salinity reduces the activity of P. Salinity stress causes high 
concentration of CaCl 

2
  as well as NaCl in soil. Ca-P minerals are low solubility and 

hard for plants to absorb (Grattan and Grieve  1999  ) . Because salinity decreases P 
availability to plants, the application of P to saline soils may improve plant growth 
in several cases. Even though both salinity and P de fi ciency reduce plant growth and 
crop yield, the more severe stress determines plant biomass. Because P availability 
for plants is limited in most land soil, application of P ameliorated growth of barley, 
corn, and pea (Shenker et al.  2003 ; Yous fi  et al.  2007 ; Nenova  2008  ) . However, it 
may be dependent on conditions. High external P increased Na uptake and reduced 
salt tolerance of soybean and barley (Phang et al.  2009 ; Zribi et al.  2011  ) . 

 Salt stress results in not only Na +  toxicity but also P-de fi ciency in plants. 
Interaction between the external P levels and the degree of salt tolerance has been 
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investigated in various plants, but the conclusions are still contradictory. High external 
P could enhance growth of chickpea and the halophyte  Lavatera arborea  under salt 
stress (Okusanya and Fawole  1985 ; Saxena and Rewari  1991 ; Zaiter and Saade 
 1993  ) . High external P also attenuated salt stress and increased the K + /Na +  ratio in 
wheat and barley (Al-Karaki  1997 ; Gibson  1988  ) . P fertilization decreased the 
concentration of Na +  in shoots, resulting in better survival, growth, and yield of rice 
(Qadar  1998  )  and wheat (Salim et al. 1999). Application of high P ameliorated 
damage of salinity stress in cucumber and pepper (Kaya et al.  2001  ) . In  Anabaena 
doliolum,  chlorophyll and protein content decrease under salinity condition and the 
effects of NaCl were enhanced by P de fi ciency (Rai and Sharma  2006  ) . Protective 
effects on the microculture of African violet were observed with P supplements 
even in high NaCl medium (Shibli et al.  2001  ) . Contradictorily, in the case of corn 
and lupin, P supplements under salinity stress enhance salt injury (Nieman and 
Clark  1976 ; Treeby and van Steveninck  1988  ) . Plant growth was decreased by P 
supplement in melon under salinity stress (Navarro et al.  2001  ) . Application of P 
increased Na +  uptake, reduced cell viability, and decreased the expression of the 
 SOS1  (putative plasma membrane-localized Na + /H +  antiporters; Shi et al.  2002  )  and 
 CNGC  (putative cyclic nucleotide-gated cation channel; Talke et al.  2003  )  homologs 
in soybean (Phang et al.  2009  ) . Salt-treated barley exposed to P de fi ciency showed 
higher salt tolerance compared to plants grown with suf fi cient P supply (Zribi et al. 
 2011  ) . In other cases, high P supplements exhibit no effect on the salt tolerance in 
lucerne and tepary bean (Rogers et al.  2003 ; Zaiter and Saade  1993  ) . The interac-
tion between salinity and P nutrition of plants depends to a large extent on the plant 
species, physiological developmental stage, environment and salt concentration, 
and P availability (Grattan and Grieve  1999  ) . It was reported that if salinity stress is 
mainly related to chlorides, then crop yield could be improved through P fertiliza-
tion (Kaya et al.  2001 ; Naheed et al.  2008  ) .  

    16.7   Salinity and P Uptake and Transport 

 High concentration of salt inhibited Pi transport activity in barley roots and lettuce 
(Maas et al.  1979 ; Martinez et al.  1996  )  and induced P de fi ciency in a halophyte, a 
mangrove  Bruguiera parvi fl ora  (Parida and Das  2004  ) . P uptake was reduced by 
salinity stress under low P conditions, although no speci fi c competition between Pi 
and Cl −  was observed in melon (Navarro et al.  2001  ) . P is stored in vacuoles, but the 
mobility of P may be decreased by NaCl, resulting in inhibition of export from this 
storage compartment to other parts of plant. The Pi transporter PHT4;6 is localized 
to the Golgi apparatus and the  pht4;6  mutant exhibited salt sensitivity (Cubero et al. 
 2009  ) . Phosphatase plays an important role in enhancement of P availability in soil. 
High salinity enhanced the enzyme activity in  Bruguiera parvi fl ora  (Parida and Das 
 2004  ) , the rhodophyte  Gracilaria tenuistipitata  (Lee et al.  1999  ) ,  Spinacia oleracea  
leaves (Pan  1987  ) , and wheat (Szabo-Nagy et al.  1992  )  to improve P uptake. The 
root tips of corn exposed to salt and high Pi have been shown to stimulate Pi uptake 
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(Roberts et al.  1984  ) , but cotton subjected to high salinity stress resulted in reduced 
Pi uptake (Martinez and Lauchli  1994  ) . On the other hand, P-overaccumulating 
mutants,  pho2  and  siz1,  which are impaired in a ubiquitin E2 (Aung et al.  2006  )  and 
a SUMO E3 ligase (Miura et al.  2005 ; Miura et al.  2010 ; Miura and Hasegawa  2010 ), 
respectively, have enhanced tolerance to salinity in  Arabidopsis  (Miura et al.  2011  ) .  

    16.8   Na + -Dependent Pi Transporters 

 In plants, H + -coupled Pi transporters are dominant (Rausch and Bucher  2002 ), 
whereas Na + -coupled Pi transporters (NaPi) are known to be active predominantly 
in mammals. Salinity induced changes in the H +  electrochemical gradient across the 
plasma membrane and this change inhibits translocation of P from storage compart-
ment to other parts. In mammals, Na + -dependent Pi transport systems play a role in 
the Pi reabsorption process and the regulation of Pi homeostasis (Segawa et al. 
 2009 ). Three types of NaPi function in mammalian cells; NaPi-I represents a group 
of proteins for which the endogenous substrate, ionic coupling, and physiological 
function are still uncharacterized; NaPi-II plays a role in the intracellular Pi accu-
mulation system; and NaPi-III has the characteristics of a housekeeping system. 
Recently, NaPi-type transporters have been reported in green algae and vascular 
plants (Mimura et al.  2002 ; Rubio et al.  2005 ; Pavón et al.  2008 ; Li et al.  2011  ) . 
Biochemical and physiological studies have suggested an interaction between salt 
stress and phosphate metabolism in plants. In  Chara corallina , external Na +  is 
required for NaPi cotransport activity (Mimura et al.  2002 ). A NaPi at the plasma 
membrane was identi fi ed in the leaf and root cells of  Zostera marina  L. (Rubio et al. 
 2005  ) . These transporters may contribute to Na and P homeostasis.  

    16.9   Conclusion and Perspective 

 Plants acquire mineral nutrients from the root in their native environment and sev-
eral environmental factors affect uptake and availability of nutrients. Saline soils 
may be characterized by low activity of nutrient ions and by extreme ratios of Na + /
Ca 2+ , Na + /K + , Ca 2+ /Mg 2+ , and Cl − /NO  

3
  −   in the soil solution. When plants are exposed 

to such saline soils, nutritional disorders may develop. But these disorders vary in 
their intensity and can differ among species as well as among cultivars within a spe-
cies. Thus, several contradictory results have been shown in different species as 
described above. Salt tolerance also depends on the severity of salinity stress; thus, 
the addition of nutrients may increase, decrease, or have no effect on plant salt toler-
ance. But generally, relief of the more growth-limiting stress, such as salinity or 
nutrient de fi ciency, promotes growth more than the relief of a less limiting factor. 
Thus, soil conditions should be evaluated before applying nutrients. If nutrient 
de fi ciency is the severe growth-limiting factor, then growth may be improved by 
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addition of proper nutrients. On the other hand, if salinity effects are more severe, 
then the application of nutrients would not improve plant biomass. In this case, 
decrease in salt concentration in soil should be required. Evaluation of intensity of 
salinity stress and nutrient de fi ciency is required for improvement of plant growth 
and crop productivity.      
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          17.1   Introduction 

 Among several abiotic stresses, salinity is one of the major abiotic stress that plants 
encounter. Soil salinity is a major abiotic stress affecting agricultural productivity 
(Ahmad  2010 ; Khan et al.  2012  ) . It has been predicted that increased salinization of 
aerable land is expected to have devastating global effects resulting in 30% land loss 
within the next 25 years, and up to 50% by 2050 (Wang et al.  2003  ) . It is estimated 
that abiotic stress such as, salinity, high temperature and drought leads to an average 
yield loss of >50% for most major crop plants (Boyer  1982 ; Bray et al.  2000  ) . Soil 
fertility is adversely affected by salinity and has emerged as one of the most serious 
factors limiting plant growth and productivity including soil health  (  Khan et al. 
2009b ; Türkan and Demiral  2009  ) . According to an estimate by Food and 
Agricultural Organization  (  2008  ) , over 6% of the world’s land is salt affected. In 
addition, out of 230 million hectares of irrigated land, 45 million hectares (~20%) 
are affected by salinity stress. Plants are affected in several ways by increasing salt 
concentrations. It causes osmotic stress, speci fi c ion toxicity and nutrient de fi ciencies, 
thereby affecting a range of physiological processes involved in cell metabolism 
(Munns  2002 ; Ahmad and Umar  2011 ; Ahmad and Prasad  2011a,   b ; Ahmad et al. 
 2012 ; Iqbal et al.  2012 ; Katare et al.  2012  ) . Salt stress in fl uences all the major 
processes such as photosynthesis, protein synthesis, energy and lipid metabolism 
(Parida and Das  2005  ) . According to Sreenivasulu (Sreenivasulu et al.  2007  )  the 
adverse affects of salt stress on plant growth are due to:

    1.    Reduction in the osmotic potential of the soil solution that reduces plant available 
water leading to water stress in plants  
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    2.    Deteriotion of soil physical structure such that water permeability and soil aeration 
are diminished  

    3.    Increase in the concentration of Na +  ion causing severe ion toxicity, since Na +  is 
not readily sequestered into vacuoles as in halophytes, and  

    4.    Nutrient imbalances and de fi ciencies due to the interaction of salts with mineral 
nutrition.     

 These overall effects can ultimately lead to plant death. 
 Genotypic variation in plants may occur in response to salinity stress and 

production of oxidative stress (Khan and Panda  2008  ) . The production of reactive 
oxygen species (ROS) is ubiquitous during metabolism and all plants can cope with 
them. However, considerable increase in ROS production can lead to a substantial 
cellular damage (Mittler  2002 ; Ahmad et al.  2010a,   2011 ; Ahmad and Umar  2011 ; 
Ahmad and Prasad  2011a,   b  ) . The question arises as to how a plant controls and 
speeds up its rate of ROS production and ROS scavenging when exposed to an 
abiotic stress particularly salinity. 

 Therefore, increasing the yield of crop plants in soils including salinized regions, 
is essential for feeding the world and strategies have to be evolved to improve salt 
stress tolerance (Blumwald et al.  2004  ) . Any adaptation that regulates ROS genera-
tion in plants will provide ef fi cient defense mechanism for tolerance against stress. 
The use of techniques and/or methods to alleviate adverse effects of salinity stress 
is expected to result in sustainable crop productivity. However, the management of 
salinity stress has been considered dif fi cult because of its dynamic nature. Different 
strategies have been adopted to counteract the salinity effects (Ashraf  2009 ; Türkan 
and Demiral  2009  ) , but the information on mineral nutrient status of plants and 
salinity tolerance is scarce (Choi et al.  2004 ; Al-Harbi et al.  2008 ; Khan et al.  2009b, 
  2010 ; Khorshidi et al.  2009  ) . 

 Sulphur constitutes as one of the macronutrients necessary for the plant life cycle. 
Sulphur availability and sulphur content have a signi fi cant impact on plant produc-
tivity and utilization. Sulphur is an essential element for plant growth because it is 
present in major metabolic compounds such as amino acids (methionine and 
cysteine), antioxidant (glutathione), proteins, and sulpho-lipids (   Abdallah et al.  2010  )  
(Fig.  17.1 ). Sulphur is a ubiquitous and essential element for all living organisms. In 
plants besides these amino acids (i.e., cysteine and methionine), sulphur is also a 
component of iron-sulphur clusters, polysaccharides and lipids as well as in a broad 
variety of biomolecules such as vitamins (biotin and thiamine), cofactors (CoA and 
S-adenosyl- Methionine), peptides (glutathione and phytochelatins) and secondary 
products (allyl cysteine sulphoxides and glucosinolates) (Nocito et al.  2007  ) .  

 Sulphur metabolism plays an important role in plant stress response (Rausch and 
Wachter  2005 ; North and Kopriva  2007  ) . Since salinity is considered as one of the 
potential threats for agricultural productivity, the chapter focuses mainly to improve 
our understanding on the effects of salinity stress on plant physiology and metabo-
lism and elucidate the potential of various sulphur-containing compounds in modu-
lating salinity stress response.  
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    17.2   Salt Stress: Consequences and Mechanism 
of Detoxi fi cation 

 Salt stress invariably affects photosynthesis and its related physiological variables 
are consistently affected by salinity stress in plants (Parida and Das  2005 ; Chaves 
et al.  2009 ; Nazar et al.  2011a ; Ahmad et al.  2012 ; Shu et al.  2012  ) . Photosynthesis 
is among the primary processes, together with cell growth, to be affected by salinity 

  Fig. 17.1    Outline of sulphur assimilation and sulphur compounds derivation       
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(Munns et al.  2006  ) . In view of available reports, salt stress reduces photosynthesis 
through limiting CO 

2
  supply to the leaf as a result of stomatal closure (Khan and 

Panda  2008  ) , alterations in light reactions and changes in the contents of nutrients 
(Flexas et al.  2007 ;  Khan et al. 2009b  ) . A decline in the stomatal conductance indi-
cates that exchange of gases is disturbed leading to a reduction in the CO 

2
  uptake or 

decreased CO 
2
  availability (Flexas et al.  2007  ) , hence a decline in the net photosyn-

thetic rate. The oxygen evolving machinery in PSII may be damaged by the ionic 
effects or these might have adverse effect on pigment protein complex of the thyla-
koid membrane (Allakhverdiev et al.  2000  ) . Plants respond to salt stress by decreasing 
stomatal conductance to avoid excessive water loss. This in turn decreases the inter-
nal CO 

2
  concentration (Ci) and slows down the reduction of CO 

2
  by the Calvin-

Benson cycle. This response leads to depletion of the oxidized NADP + , which acts 
as a  fi nal acceptor of electrons in PSI, and alternatively increases the leakage of 
electrons to O 

2
  forming O −   

2
  (Hsu and Kao  2003  ) . 

 High salt uptake competes with the uptake of other nutrients ions, especially K + , 
leading to K +  de fi ciency. Under such conditions of high salinity and K +  de fi ciency, 
a reduction in quantum yield of oxygen evolution due to malfunctioning of PSII 
occurs, showing photosynthetic reductions. Under salinity stress, accumulation of 
excess Na +  and Cl −  decreases chemical activity causing cells to lose turgor and the 
stress caused by ion concentrations allows water gradient to decrease, making it 
more dif fi cult for water and nutrients to move through the root membrane (Volkmar 
et al.  1998  ) . Increasing salinity levels have been reported to decrease K + , Ca 2+  and 
N concentration in leaf resulting in impaired uptake of nutrients (Ashraf and Foolad 
 2007 ; Khorshidi et al.  2009 ; Khan et al.  2010  ) . 

 In salinity, the rate of increase in salt concentrations can lead to ion toxicity pri-
marily due to the accumulation of Na +  and Cl − , resulting loss in turgor and altera-
tions in various physiological processes (Manchanda and Garg  2008  ) . Excess Na +  
and Cl −  cause negative impacts on the acquisition and homeostasis of essential 
nutrients (Greenway and Munns  1980  )  leading to conformational changes in protein 
structure and membrane depolarization (Manchanda and Garg  2008  ) . The reduction 
in photosynthesis has been associated with the disturbance in homeostasis of Na +  
and Cl −  ions and essential mineral nutrients (Gunes et al.  2007 ; Keutgen and 
Pawelzik  2009  ) , stomatal closure (Steduto et al.  2000  ) , reduction in leaf water 
potential (Silva et al.  2008  ) , and the increased production of ROS in chloroplasts 
(Meneguzzo et al.  1999  ) . It is also suggested that Cl −  ion accumulation adversely 
affects photosynthesis (Khayyat et al.  2009  ) . 

 Furthermore, Na + /Cl −  toxicity resulting from salt stress could disrupt the photo-
synthetic electron transport and provoke electron leakage to O 

2
  (Gossett et al.  1994 ; 

Borsani et al.  2001  ) . This result in the decrease in Ci and slows down the reactions 
of Calvin cycle and induces photorespiration particularly in C3 plants, resulting in 
generation of more H 

2
 O 

2
  in the peroxisome (Leegood et al.  1995  ) . On other hand, 

the cell membrane-bound NADPH oxidase and the apoplastic diamine oxidase are 
supposed to be activated during salt stress and therefore, contribute to the genera-
tion of ROS (Mazel et al.  2004 ; Tsai et al.  2005  ) . Salt stress increases the rates of 
respiration with the consequence of respiratory electron leakage to O 

2
  (Moser et al. 

 1991 ; Jeanjean et al.  1993  ) . 
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 Under saline environments, plant lipid metabolism is interrupted as a result of 
oxidative damage to membrane lipids by ROS and lipid peroxidation (Hernandez 
et al.  2002  ) . NaCl in a dose-dependent manner increases the content of thiobarbituric 
acid reactive substances (TBARS) and H 

2
 O 

2
  and lipid peroxidation resulting in 

oxidative stress in plant tissues (Jaleel et al.  2007  ) . 

    17.2.1   Production of Reactive Oxygen Species (ROS) 
Under Salt Stress 

 Salt stress induces the production of ROS such as singlet oxygen ( 1 O 
2
 ), superoxide 

radical (O  
2
  –  ), hydrogen peroxide (H 

2
 O 

2
 ), and hydroxyl radical (OH – ) (Ahmad et al. 

 2010a ; Ahmad and Umar  2011  ) . These ROS are necessary for inter- and intracellular 
signaling (Foyer and Noctor  1999 ; Sharma et al.  2012  ) . However, at high concentra-
tions they disrupt cell metabolism badly by oxidation of membrane lipids, proteins, 
and nucleic acids in plants (Noctor and Foyer  1998 ; Hernández et al.  2001  ) . 

 Production of reactive oxygen species occurring in different cell organelles 
depends on, photosynthetic or non-photosynthetic tissues. In photosynthetic tissues, 
the chloroplast is the prime source of ROS having the capacity to produce high 
amounts of superoxide (O  

2
  −  ) and H 

2
 O 

2
 , especially during reduced rate of photosyn-

thetic carbon  fi xation (Takahashi and Murata  2008  ) . Whereas in non photosynthetic 
tissues, mitochondria are the major site for ROS production, but in a green cell of a 
plant, their contribution is considered small in comparison to chloroplasts (Navrot 
et al.  2007  ) , although direct inference from non-photosynthetic organisms can 
underestimate their importance in ROS metabolism (Noctor et al.  2007  ) . 

 Chloroplast is a major site of ROS production (Asada  2006  )  with H 
2
 O 

2
  and O  

2
  −   

that arises as a consequence of the reduction of oxygen molecule (O 
2
 ) at photosys-

tem I (PSI) (Asada  1999  ) .  1 O 
2
 , a highly reactive excited state of O 

2
  (Halliwell and 

Gutteridge  1985  )  is also produced in PSII reaction centres that initiates fatty acid 
oxidation (Triantaphylides et al.  2008  ) . Therefore, if one is to consider a role for 
ROS in retrograde signaling. H 

2
 O 

2
 , O  

2
  −   and  1 O 

2
  have been implicated in signaling 

(Apel and Hirt  2004 ; Mateo et al.  2004 ; Sattler et al.  2006  )  and consequently if 
produced in the chloroplast must be engaged in retrograde signaling from this 
organelle. 

    17.2.1.1   ROS Activation of Mitogen-Activated Protein Kinase (MAPK) 
Signaling Pathways Under Salt Stress 

 Mitogen-activated protein kinases (MAPKs) are a speci fi c class of plant serine/thre-
onine protein kinases that play a central role in the transduction of various extracel-
lular and intracellular signals, including stress signals. These generally function as a 
cascade where MAPK is phosphorylated and activated by MAPK kinase (MAPKK), 
which itself is activated by MAPKK kinase (MAPKKK). All three of these kinases 
are interlinked together and are also called extracellular receptor kinases. 
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 MAPK signaling modules are involved in eliciting responses to various stresses, 
H 

2
 O 

2
  activates several MAPKs (Jonak et al.  2002  ) . Sanan-Mishra et al.  (  2006  )  

demonstrated the role of several plant MAP kinases in response to salinity. In 
 Arabidopsis , H 

2
 O 

2
  activates the MAPKs, MPK3, and MPK6 via MAPKKK ANP1, 

the over expression of ANP1 in transgenic plants resulted in increased tolerance to 
heat shock, freezing, and salt stress (Kovtun et al.  2000  ) . A new MAPK gene 
(CbMAPK3) from  Chorispora bungeana  plant and its transcript level was up-
regulated in response to salinity and cold stresses (   Zhang et al.  2006a,   b  ) . It has 
been suggested that MAPK kinase signaling cascades activated by ROS helps in 
mediating salt stress tolerance in plants.  

    17.2.1.2   ROS as Signals Gene Expression 

 The microarray expression analysis has improved our knowledge regarding gene 
expression induced by ROS (Schena et al.  1995  ) . Gene expression networks can be 
examined comprehensively by DNA microarrays during oxidative stress. Signi fi cant 
progress have been made in surveying gene expression in response to H 

2
 O 

2
  in yeast 

(Gasch et al.  2000 ; Causton et al.  2001  ) , animals (Finkel and Holbrook  2000  ) , and 
higher plants (Desikan et al.  2000  ) . 

 In plants, ROS-induced genes have been identi fi ed for receptor kinase (Desikan 
et al.  2000  ) , and peroxisome biogenesis (Desikan et al.  2000  ) . Approaches using 
cDNA pro fi ling and DNA microarrays have analyzed large scale gene expression in 
response to ROS. Desikan et al.  (  2001  )  observed about 175 genes (i.e., 1–2% of the 
11,000 genes on the microarray) among which 113 are induced and 62 are repressed. 
Of the total 113 induced genes, several encoded for proteins with antioxidant func-
tions or were associated with defense responses or other stresses. Most of the genes 
out of 175 have no direct role in oxidative stress but may be linked indirectly, as a 
consequence of other biotic and abiotic stresses, explaining their sensitivity to H 

2
 O 

2
 . 

H 
2
 O 

2
  induced genes encoding transcription factors, suggests that they may mediate 

downstream H 
2
 O 

2
  responses. As in other organisms, expression of MAPKs induced 

by oxidative stress in  Arabidopsis,  in turn can mediate the induction of oxidative 
stress-responsive genes (Kovtun et al.  2000  ) . Vranova et al.  (  2002  )  while analyzing 
the gene expression of tobacco plants treated with methyl viologen (MV) shows an 
altered expression of about 2% of the tobacco genes in acclimated leaves.   

    17.2.2   Detoxi fi cation of ROS Through SOS Pathway 
Under Salt Stress 

 Regulation of ion transport system is preliminary process to plant salt tolerance. 
Salt Overly Sensitive (SOS) pathway has a regulatory role under salt stress condi-
tion, as it regulates the ion homeostasis. In plants SOS signal-transduction pathway 
is extensively studied and is important for the maintenance of ion homeostasis and 
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salt tolerance (Sanders  2000 ; Zhu  2003  ) . In  Arabidopsis thaliana  SOS1 protein is 
the  fi rst putative plasma membrane Na + /H +  antiporter described in plants (Shi et al. 
 2000,   2002  ) . The plasma membrane sited Na + /H +  antiporter SOS1 at the transcrip-
tional and post-transcriptional level is controlled by the SOS pathway (Guo et al. 
 2001 ; Zhu  2001  ) . It has been demonstrated that SOS mutants i.e.  sos1, sos2 and 
sos3 , could accumulate more proline under salt stress (Liu and Zhu  1997  )  .  Among 
the three SOS loci, SOS1 plays the greatest role in imparting salt-stress tolerance. 
 sos1  mutant plants are more sensitive to Na +  stress as compared to  sos2  and  sos3  
mutants (Zhu et al.  1998  )  .  SOS1 is located in plasma membrane responsible for 
extrusion of Na +  out of the cell, while calcium activated SOS3–SOS2 protein com-
plex is also involved in inhibiting HKT1, a low-af fi nity potassium transporter, that 
transports Na +  ion under high-salt condition located in cytosol (Mahajan et al.  2008  ) . 
Over expression of a plasma membrane Na + /H +  antiporter (SOS1) confers salt toler-
ance in  Arabidopsis . It seems that extruding Na +  ions from a higher plant is a fea-
sible strategy to produce salt-tolerant crops (Shi et al.  2003  ) . A loss of function 
mutation in the  Arabidopsis  SOS3 gene renders the mutant plants hypersensitive to 
NaCl. Interestingly, the salt-hypersensitive phenotype of  sos3  mutant plants can be 
partially rescued by increased concentrations of Ca 2+  in growth media (Liu and Zhu 
 1997  ) . SOS3 encodes an EF-hand Ca 2+ -binding protein with a consensus sequence 
for N-myristoylation that functions as a calcium sensor for salt tolerance (   Liu and 
Zhu 1998). SOS2 encodes a Ser/Thr protein kinase with an N-terminal kinase cata-
lytic domain similar to SNF1/AMPK and a novel C-terminal regulatory domain 
(Liu et al.  2000  ) . Salt stress elicits a transient increase of Ca 2+  sensed by SOS3. 
Moreover SOS2 interacts as well a gets activated by SOS3 (Halfter et al.  2000  ) . It 
has also been observed that SOS2/SOS3 kinase complex phosphorylates and acti-
vates SOS1 (Qiu et al.  2002  )  (Fig   .  17.2 ).  

 Under salinity, Na +  in fl ux into root cells occurs via Na +  permeable transporter 
(Amtmann et al.  1997 ; Tyerman et al.  1997  ) , which in turn increases the sodium 
concentration and cause toxicity (Kingsbury and Epstein  1986  ) .  

    17.2.3   Antioxidants in Salt Stress Detoxi fi cation 

 The toxic effect of salinity is through oxidative stress caused by enhanced produc-
tion of ROS (Giraud et al.  2008 ; Ahmad et al.  2010a  ) . These ROS may be signal 

  Fig. 17.2    Salt stress can be alleviated through these two pathways. Diagrammatic presentation of 
salt stress coping in plants through two separate systems       
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inducing ROS scavengers and other protective mechanism, as well as damaging 
agents contributing to stress injury in plants (Prasad et al.  1994  ) . ROS mediated 
membrane damage has been demonstrated to be a major cause of the cellular toxicity 
by salt stress (Mittova et al.  2004  ) . Controlling ROS production and scavenging in 
the chloroplast are shown to be essential for tolerance to salinity in plants and in 
salinity-tolerant cultivars (Tseng et al.  2007  ) . Singha and Choudhuri  (  1990  )  reported 
that H 

2
 O 

2
  and O 

2
  are mainly responsible for NaCl-induced injury in  Vigna catjang  

and  Oryza sativa  leaves. Antioxidant enzyme activities has been studied intensively 
and their signi fi cance in salt tolerance have also been proved, though these enzymes 
activities have shown to be associated with both salt tolerance as well as salt sensi-
tivity due to differences in the ability to detoxify ROS (Munns and Tester  2008  ) . 
Plants possess both enzymatic and non-enzymatic antioxidant defense systems to 
protect their cells against ROS (Ahmad et al.  2008,   2009,   2010a,   2011 ; Gill and 
Tuteja  2011  ) . Gomathi and Rakkiyapan  (  2011  )  reported that the activity of antioxi-
dant enzymes (ascorbate peroxidase, glutathione reductase, and superoxide dismutase) 
increased signi fi cantly under salt stress. 

 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 several 
plants including mustard (Ahmad et al.  2010b,   2012 ; Syeed et al.  2011  ) , mungbean 
(Nazar et al.  2011a  ) , plantago (Sekmen et al.  2007  ) , pea (Hernandez et al.  2000 ), 
 Arabidopsis , rice (Dionisio-Sese and Tobita  1998  ) , tomato, soyabean, maize 
(Azevedo-Neto et al.  2006  )  and  Vicia faba  (Azooz et al.  2011  ) . 

 Salt stress is known to trigger oxidative stress in plant tissues through ROS pro-
duction. To cope with oxidative stress-induced damage, ROS signals up regulation of 
antioxidants defense system. The increased expression of antioxidant system could 
be used as prospective selection criteria for breeding for salt tolerance in different 
crops (Ashraf  2009  ) . Plants containing high levels of antioxidants can detoxify ROS 
thereby contributing to increased salt tolerance (Garratt et al.  2002  ) . Considerable 
variations in the production of antioxidants, both enzymatic and non-enzymatic, in 
response to salt stress are evident at inter-speci fi c or intra-speci fi c level. 

 To control the level of ROS and to protect the cells under stress, plants possess 
the ability to detoxify ROS by producing different types of ROS scavenging com-
pounds. The components of antioxidant defense system are enzymatic as well as 
non-enzymatic antioxidants (Fig.  17.2 ). Enzymatic antioxidants and non-enzymatic 
antioxidants in higher plants developed speci fi c ROS-scavenging systems in differ-
ent organelles to remove the ROS ef fi ciently particularly under environmental stress 
such as salt stress. They coordinately work to provide plant cells with highly ef fi cient 
machinery for detoxifying ROS. 

 Although manipulation of antioxidant genes seems to be a sound approach to 
counteract salt-induced oxidative stress. Attempts to improve oxidative stress toler-
ance particularly by manipulation of a single antioxidant gene has not always been 
successful, presumably because of the need for a balanced interaction of protective 
enzymes and other metabolites (Tseng et al.  2007  ) . Thus, a balanced interaction of 



45117 Potentiality of Sulphur-Containing Compounds in Salt Stress Tolerance

antioxidative enzymes as well as of other antioxidant metabolites may be vital to 
achieve a substantial improvement in plant stress tolerance (Ashraf  2009  ) . 

 In plants over 150 genes encode for different ROS-detoxifying or ROS-producing 
enzymes forming well organized ROS gene web (Mittler et al.  2004  ) . Several genes 
encoding for plant antioxidant enzymes have been cloned, characterized, and used in 
the construction of transgenic lines (Sarowar et al.  2005  ) . Genetic analysis of the 
paraquet tolerant  Conyza bonariensis  indicated that all the three enzymes i.e. 
superoxide dismutase (SOD), ascorbate peroxidase (APX) and catalase (CAT) (of 
Halliwell-Asada pathway) co-segregate (Shaaltiel et al.  1988  ) . Manipulation of 
genes that protect and maintain cellular functions or structure of cellular components 
has been targeted to produce transgenic plants enhancing stress tolerance. Molecular 
analysis of plants over expressing different enzymes of HalliwelI-Asada cycle can 
provide us greater insights into the oxidative stress tolerance mechanism. 

 The chloroplast antioxidant system controls the cellular redox poise. Robert 
et al.  (  2009  )  demonstrated that accumulation of even apoplast superoxides is regu-
lated by chloroplast redox signals. Redox imbalances are propagated over the 
chloroplast envelopes to the plasma membrane, where ROS-generation is activated. 
Vice versa, the chloroplast H 

2
 O 

2
  detoxi fi cation system collapses if the cytosolic 

peroxidase capacity is limited (Pnueli et al.  2003 ; Mittler et al.  2006  ) .   

    17.3   Regulation of Sulphate Uptake and Assimilation in Plants 

    17.3.1   Formation of Cysteine: The Key Compound 

 The source of sulphur in plants mainly the sulphate obtained from the soil in addi-
tion to sulphur oxide and hydrogen sul fi de from the atmosphere are absorbed by the 
leaves through the stomata. Inorganic sulphur is taken up as sulphate from the soil 
through the root system and  fi xed into cysteine by the cysteine biosynthetic path-
way (Saito  2000  ) . The synthesis of cysteine represents the assimilation step of the 
reductive sulphate assimilation pathway. Serine acetyltransferase (SAT) and cysteine 
synthase (CSase) catalyze the sequential reactions leading to cysteine production 
which afterwards gets incorporated into proteins or antioxidant, or serves as sulphur 
donor of methionine or sulphur containing secondary products in plants. 

 Sulphate assimilation is highly regulated in a demand-driven manner (Lappartient 
and Touraine  1996 ; Leustek et al.  2000 ; Kopriva and Rennenberg  2004 ; Kopriva 
 2006  ) . In plant sulphur assimilation, cysteine biosynthesis plays a central role in 
 fi xing inorganic sulphur from the environment into the metabolic precursor for cel-
lular thiol-containing compounds. A key regulatory feature of this process is the 
physical association of the two enzymes involved in cysteine biosynthesis (serine 
acetyltransferase, SAT, and O-acetylserine sulfhydrylase, OASS) to form the 
cysteine synthase complex. Physiologically, this multienzyme complex acts as a 
molecular sensor in a regulatory circuit that coordinates sulphur assimilation and 
modulates cysteine production (Fig.  17.3 ).  
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  Fig. 17.3    Model of sulphate uptake and movement in plant and sulphate based on the function and 
tissue as well as developmental speci fi c demand of sulphate. Absorption of sulphate completed by 
root of the plants, absorbed sulphate mobilized in plants through xylem and sink to leaves. Single 
cell illustrate the cysteine products and its presence in chloroplast. However methionine is synthe-
sized in chloroplast but transported to cytosol of cell for next product of methionine       
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 Metabolism of sulphate is initiated by its activation through the reaction of 
adenylation catalyzed by ATP sulphurylase (ATPS). ATPS is considered as the rate 
limiting enzyme of sulphur assimilation, as its over-expression enhances sulphur 
uptake by plants (Pilon-Smits et al.  1999  ) . Activation of sulphate reduction is the 
dominant route for assimilation and is carried out in plastids (Leustek et al.  2000  ) . 
Adenosine 5- phosphosulphate (APS) is reduced to sul fi te by APS-reductase (APR). 
The key regulatory steps of sulphate assimilation are the transport of sulphate into 
the cells and the reduction of APS to sul fi te by APR (Vauclare et al.  2002  ) . Finally, 
sul fi te is reduced to sul fi de by sul fi te reducatse (SiR). Sul fi de is then transferred to 
activated serine by OASTL to form cystine. 

 An increased expression of sulphate transporters and enzymes of the assimila-
tory pathway are seen in response to stress (Schäfer et al.  1998 ; Heiss et al.  1999 ; 
Vanacker et al.  2000 ; Harada et al.  2002 ; Howarth et al.  2003a  ) . Transgenic lines 
with increased  fl uxes to cysteine, and hence, protective and/or metal-chelating 
compounds such as glutathione and phytochelatins may contribute to an improved 
tolerance of plants to these stresses (Blaszczyk et al.  1999 ; Dominguez-Solis et al. 
 2001 ; Noji et al.  2001 ; Howarth et al.  2003b  ) . 

 Cysteine synthesis in plants shows the  fi nal step of assimilatory sulphate reduc-
tion and almost an exclusive entry reaction of reduced sulphur into plant metabo-
lism (Wirtz and Hell  2006  ) . The importance of reduced sulphur is further illustrated 
by the multitude of functions that are directly or indirectly mediated by the major 
sulphur metabolites cysteine, methionine, and GSH. Further, increased rate of 
synthesis and accumulation of cysteine occur in order to form GSH during the abiotic 
defense response of plants to heavy metals or xenobiotics (Rüegsegger and Brunold 
 1992 ; Farago et al.  1994  ) .  

    17.3.2   Compartmentation of Cysteine Metabolism 

 Intracellular and long-distance translocations are assumed to play an important role 
in plant sulphur metabolism. Transport of sulphate into chloroplasts is possibly 
mediated by a side-activity of the triose-phosphate translocator (Flugge Fischer 
et al.  1989  ) . Cram  (  1990  )  has given little idea about the mechanism and speci fi city 
of tonoplast transport, although the vacuole presumably represents the main storage 
pool of sulphate. 

 It seems to be required in all cellular compartments that carry out protein 
biosynthesis, since serine acetyltransferase (SAT) and O-acetyl-serine (thiol) lyase 
(OAS-TL) have been found in cytosol, plastids, and mitochondria from various 
plants (Lunn et al.  1990 ; Rolland et al.  1992  )  possibly due to an inability of these 
organelles to transport cysteine across their membranes (Lunn et al.1990). 

 Studies of Heeg et al.  (  2008  ) ; Lopez-Martin et al.  (  2008  )  and Watanabe et al. 
 (  2008  )  have shown that mutants lacking cytosolic OAS TL A are fully viable, 
suggesting that plastid and possibly mitochondria are able to provide cysteine for 
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cytosol requirements. Moreover, Heeg et al.  (  2008  )  reported the inability of mutant 
lacking plastidic OAS TL B, indicating that sul fi de was able to exit the plastid to 
cytosol. Oastl AB double mutant, that lacks cysteine synthesis in the cytosol and 
plastids shows sul fi de generated from sulphate in the plastid and diffuse through the 
cytosol in the mitochondria where it is integrated into cysteine.  

    17.3.3   Shoot to Root Signaling of Sulphur Under Salt Stress 

 Sulphate uptake is regulated by demand-driven control and this regulation is medi-
ated by phloem-transported glutathione as a shoot-to-root signal. Exposure of the 
shoot to atmospheric H 

2
 S enhanced the glutathione contents of leaves and roots and 

simultaneously, diminished sulphate uptake and xylem loading (Herschbach et al. 
 1995a,   b ; Rennenberg and Herschbach  1996 ; De Kok et al.  1997,   1998  ) . It was 
shown that glutathione can signal the sulphur status of the shoot to the root 
(Rennenberg  1995 ; Rennenberg and Herschbach  1995  ) . During S-de fi ciency, GSH 
content rapidly decreased in tobacco cell cultures but was rebuilt upon the resupply 
of sulphate and/or cysteine (Smith  1980  ) . Sulphate transport consists of both consti-
tutive and S nutrition- dependent regulated transport. A decreased intracellular con-
tent of sulphate, cysteine, and glutathione is concomitant with increasing transporter 
activity (Smith et al.  1997  ) . 

 Salt stress induces the synthesis of cysteine and GSH and this may be a protec-
tive mechanism against salt-induced oxidative damage. Ruiz and Blumwald  (  2002  )  
have studied the role of S assimilation and the biosynthesis of cysteine and GSH 
during the response to salinity stress of wild type and salt-tolerant transgenic 
 Brassica napus  L. (canola) plants over-expressing a vacuolar Na + /H +  antiporter. 
They have observed a threefold increase in cysteine and GSH contents in wild type 
plants exposed to salinity stress, but not in the transgenic plants. It has been shown 
that both APR activity and GSH level are increased in salt treated roots of plants and 
this occurs in a demand-driven manner where APR plays a key role in controlling 
the pathway (Lappartient and Touraine  1996 ; Kocsy et al.  2004 ; Kopriva  2006  ) . 
This shows that S-assimilation is up-regulated in salt-stressed plants and this up-
regulation is a demand driven. 

 Plants under salt stress increase their demand for GSH synthesis and this demand 
is transported downstream to the root to enhance S uptake and assimilation essential 
for GSH synthesis. Nazar et al.  (  2011b  )  reported GSH synthesis occurs in a demand-
driven manner under salinity stress to scavenge ROS. Glutathione synthesized under 
salt stress is correlated with tolerance to salinity (Noctor et al.  1998 ; Kocsy et al. 
 2004 ; Ruiz and Blumwald  2002  )  and the synthesis of GSH depends upon S supply 
and S assimilation. Cysteine biosynthesis and hence GSH biosynthesis is linked to 
the pathway of reductive sulphate assimilation, a pathway regulated not only in 
response to the availability of sulphur, but also to environmental conditions that 
in fl uence plant growth and development (Rausch and Wachter  2005  ) . 
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 Regulatory mechanism for sulphate uptake and assimilation results in direct 
sensing of the plant nutritional status rather than of the composition of the exter-
nal solution supplied to the roots (Lappartient and Touraine  1996 ; Lappartient 
et al.  1999  ) . This control necessary involves an inter-organ signaling mechanism 
in which a terminal product of the assimilatory pathway may act as long distance 
repressor signal. Experimental evidences suggest GSH as a phloem-translocated 
signal responsible for this regulation  ( Herschbach and Rennenberg  1991 ; 
Lappartient and Touraine  1996 ; Lappartient et al.  1999  )  generating a typical 
demand-driven coordinate transcriptional regulation of genes involved in sulphate 
assimilation and GSH biosynthesis. Sulphate withdraws from the growing medium 
decreases the levels of sulphate, cysteine, and GSH in plant tissues leading to the 
induction of sulphate transporter systems and key enzymes along the assimilatory 
pathway (Lappartient and Touraine  1996 ; Lappartient et al.  1999  ) . Higher expres-
sion of ATPS activity has been shown necessary for the maintenance of optimal 
GSH levels required for the proper functioning of ascorbate-glutathione (AsA-
GSH) cycle in mustard (Khan    et al.  2009a  ) . ATPS, the  fi rst enzyme in sulphur 
assimilation, is sensitive to glutathione concentrations and its activity may be 
controlled by the enzyme’s ability to sense available thiol stores, not redox state 
(Yi et al.  2010  ) .   

    17.4   Involvement of Sulphur Containing Compounds 
in Salt Tolerance 

 Sulphur does not play any speci fi c role in biological systems directly; in many 
cases the presence of sulphur atoms in biomolecules is responsible for their cata-
lytic or electrochemical properties and thus for their involvement in speci fi c bio-
chemical mechanisms. For example, the extreme nucleophilicity of the sulfhydryl 
group of cystine residues confers to many thiols -the capacity to react with a broad 
spectrum of agents, ranging from free radicals, active oxygen species, and cyto-
toxic electrophilic organic xenobiotics, to stress (Rabenstein  1989 ; Leustek et al. 
 2000  ) , and accounting for the unique roles that amino acid plays in biological sys-
tems. Two cystine residues interact with each other in an oxidation reaction to form 
a disul fi de bound which participates in maintaining protein structure and, some-
times, in the regulation of protein activity (Åslund and Beckwith  1999  ) . The inter-
conversion of two thiols in disul fi de can also be involved in redox cycles, in 
maintaining the cell redox status and in the physiological responses to the oxida-
tive stress. Such a simple cycle represents the chemical base making glutathione, a 
powerful cell redox buffer. Finally, GSH is the direct precursor of phytochelatins 
(PCs), a class of enzymatically synthesized cysteine rich peptides where the sulf-
hydryl groups of cysteine residues are involved in buffering potentially toxic 
elements (Zenk    1996; Na and Salt  2011  ) . 



456 M.I.R. Khan et al.

    17.4.1   Cysteine 

 The biosynthesis of cysteine constitutes the  fi nal step of the sulphur-reduction 
pathway in plants (Leustek and Saito  1999  ) . Consequently, the formation of cysteine 
is the crucial step for assimilation of reduced sulphur into organic compounds 
(Noctor et al.  1998  ) . The integration of reduced sulphur into cysteine is catalyzed by 
O-acetylserine (thiol) lyase (OASTL) and requires two substrates: free sul fi de, 
provided by the sulphate-reduction pathway, and O acetylserine, an energetically-
activated derivative of serine that is metabolically unique to cysteine synthesis 
(Wirtz et al.  2004  )  .  Studies have shown that exposure to salt-stress conditions 
induced higher rates of cysteine synthesis as a result of an increased expression 
of the cytosolic form of OASTL (Barroso et al.  1999 ; Fediuc et al.  2005 ; Romero 
et al.  2001  )  also it could be that this enzyme is related with salt tolerance (Fediuc 
et al.  2005 ; Romero et al.  2001  ) . 

 During cysteine biosynthesis, an acetyl-group from acetyl-CoA is transferred to 
L-serine, creating the highly reactive compound O-acetyl-L-serine catalyzed by 
SAT. The subsequent synthesis of cysteine in plants is accomplished by the 
sul fi hydrilation of O acetyl-L-serine in the presence of sul fi de mediated by OAS-TL. 
Studies have shown that SAT activity is the limiting step in the regulation of cysteine 
synthesis (Blaszczyk et al.  1999 ; Hofgen et al.  2001  ) . 

 Ruiz and Blumwald  (  2002  )  showed that the increase in NaCl in the growth 
medium led to an increase in SAT and OAS-TL activities both in wild-type and 
transgenic canola plants. Increase in SAT and OAS-TL (10% and 20%, respec-
tively) was found in the transgenic plants growing in the presence of 150 mM NaCl, 
whereas wild type plants displayed a marked increase in SAT and OAS-TL activi-
ties (236% and 181%, respectively). In the same experiment, the salt-stress-induced 
differences in ATPS, SAT and OAS-TL activities between wild-type and transgenic 
plants correlated with the leaf cysteine concentrations. No differences in cysteine 
content was seen in the transgenic plants, whereas 150% increase in cysteine con-
tent was observed in wild-type plants.  

    17.4.2   Glutathione 

 Glutathione (GSH) – a tripeptide (cysteine, glutamic acid and glycine) acts as a 
storage and transport form of reduced S. It controls S assimilation and plays impor-
tant roles including cell differentiation, cell death, control of redox status, protec-
tion against biotic and abiotic stresses, protein folding, precursor of phytochelatins 
and detoxi fi cation of xenobiotics (Foyer et al.  2001 ; Mullineaux and Rausch  2005  ) . 
Furthermore, GSH acts as an antioxidant, quenching the ROS generated in response 
to various stresses. Cysteine is the precursor of GSH, a low molecular weight, water 
soluble non-protein thiol compound that functions in protection of plants against 
varied environmental stresses (De Kok et al.  2005  ) . 
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 Studies support the notion that cysteine availability in plants also plays an 
important role in determining cellular GSH concentrations through the kinetic 
restriction of the reaction catalyzed by  g -ECS (Noctor et al.  1997  ) . Environmental 
conditions that stimulate synthesis of GSH will therefore place an increased demand 
upon S-assimilation into cysteine. Cysteine, the initial product of sulphate assimilation 
in plants, and its immediate metabolite GSH are both cellular constituents that 
originate from the three most important pathways of plants primary metabolism, i.e. 
photosynthesis, nitrogen assimilation, and sulphate assimilation (Leustek et al. 
 2000 ; Brunold et al.  2003 ; Kopriva and Rennenberg  2004  ) . During salt stress, there 
is a high demand for cysteine, which is in agreement with the role of sulphuric 
compounds as antioxidants (Barroso et al.  1999  ) . 

 Interconversion of two thiols disul fi de involved in redox cycle is required for 
maintaining the cell redox status and the physiological responses to the oxidative 
stress. Disul fi de/thiol exchange reactions involving the GSH pool and the production 
of H 

2
 O 

2
  are believed to be crucial for regulation of stress adaptation at molecular 

level (Foyer et al.  1997  ) . The oxidative stress induces a remarkable increase in the 
transcripts of two ascorbate peroxidase genes. These enzymes are cytoplasmic and 
are involved in regulating the redox level of the GSH pool. SODs, ascorbate peroxi-
dase, dehydroascorbate reductase (DHAR) and GSH are associated with defence 
mechanism against stress. It is important to note that sulphur deprivation leads to 
oxidative stress in plants (Pilon-Smits and Pilon  2006  ) . Such a simple cycle repre-
sents the chemical base making GSH a powerful cell redox buffer. The sulfhydryl 
group in the GSH structure arises from its capability to readily react with a wide 
range of electrophilic compounds to form covalently bound glutathione S-conjugates 
(Leustek et al.  2000  )  catalyzed by glutathione S-transferases (GSTs). GST has been 
shown to be essential in the detoxi fi cation processes of toxins, xenobiotics and 
catabolic products (Marrs et al.  1995 ; Marrs  1996 ; Leustek et al.  2000  ) . Finally, 
GSH is the direct precursor of phytochelatins (PCs), a class of enzymatically syn-
thesized cystine rich peptides in which the sulfhydryl groups of cystine residues are 
involved in buffering potentially toxic elements (Zenk 1996). 

 To maintain the protection of the cell against ROS and other free radicals, oxi-
dized glutathione (GSSG) is permanently reduced by glutathione reductase to GSH 
by using NADPH (   GSSG + NADPH + H +  => 2 GSH + NADP + )  ( Wonisch and Schaur 
 2001  ) . Similarly, Zagorchev et al.  (  2012  )  shows that total glutathione (GSH + GSSG) 
concentrations and redox state were associated with growth and development in 
control cultures and in moderately salt-stressed cultures and were affected by severe 
salt stress and also shows that the comparatively high contribution of ECySS/2 
Cys to Ethiol–disulphide in cultures exposed to severe salt stress suggests that Cys 
and CySS may be important intracellular redox regulators with a potential role in 
stress signaling to maintain ROS scavenging and oxidative stress signaling. 

 In non-stress situations glutathione occurs to 90% in its reduced form. De fi ciency 
of GSH within plant cells during oxidative stress situations demonstrates the need of 
the plant for cellular protection against ROS or other radicals whereas high levels 
of GSSG indicate oxidative stress within the plant. However, GSH levels within 
cells are not just in fl uenced by oxidation and reduction processes, but are even 



458 M.I.R. Khan et al.

more the product of equilibrium between synthesis, degradation, use, and short- and 
long-distance transport of glutathione and its precursors (Foyer et al.  2001  ) . 
Especially, the availability of GSH precursors in plastids and the cytosol are 
interfering with GSH synthesis. Cysteine for example is supposed to be the rate-
limiting factor during glutathione synthesis in non-stressed plants (Kopriva and 
Rennenberg  2004 ; Kopriva and Koprivova  2005  )  leading to a decreased ability of 
the plant to  fi ght oxidative stress.  

    17.4.3   Thioredoxin Systems 

 Thioredoxins are small 12–13-kDa proteins with a redox active disul fi de bridge and 
are widely distributed in all types of organisms (Schürmann and Jacquot  2000  ) . 
Thioredoxins are heat-stable, ubiquitous proteins with a conserved pair of vicinal 
cysteines (−Trp-Cys-Gly-Pro-Cys- Lys-) (Holmgren  1989  ) . Plants contain more 
types of thioredoxin systems than any other organism. The cytosolic system in 
plants is composed of type h thioredoxins reduced by NADPH in a reaction cata-
lyzed by NADPH thioredoxin reductase (NTR) 1 (Schürmann and Jacquot  2000  ) . 
In chloroplasts, the thioredoxin system includes type f, m, and x thioredoxins (Collin 
et al.  2003  ) , which are reduced by ferredoxin in a reaction mediated by ferredoxin 
thioredoxin reductase (Schürmann and Jacquot  2000  ) . This system is involved 
in light/dark regulation of chloroplast enzymes (Schürmann and Jacquot  2000 ; 
Ruelland and Miginiac-Maslow  1999 ; Buchanan  1991 ; Levings and Siedow  1995  )  
and in oxidative stress responses (Motohashi et al.  2001 ;    Balmer et al.  2003  ) . The 
plant mitochondrial system is formed by a different type of thioredoxin (type o), 
which is reduced by an NADPH-dependent thioredoxin reductase similar to the 
cytosolic enzyme (Laloi et al.  2001  ) . Thioredoxin is also believed to be involved in 
defense against oxidative stress through its ability to reduce hydrogen peroxide by 
acting as a hydrogen donor for a yeast peroxidase (Chae et al.  1994  ) . 

 In addition, a thioredoxin/peroxiredoxin (Trx/Prx) system comprising of 
NADPH-dependent thioredoxin reductase (NTR) and glutaredoxin has been 
described in plant mitochondria similar to that in chloroplasts (Rouhier et al. 2005; 
Finkemeier et al.  2005  ) . This system is involved in redox homeostasis and may also 
act as an antioxidant by eliminating hydroperoxides, including H 

2
 O 

2
  (Laloi et al. 

 2001 ; Barranco-Medina et al.  2007  ) . Recently, the presence of a new PsTrxo1 in pea 
leaves localized in mitochondria and the nucleus was reported. Moreover, alternative 
oxidase (AOX) has been shown to be regulated by the mitochondrial PsTrxo1 (Marti 
et al.  2009  ) . The possible role of Trx and Prx in response of plants to abiotic stress 
including salinity and their involvement in plant tolerance have not been studied in 
detail (Barranco-Medina et al.  2007 ; Pulido et al.  2009 ; Tripathi et al.  2009  ) , 
although a role in redox sensing and signal transduction have been proposed by 
Rouhier and Jaquot (2005). 

 Marti et al.  (  2011  )  examined the physiological function of PsTrxo1, transcript 
and protein levels of the PsTrxo1/PsPrxII F system in pea plants under short- (5 days) 
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and long-term (14 days) salt stress conditions. It was found that short term 
(i.e., 5 days) provoked no change in the Trx activity, whereas a signi fi cant increase 
in Trx activity (20% increases as compared to the control plants) was observed in 
mitochondria isolated from plants grown in the presence of 150 mM NaCl for 
14 days. Recently, Zhang et al.  (  2012  )  showed that OsTRXh1 regulates the redox 
state of the apoplast and in fl uences plant development and salt stress responses.  

    17.4.4   Methionine and Its Derivatives 

 Methionine plays a multiple levels role in cellular metabolism: as a protein constitu-
ent, in the initiation of mRNA translation, and as a regulatory molecule in the form of 
S-adenosylmethionine (SAM). Methionine synthesis, accumulation, and consump-
tion are under stringent regulatory control (Matthews  1999 ; Hesse and Höfgen  2003  ) . 
The importance of methionine and/or its derivatives for promoting germination and 
seedling growth has been demonstrated in  Arabidopsis  (Gallardo et al.  2002  ) . Over-
expression of a gene involved in methionine biosynthesis have shown to increase salt 
tolerance suggests the methionine pathway is sensitive to salt stress and that methion-
ine supplementation could improve salt tolerance (Glaser et al.  1993  ) . 

 A relationship between the levels of SAM synthase (an enzyme in SAM synthe-
sis from methionine) content was also observed in tomato plants, in which the level 
of SAM-S increased signi fi cantly under salt stress (Sanchez-Aguayo et al.  2004  ) . 
Ogawa and Mitsuya  (  2012  )  demonstrated that the utilization of S-methylmethionine 
is important for the salinity tolerance of  Arabidopsis  plants at the germination and 
early growth stages. 

 Ethylene and polyamine phytohormones share same precursor SAM (Wang et al. 
 2002  )  and mediate salt tolerance (Cao et al.  2007 ; Liu et al.  2006  ) . Ethylene recep-
tor is the  fi rst component of ethylene signaling that regulates plant growth, develop-
ment and stress responses. In  Arabidopsis , ETR1 and ERS1 belong to the group I 
subfamily, while ETR2, EIN4, and ERS2 are subfamily II receptors. The expression 
of ETR1 gene seems to be down regulated by salt and osmotic stress at both tran-
scription and protein levels in  Arabidopsis  (Zhao    and Schaller  2004 ). The absence 
of spermine (polyamine) causes an imbalance in Ca 2+  homeostasis in the mutant 
plant that determines the role of spermine in high salt stress responses (Yamaguchi 
et al.  2006  ) .  

    17.4.5   Vitamins 

 Thiamine (Vitamin B1), in the form of thiamine diphosphate (TPP), acts as a cofac-
tor for several enzymes in key cellular metabolic pathways such as glycolysis, the 
pentose phosphate pathway and the tricarboxylic acid cycle (TCA), in addition to 
amino acid and non mevalonate isoprenoid biosynthesis. It has been shown to 
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involve in tolerance to DNA damage and as an activator of disease resistance in 
plants (Ahn et al.  2005,   2007  ) . 

 Another thiamine precursor i.e., thiamine diphosphate (TDP) serves as a coenzyme 
in a number of the major metabolic pathways, including acetyl-CoA synthesis, the 
TCA cycle, anaerobic ethanolic fermentation, the oxidative pentose phosphate 
pathway, the Calvin cycle, the branched–chain amino acid pathway, and plant 
pigment biosynthesis (Friedrich  1987  )  .  Bacteria, yeasts, and higher plants can 
synthesize TDP from simple universal precursors  ( Begley et al.  1999 ; Nosaka  2006 ; 
Roje  2007  ) . El-Shintinawy and El-Shourbagy  (  2001  )  observed that the addition of 
2  m M thiamine in 100 mM NaCl concentration alleviates the reduction of growth in 
plants. However, the alleviation was greater in roots than shoots. In the same report, 
the alleviation of salt stress with thiamine was described to be related with the 
induction of certain low molecular mass proteins and increased contents of cystine 
and methionine. 

 Biotin (Vit. H) acts as a coenzyme, covalently bound to a lysine residue of a 
group of enzymes that catalyze carboxylation, decarboxylation or transcarboxyla-
tion reactions (Moss and Lane  1971  ) . An essential role for biotin is its attachment 
to the active site of carboxylases such as acetyl CoA carboxylase (ACCase) and 
methycrotonyl CoA carboxylase (MCCase), that mediate carboxylation reactions in 
crucial metabolic processes such as the synthesis and catabolism of amino acids, 
fatty acids and isoprenoids (Nikolau et al.  2003 ; Alban et al.  2000  ) . 

 In addition to its catalytic function as an enzyme bound prosthetic group, biotin 
may have a role in regulating gene expression (Che et al.  2003  ) . Li et al.  (  2012  )  
reported that biotin de fi ciency results in light-dependent spontaneous cell death and 
modulates defense gene expression. Hamdia  (  2000  )  observed that biotin or pyridoxine 
ameliorates salinity stress in lupine plants and on growth and metabolites of zea 
mays plant. However, more research is needed to evaluate the role of biotin in salt 
stress tolerance.  

    17.4.6   Coenzyme A 

 Coenzyme A is a cofactor for a multitude of enzymatic reactions, including the 
oxidation of fatty acids, carbohydrates, and amino acids, as well as many synthetic 
reactions (Begley et al. 2001). Rubio et al.  (  2006  )  identi fi ed and characterized 
 Arabidopsis  T-DNA knockout mutants of two CoA biosynthetic genes, HAL3A and 
HAL3B. The HAL3A gene encodes a 4 ¢ -phosphopantothenoyl-cysteine decarboxy-
lase that generates 4 ¢ -phosphopantetheine. HAL3B, the gene product of which is 
86% identical to that of HAL3A, present in the  Arabidopsis  genome. HAL3A 
appears to have a predominant role over HAL3B according to their respective 
mRNA expression levels. Furthermore over expression of HAL3A shows improved 
plant tolerance to salt stress (Espinosa-Ruiz et al.  1999 ; Yonamine et al.  2004  ) . 
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 Rubio et al. (2008) characterized a viable  Arabidopsis  T-DNA mutant affected in 
the penultimate step of the CoA biosynthesis pathway catalyzed by the enzyme 
phosphopantetheine adenylyltransferase (PPAT). They used ppat-1 knockdown 
mutant and found reduction in PPAT transcript levels (approximately 90%) impairing 
plant growth and seed production. The sum of CoA and acetyl-CoA levels was 
severely reduced (60–80%) in ppat-1 seedlings compared to wild type, and catabolism 
of storage lipids was delayed during seedling establishment. Conversely, PPAT 
overexpressing lines showed, on average, approximately 1.6-fold higher levels of 
CoA + acetyl-CoA levels, as well as enhanced vegetative and reproductive growth 
and salt/osmotic stress resistance. However, dry seeds of over expressing lines con-
tained 35–50% more fatty acids than wild type, implying an essential role of CoA 
biosynthesis in storage oil accumulation. Biochemical analysis of the recombinant 
PPAT enzyme revealed an inhibitory effect of CoA on PPAT activity. These results 
suggest that the reaction catalyzed by PPAT is a regulatory step in the CoA biosyn-
thetic pathway that plays a key role for plant growth, stress resistance, and seed lipid 
storage.   

    17.5   Conclusions and Future Perspective 

 Salinity is one of the dangerous threats to agriculture reducing soil fertility and crop 
productivity. Using sulphur or sulphur-containing compounds in agriculture can be 
a good tool in alleviation of salinity stress. In plants sulphur assimilates play dual 
role; they provide structural components of essential cellular molecules besides act-
ing as signaling molecules for environmental communication. Sulphur-containing 
compounds enhance tolerance by modulating physiological processes and by up 
regulating speci fi c gene for stress tolerance proteins. It is important to carry out 
detailed studies on sulphur assimilation pathway, its control through internal and 
external factors and to gain more physiologically relevant insight into plant responses 
to their environment. 

 Currently vitamins gained attention for research but still study on vitamins espe-
cially biotin is still in its beginning and it needs much attention for future research 
as biotin is an essential cofactor in many physiological processes and its de fi ciency 
can lead to plants death whereas its presence can alleviate salt stress. Regulation and 
expression of the majority of sulfate transporters are controlled by the sulfur nutri-
tional status of the plant. It is important to carry out detailed studies on thiols, their 
subcellular compartmentation and the regulation of differential enzyme activities in 
different plant tissues. Future strategies are focused to modulate steps of S assimila-
tion pathways leading to the production of thiols and their products in plants through 
manipulating enzymes in S-assimilation pathway under salinity stress.      
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          18.1   Introduction 

 Flood plains and alluvial plains contain deposits formed by periodical deposition of 
suspended sediments from river water during  fl ood events. Regardless of the river 
size (i.e., large – such as the Nile, the Mississippi, Ebro river; or smaller streams), 
they all provide parent material for creating deep and fertile soils suitable for agri-
cultural production. On the other hand, majority of these areas are globally the most 
densely populated (Stuyfzand  1993  ) . Intensively altered by land reclamation,  fl ow 
regulation, channelisation – drainage and irrigation networks and over-pumping of 
freshwater, plains are not balanced systems. They are rather dynamic endpoint sites 
of  fl uvio-ecological processes, socio-economic activities and wildlife population 
dynamics (Leuven and Poudevigne  2002  ) . 

 All these alterations made this river landscape prone to sea water intrusion and 
developing of salt-affected soils. Seawater intrusion takes place either at typical 
coastal aquifers due to over-pumping of freshwater (Kallioras et al.  2006  )  or within 
delta regions due to drainage of the deltaic areas and reduction in the river  fl ow, due 
to capillary rise of saline water in the soil pro fi le or due to irrigation with saline 
water (Romić et al.  2008  ) . 

 The problem of soil salinisation is present on all continents, in more than 100 
countries, and in Europe it is most pronounced in the Mediterranean basin region 
(Acosta et al.  2011a  ) . Salinisation in the Mediterranean area is related largely to 
climatic factors and irrigation development (Walter et al.  2001  ) . The salt-affected 
soils cannot support vegetation and consequences include salt-induced water de fi cit, 
ion toxicity, nutrient imbalance, yield volatility and yield reduction. This leads to 
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some very important indirect effects of salinisation: a change in the biodiversity of 
wetlands (Lyons et al.  2007 ), a change in the agricultural production structure and  
transformation of socio-economic conditions (Romić    et al.  2010a  ) . 

 The Neretva river valley in the Mediterranean part of Croatia faces similar situa-
tion. Within this region there are around 6,000 ha of intensively used agricultural 
land made up by reclamation of  fl ood plain and drained with open channels. 
Agricultural production is becoming more endangered because of periodical or tem-
poral soil and water salinisation (Ondrašek et al.  2011 ). Salinisation in the area 
naturally occurs by sea water intrusion through river mouth and by costal aquifer 
through underground. In addition, the changes in hydrological conditions affected 
by numerous water engineering schemes and facilities within the Neretva basin 
contribute to intensi fi ed sea-water intrusion, causing severe groundwater salinisa-
tion. Whereas agricultural production in this area is unfeasible without irrigation, 
farmers are forced to use saline water. The extraction of water for irrigation can by 
itself enhance seawater intrusion, thus increasing the salinity of sources. This prob-
lem is both temporarily and spatially varied, being most pronounced in the summer 
time when the sea water intrusion to the land culminates. Summer irrigation of 
crops may cause variable salinisation of the root zone that will dynamically evolve 
throughout the growing season (Maggio et al.  2011  ) . In spite of the fact that sea-
sonal salinisation can be partially controlled by ful fi lling appropriate leaching 
requirements (Rhoades et al.  1992  ) , at advanced salinisation, permanent modi fi cations 
of the soil physical-chemical properties will occur (De Pascale et al.  2003 ; Romić 
et al.  2008  ) . 

 Meeting the challenge of managing salt-affected areas requires ef fi cient and 
accurate quantifying, inventorying and mapping of soil salinity hazard (Pisinaras 
et al.  2010  ) . An analysis of spatial variability explains the characteristics and direc-
tion of the salinisation process, identi fi es the main factors of salinity and spatial 
trends, and it can also indicate areas at high risk which require speci fi c management 
in order to mitigate adverse effects of increased salt concentrations. It is therefore 
particularly important to monitor and determine salinisation of soils in order to 
timely propose management measures which will slow down this process and/or 
reduce its adverse effects. The knowledge gathered on the physiological and bio-
chemical basis, is necessary for achieving maximum crop yield under saline condi-
tions which is the principal objective of all agriculturists (Koyro et al.  2012  ) . 

 Based on all mentioned, the research program was set out to develop and validate 
appropriate knowledge and technologies to sustain and improve the production 
capacity of the available soil and water resources of the Neretva river valley. The 
hypothesis underlying this research is that the environmental risk of soil salinisation 
in coastal river valleys is determined by the spatial characteristics of the area that 
can favour saltwater intrusions, by the physical and chemical properties of the soils, 
and by the type of agricultural land use. To achieve this goal, research in soil and 
water management is carried out under two main research program components, 
namely: (i) land resources surveys and inventory and (ii) soil and water manage-
ment in saline conditions. In this chapter, the ones concerning soil salinity survey, 
water quality monitoring,  fi eld and greenhouse experiments have been considered.  
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    18.2   Regional Conditions of the Study Area 

    18.2.1   The Neretva River Basin 

 The research was carried out in  fl oodplain of the Neretva River Valley in the 
Mediterranean part of Croatia (43°00�N, 17°30�E) covering 5,216 ha of agricultural 
land (Fig.  18.1 ). The Neretva River sources in eastern Bosnia and Herzegovina, at 
elevation of 1,200 m above sea level. It  fl ows into the Adriatic Sea close to Ploče 
(Croatia) about 220 km downstream. The river is subject to tidal  fl uctuations in the 
estuarine part of the basin, which extends from the river mouth to the city of Gabela, 
about 25 km inland (Ljubenkov  2006  ) . The Neretva River  fl ow can be divided into 
two parts. In the upper part the river  fl ows swiftly through the mountainous landscape, 
while in the last 30 km of its course, in Croatia, the river spreads into an alluvial delta 
covering approximately 12,000 ha, before emptying into the Adriatic Sea.  

 The Neretva’s lower course and delta were shaped by high waters that periodi-
cally washed down from the mountains, bringing dissolved organic substrate, whose 
sedimentation created fertile soils. The delta area in Croatia has been reduced by 
extensive land reclamation projects, and the river now  fl ows in only 3 out of 12 
former distributaries channels. The marshes, lagoons and lakes that used to charac-
terize this  fl uvial plain have all disappeared, and only fragments of the old 
Mediterranean wetlands have survived. These parts are today protected as ornitho-
logical and ichthyological reserves and a natural landscape. 

  Fig. 18.1    Geographic location of the case study area, and panoramic views of the ( a ) Neretva 
river estuary; ( b ) polder type land; and ( c ) land on  fl uvial terraces along watercourses       
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 Climatically, the Neretva basin marks a transition from continental into 
Mediterranean climate. The Lower Neretva region is semi-arid with hot, dry sum-
mers and wet winters. Most rainfall occurs from October to April, with an annual 
average (1980–2000) of 1,230 mm. The long-term mean annual air temperature is 
15.7°C, with the highest (25.2°C) in July. Annual Penman-Montheith reference 
evapotranspiration amounts to 1,196 mm and the greatest values (191 mm) also 
occur in July. During the growing season (April–September) there is an apparent 
water de fi cit of up to 503 mm; this amount can only meet the needs of evapotrans-
piration. The greatest demand for water is in July when the difference between ref-
erence evapotranspiration and effective rainfall is at its highest and reaches up to 
nearly 160 mm.  

    18.2.2   Geology and Hydrogeology 

 The lower Neretva River Valley was formed on two very different groups of depos-
its: (1) Mesozoic and Paleogene carbonate rocks with some Paleogene  fl ysch; and 
(2) Quaternary sediment and poorly lithi fi ed deposits. Carbonate rocks make up 
the basement of the valley, its  fl anks and smaller isolated hills within the valley. 
These rocks are intensely fractured and deeply karsti fi ed. Numerous faults, 
 fi ssures, joints and sinkholes make the carbonate rocks very permeable to water 
and allow accumulation and circulation of groundwater. The permeability of these 
rocks, however, can be highly variable, depending on the level of fracturing and 
karsti fi cation. One of the main characteristics of these rocks is that all direct pre-
cipitation immediately percolates underground, with the exception of large and 
long-lasting precipitation events that can result in short surface  fl ows. Such  fl ows 
commonly also turn into sinking streams or can  fl ood the valley surface. The 
 fl ysch deposits, present along the northwestern and southeastern edges of the val-
ley, are of limited thickness and lateral extent. These deposits are mainly imper-
meable, but are cut by faults and serve as a partial barrier to groundwater  fl ow. 
Sur fi cial Quaternary sediments consist mainly of peat and clay (organic marshy 
deposits), which are underlain by clayey sands, sands of variable grain size, sandy 
clay, gravely sands, sandy gravel, and Holocene gravels (alluvial sediments), as 
well as Pleistocene conglomerates. There are three main aquifers within these 
sediments: (1) in Holocene sands; (2) in middle Pleistocene gravels, and (3) in 
lower Pleistocene conglomerates and gravels. 

 Above sea level, fresh water with free-water table from the surrounding karst 
massif directly feeds the valley, while at elevations below sea level the water is 
saline and enters the valley under pressure. In winter, the Lower Neretva region 
must be protected from  fl ood waters and the level of water in drainage canals must 
be regulated, while during the dry, vegetation period it must be irrigated and pro-
tected from sea-water intrusions. The Neretva River discharge varies considerably 
with minimal amounts occurring in summer and autumn and maximum ones in 
winter and spring (Romić and Vranjes  2010  ) . Owing to many underground karst 
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streams in the basin, there are many springs carrying large amounts of water, 
especially in winter. The groundwater coming from this surrounding karst area sup-
plies numerous streams, lakes and cavities. Such a great variability of karst under-
ground geology and morphology favours water  fl ow and mixing of sea water with 
fresh water. Sea water intrudes into the surface water  fl ows, particularly into the 
Neretva River. Salinisation of smaller streams is caused by mixing with waters from 
brackish karst springs on the limestone edges of the valley (Bonacci and Roje-Bonacci 
 1997  ) , and from the aquifer with highly saline groundwater in the deeper layers.  

    18.2.3   Characteristics of Salt-Affected Soils and Agricultural 
Land Uses 

 The soils in the Neretva delta were formed by the deposition of sediment washed 
out from the hilly karst region into the basin. The eroded material was transported 
by stream and  fl ood waters and deposited on limestone bedrock over geological 
time. The alluvial plain with diverse deposits was formed by a gradual sea level rise 
and by  fl ooding of the river delta. Terrain elevations were gradually raised along the 
stream banks, from which  fl ood waters were bringing mud and sand in the past. 
Fresh mud and sand deposition was reduced by a hydrological regime regulation 
and by the consequent cessation in frequent valley  fl ooding. 

 Soils within the Neretva river valley belonging mostly to the division of hydro-
morphic soils are characterized by the excessive water presence caused primarily by 
the shallow groundwater. Soil types within the soil class differ regarding the depth 
of the glayic horizon in the soil pro fi le, soil texture, organic matter content and 
salinity level. All soils with the salt content >0.13% (w/w) (or EC 

e
  > 2 dS m −1 ) were 

considered as salinized. Based on these criteria, and using WRB classi fi cation (FAO 
 1998  ) , Fluvisols Eutric Calcaric, partly hydroameliorated by channels, consisting of 
 fl oodplain loam, dominate on  fl uvial terraces. Dominating soils in the low-land area 
are Molic Fluvisols Calcaric, hydroameliorated by channels, differing greatly 
regarding the depth of glayisation and salinity level, consisting of  fl oodplain silt, 
and Molic Glaysols, hydroameliorated, partly salinized with the shallow glayic 
horizon, and mostly calcaric, consisting of  fl oodplain silt-clay. Soils in the part of 
the study area are classi fi ed as Histic Glaysols being developed from maritime sedi-
ments. The region is protected of  fl ooding by the pumping system. These soils are 
still subject to dynamic transformations due to variations in water levels and regimes, 
the relief position, and the proximity to the water courses and the sea. 

 The  fi rst form of land reclamation in the Lower Neretva region was a traditional 
method of manual excavation and heaping the sediments up perpendicularly to the 
river  fl ow at higher elevations along watercourses. Sediment was dug up manually 
and piled to about 0.8 m high to form small terraces and avoid  fl ooding during the 
high tide. With mostly hydro-ameliorated soils from the alluvium and without 
excess water stagnating in the rhizosphere, these terraces are used traditionally to 
grow vegetables and fruits. 
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 The  fi rst available historical records about organized land reclamation of the 
Neretva delta wetland date back to the end of the seventeenth century. In the mid-
twentieth century, modern land-reclamation projects had been carried out in the 
region with the expert and technical help of FAO (UN). Polder-type parcels were 
formed in the areas of low-elevation terrain where land surface was still above the 
low-tide level, and the water was pumped continuously over a dike. Agricultural 
production on these parcels was managed by the state agricultural company and had 
been mainly used for citrus growth and intensive vegetables production. After the 
company was closed, most of the parcels were used by private enterprises, but the 
property ownership problem has not been solved so far. 

 Based on all mentioned, it is possible to delineate two different land zones 
according to the different land reclamation and hydroamelioration practices as well 
as the past and present land use. In this way, the lower-laying terraces comprising 
mostly polder-type parcels, were separated from the land on  fl uvial terraces tradi-
tionally used by small farmers (Fig.  18.2 ).    

    18.3   Soil Salinity in the Neretva River Valley: Spatial 
and Temporal Variations 

    18.3.1   Spatial Variations of Soil Salinity 

 An analysis of spatial variability explains the characteristics and direction of the 
salinisation process, identi fi es the main factors of salinity and spatial trends, and it 
can also indicate areas at high risk which require speci fi c management in order to 
mitigate adverse effects of increased salt concentrations. Apart from identifying 
salt-affected soils and monitoring soil salinity, it is important to assess the trend in 
salinity development and map the salinity hazard that might threaten a given area 
(   Shrestha and Farshad  2009  ) . 

 The identi fi cation, mapping, and further monitoring of the process of salinisation 
of agricultural soils represent the basic, but also the most costly part of the saline 
soil management. This is especially pronounced in the Mediterranean region because 

  Fig. 18.2    Land zones within 
the study area divided 
according to dominant soil 
type and land use (Adopted 
from Romić et al.  2012  )        
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of the variability of soils, climate, small size of farm holdings and soil management 
practices (Zalidis et al.  2002  ) . In the Neretva River valley the size of the farm par-
cels varies from 0.01 to 7 ha (Romić et al.  2010b  ) . In order to ensure uniform cover-
age of the Neretva river valley area, a grid sampling scheme from the collection of 
agricultural topsoil samples (0–25 cm) and from boreholes was selected (Fig.  18.3 ). 
The topsoil samples were taken using regular rectangular grid with a 500-m dis-
tance between the points, and from boreholes with a 1,000-m distance between the 
points. Total 183 grid points were obtained for surface soil sampling and 63 grid 
points for borehole soil sampling from four depths (0–25, 25–50, 50–75 and 
75–100 cm). The observation sites were spatially referenced using GPS and data 
were stored in different GIS layers. The  fi eld investigations were launched in August 
2010 when the accumulation of salts in the surface soil horizon is the greatest.  

 The soil samples were air-dried and passed through a 2-mm sieve. For the soil 
salinity assessment, soil saturation extract (EC 

e
 ) was analyzed (   Rhoades et al. 

 1989  ) . Sodium and potassium concentrations were determined by atomic emis-
sion spectrometry (AAS PerkinElmer 3110). Chloride and sulfate concentration 
were determined by spectrophotometry using a segmented  fl ow method with a 
Skalar San+Analyzer (HRN/EN ISO 10304-1/1998); Quality control procedure 
consisted of reagent blanks, duplicate samples and several referenced soil and 
sediment samples of a similar matrix from the inter-laboratory calibration pro-
gram (Houba et al.  1996  ) . 

 According to the standard criteria soil is considered saline if the value of electri-
cal conductivity of the saturated aqueous extract is >4 dS m −1  (SSSA  1997  ) . Although 
this is only 10% of the seawater salinity, from the agronomic point of view this level 

  Fig. 18.3    The locations of the soil sampling site in the Neretva river valley. Red circles are the 
locations of the topsoil (0–25 cm) samples and yellow circles are locations of the borehole 
(0–100 cm) samples.       

 



480 M. Zovko et al.

is suf fi ciently high so that only cultures relatively salt-resistant can tolerate it. 
Medium salt-sensitive cultures tolerate concentrations of soil solution, which cor-
respond to the value of EC 

e
  2 dS m −1 . Agricultural production in the Lower Neretva 

region is based on the cultivation of vegetable crops and citrus fruit, generally sensi-
tive to salt-affected soils. Furthermore, farmers still haven’t started with introduc-
tion of more salinity tolerant cultivars of vegetables, nor with the selection of more 
resistant rootstock for citrus fruit (Romić et al.  2007b  ) . A tolerable degree of soil 
solution salinity also depends on the salt distribution in the soil pro fi le, soil water 
content and overall agricultural practice including irrigation. This is why the gen-
eral boundary level of EC between saline and non-saline soils has to be adjusted in 
terms of speci fi c agri-environmental conditions of the particular area (Eynard et al. 
 2005  ) . Based on knowledge gathered in the study area, the value of electrical con-
ductivity of the soil saturation extract >2 dS m −1  was taken as a boundary level 
between saline and non-saline soil. 

 Compared with proposed boundary level, 24% of surface (0–25 cm) and subsur-
face (25–50 cm) samples is considered saline. In deeper layers this percent abso-
lutely increase, from 46% of saline samples at the depth of 50–75 cm to 59% at the 
depth of 75–100 cm. The lowest range of EC is observed in the surface layer rang-
ing from 0.3 to 10.6 dS m −1 , and a median value of 1 dS m −1  (Table  18.1 ). Values of 
EC 

e
  > 1 dS m −1  are typical for soils of semiarid and arid areas. Climatic conditions, 

typical for the Mediterranean area, cause that the annual evaporation exceeds pre-
cipitation. Ions released into the soil solution, whether by weathering of minerals 
under the in fl uence of salinized ground water or by irrigation with salinized water, 
accumulate in the secondary minerals formed by reducing moisture content of these 

   Table 18.1    Statistical parameters for soil saturation extract from the four soil layers in the study 
area of the Neretva river valley   

 EC 
e
   Ca  2+   Mg 2+   HCO  

3
  −    Na +   SO  

4
  2−    Cl −  

 (dS m −1 )  (mg l −1 ) 

  0–25 cm  
 Median  1.0  208  31  232  13  242  45 
 Min  0.3  48  1.9  98  3.2  4.0  10 
 Max  10.6  1,337  445  604  2,040  2,658  6,044 
  25–50 cm  
 Median  1.1  176  29  183  33  222  74 
 Min  0.2  35  3.9  79  3.1  3.2  7.3 
 Max  12.0  988  533  744  3,136  3,123  7,534 
  50–75 cm  
 Median  2.0  285  37  153  76  437  134 
 Min  0.19  35  3.9  67  2.9  4.3  5.9 
 Max  18  1,828  1,264  689  7,870  4,734  16,320 
  75–100 cm  
 Median  2.4  468  53  159  113  1,261  159 
 Min  0.2  32  9.7  61  4.4  3.1  5.1 
 Max  60.3  1,315  2,217  1,220  11,200  5,218  19,900 
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soils. Na, K, Ca and Mg contribute the most to the salinity of the soil. Ionic species 
relationship in non-saline soil solution of moderate climate is Ca > Mg > K > Na 
(Bohn et al.  1985  ) . In salt-affected and alkaline soil solution the concentration and 
the relationship of ionic species changes signi fi cantly. The predominant salt type is 
important because of the effect of individual ions on the soil properties and the pos-
sibility that they may be toxic to plants (Pisinaras et al.  2010  ) . The principal cations 
in soil saturation extracts are Ca 2+ , Mg 2+  and Na +  while SO  

4
  2−   and Cl −  are the domi-

nant anions in the study area (Table  18.1 ). A noticeable increase of individual ions 
in the subsurface layer in relation to the surface soil layer is mostly the result of the 
transport of salt from the surface soil layer. The concentration range of dominant 
anions is very wide, from the lowest 5.1 mg l −1  Cl −  to the maximum 19,900 mg l −1  
Cl. The highest concentrations of sodium, sulphate, and chloride indicate the accu-
mulation of water-soluble salts as the result of direct impact of saline groundwater, 
i.e. sea water intrusion. Due to the changed natural regime of surface water and 
groundwater and their interaction, there is an increased in fl ow of saline water from 
the Neretva and deep quaternary layers into the network of drainage canals. That 
means that saline water intensively rises toward the surface, while at the same time 
the drainage system interrupts the in fl ow of such water to the arable surface soil 
layer. Still, certain amount of salt does reach the soil within a 1-m depth by capillary 
rise and other intermolecular forces in clayey materials.  

 In order to quantify soil salinity hazard in the Neretva river valley spatial distri-
bution maps for EC 

e
  of soil saturate extracts were produced using distance weight 

(IDW) method of interpolation. An interpolated map for each sampled depth was 
generated in the ArcGIS extension of the Geostatistical Analyst (Fig.  18.4 ).  

 The spatial intensity of salinity evidently changes moving away from the Neretva 
River mouth. Interpolated maps of EC 

e
  show that high salinity hazard spreads within 

about 2 km inland from the sea (Fig.  18.4 ). The salinity increased with the depth, as 
well. The processes of primary salinisation of soil from groundwater become more 
expressed in the deeper layers. In the soil layer at a depth of 50–75 cm salts come 
from saline groundwater, and this is particularly marked in the area of the Lower 
Neretva closest to the sea. The highest value of electrical conductivity of 60 dS m −1  
was measured in the soil solution at a depth of 75–100 cm. It indicates that main soil 
salinity pattern in the Neretva river valley is induced. 

 It is also evident that corridor of high soil salinity hazard exists in sub-area Luke 
along the narrow part of the valley. To fully understand the differences between sub-
areas and the spatial trends in salinity, topographic and lithologic conditions, land 
use and quality of irrigation water have to be considered (Walter et al.  2001 ; Romić 
et al.  2012  ) . Previous intensive citrus production in Luke area (gross around 300 ha) 
has been completely abounded 15 years ago after the state agricultural company 
was closed. Thus, in consequence, there has been failure to maintain expensive 
hydro-ameliorative facilities which have deteriorated as a result. Maintaining the 
appropriate regime of  fl ow in drainage canals is directly related with groundwater 
 fl ow. Relatively low elevations (partly even below the sea level) and relatively high 
groundwater levels require the application of constant pumping in order to achieve 
agricultural production, as well as to protect agricultural areas from salinisation. 
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All these changes that have taken place in recent decades evidently increase the 
salinity risk of the area. In an arti fi cially created environment like polder-system 
land within the Neretva River valley, every change alters highly sensitive equilib-
rium which can have the long term consequences on further developing of salt-
affected soils. The situation is different with plots formed at higher elevations along 
watercourses through a traditional method of manual excavation and heaping up of 
sediments, which was traditionally used only by agricultural producers. These are 
mostly hydro-ameliorated soils from the alluvium; they have a more favourable 
water-air regime, without excess water stagnating in the rhizosphere. The increased 
total salt content in the surface soil is, however, also related to the application of 
saline water for irrigation. The salinity of irrigation water signi fi cantly depends on 
the source of water intake, and that is the main reason for an uneven distribution of 
soil salinity in the study area.  

    18.3.2   Seasonal Variations of Soil Salinity 

 The processes of salinisation spatially highly variable are also subject to seasonal 
changes. It is well known that there is close relationship between degree of salts 
accumulation in the root zone and the groundwater table depth/regional hydrology 
as well as the topography that can signi fi cantly affect water movement and storage. 
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  Fig. 18.4    Interpolated maps of EC 
e
  in soil of the study area at ( a ) 0–25 cm depth ( b ) 25–50 cm 

depth ( c ) 50–75 cm depth ( d ) 75–100 cm depth (Adopted from Romić et al.  2010b  )        
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Furthermore, hydraulic properties of the soils can be the key factor for soil salinity 
 fl uctuation (Akramkhanov et al.  2011  ) . The irrigation practice and rainfall between 
irrigation events are also important factors which affect the distribution of salt 
within the soil pro fi le (Ayars  2003    ). Knowing where the highest  fl uctuation in salin-
ity will take place allows the identi fi cation of vulnerable areas and there site speci fi c 
management (Acosta et al.  2011b  ) . 

 Five soil monitoring stations were established in 2009 (Fig.  18.5 ) within the 
National project of monitoring soil and water salinisation in the Neretva river valley. 
Soils monitoring stations are distributed at different agricultural land and soil type 
within the vicinity of ground water monitoring wells. In the  fi rst year of the 5-year 
monitoring cycle soil pits were opened and detailed physical and chemical analyses 
of samples from each horizon were performed. Two sampling campaigns per year 
are carried out: the  fi rst one in winter season (February) and the second one in dry 
growing season (August). The soil pro fi les were sampled in 0.25 m increments to a 
depth of 1 m.  

 Comparison between winter and dry growing season showed that EC 
e
  levels 

were constant throughout the pro fi les in monitoring stations 1, 3 and 4. However, 
signi fi cantly higher EC 

e
  levels were determined in the subsurface horizons then 

at the surface in both sampling period at the stations 1, 3 and 4. Short term salin-
ity seasonal  fl uctuation is detected at the soil monitoring stations 2 and 5. In the 
winter season EC 

e
  was less than 2 dS m −1  throughout the pro fi les, while in the dry 

growing season the EC 
e
  rose up to 4.4 dS m −1  at station 2 and up to 6 dS m −1  at 

station 5 in the top 25 cm. 

  Fig. 18.5    Soil, surface and ground-water monitoring station and seasonal changes in soil salinity 
along pro fi le in the Neretva river valley       
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 Seasonal and vertical soil salinity pattern observed at the monitoring stations 1, 
3 and 4 indicates that the primary process of salts accumulations in the root zone is 
through the capillary rise with high water tables. The dynamics of the groundwater 
level, has a direct effect on the accumulation of salts in the rhizosphere. This is 
particularly visible at the soil monitoring station 1. The salinity pro fi le within this 
monitoring station indicates accumulative effect accentuated by clay texture (up to 
50% of clay, data not shown) at the subsurface horizons (below 60 cm). The higher 
percentage of sand texture in surface horizons inhibits further capillary rise, and 
consequently salt accumulation in the soil surface. 

 The extent of EC 
e
  increase in dry growing season at the monitoring stations 2 and 

5 can be attributed to irrigation with degraded quality water. This suggests that salts 
in the root-zone could be accumulated to levels deleterious for crops predominantly 
cultivated with irrigation practice. When the water which was used for irrigation 
comes into balance with the soil, the distribution of ions between solution and 
exchangeable phase becomes the dominant mechanism that determines the compo-
sition of the solution in the soil pro fi le. It is evident that in the short term, rainfall 
events during the winter time in the Neretva valley could be large enough to provide 
salt leaching from surface soils horizons. Studies conducted in Mediterranean con-
ditions (Romić and Romić  1997  )  found that natural leaching from the soil can 
remove signi fi cant amounts of salt which entered the soil through irrigation with 
salinized water. Namely, in the Mediterranean climate the majority of precipitation 
falls in autumn-winter period. In this very period are the salts leached which accumulated 
during the irrigation season. Romić and Romić  (  1997  )  also found that in natural 
conditions the amounts of salt leached from the soil depend on the type of soil. The 
research has shown that a larger quantity of salt was leached from rendzina than 
from vertisol. However Adam et al.  (  2012  )  showed that desalination of vertic clay 
soils induced by repetitive ponding and  fl ushing cycles can remove 35.7% of the 
initial salt content in the topsoil layer.   

    18.4   Water Quality in the Neretva River Valley 

 The decline in availability of freshwater for irrigation due to its allocation to other 
sectors (urban and industry), especially in arid and semi-arid regions such as the 
Mediterranean basin, has resulted in intensive use of waters of poor quality. 
Furthermore, inappropriate management of a coastal aquifer, highly sensitive to 
disturbance, may lead to its destruction as a source of fresh water much earlier than 
other aquifers that are not connected to the sea. This irrational and systematic 
groundwater abstraction for irrigation purposes of the area has resulted in the 
aggressive intrusion of seawater wedge, particularly during the last decade (Kallioras 
et al.  2006  ) . Besides, large hydrotechnical interventions such as construction of 
dams, hydroelectric power plants and other hydrotechnical structures can also 
change the water regime within a catchment area, and consequentially lower the 
quality of water for different purposes. 
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 An important impact of agriculture on the quality of soil and water resources in 
the Mediterranean is the increasing conductivity and associated salinisation of soils 
and the intrusion of seawater into the groundwater aquifers near the coast (Zalidis 
et al.  2002  ) . The pro fi table cultivation of vegetables and fruit in the Lower Neretva 
region is practically unfeasible without irrigation. The water requirement of the 
selected cultivated crops in the Lower Neretva region was calculated in the 
Preliminary Design “Irrigation in the Lower Neretva Region” (Romić et al.  2007a  ) . 
According to these calculations, irrigation requirements for the Lower Neretva 
region range from 50 to 60 mm in the production of cruciferous vegetables to as 
much as 561 mm in the growing of apples with an inter-row cover cropping. 
However, not even today is irrigation used to the extent required by climatic and 
hydro-pedological conditions of the region. Although the whole of the Neretva val-
ley abounds in water, the provision of quality water for irrigation, especially in 
summer, could represent a serious problem. Water quality for irrigation in the region 
varies signi fi cantly depending on the source of water (Romić et al.  2008  ) . In order 
to use irrigation water without adverse effects to agricultural crops, as well as to 
soil, its chemical composition has to be known. 

 Monitoring of the water quality in addition to the adequate management may 
certainly prevent the damages on the agricultural land and crops. A system of moni-
toring developed up to this point and measurements conducted, both in surface 
waters and groundwater in the alluvium provide a good starting point for further 
research (Romić et al.  2010a  ) . The surface water monitoring program was estab-
lished in 2009 as a part of National project of monitoring soil and water salinisation 
in the Neretva valley. A total of 13 surface water monitoring stations and 5 ground-
water monitoring stations were established covering the whole Neretva river valley 
(Fig.  18.5 ). Four double piezometers for monitoring the state in shallow and deep 
aquifer serve for the measurement of water level and quality. Standard protocols for 
sampling, sample stabilization and analysis were adopted for all water quality vari-
ables, pH, electrical conductivity (EC dS m −1 ) and ionic composition (APHA 1995). 
Water samples for lab analysis have been taken in 13 locations from open water-
ways and from 5 shallow piezometers once per month. 

 Measurements obtained by the water quality monitoring showed that together 
with electrical conductivity (Fig.  18.6 ), the concentrations of chloride and sulphate, 
bicarbonate as well as of calcium and sodium in surface and groundwater samples 
(Fig.  18.7 ) are variable. This variability occurs not only with regard to their spatial 
distribution but also over time. It is observed that the salt front is pushed towards the 
sea in the winter period (January), while the summer period brings signi fi cant salin-
isation (August). The salt wedge goes furthest upriver in mid-summer, while it was 
pushed out of the riverbed in the end.   

 In general at all surface water monitoring stations water can be classi fi ed as 
slightly to moderately saline according to FAO guidelines for irrigation water qual-
ity (Ayers and Westcot  1994  ) . The highest level of EC in surface water was detected 
in August in the pumping station (SW 9) and the drainage channel (SW 2). Drainage 
network plays an important role in protection from  fl oods and salt. During the rainy 
season, its role is primarily to collect signi fi cant amounts of rainfall during the 
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heavy downpours, and in the dry season to drain all brackish water which would 
salinize upper 2–3 m necessary for agricultural activity. In order to provide protec-
tion against  fl oods within ameliorated areas of the Lower Neretva region, a total of 
eight pumping stations were constructed. The effect of maintaining the appropriate 
regime of  fl ow in drainage canals by water repumping is evident during irrigation 
period. 

 A pick of EC (~32 dS m −1 ) is observed in groundwater (GW 4) in January as well 
as in August. This groundwater monitoring station is located close to the river 
mouth. Numerical modelling has shown signi fi cantly different characteristics of 
shallow and deep aquifer in the lower Neretva River (Gotovac  2005  ) . The deep 
aquifer has proven communication with the sea, so the salinity does not change 
signi fi cantly in both regimes, the dry and the rainy. Since there is a constant hydrau-
lic gradient in the vertical direction, the model shows that 10 million cubic meters a 
year of highly salinized brackish water  fl ows into the shallow aquifer through 
con fi ning clay layer (Gotovac  2005  ) . 

 The water quality also shows variability depending on their hydrological integra-
tion (Schmalz et al.  2009  ) . In general far from the river mouth surface and ground-
water quality are in most parameters much more alike than at the close to the river 
mouth (Fig.  18.7 ). Close to the river mouth groundwater is more mineralized than 
surface water (Fig.  18.6 ). The exception is in April 2010 when markedly higher con-
centrations of Cl, and SO 

4
  were in the surface water close to the river mouth and in 

the June far from the river mouth. The observed higher concentrations can also point 
on the effect of collecting brackish water by drainage channel (Romić et al.  2009  ) .  

  Fig. 18.6    Electrical conductivity (dS m −1 ) in water samples collected in January and August 2010 
at each surface (SW) and groundwater (GW) monitoring stations. All the data are reported with 
regard the distance from the Neretva river mouth (For geographical references see Fig.  18.5 )       
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    18.5   Agriculture in Saline Environment 

 Due to speci fi c agricultural/environmental qualities in the investigated area of the 
Neretva valley, the agricultural production is fairly developed and it can be de fi ned 
as fruit-and-vegetable production. Woody (fruit) crops are represented with crops 
ranging from exclusively Mediterranean species (citrus fruit,  fi gs, olives, etc.) to 
traditionally continental fruit species (apples, plumes, peaches, pears, etc.). However, 
citrus fruits are the most common fruits grown in the Neretva River valley. This is 
especially important to highlight because evident increase of the mandarin oranges. 
Nowadays there are about 400,000 fruit-bearing mandarin trees as against 16 535 in 
1967 (Romić    et al.  2007b  ) . Mandarin porange production is limited to relatively 
small belt of the Mediterranean climate with not too cold winter but adequate for 
 fl owering and development of fruit colour  (Levy and Syversten  2004 ). On the other 
hand, soil salinity can severely limits citrus production in Mediterranean coastal 
areas (Levy and Syvertsen  2004  ) . Citrus are classi fi ed as salt sensitive species with 
soil salinity threshold of 1.4 dS/m. Salinity-induced symptoms are non-speci fi c 
chlorosis, smaller leaf size, and impaired shoot growth (Fig.  18.8 ) as well as fruit 
yields decrease up to 13% for each 1 dS m −1  electrical conductivity increase (Maas 
 1993  ) . The yield decrease is probably attributable to osmotic stress rather than 
 toxicity (Pedrero et al.  2012  ) . In addition to high oscillations in yields, another 
problem is achieving the satisfactory quality of fruits. Difference in the water poten-
tial, is the driving force of water uptake by plants. High salt concentration in the root 
zone, give a high water potential which may lead to restricted water uptake. The 
most prominent problem is fruit puf fi ness (Fig.  18.8 ). The less water available to a 
plant, the problem is more marked. The puf fi ness of fruits is more marked in the 
years when high air temperatures and high relative humidity occur in the colour-
changing phase, in particular if before that the fruit had suffered a drought stress. 

  Fig. 18.8    Chlorosis symptoms in mandarins leaves induced by salinity stress, and fruit puf fi ness       
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The juicy fruit analysis has shown that puffy fruits in statistical terms are signi fi cantly 
less juicy, have less soluble dry matter and a lower juice pH (Romić et al.  2007b  ) . 
All the problems related with the soil water de fi ciency are more pronounced if a 
mandarin tree had been grafted to the hydrophilic stock of  Poncirus trifoliata  most 
frequently used by the farmers in the Neretva valley due to its resistance to low 
temperatures. Since these rootstocks are also very susceptible to salinity, it increases 
the hazard of salinity damage if leaching is reduced with reduced irrigation (Levy 
and Syvertsen  2004  ) . It is important to note that mandarin trees recover very slowly 
from the water stress. The selection of an optimal system and method of irrigation 
is undoubtedly one of the most ef fi cient agricultural engineering measures which 
would reduce an adverse effect of unequally distributed rainfall on the yields and 
quality of mandarin fruits (Romić et al.  2007b  ) .  

 The vegetable production pattern is fairly developed, and due to speci fi c – 
particularly geographic and climatic – conditions, the selection of vegetable crops 
and the duration of their vegetation, two harvests per year are possible in the  fi eld. 
Unlike the fruit production, the vegetable production is subject to relatively rapid 
changes and to the intensi fi cation of production, which also has to be taken into 
account when planning the future model of the development of agricultural produc-
tion and assessing the application of agricultural engineering measures. In line with 
the projection of future yields in the study “Irrigation in the Lower Neretva Region” 
(Romić et al.  2007a  ) , which is based on the reduction of yields under conditions 
without irrigation, with the introduction of irrigation yield will increase the most for 
tomato, paprika, eggplant, water melon, musk melon, leek and Swiss chard, ranging 
from as much as 1.5 to 2.2 times. 

 The experiment was set up with the aim to determine the in fl uence of increasing 
salt concentrations in irrigation water using different irrigation systems (sprinkler 
and drip) on: crop growth, changes in soil solution composition, changes in leaf tis-
sue mineral content, and changes in crop yield. Saline irrigation reduced the crop 
growth and thus had detrimental effects on yield (Fig.  18.9 ). Application of saline 
water rapidly changed the ion composition of soil solution. Signi fi cant changes in 
Ca, Na and Cl concentrations in soil solution were determined parallel to increasing 
the irrigation water salinity. The experiment has shown as well that salinity affects 
nutrient uptake and accumulation and also nutrient partitioning within the plant. In 
the case of drip irrigation, increasing water salinity reduced potassium uptake by 
plants, but enhanced sodium and chloride uptake. As the ion concentration in the 
cell wall rapidly escalate, and the cell rapidly dehydrate (Munns  2002  ) . Crops with 
perturbed nutrients relations are more susceptible to invasion of different patho-
genic (micro)organisms and/or physiological dysfunctions; their edible parts have 
markedly less economic and nutritional value due to reduced fruit size and shelf life, 
non-uniform fruit shape, decreased vitamin content (Ondrašek  2008  ) .  

 Despite the salt-induced yield reductions, the implication for applying water of 
poor quality using drip irrigation is clears (Ondrašek et al.  2006  ) . This is especially 
valid in the regions with high annual precipitations, occurring mostly during the 
winter. Besides the usual agricultural management, the possible harmful effects of 
salt accumulation in soils may thus be prevented also by natural leaching. Promising 
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option of leaching management has to be linked to speci fi c crops mechanisms 
 operating in saline soils as leaching the soil can restore the water relation of the 
plant but not affect salt levels in leaves (Jacobsen et al.  2012  ) . 

 The problem of soil salinisation is very complex and the assessment of salinity 
risks need to evaluate not only water stress to plants and potential toxic impacts of 
salt but also the potential increase in the bioavailability of metals (Du Laing et al. 
 2009 ; Romić et al.  2011b  )  as well as increased organic matter decomposition 
(Weston et al.  2011  ) . Estuarine sediments are frequently rich in contaminants trans-
ported from land. Also well-known is the ability of sediments to faithfully record 
environmental impact, including the heavy metal contamination, on  fl uvial systems 
over time. For the Neretva estuary, the main source of contaminants is industries in 
the upper part of the catchments area. The lower part is an intensively agricultural 
region, producing generally vegetables and fruits, and salinity poses an increasing 
threat in the Neretva estuary, since the major route of human exposure to toxic ele-
ments is via consumption of vegetables grown on contaminated soil. Matrix of 
saline (sodic) soil is naturally poor and/or depleted in metal-binding interfaces 
(Ondrašek et al.  2010  )  Soil salinity, especially increased concentration of dissolved 
Cl-ligands, signi fi cantly in fl uences solubility of some trace elements like cadmium 
(Ondrašek et al.  2009  ) . The fate of metals and potential toxic risk depend primarily 
on the sorption-desorption balance and how this balance changes in regard to 
changes in environmental conditions (Cerquiera et al.  2011  ) . If desorption processes 
are slow, and thus pollution permanent, it can jeopardize plant production. On the 
other hand, fast desorption processes trigger potentially toxic metals and thus may 
affect the quality of groundwater (Romić  2009  ) . 

 Two experiments were set up in a polyethylene greenhouse located at the experi-
mental station on the University of Zagreb Faculty of Agriculture (Croatia) in 2004 
and 2006. The  fi rst one was aimed to test the hypothesis that organic matter decreases 
the bioavailable Cd 2+  pool and therefore restricts its phytoextraction. The effect of 
four salinity levels (0, 20, 40 and 60 mM NaCl) and three Cd levels (0.3, 5.5 and 
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  Fig. 18.9    Marketable yield decline of watermelon affected by water salinity and irrigation method 
(Adopted form Romić et al.  2008  )        
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10.4 mg kg −1 ) in peat soil on mineral accumulation and distribution as well as 
 vegetative growth and fruit yield parameters of muskmelon (Cucumis melo L.) were 
assessed. The second experiment was done on radish ( Raphanus sativus  L. var. 
sativus, cv. Tarzan). Results of the greenhouse experiment with muskmelon grown 
on Cd-enriched peat provide evidence that cadmium transfer from saline and con-
taminated organic soil to edible fruity tissue is low and not mediated by NaCl salin-
ity. These results suggest that (i) muskmelon appears to have low capacity to take up 
and transport Cd from roots to fruits, and/or (ii) to translocate Cd via phloem from 
developed leaves to fruits, suggesting that phloem mobility of Cd in muskmelon is 
relatively poor and unaffected by NaCl salinity (Ondrašek et al.  2009  ) . When radish 
plants were tested, it was shown that cadmium uptake and leaf deposition was mark-
edly enhanced by NaCl, whereas Cd translocation and hypocotyl accumulation was 
up to sixfold lower and not in fl uenced by NaCl salinity. Despite low concentration 
of trace elements in topsoil, it was still necessary to monitor Cd and Cu concentra-
tion in  fl oodplain soils in the Neretva river valley since most of them might be 
phytoaccumulated especially in excessive concentration of dissolved Cl −  ligands 
(Romić et al.  2012  ) .  

    18.6   Conclusion and Future Perspective 

 In this chapter an overview of recent and current research program being carried out 
within the Neretva River valley has been presented. The result considering land 
resources surveys showed that the degree of salinisation is strongly related to char-
acteristics of the soils and their location in the catchments area. Salinity of soils 
within the root zone can be highly variable and in order to estimate the risk of salini-
sation it is important to examine soil salinity as a function of depth. 

 Analyses of the data obtained by the water quality monitoring showed that salt 
concentrations in surface waters of the Neretva River valley changed substantially 
during the year as a result of the hydrological regime, demonstrating a spatial as 
well as a temporal variability of the water electrical conductivity and sodium and 
chlorine concentrations. 

 Agricultural production in salt-affected Mediterranean environments is unfeasi-
ble without irrigation. The overall sustainability of agricultural production is depen-
dent not only of good quality water, but also on adequately maintaining reclaimed 
areas, site-speci fi c management of soil and the overall practices in agriculture. 

 The salinisation problem may enhance trace metals mobilization, its bioavail-
ability and phytoaccumulation. Hence, more holistic approach has to be applied in 
mitigation adverse effects of salinity on plant growth in saline environments. 

 Since salinity–induced land degradation is related to complex environmental 
dynamics, the challenge is to carry out an integrated and multidisciplinary study 
aimed to identify the main impact of agriculture on soil and water quality degrada-
tion and their re fl ections on the socio-economical conditions. A case of Neretva 
river valley is good example how an appropriate management for saline soils and 
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crop production in saline environments should bring together different studies and 
disciplines. Scienti fi c partners with different sectorial expertise should provide 
guide lines for the land management based on the knowledge of the different 
environmental component in the involved territories and of the degradation processes 
affecting them. 

 By detecting and modelling the main soil degradation processes it will be pos-
sible to propose possible alternative scenarios of agricultural management in order 
to reach a trade of between environmental protection income in terms of costs and 
bene fi ts of a sustainable agricultural management.      
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