
REVIEW   ARTICLE  

doi: 10.2306/scienceasia1513-1874.2021.033
ScienceAsia 47 (2021): 131–142

Salinity: Translating information from model microbes
into crop plants
Naveen K. Sharmaa, Meenakshi Singhb, Ashwani K. Raib,∗

a Department of Botany, Indira Gandhi National Tribal University, Amarkantak (MP) 484887 India
b Department of Botany, Banaras Hindu University, Varanasi 221005 India

∗Corresponding author, e-mail: akrai@bhu.ac.in
Received 29 Jan 2021
Accepted 23 Feb 2021

ABSTRACT: Because of the gradual increase in soil salinity worldwide, the study of halophiles nowadays is an important
emergent discipline. High salinity limits the microbe’s diversity, community structure and their metabolic activities,
consequently reducing the soil fertility. This leads to decreased crop yield that presents a grave and global socioeconomic
problem. Crop plants are relatively more sensitive, and their growth inhibition and reduction in the yield usually
occur at salinity of 50 mM or above. Halophilic and halotolerant organisms that live and acclimate/adopt to high
salinity environments have various strategies to survive, protect their proteins and other cellular processes to grow
in the challenging environment. They possess efficient mechanisms to sense the stress signals by, for instance, signal
transducing systems, alteration of the composition of the membranes, exclusion of Na+ and prevention of K+ leakage
from the cells, and synthesis of organic solutes. In this article, we also discuss the responses of these organisms such
as alteration in photosynthesis and respiration, nitrogen nutrition, reactive oxygen generation and programmed cell
death, and adjustment and/or adaptation to salt stress, along with the exploration of efforts like salt priming and
memory, and genetic engineering for developing salt tolerant crop plants.
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INTRODUCTION

Salt is vital for life on the planet. The societal
value of salt has always been recognized by different
cultures. For instance, Homer described salt as a
“divine substance” and Plato wrote of its value to
the Gods. Salt is required not only by humans, but
the entire flora and fauna of the planet including
microorganisms. However, the regulation of the
salt concentration of cells and their habitats is a
key; the abundance or absence of salt can lead to
cellular and environmental imbalances with poten-
tially fatal consequences to the organism. Excess
concentration of salts in soils is implicated as a
principal cause of historic and modern agricultural
productivity losses [1, 2]. It was possibly the first
environmental hazard, which resulted from water
logging and long period of irrigation without ad-
equate drainage. It is believed that salinity that
resulted from 1000 to 1500 years of agriculture had
led to the decline of the Sumerian civilization in
Mesopotamia (modern Iraq). By 1700 BC, wheat
(a salt sensitive staple crop) completely disappeared
from the Mesopotamia and was replaced by more
salt tolerant barley [1, 3]. Similar problems had

been reported from the Indus-Plain (Harappa Civ-
ilization, that includes parts of modern-day India
and Pakistan) [4], Viru Valley on the coast of Peru
[5] and Salt River region in modern Arizona, USA,
once inhabited by Hohokam Indians [6].

In general, salt-affected soils are those having
high levels of water-soluble mineral salts such as
CO2–

3 , Cl–, SO2–
4 and HCO–

3 of Ca2+, Mg2+, and Na+.
However, most of the saline research centers around
NaCl salinity because Na+ is the dominant cation
and Cl– the anion in the majority of saline soil.
Worldwide, approximately 930 million ha of land (>
7% of arable land) are estimated to be salt affected,
out of which about 95 million hectares are under
primary salinization (high amounts of inherent salts
from sources such as rock weathering [7]). Sec-
ondary salinization caused by irrigation with saline
or poor water quality without sufficient leaching
of salt, high evaporation rate, and other anthro-
pogenic land-use practices is another major problem
(Fig. 1), which is increasing at an alarming rate.
Approximately 4 million hectares of global agricul-
ture land is abandoned annually due to excessive
salt [8]. Hence, the major problem is the secondary
salinization – once cultivable land going out as salt
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Fig. 1 Types of soil-salinization. Based on the source
of origin, salinization could be primary occurring mainly
through natural processes like weathering of rocks and
soils, and secondary arising due to human intervention.

affected wastelands. Salinity not only adversely
affects crop productivity and quality worldwide, it
negatively affects soil physico-chemical properties,
and has a detrimental effect on microbial diversity,
their community structure, biomass and activity,
consequently soil productivity [9].

A fine regulation of cellular salt concentration
to that with the external medium is essential for the
continuity of life. Salinity reduces growth through
changing water and ionic status of the cells. High
salt concentration causes reduced water uptake with
concomitant decrease in micronutrients availability
to the cells. It also produces hyperosmotic stress
(ionic imbalance and chaotropic effects) due to the
turgor imbalance, and other secondary stresses such
as nutritional disorder and oxidative stress [10].
Chaotropic solutes weaken the electrostatic interac-
tions of the constituting molecules, which destabi-
lize the biological macromolecules. Contrary to this,
kosmotropes (e.g., majority of compatible solutes)
strengthen the electrostatic interaction, thus stabi-
lize the macromolecules and protect cells from the
osmotic stress [11].

Salt-rich (e.g., saline/haline and hypersaline)
environments contain plethora of microbes [12].
They are either halotolerant (i.e., prefer the ambi-
ent environment but are able to survive and grow
in high-salt environments) or halophilic (i.e., salt-
loving, essentially require a certain concentration of
salt to attain optimal growth in nature). Both forms
have been reported from saline and hypersaline
lakes, coastal dunes, saline deserts, salt marshes,
and inland salt seas and springs [12]. Depending
upon their ability to withstand salt concentration,

Table 1 Examples of extreme halophiles and their habi-
tats.

Group Name Habitat

Archaea Halobacterium sp. NRC-1 The Great Salt Lake
in Utah, USA, salin-
ity almost similar to
seawater

Haloarcula marismortui Dead Sea*, Israel
Haloferax volcanii Dead Sea, Israel
Halorubrum lacusprofundii Dead Sea, Israel
Natronomas pharaonis Lake Magadi,

Kenya
Salinibacter ruber Solar salterns,

Spain

Bacteria Halobacillus halophilus Salt marsh soil

Cyanobacteria Synechococcus Relatively low salt
waters

Aphanothece halophytica Dead Sea, Israel

Microalgae Dunaliella salina Salt ponds

* World’s deepest hypersaline lake of area about
800 km2 and depth 340 m; salinity level is 8.6 times
higher than that of ocean water (≈ 30% salt content).

halophiles are categorized as: low (< 1.5 M), mod-
erate (1.5–3.0 M) and extreme halophiles [> 3.5 M
– to salt saturation point; for NaCl the saturation
level is 300 g/l (i.e., 5 M)]. Table 1 contains exam-
ples of some of the extreme halophilic microbes and
characteristics of their respective habitats.

Halophilic microbes are distributed in all the
three domains of life – archaea, bacteria and eu-
karya. Prokaryotes constitute the bulk of the high-
salt microflora, while archaea dominating at ex-
tremely high salt concentration [13]. Nature has
provided these microbes with an impressive array
of unusual, but efficient and highly regulated mech-
anisms to combat the challenges presented by ex-
treme salinities, and these mechanisms are deliber-
ated in the following sections. We shall discuss the
mechanisms adopted by these organisms: (i) mainly
against the NaCl stress, which is the most common
salt in hypersaline environments; (ii) with an aim
to exploit relevant information on their ecology for
the ongoing efforts on engineering salt tolerant crop
plants. Our discussion will primarily focus around
cyanobacteria, an ancient group of phototrophic
bacteria showing plant like photosynthesis (oxygen-
evolving); with a priori that they are an appropri-
ate microbial model/counterpart for higher plants
[14]. Wherever needed, appropriate information
from other microbes will also be presented.
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Table 2 The upper salt limit at which various microbial
metabolic processes occur (adopted from [12]).

Salt concentration Metabolic processes

300 g/l
(salt-saturation level)

Oxygenic and anoxygenic photosynthesis,
aerobic respiration and denitrification

> 200 g/l Fermentation, aerobic autotrophic oxi-
dation of sulfur compounds, sulfate re-
duction by incomplete oxidation (lactate
→ acetate), methanogenesis from methy-
lated amines, homoacetogenesis (acetate
← CO2 +H2). However, these processes
either do not or function poorly in salt-
saturated environments.

100–200 g/l Processes such as autotrophic oxidation
of ammonia and nitrite, methanogenesis
by reduction of CO2 with H2 as electron
donor, methanogenesis from acetate, sul-
fate reduction with acetate as electron
donor are limited to salt concentration

SALT INDUCED CONSTRAINTS TO LIFE

Energetic constraints

Life becomes energetically expensive at high salin-
ity. Organisms inhabiting high salt environments
require additional energy to grow and survive. The
mode of adaptation (refer following sections) used,
and amount of energy generated during dissimi-
latory metabolism determine the existence of life
at high salt concentrations [12]. Availability of
metabolic energy delineates the upper salt concen-
tration at which different dissimilatory processes
can take place. Phototrophic microbes using light as
energy source has an additional energy-generating
pathway, the photosynthesis. This is an exergonic
process producing high amount of ATP (cf. aerobic
respiration, denitrification, etc.), hence such organ-
isms are better adapted to salt life compared to that
of heterotrophs [12]. A detailed account of ener-
getic constraints experienced by microbes at high
salinity, as well as the maximal salt concentrations
at which vital metabolic processes could operate is
presented (Table 2).

Stability of proteins

Salt interferes with the ordered structure of water
bound molecule, increasing the randomness or en-
tropy of the system with decrease in the water po-
tential. The chemical potential is largely dependent
on the change in the entropy of the water. The
equation for chemical potential of water is given by:

∆µw =∆Hw− T∆Sw,

where ∆µw is change in the chemical potential
of water, ∆Hw is the change in enthalpy of the

reaction, ∆Sw signifies change in entropy and T
denotes temperature in Kelvin. Gibb’s free energy
of unfolding and enthalpy change increases with an
increase in the concentration of osmolytes (such as
betaine, sarcosine, proline and sucrose), while de-
creases sharply when treated with denaturants like
urea and guanidine chloride [15]. Normally, during
stress, hydrophobic surfaces are exposed leading to
the aggregation of the proteins and ultimately the
cell death [16].

In general, isoelectric points (pI) of non-
halophilic proteomes lie close to basic (pI∼10)
and acidic (pI∼5) points, whereas proteomes of
halophiles have significantly low pI. Acidic amino
acids protect the proteins from high ionic molecules
and get stabilized by cooperative interaction of
acidic surface residues with hydrated solvent ions.
Furthermore, proteins of halophiles exhibit low wa-
ter activity and strong salting out effects with high
surface negative charge [17], with a tendency to
bind salts. This decrease in salt content eventually
unfolds the protein.

There are two distinct cytoplasmic water pop-
ulations of different physical properties: (a) dense
or weakly bonded water in the hydration shell of
proteins and (b) less dense water (or structured
water) in bulk [18]. The hydration water is a
changeable shell of water surrounding the protein
and depends upon the degree of attraction to the
protein. It is thermodynamically very different from
bulk water and is important for maintaining the
3-D structure and activity of proteins. Different
solutes show preferences for one or the other water
populations. Small and highly charged molecules
prefer to dissolve in hydration water, while large
molecules of low charge density favor bulk water.
Because of their strongly bonded hydration shell,
compatible solutes fit better into the structured form
of water. Resultantly, they are excluded from the
hydration shell of proteins due to their preference
for less dense water (i.e., preferential exclusion
model). The protective effect of compatible solutes
is the consequence of surface minimization.

Membrane fluidity

Salt-stress causes shortening of fatty acid chains
and desaturation of membrane lipids. A relation-
ship between fatty acid unsaturation and salinity
tolerance was revealed using the Synechocystis sp.
PCC 6803 mutant cells desA−/desD−, inactivated
for D12 and D6 desaturases, respectively [19]. In
an increased NaCl concentration, desA−/desD− cells
showed a complete loss of Na+/H+ antiport system,
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while the wild type cells could show approximately
half of the original activity. A rapid inactivation
of PSII in desA−/desD− cells compared to that of
wild cells was also evident [19]. In contrast, desA+

cells (Synechococcus cells transformed with desA
gene from Synechocystis sp. PCC 6803) exhibited
increased synthesis of unsaturated fatty acids (16:2
fatty acids), and were more resistant to salt stress
than that of the wild type [20]. Furthermore,
high salt concentration in the incubation medium
inactivated the PSII of both the wild type and desA+

Synechococcus cells, but was slower in the later.
However, the presence of light restored the PSII
activity relatively faster and efficiently in desA+ cells
than that of the wild type [20].

ACCLIMATIZATION AND ADAPTATIONS TO THE
SALT STRESS

Sensing the change in external salt
concentration

Sensing the change in the ambient concentra-
tion of salt is the first and a crucial step to
salt adaptation. Halophiles possess specific sys-
tem(s)/mechanism(s) to sense the high osmolar-
ity of the external medium. In cyanobacteria,
the sensing system (of sensor-transducer system) is
composed of two components: (i) serine/threonine
protein kinases (spks) and (ii) sigma factors of RNA
polymerase [21]. Nearly 44 Hiks (histidine kinases)
putative chromosomal and three plasmid coded
genes have been reported in cyanobacterium Syne-
chocystis [22]. Inactivation of Hik genes (Hik16,
Hik33, Hik34, and Hik41) have confirmed their role
in sensing of salt signals. These genes regulate
different sets of genes involved in salt stress, which
account to almost 20% of the salt inducible genes.
Amongst these, Hik16 and Hik41 have shown re-
sponse only to NaCl, while Hik33 has responded
to Na salts. The screening of the hik (i.e., hik20,
hik27, and hik34 genes) mutant library of cyanobac-
terium Synechocystis suggested that some genes
are negatively regulated (e.g., ∆hik16 (slr1805),
∆hik33 (sll0698), ∆hik34 (slr1285), and ∆hik41
(sll1229) by salt. Their expression level in the
mutant cells reduced with an increase in the NaCl
concentration [23]. A total of 5 Hik-Rre systems,
namely, Hik33-Rre31, Hik10-Rre3, Hik16-Hik41-
Rre17, Hik2-Rre1, and Hik34-Rre1, were found to
be involved in salt sensing and subsequent transduc-
tion of the signal [24].

A genome wide transcriptional analysis of Syne-
chocystis has revealed that hyperosmotic stress-

inducible genes are mainly induced by Hik33 [25].
This gene is involved in the synthesis and mainte-
nance of the cell wall and membranes, formation of
a phosphate-transport system, and in the protection
of the photosynthetic apparatus. It was anticipated
that Hik33 recognizes signals of hyperosmotic stress
through changes in membrane fluidity [26].

Calcium is known to play a pivotal role in
salt stress signaling. Its intracellular concentration
increases on increasing the salinity and osmotic
stress [27]. Moreover, Ca2+ influx increases with
an increase in extracellular Ca2+ concentration. A
marked reduction in intracellular calcium level has
been observed after treatment with EGTA (a calcium
chelator) and verapamil (a Ca2+ channel blocker),
suggesting the involvement of verapamil sensitive
channels in calcium influx.

Strategies adapted by microbes at high salt
concentrations

Due to loss of water, salt induced osmotic upshift
causes decrease in the turgor pressure of exposed
cells that results in shrinkage of the cell membrane.
In order to maintain the osmotic balance, microbes
such as Halanaerobiales (halophilic anaerobic bacte-
ria) and Halobacteriales (Archaea) accumulate high
amount of K+ inside the cells (‘salt in’ strategy), pro-
vided the high concentration of KCl in the external
medium. These microbes possess highly acidic pro-
teome, with majority of proteins functioning only in
the presence of salt [12]. A combined action of the
membrane bound bacteriorhodopsin, ATP synthase
and Na+/H+ antiporter generates electric potential
in Halobacteriales driving the uptake of K+. Pig-
ments such as β-carotene [28], bacteriorhodopsin
and halorhodopsin (produced by Halobacterium)
protect organisms against high salinity. Bacteri-
orhodopsin uses sunlight to drive proton pumps
leading to transmembrane proton gradient forma-
tion [29].

Based on the observation that moderately
halophilic bacterium Halobacillus halophiles grows
well in NaCl, but not in Na2SO4, it is argued
that chloride ions play an important role in coun-
terbalancing the high salinity [30]. Chloride ion
is taken up via primary or secondary transporters
[31]. For example, a light driven halorhodopsin
(chloride pump) that consists of membrane protein
halorhodopsin bound to the lysine residue (Lys242,
acting as Schiff base) is suggested to be involved in
the transport of Cl–. Lysine and other amino acids
act as an active site of the chloride pump, which
absorbs light of 578 nm wavelength. Absorption
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of one photon causes activation of photochemical
reaction leading to the transport of one molecule of
Cl– from the external medium. High external Cl–

concentration leads to an increase in the cellular Cl–

level till a steady state of 0.5–0.8 M is attained [32].
At low external Cl– concentration, Cl– is largely
excluded from the cytoplasm.

At high salt concentrations many of the mi-
crobes exclude Na+ ion from their cells either
via Na+/H+ antiporters operating through trans-
membrane proton gradient [10] or via ATP-driven
Na+-pumps located in the plasma membrane (P-type
Na+-ATPase) [33]. Different plasma membrane
bound ATPases such as Na+/K+-ATPase (in animal
cells) and proton-dependent H+-ATPase (in plants
and fungi) help in maintaining concentration gradi-
ents as well as regulate cellular homeostasis [34]. In
addition to H+-ATP synthase, a putative F1F0- type
Na+-ATP synthase (ApNa+-ATPase) operon (ApNa+-
atp) has been reported in halophilic cyanobacterium
Aphanothece halophytica [35], and have been suc-
cessfully overexpressed in a freshwater cyanobac-
terium to enhance its salt tolerance [36].

Alternatively, as a measure to overcome the salt
stress, halophilic microbes synthesize de novo or
accumulate organic compatible solutes (osmolytes
and osmoprotectants) from the external medium,
if available. These are low molecular weight un-
charged organic solutes and include glycerols (poly-
ols), sucrose and trehalose (sugars), glycine betaine
(hereafter referred to as GB), ectoine, N-acetylated
diamino acids and N-derivative carboxamides of
glutamine (amino acid derivatives). They have no
adverse effect on enzymic activity of the organisms.
To maintain osmotic equilibrium, the molar con-
centration of the intracellular solutes should equal
the ionic concentration of the surrounding medium.
Theoretically, cells growing in 1 M NaCl should con-
tain 2 M of an electrically neutral solute. However,
the actual values reported are low [12].

The level of salinity that could be tolerated
by any organism is linked to the class of organic
solute they synthesize and accumulate. In general,
freshwater and marine strains of cyanobacteria syn-
thesize carbohydrates such as sucrose and trehalose
as major organic solutes [37]. The intermediate
halotolerant forms synthesize heteroside glucosyl
glycerol. Whereas, the quaternary ammonium com-
pounds GB and glutamate betaine are synthesized
and/or accumulated by halotolerant and halophilic
cyanobacteria from hypersaline environments [38].
Certain forms also accumulate additional organic
solutes depending upon growth temperature, ambi-

ent salinity and duration of salt stress. A detailed
account on the ways metabolic engineering could be
used to enhance accumulation of osmoprotectants
in plants has been presented [39].

Infrared spectroscopic analyses revealed that
compatible solutes form strong water-structure and
as such are excluded from the hydration shell of
proteins. This “preferential exclusion” explains their
function as effective stabilizers of the hydration
shell of native proteins. These solutes thus help in
maintaining native (i.e., folded) protein structures
in thermodynamically favored state, presenting the
least possible surface area to the water. Many ionic
solutes such as NaCl or MgSO4 interact directly
with protein surfaces, causing unfolding and de-
naturation of the protein. With an increase in the
turgor pressure, the mechano-sensitive channels in
the membranes are activated to excrete the extra
osmolytes. For example, MscL (mechano-sensitive
channel of large conductance), a protein helps in
sensing hypo-osmotic stress. It exports the so-
lutes non-selectively from cells during hypo-osmotic
stress [40], thus regulating cell volume.

The choice of strategy to be adopted by the or-
ganisms depends upon energetic cost of the process
[12]. The energetic cost of ‘salt in’ strategy is low
compared to that of salt exclusion and compatible
salt synthesis/accumulation. Likewise, the ener-
getic cost of de novo synthesis of compatible solutes
is higher compared to that of accumulating from the
external medium.

PHYSIOLOGICAL AND BIOCHEMICAL
RESPONSES OF PHOTOAUTOTROPHS TO HIGH
SALINITY

Photosynthesis and respiration

Sodium plays an important role in photosynthesis,
but excess of Na+ during salinity stress causes dele-
terious effect [41, 42]. Na+-deficiency and hyper-
accumulation both causes loss of photosynthetic
pigments and severe inhibition of oxygen evolution.
Cyanobacterial photosynthetic process is similar to
that of higher plants except that the cyanobacterial
thylakoid membranes are the only sites for both the
photosynthetic and respiratory electron transport.
Salinity negatively affects the growth, chlorophyll
content [43], carbon fixation and RuBisCO activ-
ity [44]. Phycobiliproteins, light harvesting com-
plex in cyanobacteria are also sensitive to salinity.
Carotenoid content increases under salt stress and
affords protection to chlorophyll due to absorption
of photons. The damage caused by osmotic stress is
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reversible, while irreversible in case of ionic stress
[20]. The main target of salt stress appears to be
PSII reaction center. and its D1 protein (34 kDa)
[42], which become more apparent when the salt
treated cells are exposed to PAR (photosynthetically
active radiation) but not in the dark [45]. Salt stress
is reported to inhibit the repair of photodamaged
PSII [20]. Moderate salinity while reduces the
whole chain and PSII electron chain activity, in-
creases the PSI activity and tends to increase PSI/P-
SII ratio [46]. This is due to the disrupted linkage
between PSII and I reaction centers, resulting in
reduced electron transport from PSII to PSI, and
added excitation of oxidized PSI and increased PSI
electron transport activity [46]. An increase in the
amount of P700 and PSI reaction center [47], under
salt stress has been noted in Ap. halophytica, conse-
quently increased cyclic electron transport from PSI.
However, the change in PSI electron transport activ-
ity is reportedly faster than P700 content adjustment
[41].

Along with the PSI activity, salinity increased the
activity of complex IV (ATP synthase) too, which
suggested that PSI reaction center as well as the
components other than cytochrome c oxidase are
involved. The enhanced ATP synthase activity can
be attributed to an over demand of ATP under salt
stress to increase the active extrusion of Na+ and
restoration of cellular homeostasis [48]. Salt stress
also affects the dark reaction of photosynthesis and
carbon assimilation [49]. Unsaturation of fatty acid
chains in the membrane and compatible solutes
such as GB increase the salt tolerance and protect
the metabolic machineries of the photosynthetic
organisms [20, 46, 50].

Under salt stress, rate of respiration in-
creases [41]. Marine cyanobacterium Spirulina sub-
salsa when transferred from saline to hypersaline
medium showed enhanced respiration [51]. That
is due to the reduced photosynthesis combined with
the high-energy demand of salt-affected cells. Thus,
the enhanced respiration was to compensate the
reduced level of photosynthesis under salt-stressed
cells, and possibly to curtail influx and enhance the
efflux of Na+ ions [46, 48].

Nitrogen metabolism

Nitrogen is the most limiting macronutrient and is
often required in high amount for the growth of
plants and microorganisms, yet a little and fragmen-
tary information is available on the effect of salt
stress on nitrogen metabolism. In cyanobacteria,
high salinity causes shortening of the cyanobacterial

filaments and reduction in heterocyst frequency re-
sulting in reduced N2-fixation [43]. Though Na+ is
required at a low concentration (25 µM) for the ni-
trogenase activity, higher concentrations are equally
toxic [52]. Furthermore, NaCl is noted to interfere
with the assemblage of the nitrogenase complex by
binding to the Fe protein [53]. Apart from the direct
effect, the inhibition of nitrogenase activity by NaCl
stress is also indirect due to the inadequate supply
of photosynthetically generated ATP and reductants
[52] and poor protection of the nitrogenase from
oxygen inactivation due to altered membrane per-
meability of heterocyst [54]. The Anabaena do-
liolum cells transformed with N-methyltransferase
genes synthesized and accumulated GB, and showed
increased salt tolerance and protection to nitroge-
nase activity [55]. It is worth mentioning that both
the processes, methylation of glycine and nitrogen
fixation are energetically costly processes that need
methyl donor S-adenosylmethionine (SAM) for the
biosynthesis of dinitrogenase active site FeMo-Co
as well as GB. The diversion of SAM towards GB
synthesis could be detrimental for nitrogenase mat-
uration [55]. Out of various compatible solutes
tried [38], GB was the most effective in protecting
glutamine synthetase activity of freshwater, marine
and salt tolerant cyanobacteria against salt toxicity.

Exogenous supplementation of nitrate (5 mM)
protected A. doliolum cells against the adverse ef-
fect of salt stress [56], but only at sub-lethal NaCl
concentration (<300 mM). Nitrate in the saline
medium interacted with the Na+ carrier and re-
duced the uptake of Na+ [52, 57]. The mutant of
Anabaena sp. PCC 7120, defective in nitrate uptake
exhibited the lowest level of cellular sodium affirms
the view that Na+ and NO–

3 enter the cell in a
symport manner. Despite the lowest cellular sodium
content, the mutant cells were as sensitive to salt
toxicity as the wild type. This denotes that the
presence of a toxic level of NaCl in the growth
medium is sufficient to alter the structural and/or
functional components of the plasma membrane by
enhancing the surface charge responsible for the
modification of ion exchange properties, increasing
membrane fluidity, reducing permeability of H+ and
Na+, respiratory activity associated with the plasma
membrane, interaction with the Pi transporter, and
inhibiting phosphate uptake resulting in limited ATP
supply [52, 57]. Nitrate assimilation in general,
and especially in cyanobacteria is directly linked
to photosynthesis. In cyanobacteria, both nitrate
and nitrite reductases are ferredoxin-dependent;
hence through consuming the excess photosynthetic
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electrons minimize the adverse salt-effects on pho-
tosynthesis and act as an alternative sink for the
photosynthetic electrons and lessen the adverse salt-
effects on photosynthesis [46, 58].

Phosphorus metabolism

Autotrophic microbes avail phosphorous (P) mainly
in the inorganic orthophosphate forms, H2PO–

4 and
HPO2–

4 , though, certain microbes can also utilize
phosphonates, phosphite and hypophosphite forms
[59]. Salinity reduced the intracellular phosphate
level and phosphate uptake rate in freshwater
cyanobacterium A. doliolum, [60]. As observed
in A. doliolum, the cellular P level in halophilic
Ap. halophytica cells also decreased under salt stress
[61]. Further, the total APase (alkaline phosphatase
activity) in A. doliolum cells increased under salt
stress, registering 7-folds increase in extracellular
activity with 3-folds decrease in cell-bound activ-
ity [60]. In Ap. halophytica, phoD gene respon-
sible for the Ca2+-dependent APase and phospho-
diesterase (APDase) activities was upregulated by
P-starvation and under salt stress. However, the
activity was much higher under salt stress than that
of P-starvation [61]. The upregulation of phoDAp
under salt stress could promote the utilization of
extracellular organic compounds as a P source. The
halophilic cyanobacterium Ap. halophytica showed
luxuriant growth at P concentration lethal for fresh-
water forms, and adopt various strategies for the
conserved use of P [62].

Reactive oxygen species (ROS), oxidative stress
and programmed cell death (PCD)

Since O2 has a tendency to undergo univalent re-
ductions, generation of ROS such as reactive sin-
glet oxygen (1O2), superoxide anion (•O–

2), hy-
drogen peroxide (H2O2), hydroxyl radical (OH•)
and perhydroxyl radical (O2H•) is obvious during
normal aerobic metabolism. Environmental fac-
tors including salinity could lead to increased ROS
production causing an oxidative stress. Salinity
induced ROS generation is primarily due to the
impaired photosynthetic and respiratory activities
resulting in increased electron production and lim-
ited electron acceptors. The excess electrons then
reduce O2 to form ROS. Furthermore, salt stress
increases the rate of respiration that results in over-
reduction of the ubiquinone pool causing leakage
of electrons from complex I and III to O2 gener-
ating ROS [63]. However, phototrophs have en-
zymic and nonenzymic antioxidants to scavenge the
ROS. When this balance of oxidant levels (ROS)

and antioxidant production is lost, the organisms
have to face an oxidative stress that harms the
cells in various ways ranging from, for example,
cell death in prokaryotes to serious pathologies in
higher organisms. Evidence of salinity induced in
vivo biphasic ROS accumulation evoking oxidative
stress in the cyanobacterium Anabaena fertilissima
has been provided for the first time [64]. The fist
burst of ROS (intense and short-lived) was recorded
immediately of salt exposure, followed by the sec-
ond (of low magnitude and long-lived) at 4 h of salt
stress. Plasma membrane NADPH oxidases and cell
wall peroxidases [65] are argued to be responsible
for the early phase ROS generation, while altered
photosynthetic and respiratory parameters for the
phase II ROS generation [64]. In Arabidopsis, ROS
produced by NADPH oxidases during salt stress is
reported to act as a signal molecule to regulate
ion homeostasis [66]. The phase II ROS gener-
ation, for its low magnitude was credited to the
rapid activation of robust antioxidative systems in
cyanobacteria [64]. It is worth mentioning that
cyanobacteria are responsible for the oxygenation
of the planet Earth, hence the first organisms to
be challenged with oxygen and its byproduct ROS,
thus must be evolved to possess robust antioxida-
tive systems. For instance, cyanobacteria contain
flavodiiron proteins (Flv1 and Flv3) that perform a
unique Mehler reaction (light-mediated alternative
electron transport to O2; water-water cycle), reduc-
ing O2 to water without generating ROS, which is
fast with high capacity [67], capable to provide im-
mediate protection to stressed cyanobacterium. The
proteins are found in all photosynthetic organisms
(from cyanobacteria to gymnosperms), but absent
in angiosperms [67].

Some recent reports [68] show that moderate
level ROS can activate apoptotic-like PCD to remove
the damaged cells [69]. Ecophysiologically, death
of the suicidal cell in cyanobacteria is crucial to
the developmental processes like differentiation of
heterocysts, filament polarity and hormogonia for-
mation for dispersal of the cells and false branching
[70, 71].

SALT STRESS PRIMING AND MEMORY

Acclimation refers to the response (adjustment) of
an organism to its environment that occurs in a short
period, and within the organism’s lifetime (com-
pared to adaptation), and has been studied in detail
in cyanobacteria. On the other hand, adaptation is a
long-term process, and is kept as a generic term and
is usually defined as the ability to survive, function
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and reproduce; the process of change that makes
an organism better equipped to its habitat. Stress
priming and memory, an adaptive strategy is the
exciting and growing field of research. Researches
in recent years have shown that plants can recollect
their past stress and prime the responses to react fast
and strongly to bigger stress.

For salt priming/adaptation, A. fertilissima cells
growing at 100 mM NaCl for a week were given a
stepwise increase of 50 mM NaCl (in the nutrient
solution) every week, until the NaCl level reached
500 mM. The cells were routinely cultured in the
growth medium supplemented with 500 mM NaCl
[72]. Salinity beyond 100 mM NaCl was inhibitory
to the growth of the parent cyanobacterium and
was lethal at 500 mM, whereas the salt-primed
(adapted) cells grew luxuriantly and competently at
500 mM NaCl, similar to the parent cells growing in
non-saline nutrient solution. Salinity impaired the
photosynthetic activities, increased the respiration
rate and antioxidant activities in parent cells, but
not in the salt-primed cells, except a marginal in-
crease in PSI activity. Salinity increased the uptake
of intracellular Na+ and Ca2+ and leakage of K+ in
parent cells, while cation levels in salt-adapted cells
were comparable to control [72]. This might be one
of the reasons for the usual metabolic activities and
copious growth of adapted cells under salinity.

Proteome kinetic analysis revealed that salin-
ity altered the protein abundance and increased
the expression of the four identified proteins of
A. fertilissima (showing close homology with pho-
tosystem I reaction center subunit XII, epoxyqueu-
osine reductase, response regulator protein VraR
and molybdopterin biosynthesis protein). However,
minimal hyper accumulation of these proteins was
noted in salt-adapted cells exposed to 500 mM NaCl
concentration [73]. The Azolla-Anabaena system
primed to mild salt stress for a specific time period
could tolerate and grow at otherwise lethal NaCl
concentration [74]. This showed that the organism
pre-exposed to mild and stepwise salt stress under-
went priming effect, an adaptive strategy in such
a way to perform normal photosynthesis, which
enabled them to respire normally and face the least
stress allowing them to conserve energy for growth
and essential physiological processes. The priming
stimuli salinity transmitted warning signals to the
cellular machinery, which induced physiological,
transcriptional, metabolic, and epigenetic changes
in organisms [75]. Environmental stress could influ-
ence the epigenetic processes and generate particu-
lar defense changes to adapt to extreme fluctuations

in environmental conditions such as salinity across
generations [76]. The technique, salt-priming ap-
peared a simple and preferred way to develop salt
tolerant cyanobacterium to improve the nitrogen
status of the saline fields. Salt-priming of crop plants
(seeds) could be an easy and favored technique
for developing salt tolerance in crops, which needs
exploration.

SALT TOLERANT PLANTS FOR SUSTAINABLE
AGRICULTURE

Salt stress is one of the major abiotic stresses neg-
atively affecting photosynthesis, growth and devel-
opment of plants. An understanding of the salt-
stress-tolerance mechanisms in plants is key to salt-
tolerant crop improvement programs. There are two
ways to strengthen global food security: (i) to bring
new areas under agriculture and (ii) to develop
crop varieties that can grow in stressful environment
especially, saline environments. However, due to ris-
ing demand for housing and other human activities,
increase in global arable land area is likely to have
limited success.

To survive high salinity conditions, plants fun-
damentally rely upon morphological, developmen-
tal, biochemical and physiological modifications. At
molecular level, plants respond at transcriptomic
and post-transcriptomic levels. Several genes and
transcripts are involved in these adaptive processes.
By specifically targeting and regulating transcripts,
miRNAs may contribute to abiotic tolerance. Be-
sides, several other strategies have been developed
to improve salt-tolerant cultivars.

The recent advances in horizontal gene trans-
fer technology have enabled scientists to introduce
new and potent genes from other sources into crop
plants. Thus, offering a great potential to improve
crop plants against various stresses. One initial way
was the use of Agrobacterium-mediated transgene
transfer that got integrated at random positions in
the target plants genome. Subsequent advance-
ment in direct DNA transfer techniques (particle
bombardment, electroporation, chemical treatment,
etc.) has opened new ways and made things a
little bit easier. However, we still lack efficient
gene transfer methods for many crops. The major
components involved in the development of trans-
genic plants are: the development of reliable tissue
culture regeneration systems (1), preparation of
gene constructs and transformation with suitable
vectors (2), appropriate transformation techniques
for the introduction of the gene into crop plants
(3), recovery and multiplication of transgenic plants
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Fig. 2 A schematic representation of the flow of informa-
tion from microbes to crop plants.

(4), molecular and genetic characterization of trans-
genic plants for stable and efficient gene expression
(5), if needed, transfer of genes into cultivars by
conventional breeding methods (6), evaluation of
transgenic plants for their effectiveness in with-
standing the biotic and abiotic stresses without
being an environmental hazard (7) (see [77] for
detail). However, each step has its own limitations.

Possible exploitation of information emerging
from halophilic microbes could help us in tackling
this problem. To achieve this, there is a need
to unmask the halophilic strategies and transfer
these characters into crop plants [10, 78]. We have
explained the possible ways (Fig. 2) to transform
microbial information either directly into elite crop
plants or after validation in relatively easy system
(Arabidopsis thaliana) than that of a complex crop
system that passes through various stages of the life
cycle (i.e., from seed germination to grain matura-
tion). Use of eukaryotic expression vectors, espe-
cially integrative vectors and inducible promoters
are desired to make a robust and viable transfor-
mation, without adversely disturbing or limiting the
photosynthesis and growth of the transformants.
Here, we will discuss the outcome of some of the
attempts made in this direction.

A freshwater cyanobacterium Synechococcus
PCC 7942 transformed by a shuttle plasmid en-
coding Escherichia coli bet genes, synthesized GB
resulting in stabilisation of photosynthetic activities
and protection against salt stress [50]. Transformed
Arabidopsis with methyl transferases genes from
Ap. halophytica showed enhanced salt tolerance
[79]. The transformed Arabidopsis accumulated
high level of GB in roots, stems, leaves and flow-

ers, with improved seed yield under salt stress.
Moreover, osmolytes like GB in addition to salinity
confer resistance against other abiotic stresses [80].
However, not much are known about the molecular
mechanism(s) of the protective effects of GB against
other abiotic stresses. The protective effects of GB
on the reproductive organs of plants have been
observed in Arabidopsis, maize and tomato. Such
protection might have involved high levels of GB
that accumulate in the reproductive organs as a
result of the translocation of GB from other organs,
such as leaves [80]. Transformation of freshwater
cyanobacterium A. doliolum with GB synthesizing
genes (ApGSMT-DMT, glycine methylation genes)
from Ap. halophytica boosted the salt tolerance of
the transformants, but changed its behavior from
freshwater to halophily [55]. Since use of the GSMT-
DMT genes will have no adverse effect on our aim
to develop salt tolerant crops, the behavioral shift
could provide an insight into the evolution of saline
life.

Our success in this direction will allow expan-
sion of crops into salt affected environments, en-
abling increased food and fuel production to support
the growing global population. Additional benefits
may include lessening the burden of using fresh-
water for rearing crops. However, this will require
concerted effort in elucidating the salt tolerance
mechanism and engineering the biological struc-
ture(s) in plants.

CONCLUSION

Famous orthopedic surgeon Dr. Chitranjan Ranawat
once said, “The eyes only see what the mind knows.”
Salt tolerance of crop plants could be improved by
genetic engineering if we know the basic mech-
anisms of salt toxicity and defense responses at
molecular level. Genetic engineering of crucial
components of defense machinery and cellular tar-
gets of salt stress in high-salt inhabiting microbes
could provide an insight into the salt tolerance that
needs to be exploited. Since stress responses are
conserved during evolution, information obtained
with model microbial system could be employed
to higher plants. Amongst microbes, microalgae
and cyanobacteria are considered as better micro-
bial systems as a proxy for crop plants. A pro-
tocol to transfer prokaryotic genes into multicellu-
lar eukaryotic systems has already been developed.
Nonetheless, till date, no attempt has been made
to transform crop plants using potential genes from
these microbial systems. Furthermore, the recent
exciting and growing field of research has presented
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that plants can remember the past stress events
and prime their responses to react rapid and strong
way to the coming bigger stress. The mechanisms
include epigenetic regulation, transcriptional and
protein priming. A mild salt stress for specific time
period may prepare the organism for an improved
response to higher salinity.
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