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Global agriculture in the context of growing and expanding populations is under huge pressure to provide
increased food, feed, and fiber. The recent phenomenon of climate change has further added fuel to the fire. It
has been practically established now that the global temperature has been on the increase with associated
fluctuations in annual rainfall regimes, and the resultant drought and flood events and increasing soil and
water salinization. These challenges would be met with the introduction and utilization of new technologies
coupled with conventional approaches. In recent years, transgenic technology has been proved very effective
in terms of production of improved varieties of crop plants, resistant to biotic stresses. The abiotic stresses
such as salt and drought are more complex traits, controlled by many genes. Transgenic plant development for
these stresses has utilized many single genes. However, much emphasis has been placed on genes catalyzing
the biosynthetic pathways of osmoprotectants. This review focuses on the current status of research on
osmoprotectant genes and their role in abiotic stress tolerance in transgenic plants.
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1. Introduction

Plant adaptation to abiotic stresses is controlled by cascades of
events at the molecular level. As a result, several defense mechanisms
are triggered to re-establish homeostasis and protection of proteins
and membranes. On the molecular level, several gene families are
responsible for the induction of stress related defense pathways.
These genes can be distributed into three groups: the first category
contains those involved in the direct protection of important proteins
and membranes such as osmoprotectants, free radical scavengers [1],
late embryogenesis abundant (LEA) proteins, heat shock proteins and
chaperons [2,3,4]. The second group includes membrane transporters
and ion channels, involved in water and ion uptake [5]. The third group
contains transcription factors, involved in transcriptional control of
stress-related genes. Transcription factors are distributed in several gene
families such as MYB/MYC, bZIP, NAC, CBF/DREB and ABF/ABAE [6,7,8,9].

Current efforts to improve abiotic stress tolerance of plants with
genes working in the stress response pathways have resulted in
significant achievements. However, due to the complex nature of
abiotic stress tolerance, the present technologies have to overcome
several limitations. In this review, we will overview the recent research
progress in plant abiotic stress tolerance conferred by functional genes
that belong to the osmoprotectant group. Much emphasis will be
placed on transgenic plants with a biosynthetic accumulation of glycine
betaine, proline and sugars and their role in abiotic stress tolerance.

2. Salt and drought stresses; plant responses

Salinity stress is a constant threat to crop production in many
regions of the world. According to an estimate, more than 800 million
hectares (Mha) of land are affected by both sodic (434 Mha) and
saline (397 Mha) salts throughout the world [10]. The total irrigated
land that supports agriculture has been reported as 275 million
hectares in 2004, and around 20% of this land is salt affected [11]. Lack
of fresh water resources and the use of brackish or saline water for
irrigation are the limiting factors restricting plant growth and
productivity. Crop production is practiced on saline soils in many
countries, where alternative resources are not available [12]. Most of
these salt affected areas are concentrated in the semi-arid and arid
zones such as deserts of South America, the Mediterranean, parts of
South Asia, Australia, China, Japan and South Korea [13]. Salt stress
induces various biochemical and physiological responses in plants and
affects almost all plant functions including photosynthesis and overall
growth and development. Salinity imposes osmotic stress, ion toxicity
(Na+, Cl- and SO4

2-), nutrient (Ca, Fe, K, N, P, and Zn) deficiency and
oxidative stresses on plants [14].

Drought stress is one of the major abiotic stresses that cause huge
losses to world food production [15]. In the past, drought stress
remained a major contributor to severe food shortages and famines. At
present, nearly 70% of the world water reservoir is used for agriculture,
resulting 40% of world food production in irrigated soils [16]. With
increasing world population, pressure will be mounted on the already
fixed water resources. The situation will be further aggravated by the
predicted increase in temperature and decreased precipitation due to
global warming [17].

In response to salt and drought stresses, plants undergo molecular,
physiological and metabolic alterations. Plants produce low molecular
weight compounds known as osmoprotectants, to cope with osmotic
stress. The most important osmoprotectants that are rapidly
accumulated in plants subjected to salt stress, include amino acid (e.g.
proline), quaternary amines (e.g. glycine betaine and polyamines),
and polyol/sugars (e.g. mannitol, trehalose). These compounds help
plants re-establish osmotic homeostasis by increasing water potential.
In addition, osmoprotectants protect cellular organelles and vital
proteins and enzymes from salt-induced damage. For Na+ ion specific
stress, plants have a system of membrane proteins that regulate the
uptake, influx, efflux, and upward movement and distribution of Na+

ions. Specific cation channels in cellular membranes remove excess
sodium out of the cell. In parallel, vacuolar membranes remove excess
sodium from the cytosol and stores in the vacuoles. In response to
oxidative stress-induced ROS production, plants produce ROS
scavengers such as superoxide dismutase (SOD), catalase, ascorbate,
glutathione, and peroxidase. In addition, the osmoprotectant, proline
accumulation has also been suggested to have a ROS scavenging
activity in plants during exposure to salt stress.

3. Transgenic plants with abiotic stress tolerance

The abundance of abiotic stress-related transcriptome analysis data
generated in several plant species has revealed the importance of a
number of genes catalyzing biosynthetic pathways of osmoprotectants.
In many ways then, these osmoprotectants protect the plants against
the damaging effects of secondary stresses such as osmotic and ionic
stresses. Various plant species have been engineered, using these
different genes to enhance their abiotic stress tolerance. Several review
articles have been published that described the overall research
endeavors on the role of osmoprotectants and confronting future
challenges in plant stress tolerance [18,19,20]. The present review
provides updates of the recent research breakthroughs of transgenic
plants with osmoprotectant genes and discusses new approaches and
technologies to develop better transgenic plants with enhanced stress
tolerance and yield improvement. An overview of the biosynthetic
pathways of significant osmoprotectants is given (Fig. 1). This figure
highlights the major genes encoding enzymes for plant genetic
engineering with enhanced abiotic stress tolerance.

4. Osmoprotectants

Compatible solutes or osmoprotectants are compounds produced in
plants during osmotic stress condition. Chemically, these are small,
electrically neutral molecules, which play important roles in the
protection and stabilization of proteins and membranes against
abiotic stresses without disrupting plant metabolism [21]. Compatible
solutes are classified into three major groups; (1) amino acids (e.g.
proline), (2) polyol/sugars (e.g. mannitol, trehalose, fructans), and (3)
quaternary amines (e.g. glycine betaine and polyamines).

4.1. Proline

Proline accumulation has been reported in various plant species
during a wide range of abiotic stresses [22]. In plants, proline
accumulation has been reported during osmotic stress induced by salt
and drought stresses [23]. The primary function of proline in plants is
to counteract the osmotic effects by stabilizing protein structures and
scavenging free radicals [24,25]. Apart from the above, proline also
serves to store carbon and nitrogen [26]. The proline biosynthetic
pathway starts from glutamate as the precursor molecule (Fig. 1b).
Two enzymes catalyze the pathway, i.e., P5C synthase (P5CS) that
catalyzes the conversion of glutamate to P5C, and P5C reductase, which
catalyzes the reduction of P5C to proline. An alternative precursor for
proline biosynthesis is ornithine (Orn), which can be transaminated to
P5C by Orn-D-aminotransferase (OAT), a mitochondrially located
enzyme (Fig. 1b). However, glutamate pathway is the main pathway
for proline biosynthesis during osmotic stress. Genes encoding proline
biosynthetic pathway have been extensively studied in Arabidopsis
thaliana. In A. thaliana and other plant species, the P5CS, which is a
rate-limiting factor in proline biosynthesis, is encoded by two genes
[27,28], while P5CR is encoded by a single gene [29].

4.1.1. Genetic manipulation of proline biosynthesis in plants
Proline accumulation in plants during salt, drought, and osmotic

stress has indicated that it contributes a major part in plants
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Fig. 1. Schematic overview of (a) glycine betaine, (b) proline, and (c) sugars metabolism. Expression of genes encoding the indicated enzymes (green circles) in transgenic plants, showed
enhanced activities and abiotic stress tolerance. codA: choline oxidase; betA: choline dehydrogenase; betB: betaine aldehyde dehydrogenase; ApGSMT: Aphanothece halophytica glycine
sarcosine methyltransferase; ApDMT: Aphanothece halophytica dimethylglycine methyltransferase; P5CS: 1-pyrroline-5-carboxylate synthetase; P5CR: pyrroline-5-carboxylate
reductase; D-OAT: ornithine D-aminotransferase; ADC: arginine decarboxylase; ODC: ornithine decarboxylase; SPDS: spermidine synthase; SPMS: spermine synthase; TPS:
trehalose-6-phosphate synthase; TPP: trehalose-6-phosphate phosphatase; MIPS: inositol-1-phosphate synthase; IMP: inositol-1-phosphate phosphatase; S6PDH: sorbitol-6-phosphate
dehydrogenase; 1-SST: sucrose:sucrose 1-fructosyltransferase; 6-SFT: sucrose:fructan 6-fructosyltransferase; mtlD: mannitol-1-phosphate dehydrogenase; Pase: unspecific phosphatase.
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adaptation to stress condition. Genetic engineering of plants with
overexpression of proline biosynthetic genes has enabled to
counteract the osmotic stress due to salt and drought stresses (Table 1).

Kishor et al. [30] reported overproduction of proline in transgenic
tobacco and the transgenic plants produced enhanced root biomass
under water stress. In one recent study, the OsP5CS1 and OsP5CS2 genes
were co-expressed in tobacco that conferred transgenic plants increased
proline accumulation and reduced oxidative damage to cells under
abiotic stress conditions [31]. Similar proline production was also
reported in P5CS-transgenic rice, wheat and carrot plants that showed
tolerance to salt stress [32,33,34]. Transgenic Arabidopsis plants that
expressed P5CS antisense gene were found with morphological
abnormalities, and the plants were hypersensitive to osmotic stress [35].
In addition to its role in protecting vital proteins, it was proposed that
proline would play a possible role in ROS scavenging [24]. In transgenic
Arabidopsis p5cs mutant lines, it was reported that the ROS scavenging
enzymes showed significantly lower activities. This evidence suggested
that proline either protects enzymes of the glutathione–ascorbate cycle
or enhances their activities during osmotic stress [28].

In order to enhance salt stress tolerance, the Arabidopsis P5CS gene
was transferred to potato under a stress inducible promoter. The effect
Table 1
Proline biosynthesis in transgenic plants confers abiotic stress tolerance.

Target Transgene Stress tolerance Reference

A. thaliana Antisense ProDH cDNA Freezing, salt [139]
C. cajan P5CSF129A Salt [38]
Daucus carota P5CS Salt [34]
N. tabacum P5CS Drought [30]
Petunia P5CS Drought [37]
N. tabacum P5CSF129A cDNA Drought [140]
N. tabacum OsP5CS1and OsP5CS2 Abiotic stress tolerance [31]
O. sativa P5CS Salt [32]
S. tuberosum P5CS Salt [36]
Triticum aestivum P5CS Salt [33]
of its expression was observed in plant growth, tuber morphology and
yield [36]. Transgenic potato plants accumulated high proline content
compared to control under high salt stress (100 mM NaCl) and, in
turn, showed improved salt tolerance by reduced tuber yield and
weight compared to that of non-transgenic control. In addition, some
other studies were conducted on transgenic petunias and pigeon pea
(Cajanus cajan) with the P5CS gene that conferred these plants
drought and salt tolerance, respectively [37,38] (Table 1). Petunia was
transformed with pyrroline-5-carboxylate synthetase genes (AtP5CS
from A. thaliana L. or OsP5CS from Oryza sativa L.). Transgenic plants
accumulated more proline that resulted in drought tolerance for a
period of 14 d. Surekha et al. [38] transformed pigeon pea with the
mutagenized version (P5CSF129A) of wild P5CS gene from Vigna
aconitifolia. The resultant transgenic plants accumulated more proline
content than their non-transgenic plants. About four times higher
proline content was observed in the T1 transgenic plants compared to
that of non-transgenic under 200 mM NaCl stress. As a result of
comparatively high proline accumulation, the transgenic plants
exhibited better growth, more chlorophyll and relative water content
and lower levels of lipid peroxidation under salt stress. These findings
suggest the important role of proline biosynthesis in transgenic plants
against osmotic stress induced by salt and drought stresses.

4.2. Polyols/sugars

Accumulation of polyols in various plant species is related to high
tolerance to salt and drought stress [39]. Polyols protect membranes
and enzyme complexes from reactive oxygen species mainly by
interacting with enzymes of the glutathione–ascorbate cycle. This
group of compounds includes mannitol, D-ononitol, trehalose, sucrose,
and fructane.

4.2.1. Mannitol/sorbitol/D-ononitol
Mannitol, an importantmember of the polyols was studied inmodel

plants such as Arabidopsis and tobacco. When a bacterial gene encoding
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mannitol-1-phosphatedehydrogenase (mt1D), engineered for expression
in tobacco plants, mannitol concentrations exceeded 6 µmol/g (fresh
weight) in the leaves and the roots of some transformants. Whereas
this sugar alcohol was not detected in these organs of wild-type tobacco
plants that underwent the same regeneration scheme [40]. Plants
containing mannitol had an increased ability to tolerate high salinity
[41]. The expression of mtlD and mannitol accumulation in the
chloroplast conferred transgenic plants enhanced tolerance to osmotic
stress [42]. Transgenic Arabidopsis expressing mtlD showed higher seed
germination under salt stress [43].

Several transgenic plants were produced with genes of sorbitol
biosynthesis. Transgenic tobacco plants expressing apple cDNA for
sorbitol-6-phosphate-dehydrogenase accumulated sorbitol in varying
concentrations. Transgenic plants with lower sorbitol content showed
normal phenotypes; however plants with higher content were found
with growth retardation [44]. Diospyros kaki transformed with sorbitol-
6-phosphate dehydrogenase accumulated sorbitol and showed higher
photosynthetic activity than that of the wild control plants [45].

Genes catalyzing the ononitol biosynthetic pathway have got little
attention so far. Tobacco plants were transformed with imtl gene
encoding myo-inositol-omethyl-transferase, an enzyme that works in
the ononitol biosynthetic pathway [46]. Transgenic plants showed
more tolerance to salt and drought stress than wild type control.

In addition to the expression of sugar biosynthetic genes in
transgenic plants, the role of kinases on sugar metabolism was
demonstrated. Kempa et al. [47] investigated the role of glycogen
synthase kinase 3 (GSK-3), a regulator of glycogen synthesis on sugar
metabolism and salt stress. The MsK4, a novel Medicago sativa GSK-3
like kinase connects stress signaling with carbon metabolism. The
transgenic lines with over-expression of MsK4 revealed changes in
sugar metabolism, accumulation of higher levels of starch, glucose and
G6P compared to wild type plants. The MsK4 lines also showed salt
tolerance suggesting a possible role of MsK4 on sugar metabolism
under salinity stress.

4.2.2. Trehalose/fructans
Trehalose, a non-reducing disaccharide of glucose has been proposed

to play a major role in abiotic stress tolerance of bacteria, fungi, and
invertebrates [48]. In plants, this compound has not been thoroughly
investigated in relation to abiotic stress tolerance [49]. In recent years,
due to the discovery of its role in protecting membranes and proteins
[50] emphasis was placed on genetic engineering of plants with genes
of trehalose biosynthetic pathway. Various genes catalyzing the
trehalose biosynthetic pathway were isolated from prokaryotes and
crop plants [51,52]. The expression of these genes conferred enhanced
tolerance to various abiotic stresses in transgenic plants [53]. The yeast
(Saccharomyces cerevisiae) gene trehalose-6-phosphate synthase (TPSI)
was expressed in tobacco plants [54]. Transgenic tobacco plants
showed drought tolerance along with various developmental changes
including lower sucrose content. The same gene was constitutively
expressed in potato [55]. Initially, the in vitro plants showed some
phenotypic aberrations. However, the normal growth was restored
when plants were acclimatized to the soil. Transgenic plants showed
significantly enhanced drought tolerance.

The Escherichia coli otsA and otsB genes were introduced into potato
and tobacco under the control of either a constitutive CaMV35S
promoter or the tuber specific patatine promoter [56]. However, very
low level of trehalose accumulation was observed in the leaves of the
obtained transgenic tobacco plants, whereas transgenic potato tubers
showed no trehalose accumulation. Same genes were expressed in
rice under both tissue-specific and stress-inducible promoters [57].
Compared to control plants, the transgenic rice plants showed
vigorous growth under salt, drought, temperature and osmotic stress.

The TPS1 gene was expressed in potato under a drought responsive
StDS2 promoter [58]. In transgenic plants, the TPS1 expression was not
induced; however the very low level of constitutive expression was
sufficient to alter their response to drought stress. The transgenic
accumulation of trehalose seems to be species specific as variable
concentrations were found with genes of different origins. Recently a
trehalose biosynthetic gene, trehalose synthase (TSase), from Grifola
frondosa was expressed in tobacco, and the transgenic plants
accumulated significantly higher trehalose content than previously
reported for E. coli TPS, TPP, TPSP, and yeast TPS1 gene expressed in
tobacco and rice plants. Transgenic tobacco plants also showed
enhanced tolerance to salt and drought stress [59]. In some other
studies, expression of the trehalose biosynthetic genes conferred
tolerance to abiotic stresses in transgenic Arabidopsis [60] and rice
plants [61,62].

Fructans are polymers of fructose and in many plant species serve as
storage of carbohydrates [63]. Plants accumulate fructans in vacuoles,
where these play a role in abiotic stress tolerance [64]. Fructans
biosynthetic genes were isolated from both bacteria and higher plants.
A fructan biosynthetic related gene SacB from Bacillus subtilis, encoding
levansucrase enzyme was expressed in tobacco and potato under
constitutive promoter [65,66]. Transgenic tobacco plants showed
increased tolerance to salt, drought and chilling stress [67]. Similarly,
sugar beet were transformed with the same SacB gene and the resultant
transgenic plants showed enhanced biomass irrespective of lower
fructans accumulation than that accumulated in transgenic tobacco and
potato [68]. Also the expression of fructan biosynthetic genes in tobacco
and rice conferred enhanced tolerance to low temperature stress [69,
70]. So far, it is not clear about the tolerance mechanism conferred by
fructans accumulation. However, it is speculated that like mannitol and
trehalose, fructans work in connection with either glutathione–
ascorbate cycle or cell signaling pathways during stress [71].

4.3. Osmotin-like proteins

Osmotin and osmotin-like proteins are a group of stress proteins
that have been classified as members of the pathogenesis-related (PR
type-5) proteins. The tobacco osmotin gene expression was activated
by NaCl, ABA, wounding, viral infection and ethylene [72]. Moreover,
several authors have reported the dual function of osmotin and
osmotin-like proteins in plant defense and osmotic stress [73,74].

In the wild potato, Solanum commersonii, at least six genes have
been identified as members of a multigene family. Zhu et al. [72]
isolated two osmotin-like protein genes from S. commersonii and
overexpressed in the same species. Treatments with abscisic acid
(ABA), low temperature, and NaCl and fungal infection increased
the accumulation of three mRNAs encoding osmotin-like proteins
in potato (S. commersonii). However, accumulation of osmotin-like
proteins was detected only in fungi-infected tissues but not in
plants treated with ABA, NaCl, or low temperature. Evers et al. [75]
transformed potato (Solanum tuberosum L. cv. Bintje) with the
Arabidopsis cDNA clone encoding an osmotin-like protein (Table 2). The
proline content was only slightly increased in transformed plants
compared to non-transformed ones that had marked proline
accumulation upon salt stress. Irrespective of low proline accumulation,
the transgenic plants showed comparatively more salt tolerance than
that of non-transgenic plants. Transgenic soybean with the osmotin-like
protein (SnOLP), from Solanum nigrum had a higher leaf water potential
at predawn, net CO2 assimilation rate, stomatal conductance,
transpiration rate and 100-grain weight than non-transgenic plants
under water deficit condition [76].

4.4. Glyceraldehyde-3 phosphate dehydrogenase (GPD)

The role of GPD expression in a range of organisms including plants,
fungi and mammals was established under environmental stresses,
such as heat shock and anaerobiosis. Salt stress-induced the GPD
expression in A. nidulans [77,78]. A GPD gene, isolated from oyster
mushroom (Pleurotus sajor-caju) was overexpressed in yeast cells, and



Table 2
Transgenic plants for abiotic stress tolerance with genes encoding functional proteins.

Target Transgene Stress tolerance Reference

D. kaki Stpd1 [45]
G. max Osmotin-like protein Drought [76]
Lycopersicum esculentum Osmotin-like protein Cold [141]
N. tabacum EctA – [142]
N. tabacum Yeast invertase – [143]
O. sativa Glutamine synthetase – [144]
O. sativa TPSP – [57]
O. sativa OsTPP1 Salt, cold [61]
O. sativa OsTPS1 Abiotic stress

tolerance
[62]

Pinus taeda MtlD/GutD – [145]
S. tuberosum Arabidopsis

osmotin-like protein
– [75]

S. tuberosum GPD – [80]
S. tuberosum Oxalate oxidase – [146]
S. tuberosum AtNDPK2 – [147]
V. mungo Glyoxalase1 – [148]
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its expression was induced under various environmental stress
conditions including salt, drought and heat [79]. The GPD gene was
overexpressed in potato, to further investigate its role in osmotic
stress tolerance, that conferred transgenic plants improved tolerance
against salt loading [80] (Table 2).

4.5. Oxalate oxidase

Oxalate oxidase is an enzyme that catabolizes oxalic acid. This
enzyme is a structural and functional homolog of the germin protein
in wheat [81]. Germin proteins have a protective role during osmotic
stress, also involved in cell wall expansion in cereals [82,83] (Table 2).
Potato was transformed with barley oxalate oxidase, o further verify
its role in salt and osmotic stress, and the effect was determined on
plant growth and tuber morphology under salt stress. Transgenic
plants showed relatively higher salt tolerance and superior tuber yield
than the non-transgenic control.

4.6. Glycine betaine

Glycine betaine (GB), a quaternary ammonium compound, is an
important osmoprotectant in bacteria, animals, and angiosperms [84].
GB accumulation has been reported in plants when exposed to
environmental stresses such as salt, drought, and extreme temperatures
[85]. In plants, the accumulated GB confers protection by acting as an
osmolyte, adjusts osmotic balance [86], stabilizes membranes and
protects macromolecules, photosystem II from dehydration, high salt
concentration and oxidative damage [87,88]. In nature, some plants
such as sugar beet, maize, spinach, and barley accumulate GB in
response to abiotic stresses [89]. However, despite GB accumulation in
Table 3
Metabolic engineering of plants for GB biosynthesis confers tolerance to various abiotic stresse

Species Gene GB accumulation (organ)

A. thaliana GSMT/SDMT 0.8–1.7 μmoL g-1 fw (seeds)
Eucalyptus globulus codA 0.17–0.29 μmoL g-1 fw (leave
Gossypium hirsutum betA (CDH) 130.2–142.0 μmoL g-1 dw (le
N. tabacum BADH (spinach) 0.44–4.92 μmoL g-1 fw (leave
N. tabacum BADH/SeNHX1 4.7–7.0 μmoL g-1 dw (leaves
N. tabacum codA –
O. sativa COX 2.6–3.12 μmoL g-1 fw (leaves
O. sativa CMO (spinach) 0.29–0.43 μmoL g-1 dw (leav
S. lycopersicum codA 0.1–0.3 μmoL g-1 fw (leaves)
S. lycopersicum codA –
S. tuberosum codA –
S. tuberosum codA –
T. aestivum beta –

N.A: not available; dw: dry weight; fw: fresh weight.
natural accumulators, some economically important crops are
non-accumulators and are thus potential targets for genetic engineering
with GB biosynthetic genes [90].

4.6.1. Transgenic plants with GB
The GB biosynthetic genes in transgenic plants proved very effective

in conferring stress tolerance compared to that of other osmoprotectant
genes. Several studies have reviewed the important roles of GB in
transgenic plants under various abiotic stresses [91,92]. A number of
transgenic plants with GB biosynthetic genes have been tested for GB
accumulation and the resultant salt, drought and temperature
tolerance (see Table 3). Transgenic plants such as Arabidopsis,
eucalyptus, tobacco, rice, tomato, potato and wheat with GB
biosynthetic genes have showed increased GB accumulation and
stress tolerance [93,94,95,96,97,98,99,100]. The GB accumulation was
targeted in the chloroplast, in most of these transgenic plants, where
its increased concentration conferred protection against various
abiotic stresses, particularly salt, and drought stresses. Overall, in
transgenic plants the accumulated GB content and the resultant stress
tolerance is believed to be influenced by three factors: choline
(precursor for GB) availability [101], type of transgene of the GB
biosynthetic pathway [102,92], and the type of promoter (constitutive
and stress-inducible) [103].

In some GB-transgenic plants, it was observed that the accumulated
GB not only conferred stress tolerance but also improved reproductive
and yield components such as flowers and fruits [97,104]. For
example, the codA-transgenic tomato showed protective effects of GB
on reproductive organs under chilling stress [104,105]. Transgenic
plants accumulated 2.8–3.8 times higher GB in reproductive organs
than in the leaves. The increased GB content not only conferred
chilling tolerance but also increased fruit set by 10–30% under chilling
stress. The effect of the codA gene on reproductive organs was further
investigated in transgenic tomato plants [106]. The constitutive
expression of codA resulted in the improved growth of flowers and
fruits. Transgenic plants produced large flowers and 54% heavier fruits
compared to non-transgenic control. These results indicate that the
use of constitutive promoters to express GB biosynthetic genes has no
adverse effects and is rather beneficial to have positive effects on
reproductive organs under both stresses and non-stress conditions.

4.7. Polyamines

Polyamines have been identified as small molecules that are highly
responsive to various abiotic stresses such as salt, drought and low
temperatures [107,108]. Polyamines are present in higher plants in
the form of putrescine, spermine, and spermidine. Although the
specific role of polyamines in stress tolerance is still unclear, it is
believed that these protect membranes from the damaging effects of
oxidative stress [108,109].
s.

Targeted organelle Tolerance Reference

N.A. Salt [99]
s) N.A. Salt [100]
aves) N.A. Drought [135]
s) Chloroplast Salt stress [136]
) N.A. Salt [137]

N.A. Salt [96]
) Chloroplast Salt [103]
es) Chloroplast Salt [98]

Chloroplast Chilling [104]
– Salt, drought [94]
Chloroplast Salt, drought [93]
Chloroplast Drought [138]
Chloroplast Salt [95]
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A number of transgenic plants engineered with genes catalyzing the
biosynthetic pathways of various polyamines have shown a positive
correlation between the accumulated levels of polyamines and stress
tolerance [110,111]. Arabidopsis that over-expressed the SPDS gene
produced higher spermidine content and showed a high tolerance to
drought, salt and cold stress [112]. Furthermore, the transformation of
tobacco with the mouse ornithine decarboxylase (ODC) resulted in
high polyamine accumulation and salt tolerance [113]. The role of
polyamines in salt stress tolerance was further investigated in 18 rice
cultivars [114]. This study explored the possible correlations between
the polyamine content, expression levels of polyamine synthesizing
genes, physiological parameters and sensitivity to salt stress of the rice
cultivars. They also compared the salt stress-induced changes in
polyamine content and gene expression levels with results obtained
under drought conditions for the tested rice cultivars. Microarray
analysis confirmed five genes (CPA1, CPA2, CPA4, SAMDC1, and SPD/
SPM1) as induced by salt stress and AlH was confirmed as specifically
drought-induced in the salt tolerant and sensitive rice cultivars. These
genes were previously classified in drought stress experiments [115].

4.8. Transcription control of metabolic alterations

The important role of polyamines in stress tolerance has further
been demonstrated in transgenic Arabidopsis with alx8 as a mutation
in the SAL1, an enzyme that dephosphorylate dinucleotide phosphates
or inositol phosphates [116]. Interestingly, the mutant plants showed
increased drought tolerance when soil-grown intact plants were
subjected to water stress. Microarray analysis demonstrated altered
the expression of more than 1800 genes in the alx8 mutant and fry1-1
(previously reported mutant). Metabolomic analysis showed that both
mutants exhibited metabolomic reprogramming, including increased
levels of polyamine putrescine. They suggested that SAL1 acts as a
negative regulator of drought tolerance and its inactivation resulted in
altered metabolism including increased putrescine levels and
subsequent drought tolerance.

Transcription factors play an important role in plant stress adaptation
by regulating the downstream genes involved in stress tolerance
[117]. These stress-related genes and pathways may also include
expression of genes encoding osmoprotectants. In one study, Wu et
al. [118] transformed rice with the OsWRKY11 gene under the
control of HSP11 promoter. They reported enhanced heat and
drought tolerance in transgenic rice seedlings. Further studies were
conducted to examine the contents of sucrose, glucose, fructose
and raffinose, and their relationship to desiccation tolerance in the
OsWRKY11-transgenic plants [119]. They reported up-regulation of
the expression of two genes, Os07g0209100 encoding raffinose
synthase and Os07g0687900 encoding galactinol synthase. They
reported that the expression of OsWRKY11 induced enhanced
raffinose accumulation and desiccation tolerance in transgenic
plants. These studies suggest a transcriptional control of the
stress-induced metabolic alterations.

5. Availability of the precursors of osmoprotectant pathways

In addition to engineering plants with individual osmoprotectant
genes to alter the levels of metabolites under stress, the levels and
proper placement of precursors of osmoprotectants, need proper
attention [101,120]. For example, choline acts as a precursor for
glycine betaine biosynthesis in E. coli and plants. Choline biosynthesis
occurs in the cytosol and is then transported to chloroplast for GB
production in higher plants [92]. In transgenic plants, choline
availability is one of the main factors that limit GB accumulation [101].
Several studies have demonstrated variable levels of GB in the cytosol
and chloroplast suggesting different capacities of plant species in
either choline biosynthesis in the cytosol or its transport to the
chloroplast [105,121]. Based on these findings, choline availability in
the chloroplast is crucial to GB biosynthesis and subsequent stress
tolerance.

The other major osmoprotectant proline is considered to be
synthesized in either cytosol or chloroplast or both [28,122]. The
availability of precursor glutamate for proline synthesis may be a
limiting factor. The source of glutamate may vary with nitrogen
source and stress condition. The proline metabolism, various
enzymes working in its biosynthetic pathway, cellular localization
of these enzymes and proline translocation between cellular
organelles has been reviewed [122].

6. Conclusion and future prospects

So far, much progress has been made towards engineering
transgenic plants with abiotic stress tolerance that utilized genes
encoding osmoprotectants, and other stress-related functional
proteins. In comparison to other genes, biosynthetic accumulation
of glycine betaine, proline and other osmoprotectant genes in
several transgenic crop plants have shown some improvement in
abiotic stress tolerance. However, the success of these genes has
been limited in the sense that most of the developed transgenic
plants have been tested under controlled laboratory conditions. In
such conditions, transgenic plants are evaluated at the early
growth stage and are exposed to stress condition for a short period.
Such short exposure experiments at early growth stages may not
predict the response of the plant from seedling to mature and
reproductive stage under realistic field conditions. In addition,
under field conditions, transgenic plants may experience multiple
stresses such as salt, drought, and extreme temperatures. These
stresses may suppress the protective effects of the inserted gene.
Abiotic stress tolerance in plants is a multigenic response controlled
by many genes working in different stress response pathways [19].
However, the level of abiotic stress tolerance that was initially
anticipated has not been fully achieved in many transgenic plants,
transformed with single genes [123,124].

The future research should focus on combining different strategies
such as the multigenic approach to simultaneously incorporate more
than one gene in transgenic plants (Fig. 2). In this context, the
osmoprotectants synthesizing genes should be co-expressed with other
stress-related genes such as transcription factors, ion transporters, and
other functional genes. On the other hand, these genes such as the
glycine betaine synthesizing codA and other genes should be
co-expressed with molecular determinants of blue, green algae and
cyanobacteria. These microbes have very efficient carbon concentrating
mechanisms (CCM). The combining of these different approaches
would result in enhanced CO2 assimilation, photosynthesis, stress
tolerance and improved yield in transgenic plants. In addition to this,
studies should be progressed to analyze and discover the various
molecular components involved in stress response adaptation at the
biochemical, physiological and molecular levels in plants.

Moreover, research on transgenic plants with osmoprotectant genes
should be progressed under controlled laboratory conditions to the
more realistic field conditions where the effects may be evaluated in
terms of the ultimate target that is yield improvement under stress
condition. Plant growth and yield components such as improved water
uptake through roots, enhanced CO2 uptake and photosynthesis and
water use efficiency should be targeted coupled with transgenic
technology. On one side, the osmoprotectant genes insertion in
transgenic plants should be targeted to achieve maximum adaptation
to stress condition. While on the other side, efforts should be done to
cointegrate these genes with other molecular determinants controlling
the several growth and yield parameters.

The use of individual genes, targeting various mechanisms
involved in ABA biosynthesis and stomatal regulation to achieve
improved water use efficiency, enhanced CO2 assimilation and
ultimately yield increase has a great promise for future transgenic



Fig. 2. Alternative strategies to combine osmoprotectant accumulation with other abiotic stress responsive genes in transgenic plants. Gene stacking of osmoprotectants with other
suitable genes such as DREBs, antiporters and antioxidants will improve the underlying mechanisms resulting enhanced stress tolerance and productivity.
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development. Some of the target genes such as aquaporins, A.
thaliana HARDY (HRD), A. thaliana GT-2 Like 1 (AtGTL1), A. thaliana
LOS5 (AtLOS5) that encodes molybdenum co-factor, and Lycopersicon
esculentum 9-cis-epoxycarotenoid dioxygenase (LeNCED) should be
stacked with stress-inducible expression of DREB genes in transgenic
plants to achieve increased water use efficiency (WUE), CO2

assimilation and the resultant higher yield. In past studies, these
individual genes were used in the transgenic development. For
example, aquaporins have been proven very effective in increasing CO2

and water permeability under stress resulting increased water use
efficiency in transgenic plants. It has been demonstrated in tobacco and
tomato with NtAQP1 [125]. In addition, other important genes involved
in stomatal regulation and ABA biosynthesis should be used in
transgenic plants to improve WUE. The ABA biosynthesis optimization
will certainly improve stomatal regulation, water and CO2 permeability
and photosynthesis. ABA biosynthetic genes such as AtLOS5 and
LeNCED were used in transgenic rice and tomato plants that showed
drought tolerance, increased WUE, high spikelet fertility, high yield in
rice and improved WUE in tomato [126,127]. Transgenic plants with
high osmoprotectant accumulation and the resultant improved
photosynthesis and water-use efficiency under abiotic stress conditions
may enable farmers to overcome enormous losses due to these stresses.

So far, research on the transcriptomic and proteomic analysis of
plant genomes to identify osmoprotectant-related gene expression
under stress conditions is limited. Only a few notable studies focused
on expression assays and searches in EST databases, targeting a
single osmoprotectant gene [128,129]. Evaluation of transcriptomic
databases generated under stress by SuperSAGE in association with
Next Generation Sequencing (NGS) has emerged as a powerful tool
to identify individual genes related to stress tolerance in plants. Kido
et al. [130] conducted the transcriptomic evaluation with NGS of
osmoprotectant related genes in soybean under water deficit and
biotic stress. This study focused on seven prominent genes related to
the biosynthesis of proline (P5CS & P5CR), glycine betaine (BADH &
CMO), trehalose (TPS1 & TPPB) and myo-inositol (INPS1). This novel
approach identified 36 differentially expressed genes related to the
biosynthesis of the four important osmoprotectants. These genes
were found mapped on 25 loci in the soybean genome.

In addition to the above example, the transcriptomic analysis was
carried out in sugarcane to identify the expression of genes related to
osmoprotectant biosynthesis under drought stress [131]. Sugarcane
transcriptome under drought stress was analyzed, using a combination
of high throughout transcriptome profiling by SuperSAGE and next
generation sequencing technology. Four drought tolerant and four
drought sensitive genotypes were used to generate differentially
expressed stress-responsive genes. The SuperSAGE libraries produced
205,975 unitags. Several unitags were identified related to major
osmoprotectant genes such as BADH, P5CS, P5CR, MIPS, TPS, and TPP.

Such studies should be extended to other crop plants to identify the
differential expression of osmoprotectant-related genes under various
abiotic stress conditions. The genes identified in these studies will be
helpful to unravel the underlying mechanism of stress tolerance and
may be used in the future breeding programs and transgenic
development of stress tolerant crop plants in a stress-specific and
plant-specific manner. Moreover, new breeding approaches should be
adopted to develop stress tolerant plant genotypes. The use of
stress-related QTLs and map-based cloning methods in association
with new approaches such as microarray-based expression profiling of
differential gene expression should be used. These individual methods
have already been applied for identification of stress-related genes
[132,133,134]. More advanced techniques such as the “omics” tools
and next generation sequencing have a promising role in exploring
gene function and plant responses to stress. In addition, the more time
saving and highly accurate techniques of SuperSAGE, Multi-SNP
analysis, ligation free cloning, Phylo-CSF, and glycol-proteomics should
be used in combination with the genetic engineering approaches for
development of abiotic stress tolerant plants.
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