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v

 The  Sabkha Ecosystems Series is the most comprehensive scientifi c documen-
tation dealing with hypersaline coastal and inland ecosystems and with 
numerous scientifi c and development aspects. The series started in 2002 with 
Volume I, on the “Sabkha Ecosystems of the Arabian Peninsula and Adjacent 
Countries”; Volume II, on “West and Central Asia (2006)”; Volume III, on 
“Africa and Southern Europe (2011)”; and Volume IV, on “Biodiversity 
Conservation and Cash Crop Halophyte Development (2014).” Sabkha 
Ecosystems of the Americas  is the fi fth volume of the series, and one addi-
tional volume on the  Sabkha of Asia – Pacifi c  is expected to conclude this 
global documentation in Springer’s  Tasks for Vegetation Science . 

 UNESCO is the only United Nations body with a specialized science sec-
tor and with the word  science  clearly stated in its name. UNESCO has the 
needed intellectual capacity and the leading role advancing the scientifi c 
bases for water management, ecosystem research, and biodiversity conserva-
tion, as well as education for sustainable development. The series was inspired 
and supported by UNESCO’s Natural Sciences Sector. 

 Our planet’s human life support system has reached and partly exceeded 
its limits, especially with a view to food and water security in the dry land 
areas. 

 Considering globally dwindling freshwater resources, increasing demand 
for freshwater for irrigation, considering the fact that we know approximately 
2200 halophytic plant species, and considering that we have reached a total 
number exceeding 7.2 billion human beings living on Earth, it is surely in the 
best interest for mankind to continue the process of scientifi c research into 
halophyte development. There is an abundance of saline water resources 
available, including saline groundwater, saline wastewater, and full-strength 
seawater. The long process of scientifi c research and development needs to be 
accompanied with good ecosystem management practices, based on science 
and under consideration of ethics, biodiversity conservation, and numerous 
other aspects as required under the new United Nations Sustainable 
Development Goals. 

 It is also of importance for the scientifi c and development community to 
reach out to those who can provide the necessary fi nancial resources to sup-
port halophyte research and development, until visible and profi table prod-
ucts become available for farmers and investors. 

 The current volume includes scientifi c contributions on biochemistry, bio-
diversity issues, biofuel production, botany, climate change, coastal  ecosystem 
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management, ecosystem restoration, ecophysiology, fodder production for 
sheep, genetics, germination strategies, grain production, halophyte- bacteria 
interaction, landscaping, morphophysiology, seed banks, soil-plant relation-
ships, as well as halophyte farm development in hyper-ari coastal zones. 

 I wish to express my thanks and continuous support to the Springer 
Publishing House, as well as the editors and numerous authors of this impor-
tant publication, who worked relentlessly to make this highly important book 
series a reality.  

   UNESCO Assistant Director-General for Natural Sciences     Flavia     Schlegel    
  Delft ,  The Netherlands      

Foreword
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This volume is devoted to the sabkha ecosystems of North America. Sabkha 
is an Arabic word for salt fl ats, which occur on all continents. The largest area 
of true coastal sabkhas in North America is along the Sonoran coast of the 
northern Gulf of California in Mexico. The Gulf of California acts as a tidal 
funnel, with tidal amplitude increasing as you proceed up the Gulf. At the 
head of the Gulf where the Colorado River enters the sea, mean tidal ampli-
tudes of 5–10 m prevail. Although now dammed and diverted for human use, 
the Colorado River historically was known for its summer fl oods, depositing 
vast quantities of sediments into the northern Gulf over at least fi ve million 
years. The Colorado River carved the Grand Canyon from the uplifting 
Colorado Plateau. The rock that was removed now resides as vast sediment 
beds in the northern Gulf of California. These sediments have created long, 
gently sloping shorelines on the eastern side of the northern Gulf. The com-
bination of high tidal amplitudes and gently sloping shorelines has produced 
about 114,000 ha of coastal salt fl ats in Sonora with tides penetrating as much 
as 10 km inland. 

 On the Pacifi c coast of Baja California, the Vizcaino Desert supports large 
natural sabkhas as well as the world’s largest salt-making facility at Guererro 
Negro, Mexico, with over 30,000 ha of evaporation and crystallization ponds 
where seven million tons of salt are produced from seawater each year. 
Coastal sabkhas also occur as salt pannes in the extensive coastal salt marshes 
of the Gulf of Mexico and Atlantic seaboard in the USA and Mexico. If the 
defi nition of sabkha is expanded to include inland salt fl ats, North America 
supports a variety of other saline ecosystems. These include the salt fl ats and 
marshes along the shores of the Great Salt, Big Soda, Mono, Walker, and 
Pyramid Salt Lakes in the Great Basin Desert, the saline playas of the south-

  Pref ace   



viii

western USA and northern Mexico, and the salt scalds of the Prairie Pothole 
region of the northern Great Plains in the USA and Canada. 

 If we extend the defi nition of sabkhas still further to include man-made 
saline ecosystems, they include the saline land and water bodies produced by 
irrigation districts in the western USA and northern Mexico. An example is 
the Salton Sea, California’s largest inland lake, the salinity of which currently 
exceeds seawater. It is a below sea-level depression that receives brackish 
drain water from farms in the Imperial and Mexicali irrigation districts. It has 
no outlet to the sea, so it has become more saline with time. It has transitioned 
from a unique ecological asset for birds and marine life in its heyday in the 
1950s to a looming environmental disaster for both wildlife and human 
health. Diversion of water from agriculture to cities in the region has caused 
the shoreline to contract, exposing decades of toxic chemicals to the atmo-
sphere. Seasonal dust storms expose local residents to these chemicals, and 
the rotten egg odor of hydrogen sulfi de from the exposed seabed triggers 
health alerts in Los Angeles 200 km away. 

 Like other volumes in the  Sabkha Ecosystems  series, this volume presents 
a wide-ranging treatment of the geology, hydrology, and ecology of North 
America’s saline ecosystems. It also presents ideas on how to treat saline 
soils and water as assets rather than just problems, including using the unique 
halophytic fl ora of North America sabkhas as potential crop plants. This vol-
ume also includes agriculture, biochemistry, biodiversity conservation, eco-
physiology, genetics, livestock production, soil ecology, wastewater recycling, 
food waste recycling, and food security.  

   Environmental Research Laboratory     Edward     P.     Glenn   
 University of Arizona 
  2601 East Airport Drive, Tucson ,  AZ 85726 ,  USA        

Preface
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 The world’s population has increased even more and has reached a total of ca. 
7.2 billion people since the publication of  Sabkha Ecosystems Vol IV  in 2014. 
We already warned that our planet’s natural resources are limited. As a matter 
of fact, our planet’s human life support system has reached and partly 
exceeded its limits, especially with a view to the dry land areas. 

 The amount of land needed to produce food has reached an alarming level. 
In addition, many regions of the world are suffering from scarcity or extreme 
scarcity of freshwater availability. Many regions have been degraded to 
water-scarce regions even with available natural water resources. Large fresh-
water lakes are drying up, due to overconsumption of water. Communities 
and civilizations are poised to new confl icts on water security and food- 
security, in several cases based on shared surface and groundwater resources. 
In addition due to increased sediment erosion and water pollution, many 
freshwater sources are becoming unsuitable for domestic consumption and 
agricultural production. Intense agriculture is also causing desertifi cation and 
soil salinization rendering the productive agricultural land nonproductive and 
converting them into hypersaline sabkhat in arid regions. One of the solutions 
contributing to reversing the adverse situation could be the utilization of 
saline land and saline water for the production of salt-tolerant biomass which 
could be used as fodder, forage, edible oil, biofuel, biodiesel, medicine, and 
other economic usages by using nonconventional crops from the group of 
plants called halophytes. A number of research groups from different parts of 
the world have been trying to develop nonconventional cash crop halophytes. 
Signifi cant progress has been made at various laboratories and experimental 
demonstration projects, but still the world at large is hesitant to test and apply 
this concept at productive commercial level and to make it cost-effective. We 
have proposed a model project here which can be used in any arid region of 
the world to begin a commercial scale sustainable production of halophyte 
biomass using saline resources and waste products. This volume of  Sabkha 
Ecosystems  in the Americas contains new information on saline ecosystems 
and their potential utilization from the American continent. This volume con-
sists of chapters in the area of halophyte research and development, including 
agriculture, biochemistry, biodiversity conservation, biofuel production, 

  Introd uction   
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botanical aspects, ecophysiology, genetics, habitat restoration, livestock 
 production, sabkhat development with cash crop halophytes, soil ecology, 
wastewater recycling, food waste recycling, and food security.  

     M.     Ajmal     Khan     
    Benno     Böer     
    Münir     Öztürk     
    Miguel     Clüsener-Godt     
    Bilquees     Gul     
    Siegmar-W.     Breckle     
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      Plant Growth Promoting 
Rhizobacteria Associated 
to Halophytes: Potential 
Applications in Agriculture                     
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    Abstract  

  Saline soils are a major problem for agriculture, commonly salinization 
reduces the area for agriculture in arid and semiarid regions. On the other 
hand ecosystems with natural saline soils represent biotopes where the 
halophytes grow and develop without problems. The rhizospheres of halo-
phytes represent excellent niches to fi nd salt tolerant rhizobacteria with the 
ability to promote plant growth. Plant growth-promotion rhizobacteria 
(PGPR) can enhance growth in plants and protect to salt stress by several 
ways such as 1-Aminocyclopropane-1-carboxylate deaminase (ACC 
deaminase), biological nitrogen fi xation, phytohormones production, exo- 
polysaccharides, etc. The use of PGPR in agriculture as biofertilizer has 
greatly increased as an alternative to replace agrochemicals. In arid and 
semiarid areas the salt-tolerant PGPR have begun to emerge as an impor-
tant alternative to recuperate abandoned farmland affected by salt, the 
PGPR alleviate salt stress in halophytes to some extent, but the application 
is more outstanding for glycophytes of agricultural interest for protection 
against salt stress. In this chapter, we present a vision of the salt-tolerant 
PGPR ability to facilitate plant growth in presence of salt, the potential of 
halophytes rhizosphere as reservoir of benefi cial microbes and the future 
application as bio-inoculants as alternative in agriculture is reviewed.  

1        Introduction 

 Soil salinization is one of the major problems 
affecting approximately 400 million hectares of 
crop land (FAO  2002 ; Bot et al.  2000 ). The pro-
ductivity of agricultural crops is greatly affected 
by salinity; with negatives effects on germina-
tion, plant growth and crop yield (Khan and 
Panda  2008 ). Electrical conductivity (EC) of 
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saline soils exceeds 4 dS m −1  and are distributed 
worldwide in arid and semiarid areas (Munns 
 2005 ; Jamil et al.  2011 ). In such arid and semi-
arid regions, soil salinity is frequently an impor-
tant limiting factor for agriculture, however, in 
some saline soils different types of plants (halo-
phytes) establish due to their ability to grow in 
such soils with high salt concentrations. However, 
a suitable technology not only to sustain crop 
productivity but also soil health through soil 
microfl ora and plant root interactions is feasible. 
Diverse microorganisms colonize the rhizosphere 
of halophytes; particularly benefi cial bacteria 
with dual capabilities of tolerating high salinity 
and promoting plant growth (Dimkpa et al.  2009 ). 
It is now known that benefi cial microorganisms 
in the rhizosphere play a signifi cant role in stress 
alleviation in halophytes, glycophytes and crops 
grown in saline soils. 

 Salt-tolerant plant growth promoting rhizo-
bacteria (PGPR) can be one of the main strategies 
by which crop growth and productivity in saline 
soil can be improved (Mayak et al.  2004 ; Jha 
et al.  2012 ). PGPR can promote growth either 
directly or indirectly. In the direct way, PGPR 
generally provide the compounds synthesized by 
bacterium such as N 2  fi xation, phosphate solubi-
lization, phytohormones: auxins, cytokinins, and 
gibberellin and lowering of the ethylene concen-
tration, and compatible solutes production to the 
plants. In the indirect way, PGPR prevent or 
reduce the pathogen effects on plants by produc-
ing inhibitory substances (Glick  1995 ; Mayak 
et al.  2004 ). In saline conditions the protective 
effect from PGPR to plants is reduction of ethyl-
ene, increase of auxins, ROS protection, compat-
ible solute production, solubilization of 
phosphates, exo polysaccharides production, and 
control of phytopathogens (Ruppel et al.  2013 ). 

 The interest in use of salt-tolerant PGPR as 
biofertilizer in salt affected farmland has 
increased, as their use allows reclamation and 
reuse of salt affected abandoned farmland and 
substantially reduce the use of agrochemicals, 
which contaminate terrestrial and aquatic ecosys-
tems. The signaling mechanisms and establish-
ment interactions between PGPR and plants are 
still not well understood, especially in fi eld 

applications. Therefore, it is necessary to con-
tinue and increase the studies of plant-PGPR 
interactions, the microbe ecology in natural resi-
dents and their adaptation in stressed environ-
ment (Egamberdiyeva and Islam  2008 ). In this 
chapter, a view of the rhizosphere of halophytes 
as reservoir of benefi cial microbes and their 
application as bio-inoculants as an alternative 
agriculture technology is presented. In addition, 
recent developments on our understanding of the 
salt- tolerant PGPR and their physiology, adapta-
tion mechanisms, interactions with plants in nat-
ural salt environments and the applications in 
plants with agricultural interest are discussed.  

2     Salinization 

 Soil salinization is the most common phenome-
non of land degradation and consists in the con-
centration of salts in the surface or near-surface 
zone of soils. Human-induced salinization is the 
major contributor to desertifi cation process in the 
world’s arid and semiarid zones. Salinity and 
desertifi cation cause a great disturbance to plant- 
microbe interactions in degraded ecosystems. 
The causes of salinization could be due to: poor 
cultivation techniques; indirect effects of irriga-
tion schemes; vegetation changes; seawater 
incursion and by disposal of saline wastes 
(Thomas and Middleton  1993 ). Soil salinization 
has become a large problem affecting the agricul-
ture worldwide (reducing area 1–2 % every year), 
it has been estimated as approximately 400 
million hectares of cropland affected by salt (FAO 
 2002 ; Bot et al.  2000 ). It is estimated that approx-
imately 50 % of 250 million hectares of irrigated 
land in the world are affected by salinization, 
and annually 10 million hectares are abandoned 
due salt problem in soil (FAO  1988 ; Paul and 
Lade  2014 ).  

3     Halophytes 

 Halophytes are plants with the capacity to com-
plete the life cycle in salt concentrations of at 
least 200 mM NaCl under natural saline conditions 
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(Flowers et al.  1986 ; Flowers and Colmer  2008 ). 
Halophytes classifi cation is diverse and complex 
depending on the authors and the physiological, 
morphological and ecological characteristics of 
plants. According to the fi rst classifi cation based 
on the response to salinity halophytes are divided 
in four categories: Obligatory halophytes, plants 
requiring salinity throughout life; preferential 
halophytes, plants with optimal growth in saline 
environment; supporting halophytes, nonaggres-
sive plants which are capable of growing in saline 
habitats; accidental halophytes, plants appear in 
saline habitats only occasionally (Tsopa  1939 ). 
Halophytes represent approximated 1 % of the 
world’s plants (Flowers and Colmer  2008 ). 
Halophytes are excellent resources for research 
of salt-tolerance mechanism in plants (Fig.  24.1 ). 
The vast majority of studies of salt tolerance in 
halophytes have been made in ecological, physi-
ological, morphological and molecular regula-
tion aspects. However, there are many ecological 
complex mechanisms in the rhizosphere and 
phyllosphere involved in salt tolerance of halo-
phytes. The microorganisms inhabiting the 

rhizosphere of halophytes may contribute to salt 
tolerance (Ruppel et al.  2013 ). Currently there 
are few reports of how microorganisms collabo-
rate in the halophyte resistance to salt.

   Differences between halophytes and glyco-
phytes are becoming to understand. The mecha-
nisms of salt tolerance in halophytes are diverse 
(Wang et al.  2002 ). Although halophytes have 
polyphyletic origins, they evolved the same basic 
method of osmotic adjustment: accumulation of 
inorganic salts (mainly NaCl) and organic sol-
utes. The Na +  and Cl −  uptake in halophytes 
involves ions channels, transporters, and pinocy-
tosis. The Na +  compartamentalisation required 
Na + /H +  antiporters, which are constitutive in 
halophytes, whereas they must active by NaCl in 
salt-tolerant glycophytes and they are absent in 
salt-sensitive glycophytes (Hasanuzzaman et al. 
 2014 ). Several adaptatives mechanisms have 
halophytes, viz., osmotic adjustment, selective 
transport and uptake of ions, secretion, germina-
tion response, halo-succulence, enzyme responses, 
genetic control, and compartmentalization to 
reduce the cytosolic salt concentration in 

  Fig. 24.1    Schematic representation of comparative 
mechanisms used by halophytes and glycophytes plants in 
saline environment. The active mechanisms to avoid salt 

effects are indicated by  arrows , the halophytes mecha-
nisms are numerous and more effi cient than glycophytes 
implemented mechanisms       
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mesophyll cells and mechanisms to synthesize 
organic compatible solutes (Fig.  24.1 ) (Wang 
et al.  2002 ; Hasanuzzaman et al.  2014 ) In this 
book chapter we don’t review in detail the mor-
phological and physiological mechanisms of 
halophytes to focus on the infl uence of Plant 
Growth Promoting Rhizobacteria to salt toler-
ance in plants and its agriculture applications. 

3.1     Halophytes in Chihuahuan 
Desert 

 Currently, there is little information about 
Chihuahuan desert halophytes. In arid and semi-
arid regions of North America, especially in West 
and Southwest of the USA and Northern of 
Mexico, Xerohalophytes dominate and over 200 
halophytes are distributed in coastal and inland 
regions of North America.  Suaeda, Salicornia, 
Sesuvium, Spartina, Puccinellia  and  Baccharis  
are common genera in saline regions from North 
America (Chapman  1974 ; McKell and Garcia- 
Moya  1989 ). In the Chihuahuan Desert, saline 
habitats (9000 km 2 ) occur most commonly 
around dry lakes, beaches, or saline as at the bot-
tom of internally draining basins. The Chihuahuan 
Desert is the biggest desert in North America and 
the Halophytes in this area comprises 40 taxas, 
25 of these are endemic or range only slightly 
outside the Chihuahuan Desert region 
(Henrickson  1974 ; Czaja et al.  2014 ). The halo-
phytes represent a biological resource with great 
potential for use in agriculture, biotechnology 
and industrial sectors. The rhizosphere of halo-
phytes in Chihuahuan Desert represents an 
important microhabitat for the establishment of 
benefi cial microorganisms with the ability to 
withstand high salt concentrations but also to 
provide a benefi t for the plant host, such as plant 
promoter growth rhizobacteria. It is a high prior-
ity to study the PGPR that inhabit the halophytes 
from the Chihuahuan Desert area as this allows 
developing biofertilizers that could be used in the 
same region, which is characterized by having 
large areas of cultivated land affected by salinity. 
Our research team has explored the PGPR of 

rhizosphere from diverse halophytes of  Suaeda , 
 Distichlis  and  Sesuvium  genera, which are dis-
tributed throughout the Chihuahuan Desert.   

4     Plant Growth Promotion 
Rhizobacteria 

 In the rhizosphere microbiome three different 
types of plant-bacteria interactions could be 
established; (1) Commensal rhizobacteria associ-
ated to plants are common in which the bacteria 
are innocuous interaction with the colonizing 
plant. (2) Plant and pathogenic bacteria interac-
tions causing negative effects for the plant (e.g. 
 Erwinia  spp.,  Pseudomonas  spp.,  Ralstonia  spp., 
etc.). (3) Interaction between plant and benefi cial 
bacteria, leading to a benefi cial association and 
these bacteria are known as plant growth promot-
ing rhizobacteria (PGPR) (Bhattacharyya and Jha 
 2012 ; Jha et al.  2012 ). Depending on their asso-
ciation with and/or in the plants parts, PGPR can 
be divided in two classes (Martínez-Viveros et al. 
 2010 ): (1) the extracellular plant growth promot-
ing rhizobacteria (ePGPR) colonizing the rhizo-
sphere, which comprises the immediate soil to 
the roots (ectorhizosphere) and the roots surface 
(rhizoplane), some of these bacteria have the 
capacity to establish between the cells of the root 
cortex (e.g.  Bacillus  spp.,  Pseudomonas  spp., 
 Alcaligenes  spp.,  Azospirillum  spp.,  Azotobacter  
spp.,  Burkholderia  spp.,  Caulobacter  spp., 
 Chromobacterium  spp.,  Agrobacterium  spp., 
 Micrococcous  spp.,  Serratia  spp., etc.); (2) intra-
cellular plant growth promoting rhizobacteria 
(iPGPR) where the interaction occurs inside the 
root and usually results in structures known as 
root nodules (e.g.  Rhizobium  spp.,  Sinorhizobium  
spp.,  Bradyrhizobium  spp.,  Allorhizobium  spp., 
 Azorhizobium  spp.,  Mesorhizobium  spp., etc.) 
(Soto et al.  2006 ; Mercado-Blanco and Bakker 
 2007 ; Bhattacharyya and Jha  2012 ). 

 PGPR promote plant growth either directly or 
indirectly. Indirect mechanisms include produc-
tion of antibiotics, stimulation of endophytes’ 
establishment such as mycorrhizae and rhizo-
bium, suppression of pathogens by competitive 
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exclusion through siderophores action, extracel-
lular hydrolytic enzymes against fungal plants 
pathogens or/and removal of phytotoxic sub-
stances, allelopathy and competition with delete-
rious agents (Glick  1995 ; Swain et al.  2008 ; 
Figueiredo et al.  2008 ; Siddikee et al.  2010 ; 
Bhattacharyya and Jha  2012 ). On the other hand 
the direct mechanisms include improved plant 
nutrition through phosphate and zinc solubiliza-
tion, acquisition of iron by siderophores, and 
nitrogen fi xation. Other direct mechanisms are 
production of growth regulators such as indole 
acetic acid (IAA), cytokinin, and gibberellins; or 
the production of 1-aminocyclopropane-1- 
carboxylic acid (ACC) deaminase, an enzyme 
that can lower plant ethylene levels that are typi-
cally increased by a wide variety of environmen-
tal stresses such as drought and salinity among 
other stresses (Hayat et al.  2010 ; Bashan and de- 
Bashan  2010 ; Siddikee et al.  2010 ). 

 PGPRs are classifi ed into three categories 
based on their mechanism of actions on crops 
such as biofertilizer (Increases nutrient availabil-
ity for plant such as nitrogen and phosphorus), 
phytostimulator (with the ability to produce or 
stimulate the production of phytohormones such 
as Indole acetic acid, gibberelic acid, cytokinins 
and ethylene) and biopesticide (with antagonistic 
effect on plant pathogens microbes) 
(Bhattacharyya and Jha  2012 ). Understanding of 
PGPR biology and the action mechanism over 
the plants allow facilitate their use and applica-
tion in agriculture. 

4.1     Salt-Tolerant PGPRs 
and Halophytes 

 Saline natural and agriculture soils are important 
reservoir of halotolerant/halophytic microorgan-
ism; the halophytes rhizospheres in natural eco-
systems are suitable to fi nd bacteria with high 
capacities to support and promote growth of 
plants. The rhizobacteria of halophyte rhizo-
sphere are well adapted to salt stress due to low 
water potential in a dry or saline climate to which 
they are exposed, it is always more pronounced 
as increased water uptake by plants due to tran-

spiration (Tripathi et al.  1998 ; Sudhir et al.  2009 ). 
The salt tolerant rhizobacteria information is 
scarce, and for this reason it is necessary to con-
tinue further research on these microorganisms. 

 Bacteria able to grow in the presence of high 
concentrations of salt are classifi ed as: (1) 
Halotolerant bacteria with the capacity to grow in 
the absence as well in the presence of salt; 
extremely halotolerant bacteria are able to grow 
above of 15 % (w/v) salt. (2) Halophiles requir-
ing salt for growth and are classifi ed as; slight (3 
% w/v NaCl), moderate (3–15 % w/v NaCl), 
extreme halophiles (25 % w/v NaCl). Halotolerant 
and halophilic bacteria as a result of adaptation to 
their environment have evolved exclusive proper-
ties with considerable importance in anthropo-
genic activities as such agriculture, industry and 
biotechnology (Margesin and Schinner  2001 ; 
Ventosa et al.  2008 ). Halotolerant and halophilics 
bacteria have been isolated from a wide range of 
habitats, such as extreme alkali-saline soils, des-
ert and saline soils, salt crystallizer ponds, pick-
led food, etc. (Ventosa et al.  2008 ; Ruppel et al. 
 2013 ). The halotolerant and halophilic bacteria 
have mechanisms that allow growth and survival 
in saline habitats such as; (1) specifi c composi-
tion of membrane or cell wall preventing the 
input and then high salt concentrations; (2) regu-
lation of intracellular ionic concentration by 
pumping ions out of the cell through electrogenic 
Na + /H +  antiporter, ion transporters K + /Na + , for 
osmotic adjustment, etc.; (3) accumulation of 
compatible solutes (e.g. sucrose, trehalose, gly-
cosyl glycerol, and glycine betaine) by endoge-
nous biosynthesis; (4) adaptation of proteins and 
enzymes to high concentrations of solute ions; 
(5) increasing the energetic capacity; (6) produc-
tion of extracellular polysaccharides (EPS) that 
helps the development of biofi lms (Fig.  24.2 ) 
(Ruppel et al.  2013 ; Sandhya et al.  2010 ).

   As mentioned earlier, the halophytes represent 
an ideal habitat to isolate Rhizobacteria. Some 
studies where the halophytes were used for the 
isolation of rhizobacteria are:  Salicornia brachi-
ata , an extreme halophyte growing in coastal 
areas of Gujarat, India, was used for isolation of 
 Brachybacterium saurashtrense  sp. nov., and 
 Pseudomonas  spp., which demonstrated 
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growth- promoting activities (Jha et al.  2012 ); 
 Brevibacterium epidermidis ,  Micrococcus yun-
nanensis , and  Bacillus aryabhattai  were isolated 
from rhizosphere of six natural halophytes from 
vicinity of the Yellow Sea, Incheon, Republic of 
Korea (Siddikee et al.  2010 );  Brevibacillus bor-
stenlensis ,  Pseudoalteromonas ruthenica  and 
 Halomonas sinaensis  have been isolated from 
 Halocnemum strobilaceum , a halophyte inhabit-
ing coastal Arabian Gulf sites (Al-Mailem et al. 
 2010 );  Acacia  spp. in Australia and dry land of 
Algeria with high salinity demonstrated the 
presence of different bacteria  viz .,  Ensifer , 
 Mesorhizobium ,  Bradyrhizobium  and 
 Ochrobactrum  (Boukhatem et al.  2012 ); and 
 Rhizobium  spp. and  Bacillus  spp. were detected 
in the rhizosphere of halophyte  Salicornia big-
elovii  (Rueda-Puente et al.  2010 ).  

4.2     Salt Stress Amelioration 
Mechanisms of PGPRs 

 Growth promotion by PGPR is complex and 
comprises changes in the microbial balance in 
the rhizosphere and modifi cation of plant physi-
ology (Glick et al.  1999 ). PGPR can adapt to 

diverse environmental conditions and develop 
tolerance to stressful conditions, such as salinity 
and drought. The halotolerant and halophilic 
PGPR can provide a wide array of benefi ts to 
plants including halophytes and glycophytes to 
overcome salt stress (Fig.  24.3 ). Salinity affects 
plant growth, development, germination, 
 fl owering, and fruit set with negative effects such 
as increase ethylene production, plasmolysis, Na +  
and Cl −  toxicity, increase in the production of 
reactive oxygen species (ROS), and affecting 
photosynthesis. The water stress is the shared 
early negative effect under drought and salinity 
conditions (Sairam and Tyagi  2004 ; Gamalero 
et al.  2009 ). Rhizobacteria residing in halophytes 
are able to improve plant growth and develop-
ment by increasing the germination and seedlings 
emergence and establishment. The above is 
addressed in the study of Jha et al. ( 2012 ), where 
germination and vigour index of  Salicornia bra-
chiate  seeds inoculated with  Brachybacterium 
saurashtrense  and  Pseudomonas  sp. is evaluate 
at 0.25 and 0.5 mol 1 −1  NaCl concentrations, the 
inoculated seeds increased percent germination 
to 100 % in both inoculated seeds at 0.5 mol 1 −1  
NaCl concentrations, with relation to 92 % ger-
mination of un-inoculated seeds at the same NaCl 

  Fig. 24.2    Schematic 
representation of mechanisms 
used by bacteria to live and 
survive in high salt 
concentration ecosystems. 
The mechanisms are divided 
into intracellular and 
membrane mechanisms       
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concentration. Some of these mechanisms are 
presented in Fig.  24.3 .

   Ethylene, the gaseous hormone is involved in 
a wide range of growth and development plant 
processes such as germination, root hair develop-
ment, root elongation, leaf and petal abscission, 
fruit ripening and organ senescence, but is pro-
duced in response to abiotic and biotic stresses 
leading to inhibition of growth of the plant as a 

whole (Bleecker and Kende  2000 ; Saleem 
et al.  2007 ; Barnawal et al.  2014 ). The 
Aminocyclopropane-1-Carboxylate (ACC) 
deaminase regulates and reduces the ethylene 
levels. In numerous microbial species of Gram- 
negative and Gram-positive bacteria and fungi 
ACC deaminase has been reported. Many PGPRs 
contain the enzyme ACC deaminase that cleave 
the ethylene precursor ACC to α-ketobutyrate 

  Fig. 24.3    PGPR-plant interaction in rhizosphere. PGPR colonize the rhizosphere of plants and cause growth promo-
tion through different mechanisms that help mitigate salt stress       
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and ammonia, thereby reduces ethylene produc-
tion which otherwise inhibits plant growth. The 
inoculation of plants with PGPRs capable of 
secreting ACC deaminase results in development 
of extensive roots due to lowered ethylene levels 
thus aiding the plants to overcome salt and 
drought stresses (Singh et al.  2011 ; Barnawal 
et al.  2012 ,  2014 ). The effect of PGPR contain 
ACC deaminase on growth promotion of maize 
under salinity was studied and show that there 
were 3.3 folds increased in root length at EC 9 dS 
m −1  when inoculated with  Pseudomonas fl uores-
cens  biotype A (N 3 ), whereas shoot lengths 
increased by 2.3 folds by inoculation with 
 P. putida  biotype A (Q 7 ) at 12 dS m −1  over control 
uninoculated (Kausar and Shahzad  2006 ). Some 
examples of ACC deaminase producing PGPRs 
genera reported are;  Achromobacter , 
 Agrobacterium ,  Arthrobacter ,  Azospirillum , 
 Alcaligenes ,  Bacillus ,  Brachybacterium , 
 Brevibacterium ,  Burkholderia ,  Cronobacter , 
 Enterobacter ,  Haererehalobacter ,  Halomonas , 
 Herbaspirillum ,  Methylobacterium , 
 Mesorhizobium ,  Ochrabactrum ,  Pseudomonas , 
 Rhizobium ,  Rhodococcus ,  Serratia , 
 Sinorhizobium ,  Variovorax , and  Vibrio  (Penrose 
and Glick  2003 ; Belimov et al.  2001 ,  2005 ; Ma 
et al.  2003 ; Hontzeas et al.  2004 ; Uchiumi et al. 
 2004 ; Pandey et al.  2005 ; Blaha et al.  2006 ; Jha 
et al.  2012 ; Barnawal et al.  2012 ,  2014 ) 

4.2.1     Solutes Production 
 The solutes are important to cope with osmotic 
stress by cells. The compatible solutes include 
amino acid and its derivatives (e.g., Glutamate, 
proline, peptides and N-acetylated amino acid), 
quaternary amines (e.g., glycine, betaine and car-
nitine), sugars (e.g., sucrose and trehalose), etc. 
The bacteria may produce compatible solutes in 
osmotic shock and degrade them following an 
osmotic downshift, but the initial response is 
much more rapid when compatible solutes are 
taken up from the surrounding environment and/
or released into medium via semi-conductive 
transport system. Accumulated compatible com-
pound may be exported into the surrounding 
medium and subsequently taken up, via an active 
transport system, by other organisms such as 

plants under osmotic stress. The transports pro-
cess can be subdivided into specifi c transport, 
stretch-activated channel, specifi c effl ux system, 
and aqua-porins (Miller and Woods  1996 ; Arora 
et al.  2006 ).  Azospirillum ,  Pseudomonas , 
 Bacillus , and  Rhizobium  produce high quantity 
of osmolites in saline habitats (Miller and Woods 
 1996 ; Arora et al.  2006 ,  2012 ).  

4.2.2     Scavenging of Reactive Oxygen 
Species by PGPR Antioxidants 

 Reactive oxygen species (ROS) are formed as a 
consequence of osmotic and salt stress and nega-
tively affect the plant cells by way of oxidative 
damage of membrane lipids, proteins or 
DNA. Scavenging enzymes prevents this: includ-
ing superoxide dismutase (SOD), catalase (CAT), 
and ascorbate peroxidase (POX) and non- 
enzymatic antioxidant such as ascorbate, gluta-
thione, and tocopherol. PGPRs use similar 
mechanisms to cope with oxidative stress caused 
by generation of ROS such as superoxide radical 
(O 2  − ), hydroxyl radical (OH − ), and hydrogen per-
oxide (H 2 O 2 ) (Arora et al.  2012 ; Upadhyay et al. 
 2011 ). PGPR bacteria increase the tolerance of 
salt-sensitive plants grown under severe salt 
stress, through induction of antioxidant enzymes 
(Kohler et al.  2009a ,  b ; Jha and Subramanian 
 2014 ).  Sesuvium portulacastrum  has a remark-
able ability to survive in salinity, drought and 
heavy metal accumulation, the plants grown on 
non-sterilized saline soil containing bacteria of 
different genera  Bacillus ,  Aeromonas , 
 Pseudomonas, Corynebacterium  and  Escherichia  
recorded lower degree of oxidative stress than 
plants grown on sterile soil (Anburaj et al.  2012 ).  

4.2.3     Phosphate Solubilization 
 The availability of phosphorous in arid saline 
soils is limited and hence the most appropriate 
approach to address this situation is use of bio- 
inoculants. PGPR are recognized by their ability 
to solubilize phosphates and mobilize iron. The 
solubilization of minerals by PGPR is achieved 
through the acidifi cation, chelation, ion exchange 
reactions, and production of low molecular 
weight organic acids such as gluconic acid. In 
saline soil, higher phosphate availability by way 
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of solubilization by PGPR to plants would 
improve their growth and suppress the adverse 
effect of salt (Giri et al.  2003 ). It was observed 
that the phosphate content of the foliage of halo-
phyte  Salicornia bigelovii  increased when it was 
inoculated with various halotolerant bacteria, 
viz.,  Azospirillum ,  Vibrio ,  Bacillus , and 
 Phyllobacterium  (Bashan et al.  2000 ). Phosphate 
solubilizing rhizosphere microfl ora contribute 
signifi cantly to the tolerance of salt stress of halo-
phytes and glycophytes.  

4.2.4     Auxins Synthesis by PGPR 
 Auxins play a core role increasing root growth 
and development. Most of PGPR are able to pro-
duce and secrete indole acetic acid (IAA). 
Synthesis of IAA and ethylene have a negative 
relation, increased ethylene level progressively 
blocks IAA signal transduction. Rhizobacteria 
producing ACC deaminase decrease the ethylene 
content and favors the synthesis of IAA, which 
aid in plant growth (Patten and Glick  1996 ; Glick 
et al.  2007 ; Gamalero et al.  2009 ). The produc-
tion of auxin by rhizobacteria might be an impor-
tant tool in salt tolerance of halophytes and 
glycophytes.  Arthrobacter  sp.,  Bacillus pumilus , 
 Halomonas  sp.,  Nitrinicolalacis aponensis , and 
 Pseudomonas mendocina  are few examples of 
IAA-producing salt tolerant PGPR (Tiwari 
et al.  2011 ).  

4.2.5     Exo-polysaccharides 
Production and Biofi lm 
Formation 

 Biofi lms formation and exo-polysaccharide 
(EPS) production are common in bacteria. EPS 
are a complex mixture of polymers of high 
molecular weight (M W  ≥ 10,000) secreted by bac-
teria in response to stresses such as heavy metals 
and osmotic salts (Na + ) (Nunkaew et al.  2014 ). 
Biofi lm is a complex association of bacterial cells 
attached to surfaces such as plants root or soil 
particles and protects the plants of pathogens 
attack, retain moisture (Qurashi and Sabri  2012 ). 
EPS-producing PGPR enhance the soil structure 
(crumb formation) by increasing the volume of 
soil macropores and thus rhizosphere soil aggre-
gation, resulting in water retention and increase 

in provision of nutrient for inoculated plants. 
EPS can also bind Na +  therefore, decreased con-
tent of Na +  available for plant uptake, and thereby 
alleviate salt stress in plants growing in saline 
environment. The ability of the EPS to binds cat-
ions is normally associated with the hydroxyl, 
sulfhydryl, carboxyl and phosphoryl groups that 
it contains (Watanabe et al.  2003 ; Nunkaew et al. 
 2014 ). Recently Nunkaew et al. ( 2014 ) identifi ed 
a polysaccharide (≈18 kDa) that is constituent of 
EPS, mainly composed of galacturonic acid and 
responsible for salt removal of  Rhodopseudomonas 
palustris  strain PP803. Some of the rhizobacteria 
strains that produce EPS and facilitate biofi lm 
formation are  Aeromonas hydrophila/caviae , 
 Bacillus  sp.,  Planococcus rifi etoensis, Halomonas 
variabilis, Burkholderia ,  Enterobacter , 
 Microbacterium  and  Paenibacillus  (Qurashi and 
Sabri  2012 ; Upadhyay et al.  2011 ; Ruppel 
et al.  2013 )   

4.3     Salt Tolerant PGPR and Their 
Application in Agriculture 

 With increase of the world human population, the 
demand for food is expected to rise by 38 % by 
2015 and 57 % by 2050 if the current global food 
supply is to be maintained (FAO  2010 ). Coupled 
with the need for increasing crop production, and 
problems related to global warming, such as 
changes in precipitation patterns, increased tem-
peratures, drought and fl ooding, and many other 
problems related to improper anthropogenic 
activities in cultivation practices, such as exces-
sive uses of fertilizers and pesticides, poor irriga-
tion practices, monocultures, etc., a clear 
sustainable strategy is needed to overcome the 
problems and to meet the demand. It has been 
estimated that nearly two thirds of the soils are 
prone to edaphic constraints in developing coun-
tries. Therefore in this race against time to pro-
duce more food, mitigation of abiotic stresses 
become imperative to increase the crop produc-
tivity by way of implementation of new agro-
nomic technologies (Khalid et al.  2004 ). The use 
of halotolerant transgenic plants and application 
of salt-resistant PGPR are two of the major 
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strategies that are being considered to improve 
the agriculture in saline soils (Mayak et al.  2004 ; 
Jha and Saraf  2011 ). 

 To use PGPR as a remediation strategy for 
saline soils further knowledge is essential for 
characterization of halophyte-associated rhizo-
bacteria, and their interaction with halophytes 
and glycophytes in order to understand the mech-
anisms of their survival and protection against 
salt stress and to develop strategies for plant pro-
tection (Ruppel et al.  2013 ; Egamberdyeva and 
Lugtenberg  2014 ). The rhizobacteria isolated 
from a saline habitat is more effi cient to improve 
the plant tolerance to salt than PGPR from non- 
saline habitats (Paul and Nair  2008 ). Halotolerant 
PGPR can be an alternative approach for mitiga-
tion of salt stress, which can eliminate or mini-
mize the environmental pollution. 

 The vast majority of crops are salt susceptible 
(e.g. >3.0 dS/m), and in general the yield of crops 
are reduced by 50 % under saline conditions (EC 
5.0 dS/m) (Horneck et al.  2007 ; Ondrasek et al. 
 2009 ). Several salt-tolerant PGPR strains have 
the ability to growth at least with 3 % NaCl 
(Shrivastava and Kumar  2014 ; Egamberdyeva 
and Lugtenberg  2014 ). Reports on PGPR inocu-
lation of vegetable crops such as eggplant 
(Bochow et al.  2001 ), tomato (Mayak et al.  2004 ; 
Damodaran et al.  2013 ; Palaniyandi et al.  2014 ), 
bean (Yildirim and Taylor  2005 ; Maqshoof et al. 
 2012 ), artichoke (Saleh et al.  2005 ), squash 
(Yildirim et al.  2006 ), wheat (Ashraf et al.  2004 ; 
Nabti et al.  2007 ; Upadhyay et al.  2011 ), radish 
(Yildirim et al.  2008 ), maize (Hamdia et al.  2004 ; 
Nadeem et al.  2007 ; Bano and Fatima  2009 ; 
Rojas-Tapias et al.  2012 ), lettuce (Kohler et al. 
 2009a ,  b ), soybean (Han and Lee  2005 ; Naz et al. 
 2009 ; Kasotia et al.  2015 ), cotton (Yao et al. 
 2010 ), canola (Cheng et al.  2007 ; Siddikee et al. 
 2010 ), peanut (Saravanakumar and Samiyappan 
 2007 ), red pepper (Siddikee et al.  2011 ), straw-
berry (Karlidag et al.  2011 ; Karlidag  2013 ), 
mung bean (Ahmad et al.  2012 ,  2013 ) sunfl ower 
(Naz and Bano  2013 ), potato (Gururani et al. 
 2013 ) alfalfa (Martinez et al.  2014 ), rice (Jha 
et al.  2012 ; Jha and Subramanian  2014 ), barley 
and oats (Chang et al.  2014 ) under salinity condi-
tions are available. Although there have been 

many successes in crops protection test in a range 
of 0.5–2 % salinity (Tank and Saraf  2010 ; Shukla 
et al.  2012 ), is necessary continue with assays 
where higher levels of salinity are to be evaluated 
(halophyte culture). 

 One of the most common problems in the use 
of PGPR as bio-fertilizers is the decrease in the 
effi cacy of PGPR due to the different environ-
ment conditions on cropland where the applica-
tion is carried out, and which is different to the 
environment where the PGPR were isolated, con-
cerning conditions such as variations in soil type, 
management practices, and different environ-
ment conditions (Khan et al.  2009 ). Due to the 
above is important the search for bacteria with 
the ability to cope the particular environmental 
conditions of agricultural area where the benefi -
cial rhizobacteria are applied. The Chihuahuan 
Desert area host many halophytes, from which 
PGPR could be isolated and used on farmland, 
affected by salinity in the same Chihuahuan 
Desert area.   

5     Future Directions 
and Conclusion 

 PGPR offer a friendly environment option and 
sustainable approach for increase of soil fertility, 
plant health and protection to adverse environ-
mental conditions. Although progress has been 
made in understanding the rhizosphere microbial 
community, communication, signaling and 
molecular response between plant and microbes, 
diversity of PGPR, mechanisms of action in 
plants, and methods to development and use 
PGPR as bio-inoculants, it is necessary to con-
tinue studying the structural community and 
diversity microorganism’s presents in the rhizo-
sphere and how this change in relation to soil 
type, environmental conditions, plant species and 
infl uence of anthropogenic activities. Actually 
tools in molecular biology facilitate the research 
of microbial communities because it allows us to 
identify the vast majority of non-cultivable 
microorganisms in rhizosphere communities 
through metagenomics analysis. These analyses 
will be key in understanding the changes in rhi-
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zosphere communities when benefi cial microbes 
are inoculates in plants. At present a great chal-
lenge to overcome is the inconsistent perfor-
mance of PGPR under fi eld conditions and under 
diverse environmental conditions. It is necessary 
to explore different rhizosphere environment 
(alkaline, acids, high and low temperatures, 
fl ooded) to isolate PGPR more effi cient and to 
enable to withstand environment changes that 
crops are exposed today. With the advancement 
in the understanding of molecular mechanisms 
adopted by PGPR to increase growth in plants 
and to cope high salinity, it is possible to enhance 
their capacity to stimulate plant growth by genetic 
engineering is possible to modify or insert genes 
from other organisms to improve the mechanisms 
used by PGPR to promote growth, even feasible 
to transfer genetic information to plant in order to 
facilitate and improve interactions with benefi -
cial microbes. Another important issue to be 
addressed in future research is the use of PGPR 
together with plants to bio-remediate farmland 
affected by high salt concentrations, PGPR pro-
mote shoot and roots biomass productions of 
halophytes that accumulate salts, which is uptake 
of surrounding saline soil. 

 Salinity is worldwide problem that increases 
every year. The salt-tolerant PGPR are a viable 
and sustainable alternative to recover agricultural 
areas affected by salinity, without use of chemi-
cals that pollute soil and water. Benefi cial 
microbes may be able to improve soil quality, soil 
microbial communities and agriculture yield of 
crops in arid and semiarid environments. Further 
optimization is required for application and for-
mulation of PGPR strains to introduce in 
agriculture.     
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