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  Abstract   Salinity imposes a major environmental threat to agriculture and its 
adverse impact has become the most serious problem in vast regions of the earth 
surface. The combination of population growth and land degradation are of such 
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signi fi cance that plant salt tolerance improvement has become an urgent need for 
the future of agriculture. Generation of salt tolerant crops requires a clear under-
standing of the complex mechanism of abiotic stress resistance in key species. 
Evolutionary processes under saline conditions gave rise to halophytes which have 
evolved adaptive traits to cope with the salinity of the environment. They include 
some speci fi c biochemical, physiological and molecular mechanisms, on one hand, 
and a capability of natural association with different microorganisms called Plant 
Stress-Homeo-regulating Rhizobacteria (PSHR), on the other. However, a complete 
understanding of these processes is still lacking despite the intensive research con-
ducted during the last decade. The genus  Prosopis  includes many important arboreal 
and shrub-like species that are present in saline zones of the Americas and some of 
them are considered to be unique terrestrial species due to their combined ability to  fi x 
nitrogen and grow under high-salinity conditions. The shrub  Prosopis strombulifera  
(Lam) Benth. is distributed from the Arizona desert (U.S.A.) to Patagonia (Argentina) 
and is especially abundant in the salinized areas of central Argentina. This species 
showed a halophytic response to NaCl surviving up to 1 M NaCl in  in-vitro  experi-
ments, but in contrast, a strong growth inhibition at lower Na 

2
 SO 

4
  concentrations .  

These differential responses to the most abundant salts present in most salinized 
soils make this species an excellent model to study salt-tolerance mechanisms in 
halophytic plants. This chapter provides an overview of different salt tolerance 
mechanisms in the native halophyte  Prosopis strombulifera , which may be consid-
ered a new useful source to improve crop salt tolerance through two biotechnological 
strategies: considering  P. strombulifera  as a natural gene donor to improve the 
genetic salt tolerance of low tolerant crops, and considering this species and its 
rhizosphere as natural sources of PSHR microorganisms capable of physiologically 
improving salt tolerance in crops.  

  Keywords   Halophyte  •  NaCl  •  Na 
2
 SO 

4
   •  Differential tolerance  •  PSHR micro-

organisms  •  Biotechnology      

    1   Introduction 

 Nowadays salinity, which has been representing a threat to agriculture in some 
parts of the world for more than 3,000 years, is affecting more and more lands. 
Some of the most serious examples of salinity occur in arid and semiarid regions. 
For example, in Iran, Pakistan, Egypt, and Argentina, out of the total land area of 
162.2, 77.1, 99.5, and 237.7 million hectares, about 23.8, 10, 8.7, and 33.1 mil-
lion hectares are salt-affected, respectively (FAO  2008  ) . As the world population 
has expanded, so there is a need to grow more food, which requires an increase 
in the area of land under cultivation as well as in land productivity as yields per 
hectare (Flowers and Flowers  2005  ) . For this reason, genetic improvement of salt 
tolerance has become an urgent need for the future of agriculture (Owens  2001 ; 
Munns  2007  ) . 
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 The deleterious effects of salinity on plant growth are associated with (1) low 
water potential of the root medium which causes a water de fi cit within the plant; 
(2) toxic effects of ions mainly Na +  and Cl − ; and (3) nutritional imbalance caused by 
reduced nutrient uptake and/or transport to the shoot (Munns and Termaat  1986 ; 
Marschner  1995 ; Serrano et al.  1999 ; Hasegawa et al.  2000 ; Ashraf and Ahmad 
 2000 ; Parida and Das  2005 ; Munns and Tester  2008 ; Hariadi et al.  2011  ) . In addition, 
salt stress can induce oxidative stress, such as generation and/or accumulation of 
reactive oxygen species, including hydrogen peroxide (H 

2
 O 

2
 ), superoxide anion, 

and hydroxyl radicals (Kovtun et al.  2000 ; Miller et al.  2010  ) . For that, salt tolerance 
is a complex trait involving responses to cellular osmotic and ionic stresses, subse-
quent secondary stresses ( e.g.  oxidative stress), and whole plant coordination of 
these responses. Various approaches have been advocated to generate salt-tolerant 
crops, none of which has offered a universal solution (Flowers and Flowers  2005 ; 
Munns  2007  ) . 

 During the last years, it has been proposed that improving our knowledge about 
the specialized physiology and biochemistry of halophytic plants, which impart 
their exceptional degree of salt tolerance, would give us new insight into plant salt 
tolerance, but it still represents a challenge for the scientists. For this purpose, the 
tolerant relative of  Arabidopsis ,  Thellungiella halophila , has been considered the 
alternative halophytic genetic model system (Inan et al.  2004  ) . 

 Nevertheless, our plant model system  Prosopis strombulifera  exhibits growth 
promotion up to 500 mM NaCl and its growth is slightly inhibited at higher salt 
concentrations such as 700 mM NaCl. This exceptional degree of tolerance makes 
this species a perfect candidate to deepen our knowledge on halophytic salt tolerance 
mechanisms.  

    2    Prosopis strombulifera , a Halophytic Legume 

 Within the family Leguminosae, virtually all of the important annual legumes that 
belong to the subfamily Papilionaceae such as soybeans, beans, peas, and cowpeas 
are highly salt sensitive and suffer yield reductions from salinities with conductivi-
ties as low as 2–3 dS m −1  (   Richards  1954 ; Ayers and Westcott  1985  ) . Alfalfa is the 
most salt tolerant of the commercial legume species showing yield reductions of 
50% at salinities of 9.6 dS m −1  (Ayers and Westcott  1985  ) . In contrast, the genus 
 Prosopis , subfamily Mimosoideae, includes many important arboreal and shrub-
like species that are present in saline zones of the America (Burkart  1937,   1952, 
  1976  ) ; these species present a rapid growth at seawater salinity or 45 dS m −1  which 
is nearly 20 times greater than salinities that can be tolerated by annual temperate 
legumes. The  Prosopis  genus is considered to have unique terrestrial species with 
the ability to  fi x nitrogen and grow under high-salinity conditions (Rhodes and 
Felker  1987  ) . 

 The spiny shrub  Prosopis strombulifera  (Lam.) Benth. (Burkart  1976  )  is distributed 
from the Arizona desert (U.S.A.) to Patagonia (Argentina) and is especially abundant 
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in the salinized areas of central Argentina (Fig.  5.1 ) (Cantero et al.  1996  ) . The 
germination of this species is strongly in fl uenced by the nature of the ions in the salt 
solutions and their interactions (Sosa et al.  2005  ) .  

 In the salinized soils of southern Cordoba and southwestern San Luis, Argentina 
where we can  fi nd  P. strombulifera  populations ,  the proportions of NaCl and Na 

2
 SO 

4
  

are similar, although, in some samples, Na 
2
 SO 

4
  was up to three times more abundant 

(Sosa et al.  2005  ) . This and other recent studies have suggested an increasing need 
to compare the effects of Na 

2
 SO 

4
  and NaCl on plant growth in order to better 

understand plant responses to the major salts found in the salinized soils of several 
countries such as Pakistan, China, India and Tunisia (Iqbal  2003 ; Bie et al.  2004 ; 
Shi and Sheng  2005 ; Naeem and Quereshi  2005 ; Manivannan et al.  2008 ; Tarchoune 
et al.  2010  ) . 

 Comparative studies of the effects of Cl −  and SO  
4
  2−   on  P. strombulifera  germination 

have demonstrated that SO  
4
  2−  -based solutions are considerably more inhibitory than 

Cl − -based solutions at iso-osmotic concentrations (Sosa et al.  2005 ; Llanes et al. 
 2005  ) . Species like  Hordeum vulgare  (Huang and Redmann  1995  ) ,  Medicago sativa  
(Redmann  1974  ) ,  Triticum aestivum  (Hampson and Simpson  1990  ) ,  Pinus banksiana  
(Croser et al.  2001  ) , and  Ocinum basilicum  (Tarchoune et al.  2010  )  were found to 
be more inhibited by Na 

2
 SO 

4
  than by NaCl. For other species like  Brassica napus  

(Huang and Redmann  1995  )  the reverse was found. 
 The response of  P. strombulifera  to salinity was different depending on the type 

of salt used and the osmotic potential in the culture medium. Shoot growth was 
stimulated up to  Y  

o
  = −1.88 MPa (500 mM) NaCl; this is an interesting halophytic 

response that differs from other  Prosopis  species (Felker  2007  ) . The genus  Prosopis  
occurs worldwide in arid and semiarid regions and includes about 44 species 
grouped in 5 sections and 8 series (Burkart  1976  ) . Many species of this genus, 
particularly those belonging to the Algarobia Section, have economic and ecological 
potential, often being major components of native North and South America 

  Fig. 5.1     Prosopis strombulifera  plants in their natural habit (Saltland in San Luis, Argentina) and 
plants growing in hydroponic culture       
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ecosystems wherein they offer shade,  fi rewood, food, and forage for wildlife and 
livestock. Some  Prosopis  species, especially  P. pallida ,  P. juli fl ora ,  P. tamarugo , 
and  P. alba  have individual plants with rapid growth at seawater salinity or 45 dS 
m −1  (Felker  2007  ) . Notwithstanding, according to the literature  P. strombulifera  
NaCl-tolerance exceeds the limits described for most  Prosopis  species being closer 
to tolerance levels observed in some Chenopodiaceae. 

 On the other hand, this species is much less tolerant to Na 
2
 SO 

4
 , showing strong 

and sustained shoot growth inhibition from the beginning of the treatment, accompanied 
by senescence symptoms such as chlorosis, necrosis, and leaf abscission (Reinoso 
et al.  2005 ; Reginato  2009  ) . Root growth stimulation was also observed in NaCl-
grown  P. strombulifera  plants showing a generalized adaptive mechanism to favor 
water and nutrient absorption. The SO  

4
  2−   anion had a detrimental effect on root 

growth in comparison with the Cl −  anion, which was also partially alleviated when 
both anions were present in bisaline solutions. 

 Similar results were obtained in comparative salinization studies with Na 
2
 SO 

4
  

and NaCl in the halophyte  Chenopodium rubrum  by Warne et al.  (  1990  )  who 
reported full growth inhibition at  Y  

o
  = −1.6 MPa with SO  

4
  2−  -based solutions but 

Cl − mediated growth inhibition at  Y  
o
  lower than −2 MPa. These results differ from 

those obtained by Egan and Ungar  (  1998  ) , who registered shoot growth stimulation 
with Na 

2
 SO 

4
  in  Atriplex prostata  seedlings and growth inhibition in the presence of 

iso-osmotic NaCl solutions. 
 Nevertheless, none of these authors analyzed growth responses to iso-osmotic 

mixtures of both salts. Partial alleviation of SO  
4
  2−   toxicity by bisaline solutions is an 

interesting response in our experiments, con fi rming previous reports on germination 
of this species (Sosa et al.  2005 ; Llanes et al.  2005  ) .  

    3   Mechanisms of Salt Tolerance in  Prosopis strombulifera  

    3.1   Ion Exclusion, Accumulation and Compartmentation 

 Sodium exclusion (Garcia et al.  1995  ) , K + /Na +  discrimination (Asch et al.  2000 ; 
Houshmand et al.  2005  ) , and Cl −  exclusion (Rogers and Noble  1992  )  traits have 
proven valuable in screening germplasm for salinity tolerance. Some halophytes 
make an osmotic adjustment by accumulating equivalent amounts of Na +  and Cl −  in 
vacuoles (Kefu et al.  2003  ) .  Prosopis strombulifera  does not allow the entrance of 
great amounts of Na +  (compared with Cl −  levels) which correlates with the particular 
characteristics observed in the radical system, such as precocious ligni fi cation and 
suberization of endodermis for salt exclusion (Reinoso et al.  2004,   2005  ) ; this 
observation would imply that  P. strombulifera  falls within the category of salt-
excluding plants (Yensen and Biel  2005  ) , which are able to exclude salts from the 
roots. Similarly, the economically important relatives  Prosopis  species are Na +  
excluders (Villagra et al.  2010  ) . 
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 Nevertheless, Na +  content in the leaves of  P. strombulifera  was 2–3 fold higher 
than K +  content (0.48 and 0.185 mmol g −1  DW, respectively) when optimal growth 
was observed in NaCl treated plants ( Y  

o
  = −1.9 MPa, 500 mM). These results suggest 

that  P. strombulifera  is a sodium exporter like  Atriplex . Thus, a good explanation for 
the unusual salt tolerance of this species may be a combination of exclusion mecha-
nism in the roots and ion accumulation/compartmentation in the leaves. It is remark-
able to note that  P. strombulifera  preferentially accumulated Cl −  over Na +  reaching 
signi fi cant levels of Cl −  anion (2.24 mmol g −1  DW) in roots as well as in leaf tissues 
without toxicity symptoms when optimal growth was observed in NaCl treated 
plants (Reginato  2009  ) . The total ion content pattern determined at the end of the 
experiment (48 days) is shown in Fig.  5.2 .  

 In Na 
2
 SO 

4
 -treated  P. strombulifera  plants, there was SO  

4
  2−   accumulation in roots 

and leaves from the beginning of salinization, reaching amounts equivalent to those 
of Cl −  at the highest salt concentration tested in our experiments (530 mM Na 

2
 SO 

4
 , 

osmotically equivalent to 700 mM NaCl). Chrispeels et al.  (  1999  )  af fi rmed that 
SO  

4
  2−   causes acidi fi cation of the medium, generating membrane depolarization and 

favoring SO  
4
  2−   uptake. The SO  

4
  2−   levels in leaves were lower than those of Cl −  in 

NaCl-treated plants, but they were suf fi cient to cause metabolic disorders and visible 
signs of toxicity, as reported above. In bisaline-treated plants a preferential accumu-
lation of Cl −  over SO  

4
  2−   was observed, corroborating the fact that SO  

4
  2−   is absorbed 

slowly by the roots of higher plants (Bie et al.  2004  ) . The deleterious effect of SO  
4
  2−   

on leaf development and root and shoot elongation may be a consequence of several 
metabolic reactions, such as sul fi de formation in the process of sulphate assimila-
tion in the chloroplast, where sulphite reductase catalyzes the reduction of sulphite 
to sulphide using reduced ferredoxin as an electron donor (De Kok et al.  2005  ) . Free 
sulphide can be incorporated to L-cysteine by cysteine synthase. If this assimilatory 
step does not consume all free sulphide, the sulphide could be emitted to the envi-
ronment or could effectively bind to cytochromes, thus inhibiting mitochondrial 
respiration (Schmidt  2005  ) . 

 Some species accumulate NO  
3
  −   anion for charge balance and osmotic adjustment 

(Martinez-Ballesta et al.  2004  ) . In halophyte  Suaeda salsa  NO  
3
  −   plays an important 

osmotic role in high salinity (Song et al.  2009  ) . In  P. strombulifera  NO  
3
  −   anion does 

not seem to have such a role. This species synthesizes compatible solutes like proline 
and pinitol in high concentrations for charge balance and osmotic adjustment 
(Llanes  2010  ) . 

 On the other hand, Na +  accumulated in  P. strombulifera  leaves at the expense of 
K +  in a quantitatively different manner depending on the salinizing agent used. In 
roots, SO  

4
  2−  -based treatment caused greater Na +  accumulation at the beginning of 

salinization limiting sodium’s transport to the shoot. Kefu et al.  (  2003  )  reported that 
when external Na +  concentration is very high, it can block K +  transporters (including 
high-af fi nity transporters) causing a decrease in K +  entrance. Although most plants 
have an absolute requirement for K + , and Na +  is toxic for many biological reactions 
in the cytoplasm. This does not apply to vacuolar processes, because Na +  accumulates 
preferentially in vacuoles being more suitable than K +  for osmotic adjustment in 
several species; the replacement of K +  by Na +  in the vacuole does not produce toxicity 



1215 The American Halophyte  Prosopis strombulifera , a New Potential Source…

(Subbarao et al.  2003  ) . Therefore, the use of inorganic ions is ef fi cient and signi fi cantly 
more economical than the synthesis of compatible organic solutes for plants under 
salt stress (Song et al.  2009  ) . 

 The long-distance Na +  transport and, especially, the mechanism of Na +  loading 
into the xylem play a substantial role in the formation of water potential gradient in 
 Suaeda altissima  (Balnokin et al.  2005  ) ; ef fi ciency in long-distance Na +  transport to 
stems and leaves is a required mechanism for salt tolerance in halophytes (Patel and 
Pandey  2007  ) . Then, limitation of sodium’s transport to the shoot by SO  

4
  2−   anion 

seems to be one of the reasons for the lack of tolerance of this species to SO  
4
  2−   treat-

ment, discarding the possibility that unfavorable plant growth in Na 
2
 SO 

4
  resulted 

from Na +  toxicity due to the higher Na +  concentration in this solution. 
 Salt treatments caused a decrease in Ca 2+  levels at all osmotic potentials tested 

in our experiments, showing a great difference between controls and treated plants 
in both leaves and roots (data not shown). The lower Ca 2+  than Na +  and K +  contents in 
roots may be explained by membrane nonselective cation channels that allow 
monovalent or divalent cation movement indistinctly. These would constitute the 
primary way of Ca 2+  in fl ux to cells (Demidchik et al.  2002  ) . 

 These results demonstrate that NaCl and Na 
2
 SO 

4
  differentially affect ion accu-

mulation by plants, generating speci fi c distribution patterns of ions in different 
organs (Fig.  5.2 ). This fact suggests an important speci fi c anionic effect on membrane 
permeability. Increasing concentrations of bisaline solutions allowed higher salt 
tolerance than increasing concentrations of individual Na 

2
 SO 

4
  solutions through 

  Fig. 5.2    Ion composition in  P. strombulifera  plants. Control plants (48 days); Na 
2
 SO 

4
 , NaCl and 

NaCl + Na 
2
 SO 

4
  treated plants ( Y  

o 
 = −2.6 MPa, 48 days). The area of the circles designates the total 

ion content in different organs of the plant. The size of the  circle  in leaves of control plants corre-
sponds to 3.158 mmol/g DW (100%). The sizes of  circles  (and their respective portions) in the 
other plant organs and treatments are proportionally depicted       
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various phenomena such as ionic antagonism and/or mutual competence, which 
bring about speci fi c physiological responses, con fi rming previous results (Sosa 
et al.  2005 ; Llanes et al.  2005  ) .  

    3.2   Water Relations and Water Use Ef fi ciency 

 Salt stress affects plant water relations by reducing water potential; decreased 
osmotic potential and increased turgor pressure are common responses in plants 
exposed to salt. The water use ef fi ciency is addressed by several authors as a 
relevant mechanism of salt tolerance in plants (Verlues et al.  2006 ; Grewal  2010  ) . 
Decreased water consumption per accumulated biomass unit implies a reduced 
amount of salt absorbed by plants and a reduced energy cost for compartmentation 
or extrusion of salt itself. 

  Prosopis strombulifera  has the ability to maintain a higher relative water content 
(RWC) in leaves of seedlings growing in high NaCl concentrations without succulence. 
Thus, it appears that the extreme tolerance of this species to NaCl would be due to 
its capability of osmotic adjustment (Fig.  5.3 ). Also, the high water content in its 
leaves help ease the impact of Na +  accumulation in tissues, which is also favored by 
leaf anatomical adaptations such as the particular distribution of chlorenchyma 
around the leaf veins (Reinoso et al.  2004  )  and the modi fi cations on stomatal 
area and distribution (Reginato  2009  )  as well as stomatal conductivity that enable 
 P. strombulifera  seedlings to make a more ef fi cient use of water under these experi-
mental conditions.  

 Plants treated with high Na 
2
 SO 

4
  concentrations ( Y  

o
  = −2.6 MPa) failed to make 

an ef fi cient osmotic adjustment (Fig.  5.3 ) showing extremely negative osmotic and 
water potentials in leaves causing water imbalance, which, in comparison with 
NaCl-treated plants, correlates directly with the marked decrease in individual and 
total leaf area at  Y  

o
  = −1.88 MPa and lower treatment, reaching  fi nal values of 30% 

and 60% inhibition of these parameters, respectively. An increase in stomatal density 
and epidermal cell density with smaller stomata, maybe additional efforts of Na 

2
 SO 

4
 -

treated plants to survive (Reginato  2009  ) . However, leaf area was not modi fi ed in 
NaCl-treated plants.  

    3.3   Metabolism of Protection-Compatible Solutes Production 

 One of the most common stress responses in plants is overproduction of different 
types of compatible organic solutes (Serraj and Sinclair  2002 ; Parida and Das  2005 ; 
Munns and Tester  2008  ) . Compatible solutes are low molecular weight, highly soluble 
compounds that are usually nontoxic at high cellular concentrations. Generally, 
they protect plants from stress through different courses. Multiple functions for 
these compounds have been suggested. In addition to the conventional role of 
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these compatible solutes in cell osmotic adjustment, they are also reported to act 
as low-molecular-weight chaperones, stabilizing the photosystem II complex, protecting 
the structure of enzymes and proteins, maintaining membrane integrity and scavenging 
ROS (Bray  2002 ; Manivannan et al.  2008 ; Türkan and Demiral  2009  ) . Recently, it 
was also shown that some of these compatible solutes are very ef fi cient in reducing 
the extent of K +  loss in response to both salinity and oxidative stress (Cuin and 
Shabala  2007  )  in barley and  Arabidopsis  roots. 

 Compatible solutes fall into three major groups: amino acids (e.g. proline), qua-
ternary amines (e.g. glycine betaine, dimethylsulfoniopropionate) and polyols/
sugars (e.g. mannitol, trehalose). Many plant species accumulate signi fi cant amounts 
of glycine betaine, proline, and polyols in response to high salinity (Di Martino 
et al.  2003 ; Silveira et al.  2009  ) . Different varieties of a particular plant species 
exhibit a high degree of variation in salt tolerance (Chen et al.  2007  )  and a possible 
causal link between these responses and the differential accumulation of glycine 
betaine and proline among cereal genotypes has been proposed (Yang et al.  2003  ) . 
Indeed, the introduction of genes involved in the synthesis of proline, betaines, and 
polyols in plants contributes to an increased abiotic stress tolerance (Chen and 
Murata  2002  ) ; numerous genetic engineering attempts to manipulate compatible 
solutes biosynthetic pathways have been made in order to enhance salt tolerance 
(Wang et al.  2003 ; Chen et al.  2007 ; Verbruggen and Hermans  2008  ) . 

 In  P. strombulifera  seedlings a remarkable proline accumulation occurred under 
increasing salinity. The proline content increased by 200% since the start of all salt 
treatments that is in line with the earlier suggestions that proline content in plants 
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increases in a linear relationship with conductivity in the medium (Llanes et al. 
 2010  ) . In  Medicago truncatula,  proline accumulation in response to NaCl stress 
was higher in aerial parts (13 fold) than that in roots (8-fold) compared to controls 
(Armengaud et al.  2004  ) . A similar effect was observed in  P. strombulifera  where 
proline accumulation in leaves was much more important than in roots. This fact 
could be related to the high ion accumulation in salt-treated leaves, raising the need 
for organic molecules production to counteract osmotic balance and/or ion seques-
tration, scavenging free radicals and buffering cellular redox potential under stress 
conditions. The results with NaCl and Na 

2
 SO 

4
  treated plants indicate that proline 

would be a stress intensity signal but not a salt tolerance indicator, as it increased 
concomitantly with decrease in osmotic potential, independently of the ion composition 
of the solution (Llanes et al.  2010  ) . 

 In view of the literature, there is also a linear relationship between glycine betaine 
content and salt stress intensity in several species. However,  P. strombulifera  seedlings 
did not accumulate glycine betaine under any salt treatment in our experiments in 
line with the statement by Tipirdamaz et al.  (  2006  )  that ‘species that behaved as 
proline accumulators contained little betaines and vice versa’. 

 A number of sugar-alcohols are present in some but not all halophytes from 
several families, as is the case of pinitol (Ishitani et al.  1996 ; Murakeozy et al.  2003 ; 
Arndt et al.  2004  ) . The phreatophytic but desert-dwelling  Populus euphratica  accu-
mulated the cyclitols chiro-inositol and pinitol to signi fi cant concentrations when 
growing over saline groundwater in the Taklamakan desert in China (Arndt et al. 
 2004  ) . Sorbitol and mannitol are not widely reported in halophytes, but are present 
in several families of  fl owering plants, including the mangrove  Lagunculana 
racemosa  (Noiraud et al.  2001 ; Koyro  2006  ) . 

 Mannitol accumulation in  P. strombulifera  seedlings only occurred in leaves of 
NaCl-treated plants with moderate to high salinity, while in those treated with sulphate 
and salt mixture, manitol level was lower than that in controls. By contrast, sorbitol 
accumulated in greater amounts in sulphate and salt mixture-treated plants, while 
under NaCl treatment sorbitol level was similar to controls. Thus, it appears that this 
species uses mannitol + pinitol for osmotic adjustment in the presence of NaCl, 
while in the presence of the toxic sulfate it synthesizes sorbitol + pinitol. Thus, 
sorbitol biosynthesis might be a possible manifestation of a carbon metabolism 
disorder (Llanes et al.  2010  ) . 

 Mannitol and sorbitol have been targeted for engineering compatible-solute 
overproduction. Tarczynski et al.  (  1993  )  introduced a bacterial gene that encodes 
mannitol 1-phosphate dehydrogenase into tobacco plants, resulting in mannitol 
accumulation and enhanced salinity tolerance. In addition, transgenic tobacco plants 
carrying a cDNA encoding myo-inositol  O -methyltransferase ( IMT1 ) accumulated 
D-ononitol and, as a result, acquired enhanced photosynthesis protection and 
increased recovery under drought and salt stress (Shelevela et al.  1997  ) . On the 
other hand, abnormal phenotypes associated with sorbitol accumulation were 
also found in transgenic tobacco transformed with  stpd1 , a cDNA encoding 
sorbitol-6-phosphate dehydrogenase from apple. Plants with low levels of sorbitol 
(less than 2–3 mmol g 1  fresh weight) developed normally, but necrotic lesions and 
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reduced shoot and root growth, as well as low fertility, were associated with an excessive 
sorbitol accumulation. The adverse effects observed in these sorbitol overproducers 
may have resulted from a disturbance in carbohydrate transport and allocation 
(Shelevela et al.  1998  )  which con fi rms our observations in  P. strombulifera.  

 More generally, the roles of compatible solutes are still being vigorously debated, 
especially in relation to crop yield in water-limited environments (Ashraf and Akram 
 2009 ; Hamdia and Shaddad  2010  ) . After analyzing a large body of work, many 
authors suggested that ‘the purely osmotic contribution of these metabolites to stress 
tolerance may not describe their function completely, and that the pathway leading 
to a particular osmolyte may be more important than accumulation  per se . Several 
examples of other signi fi cant stress-relieving functions served by either the solute or 
the associated enzyme pathway have been reported,  e.g. , free radicals scavenging. 
Irrespective of the exact function of osmolytes or their biosynthetic pathways, the 
identi fi cation and estimation of their signi fi cance to cell turgor maintenance would 
be an important step forward (Adams et al.  2005 ; Flower and Colmer  2008  ) .  

    3.4   Anatomical Modi fi cations 

 In addition to producing metabolic changes, soil salinity can also affect the plant 
general growth, particularly its morphology and anatomy (Serrato Valenti et al. 
 1991 ; Reinoso et al.  2004,   2005 ; Tattini et al.  2006 ; Wang et al.  2008  ) . It is generally 
known that plants that grow well in highly salinized environments have speci fi c 
structural adaptations to allow altered physiological and biochemical mechanisms 
while maintaining their reproductive capacity (Shannon  1994  ) . 

  Prosopis strombulifera  does not possess salt glands in its leaves. When grown 
under high NaCl salinity some tissues of this plant develop great vacuolization and the 
radical system acquires particular characteristics such as precocious ligni fi cation and 
(or) suberization of endodermal cells, with casparian strips found much closer to the 
root tip than that in glycophytes. Consequently, these plants have greater potential to 
ef fi ciently  fi lter the soil solution to prevent an excessive ion loading onto the xylem 
(Reinoso et al.  2004  ) . On the other hand, Na 

2
 SO 

4
  treatment induced structural altera-

tions in the cells and tissues of  P. strombulifera  seedlings, which modi fi ed the growth 
pattern at different levels of organization. These alterations included anatomical and 
histological differences in roots, stems, and lea fl ets from Na 

2
 SO 

4
  -treated plants 

compared to NaCl -treated plants and those grown without any salt (Reinoso et al. 
 2005  ) . Although the low water potential and the ion toxic effect had strong incidence 
on cellular growth in these plants, the photosynthetic apparatus might have not loos-
ened ef fi ciency thus providing the carbon skeletons necessary for neoformed paren-
chymatic layers in the stem, neo-synthesis of lignin, suberin and tannins, whose 
concentrations increased proportionally with salinity increase (Reinoso et al.  2005  ) . 
All these complex compounds of high molecular weight greatly in fl uenced total dry 
weight of treated seedlings, mainly those treated with Na 

2
 SO 

4
 , because this parameter 

was not modi fi ed in spite of the marked growth inhibition observed in the latter. 
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 An important feature in salt-treated plants is the signi fi cant increase in tannin 
content in all organs, which increased with salt concentration independently of light 
intensity and temperature conditions (Reinoso et al.  2004,   2005 ; Reginato  2009  ) . 
Results of several studies suggest that tannin accumulation occurs in response to 
different stressing conditions (Fahn and Cutler  1992 ; Grossoni et al.  1998 ; Hwang 
et al.  1995  )  and may be involved in cell protective roles such as scavenging of 
reactive oxygen species.  

    3.5   Antioxidant Defense 

 Salt stress leads to increased reactive oxygen species (ROS) production in plant 
cells, which are known to produce a secondary oxidative stress under these condi-
tions (Sreenivasulu et al.  2000  ) . To counteract oxidative stress induced by salinity, 
plants have developed different strategies among which the stimulation of synthesis 
of secondary metabolites, particularly polyphenols, may be involved in cell protective 
roles such as ROS scavenging (Simic and Jovanovich  1994  ) . 

 As reported earlier, there is an important increase in tannin content in salt-treated 
 Prosopis strombulifera  plants. Leaf and root content of total phenols, total  fl avonoids, 
total  fl avan-3-ols, condensed tannins (or proanthocyanidins), tartaric acid esters and 
 fl avonol analysis showed that salt treatments increased the accumulation of several 
polyphenols in both leaves and roots (Fig.  5.4 ).  

 Sodium sulphate (Na 
2
 SO 

4
 ) treatment sharply induced an increase in total 

polyphenols showing the highest levels of these compounds in our experiments, 
especially  fl avonoids and total  fl avan-3-ols. Bisaline treated plants also accumulated 
high levels of polyphenols. HPLC analysis showed high levels of rutin, catechin, 
epicatechin and proanthocyanidine in these plants. 

 These increases in total  fl avonoids and  fl avan-3-ols, when SO  
4
  2−   anion is present 

in the growth solution, may indicate a role for these compounds in counteracting the 
oxidative damage induced by severe salt stress (Reginato et al.  2010  ) . Agati and 
Tattini  (  2010  )  reported that antioxidant mesophyll  fl avonoids, at micromolar range, 
may effectively avoid generation of reactive oxygen forms (e.g. by chelating transition 
metal ions).  

    3.6   Changes in Photosynthetic Pigments 

 Salinity results in both qualitative and quantitative changes in photosynthetic 
pigment composition depending upon the species tested and quality and quantity of 
salts used. Chlorophyll concentration in leaves is an important biochemical indicator 
that represents the potentiality of the photosynthetic apparatus in plants, and an 
increase in chlorophyll content has been observed in salt tolerant species (Joshi 
 1976 ; Reddy et al.  1992  ) . 
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 The photosynthetic pigment content in  P. strombulifera  was also differentially 
affected by NaCl, Na 

2
 SO 

4
 , and their mixture. Chlorophyll  a  content remained con-

stant in all treatments. On the contrary, chlorophyll  b  content signi fi cantly increased 
under all treatments of low salinity, with a sharp increase after Na 

2
 SO 

4
  treatment. 

Reddy et al.  (  1997  )  proposed this increment as a cellular adaptation to satisfy the 
increasing demand of energy due to salt toxicity. One could speculate that the anten-
nae pigments need to be more effective to deliver suf fi cient energy to deal with 
energy-consuming adaptations to salinity. Similar to our results, the halophyte  Aster 
tripolium  L. showed high tolerance to soil salinity and increased chlorophyll contents 
to get higher light harvesting capacity and, hence, higher rates of photosynthesis 
(Ramani et al.  2006  ) . 

 Carotenoids play three major in the photosystems of thylakoid membranes are 
light harvest, photoprotection and maintenance of structural stability (Nayak et al. 
 2002  ) . The effect of salinity on biosynthesis of carotenoids in plants is little known. 
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  Fig. 5.4    Transverse section of 48 day-old plant lea fl ets showing the accumulation of condensed 
tannins under salt stress (Control plants ( a ) and Na 

2
 SO 

4
  treated plants ( Y  

o 
 = −2.6 MPa) ( b ); Scale = 50  m m). 

The associated graphics show the respective quanti fi cation of polyphenols in control and 
treated plants       
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In our experiments, Na 
2
 SO 

4
  treatment caused a 100% increase in carotenoid 

production from the beginning of salinization. Similarly,  Plantago coronopus  
leaves showed salt-induced increase of carotenoid content when plants were 
cultured in 500 mmol L −1  NaCl (Koyro  2006  ) . The proposed function for this 
carotenoid increase is excess energy dissipation as heat or non-damaging chemical 
reactions in photosystem I and II (Lu et al.  2003  ) , and chloroplast membranes 
stabilization (Havaux  1998  ) . Additionally, the increase in the carotenoid pool in 
 P. strombulifera  is correlated with a marked increase in the phytohormone abscisic 
acid (ABA).  

    3.7   Polyamine Accumulation and Metabolism 

 Polyamines (PAs) play an important role in plant responses. Free PAs are small 
organic cations essential for eukaryotic cell growth, and have been proposed as a 
new category of plant growth regulators involved in a wide variety of physiological 
processes (Liu et al.  2007  ) . The three main PAs in plants are putrescine (Put), 
spermidine (Spd), and spermine (Spm). Less common PAs are diaminopropane 
(Dap) and cadaverine (Cad). 

 Accumulation of PAs under salt stress was reported for mono- and di-cotyledonous 
species (Bouchereau et al.  1999 ; Simon-Sarkadi et al.  2002  ) .  Lupinus luteus  seedlings 
accumulated Put and Spd in leaves in response to increased NaCl (Legocka and 
Kluk  2005  ) . Salt-tolerant cultivars of rice and tomato accumulated Spd and Spm, 
whereas salt-sensitive cultivars accumulated Put (Krishnamurthy and Bhagwat 
 1989 ; Santa Cruz et al.  1999  ) . PAs are presumed to have protective functions,  e.g. , 
scavenging free radicals (Besford et al.  1993  ) , cellular pH maintenance, cellular 
ionic balance and membrane stabilization (Kakkar and Rai  1997 ; Aziz et al.  1999 ; 
Groppa and Benavides  2008  ) , cationic channels regulation in cells (Liu et al.  2000 ; 
Janicka-Russak et al.  2010  ) , prevention of lipid peroxidation (Verma and Mishra 
 2005 ; Zhao and Yang  2008  )  and bioenergetics of photosynthesis (Ioannidis and 
Kotzabasis  2007  ) . These various processes may occur separately, or be combined as 
a uni fi ed strategy to minimize membrane damage, promote cell growth, or enhance 
cell survival in response to stress (Liu et al.  2007  ) . 

 Stressful conditions may alter the content of endogenous PAs, particularly Put, 
with variation according to type of stress, species, and time of exposure (Kakkar and 
Rai  1997 ; Ali  2000  ) . In  P. strombulifera,  leaves of Na 

2
 SO 

4
 -treated plants showed the 

lowest Put content, which was associated with a strong inhibition of shoot growth 
and possibility associated with a general metabolic alteration caused by SO  

4
  2−   anion 

(Reginato  2009  ) . The physiological signi fi cance of stress-induced Put accumulation 
has been linked to maintenance of cellular pH, cation/anion balance, and membrane 
stabilization (Kakkar and Rai  1997  ) . In contrast to leaves, Na 

2
 SO 

4
 -treated roots 

showed the highest Put contents, together with signi fi cant increases in Spd and Spm. 
PA accumulation has been correlated with adventitious and lateral roots formation 
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(Altamura et al.  1991  )  in coincidence with our previous observations in  P. strombulifera  
(Reinoso et al.  2005  ) . Perhaps Put is involved in the plasticity of root development , 
i.e.,  part of an attempt by Na 

2
 SO 

4
 -treated plants, to optimize ions and water uptake 

under stressful conditions imposed by this salt. 
 The low Spd content in  P. strombulifera  leaves, in all treatments, suggest a rapid 

degradation of this amine to Put, as a part of an interconversion pathway well known 
in animals and also characterized in higher plants (Duhazé et al.  2002  ) . That part of 
the high Put content in NaCl-treated plant leaves in our studies could be due to Spd 
catabolism. On the other hand, plants that accumulated the highest Spd content in 
leaves were those with higher toxicity and deterioration symptoms caused by 
Na 

2
 SO 

4
 . Spd accumulation in these Na 

2
 SO 

4
 -treated plants may represent a metabolic 

disorder, rather than an adaptation mechanism. In addition, Spm content in leaves 
was not altered by changes in salinity; hence, this PA, at least in its free form, may 
not play a signi fi cant role in salt stress response in this species. 

 Salinity plant response is often associated with stimulation of PAs oxidation and 
catabolism (Cona et al.  2006  ) , which play an important role in the regulation of 
cellular PAs level. Accumulation of Dap and Put could result from the presence of 
polyamine oxidases (PAOs) acting on Spd, as reported by Duhazé et al.  (  2002  )  in 
various halophytic species of the genus  Limonium . The speci fi c effect of Dap is 
poorly understood, but may be involved in biosynthesis of uncommon PAs and/or 
 b -alanine, via oxidative deamination pathway, in some species (Cohen  1998  ) . 
Biosynthesis of uncommon PAs such as 1.3 Dap, Cad, norspermidine, homospermi-
dine, and norspermine, has been associated with the capacity of some biological 
systems to grow or function under extreme environmental conditions (Flores  1991  ) . 
In salinized  P. strombulifera , several unknown chromatographic peaks were 
observed, mainly in Na 

2
 SO 

4
 -treated plants at high salinity. The analysis of these 

peaks, which may correspond to uncommon PAs as above, deserves further 
research. 

 The presence of diamine Cad is sporadic and uncommon. Cad has been found in 
several other genera of Leguminosae, and also in Gramineae and Solanaceae (Flores 
 1991  ) . Although Cad in roots has been associated with cell elongation and adventi-
tious root formation, similarly to Put (Shevyakova et al.  2001 ; Carrizo et al.  2001  ) , 
its accumulation in Na 

2
 SO 

4
 -treated roots of  P. strombulifera  may re fl ect a stress 

symptom rather than an adaptative response. 
 PAs content in leaves and roots of control and salt-treated plants at −2.6 MPa 

(day 48) is shown in Fig.  5.5  for a more comprehensive understanding of the 
distribution pattern of these compounds.  

 In summary, the limited variation in free PAs content in salinized  P. strombulifera  
suggests active PA catabolism and conjugation. This could be related to observations 
that in higher plants subjected to salt stress, PA pro fi le is disturbed in glycophytes 
but remains stable in halophytes. Internal level of PAs in  P. strombulifera  may 
remain constant because of equilibrated rates of synthesis and degradation, which 
are differentially affected by different salts (NaCl, Na 

2
 SO 

4
 , and their iso-osmotic 

mixture) in roots vs. leaves.  
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    3.8   Hormonal Changes 

 Hormonal changes in response to environmental abiotic stress have been well-studied 
in glycophytic plants, but such information is much more limited for halophytic plants. 
Plants respond to biotic and abiotic stresses by generation of various lipid-based 
signals. Jasmonates (JAs) are key signaling molecules in plant stress responses and 
development (for review see Wasternack  2007  ) . This group of compounds includes 
jasmonic acid (JA), its methyl ester (JAME), its amino acid conjugates, and metabo-
lites such as 12-OH-JA and 11-OH-JA. The octadecanoid cis (+) 12 oxophytodienoic 
acid (OPDA) is the precursor of JA. 

 Changes of jasmonate pro fi les have been reported in response to abiotic stresses 
such as NaCl, mannitol/sorbitol, and water stress (Kramell et al  2000 ; Pedranzani 
et al.  2007  ) . In glycophytes, tomato, barley, and others, involvement of JAs in salt 
responses has been well established (Pedranzani et al.  2003 ; Wasternack and 
Hause  2002  ) . 

 The same jasmonate family members (OPDA, JA, 12-OH-JA, 11-OH-JA) 
found in glycophytes are present in the extremely salt tolerant halophyte  Prosopis 
strombulifera . In this species, we observed large differences in total amount of JAs 
between organs, as well as in the ratios of these compounds. Similarly, Miersch 
et al.  (  2008  )  reported differences in the content of JAs among different tissues of 
various plant species. The major components in  P. strombulifera  roots were OPDA 
and JA, whereas those in leaves were OPDA and 12-OH-JA, con fi rming the 
existence of speci fi c metabolic JAs pro fi les depending on the organ analyzed, as 
also observed in glycophytes. Hence, the concept of an “oxylipin signature” (Weber 
et al.  1997  )  or a “jasmonate signature” (Miersch et al.  2008  ) , can be applied to the 
halophyte  P. strombulifera . 

 OPDA is synthesized in leaves (in chloroplasts), and there is an evidence of a 
similar pathway in roots (Hause et al.  2000 ; Abdala et al.  2003  ) . The high OPDA 
content in 29-day-old control roots of  P. strombulifera  suggests active biosynthesis 
in this organ. Contrarily to what it was expected, given the fact that  P. strombulifera  
is a halophyte, its roots responded to high salinity by decreasing total content of 
JAs. OPDA content was higher than that of the other JAs, and was more strongly 
affected by salt stress. JAs are known to inhibit primary root elongation (Woodward 
and Bartel  2005 ; Wasternack  2007  ) . However, a few reports demonstrated that 
exogenously applied JAs enhance rooting  per se  (Moons et al.  1997 ; Toro et al. 
 2003  ) . In  Arabidopsis , exogenous MeJA positively regulates lateral root formation 
(Sun et al.  2009  ) . In  P. strombulifera,  NaCl-treated plants showed the lowest OPDA 
content at −1 MPa, concomitantly with a signi fi cant root growth promotion. 

 The differential response to salt treatments of roots vs. leaves could be attributed 
to the root’s function as a “stress-receptor organ”, which responds to stress with 
more dramatic hormonal changes compared to leaves. Another difference is the 
higher content of 12-OH-JA in leaves than in roots; hence, the higher content of this 
compound in leaves may result from active hydroxylative pathway in these organs 
or transport of root-generated 12-OH-JA. For many years, 12-OH-JA was detected 
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only in solanaceous species, although more recently analysis of monocotyledons 
and dicotyledons revealed the presence of 12-OH-JA in a wide variety of species 
and organs, including tomato  fl owers (Hause et al.  2000  ) ,  Arabidopsis thaliana  
leaves (Gidda et al.  2003  ) , potato tubers and stolons (Cenzano et al.  2005  ) , tomato 
seeds (Andrade et al.  2005  ) , sun fl ower seeds (Vigliocco et al.  2007  ) , and soybean 
seeds (Miersch et al.  2008  ) . Clearly, 12-OH-JA must be involved in physiological 
processes other than tuberization. On the other hand, 11-OH-JA is usually present 
in much lower concentration than that of 12-OH-JA, except in the seeds of  Cucurbita 
pepo  (Miersch et al.  2008  ) . In  P. strombulifera  salt treatments had no effect on both 
hydroxylates content. As for PAs, Fig.  5.6  shows JAs distribution pattern under 
salinity.  

 On the other hand, upon salinity or drought stress, plants accumulate the phyto-
hormone abscisic acid (ABA), which in turn controls many adaptive responses such 
as salinity-induced stomatal closure and induction of gene expression and tolerance 
to drought. Results obtained previously in our group (Sosa  2005  )  demonstrated that 
optimal growth was observed in  P. strombulifera  seedlings when the salt concentra-
tion in the medium was 400–500 mM NaCl ( Y  

o
 : −1.8 MPa). Thus, higher or lower 

salt concentrations could be registered as stressful by the plant, which could explain 
the high ABA levels found in plants growing in the salt-free Hoagland solution 
(controls). Moreover, a marked decrease in ABA level at  Y  

o
 : -1.88 MPa in NaCl 

treated plants compared to controls was found, which could mean that such NaCl 

  Fig. 5.5    Total PAs levels in  P. strombulifera  plants. Control plants (48 days); Na 
2
 SO 

4
 , NaCl and 

NaCl + Na 
2
 SO 

4
  treated plants ( Y  

o 
 = −2.6 MPa, 48 days). The area of the  circles  designates the total 

PAs levels in different organs of the plant. The size of the circle in leaves of NaCl-treated plants 
corresponds to 846.66 nanomol/g FW (100%). The sizes of  circles  (and their respective portions) 
in the other plant organs and treatments are proportionally depicted       
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concentration is not a stressful condition for this species, showing a true halophytic 
response. Higher NaCl concentrations lead to higher ABA accumulation (Sosa 
 2005 ; Llanes  2010  ) . 

 In Na 
2
 SO 

4
  -treated plant leaves the highest free ABA peaks were quanti fi ed, 

mainly at the highest salt concentration, in coincidence with growth inhibition, 
toxicity symptoms and signi fi cant levels of Spd. As mentioned earlier, a correlation 
between higher ABA levels and higher PAs accumulation was observed in our 
experiments. Similarly, Liu et al.  (  2005  )  reported ABA-induced PAs synthesis in 
salt stressed maize plants. Furthermore, Hanzawa et al.  (  2002  )  and Urano et al. 
 (  2003  )  informed that exogenous ABA application stimulated transcription and 
accumulation of genes involved in polyamine biosynthesis. 

 With respect to ABA metabolism, our results showed that both roots and leaves 
of  Prosopis strombulifera  seedlings accumulated mainly ABA-GE (glucose conjugated) 
in relation to phaseic acid (PA) and dihydrophaseic acid (DPA) whose levels were 
very low. This pattern was especially notable in salinized plants at highest Na 

2
 SO 

4
  

concentration. The greater ABA-GE accumulation recorded in roots under high salt 
concentrations (−2.6 MPa) could be related to ABA transport to the leaves where 
highest levels of free ABA were detected. It is noteworthy that in the presence 
of Na 

2
 SO 

4
 , both roots and leaves showed the highest concentration of ABA-GE as 

well as free ABA, which correlates with the severe stressful conditions imposed by 
this salt (Llanes et al.  2008  ) .   

  Fig 5.6    Total JAs levels in  P. strombulifera  plants. Control plants (48 days); Na 
2
 SO 

4
 , NaCl and 

NaCl + Na 
2
 SO 

4
  treated plants ( Y  

o 
 = −2.6 MPa, 48 days). The area of the  circles  designates the total 

content of JAs in different organs of the plant. The size of the circle in leaves of control plants cor-
responds to 12,005 pmol/g DW (100%). The sizes of  circles  (and their respective portions) in the 
other plant organs and treatments are proportionally depicted       
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    4   Biotechnological Approach 

    4.1    P. strombulifera  as a Natural Gene Donor to Improve 
Salt Tolerance in Crops 

 Development of stress tolerant crop plants requires, among others, knowledge of the 
physiological mechanisms and genetic control of the contributing traits at different 
plant developmental stages. In the past two decades, biotechnological research has 
provided considerable insights into abiotic stress tolerance mechanisms in plants at 
the molecular level (Munns  2007  ) . Nevertheless, for halophytic species this knowledge 
is still very incomplete. 

 The exploration for highly salt-tolerant  Prosopis  species is important for both 
theoretical and applied considerations. Within the family Fabaceae to which 
 Prosopis  belongs, virtually all of the important annual legumes of the Papilonoideae 
subfamily,  i.e.  soybeans, common beans, peas  etc ., are highly salt sensitive to salt 
and only some alfalfa varieties have a moderate degree of salt tolerance. Thus, 
identi fi cation and full understanding of salt tolerance mechanisms in  Prosopis  species 
may have relevance to current commercially important legumes (Felker  2007  ) . The 
search for cDNAs and differentially expressed RNA sequences in this highly salt-
tolerant  Prosopis  species,  P. strombulifera,  is being carried and in our lab with the 
hope that this information would be useful for improving stress tolerance in 
common annual legumes. 

 In  P. strombulifera  seedlings four sequences were isolated and identi fi ed in our 
lab, showing homology with proteins encoding genes involved in salinity responses. 
They were named  PSALl, PSAL3 ,  PSAL11  and  PSAL5 , and were selected for further 
studies of gene expression and functional analysis with the aim of contributing to 
understand the mechanisms responsible for the extreme salt tolerance of this species. 
The isolation of  PSAL1  sequence, which has homology with an ABA-dependent 
atypical LEA protein, is an interesting result related to cellular protection against 
osmotic stress (Bray  2002 ; Parida et al.  2007  ) . Preliminary studies of this gene 
expression showed that  P. strombulifera  roots constitutively accumulate high levels 
of the corresponding transcript, whereas gene induction was observed only in 
Na 

2
 SO 

4
 -treated plant roots at  Y  

o
  = −1.88 MPa, which coincides with ABA and 

ABA-GE accumulation.  PSAL5  sequence encodes a myo-inositol-1-P synthase 
enzyme, which participates in the formation of the pinitol precursor; its further 
study will give us valuable information considering that pinitol is the main polyal-
cohol accumulated in our species under salinity.  PSAL11  sequence shows homology 
with a potassium and sodium transporter HKT1 from  Mesembryanthemum 
crystallinum . Functional analysis of this transporter would provide important 
information on osmotic potential regulation in  P. strombulifera  seedlings. Similarly, 
 PSAL3  sequence shows homology with a sodium/proline transporter, which may 
play a key role in stress tolerance considering that both, sodium and proline, accumulate 
largely in this species (Llanes  2010  ) .  
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    4.2    P. strombulifera  and Its Rhizosphere as Natural Sources 
of PSHR Microorganisms Which Are Capable of Improving 
Salt Tolerance in Crops 

    4.2.1   Plant Growth Promoting and Stress Homeo-Regulating Rhizobacteria 

 Bacteria living in the rhizosphere are commonly named rhizobacteria, and have the 
ability to associate and colonize a large number of plant species (Garate and Bonilla 
 2000  ) . Depending on the type of relationship established with plants, they could be 
classi fi ed into  symbiotic  or  free-living  rhizobacteria; whichever, all of them are 
associated to the endorhizosphere ( i.e.  endophytic inside plant tissues as bacteroids), 
rhizoplane or ectorhizosphere in a mutualistic relationship (Kloepper et al.  1989  ) . 
Among the most successful partnerships in nature, there are some members of Order 
 Rhizobiae  with legumes, and some  free-living  rhizobacteria of the genera 
 Pseudomonas, Bacillus  and  Azospirillum  with grasses and other non-legumes 
(Döbereiner and Pedroza    1987   )   . If the rhizobacteria are bene fi cial for plant growth, 
they are named plant growth promoting rhizobacteria (PGPR). Cassan et al.  (  2009a  )  
suggested that microorganisms could be re-classi fi ed into three groups, according to 
their effect on the plant: (a) direct plant growth promotion, (b) indirect plant growth 
promotion or phytopathogens biocontrol, and (c) regulation of plant growth through 
homeostasis regulation under abiotic stress conditions. 

 The  fi rst group, PGPR, was proposed by Kloepper and Schroth  (  1978  )  and 
represents rhizobacteria that stimulate plant growth through direct mechanisms 
such as biological nitrogen  fi xation, supply or solubilization of essential mineral 
elements as iron (Fe) or phosphorus (P), and phytohormone production as auxins 
(Patten and Glick  1996  ) , cytokinins (Tien et al.  1979  )  and gibberellins (Cassán 
et al.  2003  ) , as well as certain polyamines particularly cadaverine (Cassán    et al. 
 2009a    ) . 

 The second group, known as biocontroling-PGPB (Bio-controlling-plant growth 
promoting bacteria) was de fi ned by Bashan and Holguin  (  1997  )  for bacteria (not 
necessarily rhizospheric ones) that can stimulate plant growth through several 
biocontrol mechanisms such as biosynthesis of antibiotics or antifungal compounds, 
which activate under biotic (bacterial or fungal) stressing agents. 

 The third group, known as PSHR (Plant stress homeo-regulating rhizobacteria), 
was proposed by Cassan et al.  (  2009a  )  for those microorganisms which support or 
promote plant growth under abiotic stress conditions. The main plant promoting 
mechanism proposed for the third group is the production of active molecules that 
regulate abiotic stress tolerance in plants, such as abscisic acid (ABA) (Cohen et al. 
 2008  ) , jasmonic acid (JA) (Forchetti et al.  2007  )  certain polyamines as cadaverine 
(Cassán et al.  2009b  ) , and activities of enzymes such as ACC deaminase (Glick 
 2005  ) . Another important mechanism, less studied, but of great interest from the 
ecophysiological point of view, is related to the bacterial ability to immobilize or 
neutralize toxic compounds, such as heavy metals, salts or ions (rhizoremediation) 
(Sgroy et al.  2010  ) . 
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 The halophyte  P. strombulifera  has various physiological and biochemical 
mechanisms that allow optimal growth under high saline conditions as reported earlier. 
Nevertheless, its adaptive success may depend, at least in part, on its ability to establish 
and maintain effective associations with plant growth-promoting endophytic or rhizo-
spheric bacteria. Studies carried out in our lab (Sgroy et al.  2010  )  reported for the  fi rst 
time the isolation and molecular characterization of  P. strombulifera  endophytic 
bacteria as well as the principal PSHB mechanisms under controlled growth conditions. 
Twenty-nine endophytic strains were isolated from established  P. strombulifera  plants 
in their natural habits, with a 69% frequency of positive spore-forming bacilli, including 
 Bacillus  sp. representing the 80% of gram-positive isolated strains. The genotypic 
16 S rDNA sequencing showed a prevalence of 18.75% for  L. fusiformis  (Ps7); 68.75% 
for  B. subtilis  (Ps8) ;  6.25% for  B. licheniformis  (Ps14); and 6.25% for  B. pumilus  
(Ps19). On the other hand, 31% of isolations were gram-negative bacilli, and geno-
typic identi fi cation showed a prevalence of 55% for  Achromobacter xylosoxidans  
(Ps27) and 45% for  Pseudomonas putida  (Ps30). 

 The physiological evaluation of the potential PHSR mechanisms present in these 
rhizobacteria showed that all the strains were able to express  ACC deaminase  activity 
to produce high amounts of several phytohormones functionally associated with the 
abiotic stress tolerance, such as ABA and JA, and to immobilize the most toxic 
anion (SO  

4
  2−  ) for  P. strombulifera  plants grown under controlled conditions (Sgroy 

et al.  2010  ) . 
 The current literature has identi fi ed a strong relationship between the bacterial 

ACC-deaminase activity and plant salt-stress tolerance (Ma et al.  2008  ) . Similarly, 
bacterial production of ABA (Cohen et al.  2008  )  and JA (Forchetti et al.  2007  )  was 
correlated with the microorganism capacity to increase stress tolerance in inoculated 
plants. Little information is published on the rhizobacterial capacity to promote or 
regulate plant growth through sulphate immobilization under saline stress conditions. In 
this regard, our results could be considered the basis for a reconsideration of the 
rhizoremediation concept under salinity conditions. 

 The existence of the plant stress homeo-regulating mechanisms described earlier 
in rhizobacteria, could be the result of a co-evolutionary relationship allowing plants 
to select their most convenient partners for association, so as to improve their natural 
capacity to face adverse environmental conditions. Our  fi ndings suggest the existence 
of an “endophytic consensus” among all the strains colonizing the same plant, each 
of them expressing one or more different interacting mechanisms that jointly determine 
a global answer of plant growth regulation under salt stress.    

    5   Conclusions and Perspectives 

 The great opportunity for salinity tolerance research now is the ability to consolidate 
new molecular techniques with the body of literature on whole plant physiology. 
This new opportunity in salinity tolerance research provides exciting prospects for 
ameliorating the impact of salinity stress on plants through genetic engineering, and 
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improving native halophytic species performance for agricultural and environmental 
sustainability and human health care. 

 Halophytes have recently been pointed out as a useful approach for generating 
salt tolerant crops in the future by using them as alternative crops, like  Aster tripolium  
and  Salicornia rubra  (Erdei and Bogemans  2009  )  or as gene donors for genetic 
manipulation of economically important species, representing a very good model 
for future research. 

 The present review is a contribution to a better understanding of the physiological 
responses of a native halophyte to salinity, taking into account the chemical nature 
of the major salts present in soils of several countries, not only Argentina. Beside 
this, a new approach emerging from this work is the consideration of the rhizo-
sphere of halophytes as natural sources of PSHR microorganisms capable to help 
plants to improve salt tolerance, giving rise to a new biotechnological tool for the 
inoculants industry. 

 Finally, we consider that more interdisciplinary work is needed, and the interaction 
and cooperation between plant physiologists, bacteriologists and molecular biologists 
should be emphasized.      
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