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Abstract Bacterial mannitol 1-phosphate dehydrogenase
(mtID) gene was introduced into potato (Solanum tubero-
sum L.) by Agrobacterium tumefaciens-mediated transfor-
mation. Transgenic plants were selected on a medium
containing 100 mg 1! kanamycin and confirmed by
polymerase chain reaction (PCR), Southern blotting, and
RT-PCR analyses. All of the selected transformants accu-
mulated mannitol, a sugar alcohol that is not found in
wildtype potato. Experiments designed for testing salt
tolerance revealed that there was enhanced NaCl tolerance
of the transgenic lines both in vitro and in hydroponic
culture. Compared to 0 mM NaCl, the shoot fresh weight
of wildtype plants was reduced by 76.5% at 100 mM NaCl
under hydroponic conditions. However, under the same
condition, the shoot fresh weight of transgenic plants was
reduced only by 17.3%, compared to 0 mM NaCl treat-
ment. The improved tolerance of this transgenic line may
be attributed to the induction and progressive accumulation
of mannitol in the roots and shoots of the plants. In contrast
to in vitro experiments, the mannitol content in the trans-
genic roots and shoots increased at 50 mM NaCl and
decreased slightly at 75 and 100 mM NaCl, respectively.
Overall, the amount of accumulated mannitol in the
transgenic lines was too small to act as an osmolyte; thus, it
might act as an osmoprotectant. However, the results
demonstrated that mannitol had more contribution to
osmotic adjustment in the roots (but not in shoots). Finally,
we concluded that mtID expression in transgenic potato
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plants can significantly increase the mannitol accumulation
that contributes to the enhanced tolerance to NaCl stress.
Furthermore, although this enhanced tolerance resulted
mainly from an osmoprotectant action, an osmoregulatory
effect could not be ruled out.
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Introduction

Abiotic stresses, such as drought and high salinity, are the
most important environmental factors responsible for the
induction of osmotic stress in plants and reductions in plant
growth and crop productivity (Boyer 1982). More than 800
million hectares of land throughout the world are salt-
affected, either by salinity alone (397 million ha) or by the
associated condition of sodicity (434 million ha) (Munns
2005). It is predicted that increased salinization of arable
lands will have damaging global effects; these could result
in a 30% loss of land within the next 25 years and up to a
50% loss by the year 2050 (Wang et al. 2003). Therefore,
research into the breeding of crop plants for drought and
salinity stress tolerance should be given a high priority in
plant genetic engineering programs.

To adapt to these stress conditions, plants have evolved
an extensive variety of mechanisms, including osmotic
adjustment, selective uptake, and compartmentalization of
ions (Blumwald 2000).

In response to osmotic stress, plants usually accumulate
low molecular weight compatible solutes; these act to
maintain cell turgor and are thus the driving gradient for
water uptake (osmoregulation) (Hare et al. 1998; Wang
et al. 2003; Waditee et al. 2007). Moreover, it has been
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discovered that the compatible solutes can also function as
oxygen free radical scavengers or chemical chaperones,
and thus protect macromolecules, enzymes, and proteins
(Hare et al. 1998; Yokoi et al. 2002; Wang et al. 2003). The
most frequently encountered compatible osmolytes in
higher plants include sugars (e.g., trehalose), polyols (e.g.,
mannitol, sorbitol), amino acids (e.g., proline), and tertiary
(1,4,5,6-tetrahydro-2-methyl-4-carboxyl pyrimidine) and
quaternary (e.g., glycine betaine) ammonium and sulfo-
nium compounds (Yokoi et al. 2002; Wang et al. 2003;
Almeida et al. 2007).

Many crops naturally lack the ability to synthesize high
levels of osmoprotectants. Therefore, it has been suggested
that metabolic engineering of osmoprotectant synthesis
pathways could be one of the best strategies for enhancing
the abiotic stress tolerance of plants (Bhatnagar-Mathur
et al. 2008). Overexpression of sugar alcohols (mannitol,
trehalose, myo-inositol, and sorbitol) has previously been
used as a potential route for improving stress tolerance in
plants (Wang et al. 2003).

Mannitol is the most abundant sugar alcohol in nature; it
is known to be present in more than 100 species of higher
plants, including many crops such as celery, olive, and
carrot (Shen et al. 1997; Patonnier et al. 1999; Prabhavathi
and Rajam 2007). The accumulation of mannitol is known
to increase in plants in response to osmotic stress (Prabh-
avathi and Rajam 2007). It has been proposed that mannitol
can improve tolerance to water deficits through osmoreg-
ulation, free radical scavenging, and stabilization of mac-
romolecular structures (Stoop et al. 1996; Prabhavathi et al.
2002; Tang et al. 2005; Prabhavathi and Rajam 2007). It
can thereby alleviate osmotic and salinity-induced stresses
in plants.

When tobacco and Arabidopsis plants, which do not
normally accumulate mannitol, were genetically trans-
formed with the E. coli mannitol-1-phosphate dehydroge-
nase (mtID) gene, they exhibited biosynthesis of mannitol
and an increased salinity tolerance (Tarczynski et al. 1993;
Thomas et al. 1995; Karakas et al. 1997). Increased resis-
tance to oxidative stress was also found in transgenic
tobacco plants in which mannitol biosynthesis was targeted
to chloroplasts (Stoop et al. 1996). Abebe et al. (2003)
reported an improved tolerance to water stress and salinity
in transgenic wheat expressing the mt/D gene. Expression
of the m#/[D gene in eggplant resulted in an increased tol-
erance to osmotic stress that was induced by salt, drought,
and chilling stresses (Prabhavathi et al. 2002). Similar
results have been achieved by the genetic transformations
of petunia (Chiang et al. 2005), loblolly pine (Tang et al.
2005), poplar (Hu et al. 2005), and rice (Huizhong et al.
2000) with mt[D gene.

Potato (Solanum tuberosum L.) is a moderately salt-
sensitive plant (Rahnama and Ebrahimzadeh 2005),
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particularly in the early growth stages (Heuer and Nadler
1998). Moreover, it is very sensitive to water stress (Gopal
and Iwama 2007). Typically, when soil salinity increases to
5.9 dS/m, potato yield is decreased by 50% (Kotuby-
Amacher et al. 2000). Therefore, the development of
salinity stress-tolerant potato cultivars could be considered
as one of the promising approaches to improve yield sta-
bility under stressful conditions.

In this study, we report the successful transfer of E. coli
mt[D gene to potato plant (cv. Marfona) under the control
of the CaMV35S constitutive promoter. Expression of
mtID gene resulted in the synthesis of mannitol and a
consequent improvement in salt stress tolerance of the
transgenic potato plants.

Materials and methods
Vector construction

A plasmid containing the coding sequence of E. coli mtID
gene under the control of nos terminator at the 3’ end was
received as a gift from the Late Professor Ray Wu, Cornell
University, USA. The fragment containing mt/D coding
sequence and nos terminator was excised with Xbal and
EcoRI from the plasmid and replaced in gus-nos fragment
in the binary vector pBI121 resulting a new binary vector,
pBICaMVMTLD (Fig. 1), containing also a plant select-
able marker gene, nptIl. This plasmid was then introduced
into Agrobacterium tumefaciens strain AGLO1 via a
freeze—thaw method.

Overnight cultures of A. tumefaciens harboring
pBICaMVMTLD in LB broth medium supplemented with
50 mg 17" rifampicin and 50 mg 1~ kanamycin were used
for plant transformation.

Plant materials and transformation

In vitro virus-free potato plants (Solanum tuberosum L. cv.
Marfona) were micropropagated on a multiplication med-
ium consisting of MS salts and vitamins (Murashige and
Skoog 1962) supplemented with 30 g 17" sucrose and
7 g 17! agar. The plants were regularly propagated by sub-
culturing of the auxiliary buds every 3—4 weeks, and they
were grown at 25°C under lights of 40-60 pmol m2 s
intensity and with a 16-h photoperiod.

For potato transformation, 5 mm internode segments
were pre-cultured in callus induction media (MS salts and
vitamins, 2 mg 17! 2,4-p, 5 mg 17! gibberellic acid (GA3),
2 mg 1! benzylamino purine (BAP), 1 mg 1~ thidiazoron
(TDZ), 30 g 17" sucrose, and 7 g 1" agar). After 3 days,
the internodes were immersed in an overnight-cultured
A. tumefaciens (ODggy: 0.8) for a period of 10 min.
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Fig. 1 T-DNA region of the binary vector pPBICaMVMTLD used for
Agrobacterium tumefaciens-mediated transformation. RB, LB, right
and left T-DNA borders, respectively; P-nos, nos promoter; nptll,

The explants were dried on sterilized filter papers and then
co-cultured on callus induction medium. After another
3 days, the internode segments were transferred to the
regeneration media (MS salts, 100 mg 1= myo-inositol,
8 mg 17! adenine sulfate, 8 mg 17! thiamine HCI,
3mgl™' GA3, 2mg1~' BAP, Img1™' TDZ, 30 g1’
sucrose, and 7 g 17! agar) supplemented with cefotaxime
(250 mg 171) and kanamycin (100 mg 171) for selection.
After approximately 6-8 weeks, the shoots were regener-
ated on the cut edges of internodes (Ghasimi Hagh et al.
2009).

Single shoots, 2-3 cm in length, were excised and
transferred to test tubes that contained multiplication
medium supplemented with 250 mg 17! cefotaxime and
100 mg 1~" kanamycin. Individual rooted shoots in the test
tubes were labeled and propagated on multiplication
media, as described above.

For NaCl treatments, potato micro-propagation was
performed on liquid multiplication media.

All media, after adjusting the pH to 5.7, were autoclaved
at 121°C for 20 min. All cultures were kept under cool
white fluorescent lights with 40-60 umol m 2 s~ inten-
sity at 22-24°C, with 16-h photoperiod.

Molecular analysis of transgenic plants
DNA extraction and PCR analysis

Genomic DNA was isolated from the leaves of the putative
transgenic and wildtype (control) plants as described by
Dellaporta et al. (1983). Initial screening of the transfor-
mants for the presence of the npfll and m#/D genes was
performed by PCR of DNA extracted from 18 putative
transgenic plants regenerated from separately kept calli,
using standard protocols. For PCR analysis, the 5'-GAA
CAAGATGGATTGCACGC-3' and 5'-AAGAACTCGTC
AAGAAGGC-3' primers were used to amplify a 500 bp
fragment of the NPTII coding region, and the 5'-GTCATA
GCTATCAGGATGT-3' and 5'-CTTGATCAATACTGCA
CCACTT-3’ primers were used to amplify a 680 bp frag-
ment of the MTLD coding region. The amplification
reactions consisted of 94°C for 5 min (1 cycle), followed
by 35 cycles (94°C for 1 min, 60°C for 1 min, and 72°C for
2 min); this was followed by an extension cycle of 7 min at

LB

neomycine phosphoteransferase II; T-nos, nos terminator; CaM V35S,
cauliffower mosaic virus promoter; mt/D, mannitol-1-phosphate
dehydrogenase; Hindlll, Xbal, EcoRl, restriction enzymes

72°C. The PCR products were separated by electrophoresis
on 1% agarose gel containing 0.1 pg 17" ethidium bromide
and visualized under UV light.

Reverse transcription PCR

The expression of mtID gene at transcript level was con-
firmed using RT-PCR. Total RNA was extracted from five
PCR positive plants following the protocol described by
Chomczynski and Sacchi (1987) using Tripure isolation
reagent (Roche, Germany), and was treated extensively
with RNase free DNase in order to remove any contami-
nating genomic DNA. The DNA-free RNA was carefully
quantified. Care was also taken to use equal amount of
RNA from each sample for the one-step RT-PCR reaction
according to the manufacturer’s guidelines (Titan One
Tube RT-PCR Kit, Roche, Germany). The same mt/D
primers pairs used in PCR reaction was also used for
RT-PCR. The reaction mixture was incubated at 50°C for
30 min for reverse transcription. The amplification reac-
tions consisted of 94°C for 5 min (1 cycle), followed by 35
cycles (95°C 1 min, 58°C 1 min, and 72°C 1 min) and
finally an extension cycle of 5 min at 72°C. The PCR
products were analyzed on 1% agarose gel as explained
earlier.

Southern blot analysis

The integrity of integrated m#/D gene and its copy numbers
were determined using Southern blotting analysis of one of
the selected transgenic plants with highest level of tran-
script production as judged by semi quantitative RT-PCR,
described above. Genomic DNA (30 pg) from the selected
transgenic and a wildtype control plant were individually
digested with EcoRI and Xbal + EcoRI. Digested DNA
was separated on 0.8% agarose gel and then was blotted
onto a positively charged nylon membrane (Roche,
Germany) using the capillary transfer method (Sambrook
and Russell 2001). The blot was probed with a 680 bp mt/D
fragment (PCR product) labeled with DIG-dUTP using a
PCR DIG Probe Synthesis Kit (Roche, Germany).
Hybridization, series of stringency washing, and detection
were carried out according to the instructions of the
manufacturer.
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Salt stress tolerance assessment
In vitro

For in vitro salt stress treatment, rooted cuttings from five
transgenic (M1, M2, M8, M11, and M12) plants expressing
the mtID as judged by RT-PCR and one wildtype (control)
plant were transplanted into test tubes (3 x 15 cm) con-
taining 20 ml of basal MS medium supplemented with one
of the five concentrations of NaCl (0, 50, 100, and
150 mM). One plant was established in each tube with five
replications (five test tubes for each treatment). The growth
conditions were as explained earlier. After 4 weeks, plant
growth-related parameters, such as the fresh and dry weight
of the shoots, the osmotic potential, and the mannitol
content, were measured.

Hydroponics

The NaCl stress assay was performed for the best selected
transgenic plant (M2) and a wildtype control in hydroponic
culture. In vitro grown plants with well-developed root
systems were cultured in dark plastic boxes that each
contained 6.51 MS medium. The root systems of the
plantlets were inserted through small apertures in the lid,
through the foam floating on the culture solution were
immersed in the liquid medium. After a 1-week adaptation,
the boxes were supplemented with five concentrations of
NacCl (0, 50, 75, 100, 125, and 150 mM), respectively. Two
boxes were used for each treatment. Each box contained
four transgenic and four wildtype plants. The boxes were
kept under conditions of 100 pmol m~2s~' light at
25 &+ 2°C, under a 16-h photoperiod.

After 7 days, plant growth-related parameters, such as
fresh and dry weights of the roots and shoots, root length,
osmotic potential, and mannitol content, were analyzed.
Fresh weight of shoots and roots and the root length were
measured after 18 days. In all cases, the dry weights were
measured after the plant samples were dried in an oven for
24 h at 70°C.

Measurements of osmotic potential

Plant shoots and roots were separately frozen in liquid
nitrogen and stored at —70°C. A pestle was then used to
grind the frozen shoots and roots in 1.5 ml test tubes in the
presence of liquid nitrogen. The thawed pastes were then
centrifuged at 20,000g for 10 min at 25°C. The supernatant
fluid was used for osmotic potential analysis. A vapor
pressure osmometer (VAPRO 5520, USA) was then used to
determine the osmolality (c¢) of a 10 pl volume of the
extracts (Mahdieh et al. 2008; Silveira et al. 2009). The
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osmotic potential (MPa) was calculated using the Van’t
Hoff equation: , (MPa) = —cRT, where c¢ is solute con-
centration in mol 17 (mosmol), R 1is a constant
(0.00831 MPa kg mol ™' K™"), and T is temperature in K.

Sugar analyses

Sugar alcohols were extracted from the dry matter based on
the modified method of Ruperez and Toledano (2003).
Powdered leaf samples (30 mg dry weight) were extracted
with 1.5 ml of 80% (v/v) aqueous ethanol in 2 ml test
tubes. The tubes were incubated overnight in a water bath
at 80°C, before being centrifuged at 3,000g for 5 min at
4°C. The supernatants were removed to 15 ml screw-cap-
ped tubes and then evaporated and dried in an oven at 50°C
for 2 h. The dried residue was dissolved in 10 ml distilled
water, and 0.5 ml 5% ZnSO, and 4.8% Ba(OH), were
successively added to the solution to remove the protein.
The suspension was then vortexed and centrifuged for
10 min at 3,000g. The supernatant was dried at 50°C.
Immediately prior to conducting high-performance liquid
chromatography (HPLC) analyses, the pellets were re-dis-
solved in Milli-Q water (1 ml) and filtered through
0.22 pm filters for aqueous solutions (Schleicher & Schu-
ell, Germany). The sugar alcohol contents were analyzed
via HPLC (Knauer), using a PAl column (Eurokat H,
300 x 8.0 mm) in an isocratic run, with H,O (pH 2, with
H,SO,) at a flow rate of 1 ml min~! and detected by an RI
detector. Mannitol content were identified by comparison
of their retention times with those of authentic standards
under analysis conditions and quantified by external
standard method.

Statistical analysis

The data are given as the mean of at least three replicates.
Data were analyzed by ANOVA and means were compared
by Duncan test at 0.05 level of confidence. The standard
deviation was plotted in all graphics.

Results
Transformation

The bacterial m#/D gene, under the control of a CaMV35S
promoter (Fig. 1) was used for the genetic transformation
of potato plants (c.v Marfona) by A. tumefaciens AGLOI1.
Twenty-one independently regenerated lines were devel-
oped from a total of 110 explants. Morphological and
growth-related traits were carefully monitored during in
vitro culture. Eighteen out of a total of 21 regenerated
plants (85%) displayed normal phenotypes. The phenotypic
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appearances of the selected transgenic lines were undis-
tinguishable from the wildtype control plants.

The putative transgenic plants were analyzed for the
presence of the transgenes by PCR, Southern blotting, and
RT-PCR analyses. All of the eighteen putative regenerated
plants were PCR positive for both npfll and m#[D genes
(Fig. 2a, b). Five of these plants were selected for further
analysis.

All of the five PCR positive plants that were analyzed
using RT-PCR confirmed the expression of m#/D gene at
transcript level. This was absent in the control plant
(Fig. 2¢). There were some differences in the intensity of
the RT-PCR bands. The most intense band was obtained
for M2, indicating the highest level of expression of mt/D
gene in this line. As a result, M2 was selected for southern
analysis and the hydroponic culture experiments.

Further confirmation of the integration of the transgene
into the genome of transgenic plants was achieved by
Southern blot analysis (Fig. 2d). Southern analysis was
carried out for one transgenic (M2) and one wildtype
control plant. A single band of expected size at 1,750 bp
was observed in the lane for DNA extracted from trans-
genic plant and double-digested with Xbal and EcoRI. This
band was absent in the lane representing DNA extracted
from control plant. This fragment corresponds with the
entire coding sequence of mt/D and the terminator. Pres-
ence of this band in the same position in both lanes for
plasmid and the transgenic plant indicates that at least on
intact copy of the gene (coding sequence and terminator)
has been integrated into the genome of this plant. For DNA
that was digested with Xbal only, two bands were observed
(about 1,750 and 2,900 bp). This indicated that two copies

Fig. 2 Molecular analysis of
mt[D transgenic potato plants.
PCR analysis of transgenic
plants using mtID (a) and nprl
(b) gene primers. ¢ RT-PCR
analysis of mt/D gene
expression. d Southern blotting
analysis of the integration of the
mtlD gene, using the m#/D gene
as a probe. M: 1 Kb ladder,
M1-12: putative transgenic
plants, P: plasmid, WT:
wildtype plant, X: Xbal,

E: EcoRI

680 bp

680 bp
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of the mtID gene were integrated in the genome of the M2
line.

Salt stress tolerance
In vitro

The salt tolerance of the selected transgenic potato plants
was initially studied in test tubes (in vitro salt stress anal-
ysis). Selected transgenic lines (M1, M2, M8, M11, and
M12) and wildtype (WT) potato plants as controls were
grown in 0, 50, 100, and 150 mM NaCl. After 4 weeks, the
growth parameters were measured. There was no significant
difference in the shoot’s fresh and dry weights of wildtype
and transgenic plants under 0 mM NaCl. Although salt
stress reduced the growth of both WT and transgenic plants
(Fig. 3), the effect of NaCl stress was more severe on WT
plants. The shoot fresh and dry weights in WT plants were
reduced by 45.7 and 30.1%, respectively, but in the trans-
genic plants, the reduction in shoot fresh weight ranged
from 0% (M2, M8, M11) to 15.1% (M1) and the shoot dry
weight reduction ranged from 0 to 24.5%. Moreover, there
was no observable difference between the appearance of all
of transgenic plants at 0 and 50 mM NaCl. After 2 months
and in response to increasing concentrations of NaCl, there
was initial desiccation of the shoots of the transgenic plants;
however, new shoots were subsequently regenerated from
the lateral buds and grew on the little callus tissue. We
observed this re-growth in all transgenic plants (but not in
control plants) at all NaCl levels (Fig. 3a).

The mannitol content of both stressed transgenic
and wildtype plants were determined by HPLC analysis.
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Fig. 3 Effects of salt stress on wildtype (WT) and transgenic
(M) lines grown under in vitro conditions. a Effect of 0 (a, e), 50
(b, ), 100 (c), and 150 (d) mM NacCl on transgenic (M) and wildtype
(WT) potato plants. The re-grown plants shown in Mb, Mc, and Md.
Shoot fresh (b) and dry (c¢) weights of WT and M plants after 4 weeks
of growth in MS medium supplemented with 0, 50, 100, and 150 mM
NaCl. Data are expressed as the mean £ SE of three replicates

A peak with a retention time (6.8 min) identical to that of
mannitol was observed in all transgenic lines. In contrast,
there was no peak that corresponded to the retention time
for mannitol, even under stress conditions, in wildtype
potato plants (Fig. 4), an indication of the absence of
mannitol in wildtype plants.

Quantitative analysis showed that the mannitol content
in different transgenic lines ranged from 12.1 to
28.27 pmol g_1 dw at 0 mM NaCl (Table 1). There was a
reduction in the mannitol content with increasing concen-
trations of NaCl in the culture media.

Osmotic potential of shoots from stressed plants grown
under in vitro conditions showed that there was no
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significant difference in the osmotic potential of WT and M
(except in M12) lines at 0 mM NaCl. However, the
osmotic potential in WT and transgenic lines was enhanced
with increasing NaCl levels in the culture media (Table 2).

Hydroponics

In vitro analysis revealed that transgenic potato plants are
more tolerant to NaCl stress in comparison with their
wildtype counterpart. As a result, the evaluation of resis-
tance of transgenic plants to salt stress under hydroponic
conditions was encouraged. To achieve that, the most tol-
erant transgenic (M2) and one wildtype control plant were
cultured in hydroponic conditions with different concen-
trations of NaCl. Plant growth parameters were analyzed 7
and 18 days after culture. Overall, the initial shoots and
roots fresh and dry weights of the transgenic line (M2)
were similar to those of the wildtype plants at 0 mM NaCl
(Figs. 5, 6). However, with increasing NaCl levels, there
were significant differences in plant growth between the
M2 and wildtype plants. After 7 days of exposure to
100 mM NaCl, the shoot fresh weight of the wildtype
plants decreased by 56.4%, whereas that of the M2 line
declined by only 17.7% (Fig. 6). Although the root fresh
weight of wildtype was reduced by 61.8%, there was no
significant reduction in the root fresh weight of the M2 line
at 100 mM NaCl. There was no significant reduction in the
shoot and root fresh weights of M2 plants at 50 and 75 mM
in comparison to those at 0 mM NaCl. Similar results were
observed for the dry weights of wildtype and M2 plants
that were exposed to salt stress. At 100 mM NaCl, the
shoot and root dry weights of wildtype plants were reduced
by 55.5 and 50.5%, respectively. However, at 100 mM
NaCl, the shoot and root dry weights of the M2 line
decreased by 28 and 9%, respectively. Moreover, after
7 days, 100 mM NaCl reduced the root length of wildtype
plants by 33.3% of that under non stressed condition.
However, there was no significant difference between the
root lengths of M2 line plants under 125 mM NaCl and
those that experienced 0 mM NaCl conditions.

Fresh weight, dry weight and root length of wildtype
plants (but not the transgenic ones) were more profoundly
affected by NaCl stress after 18 days compared to those
after 7 days (Figs. 5, 6). At 100 mM NaCl, the shoot and
root fresh weights of wildtype plants were reduced by 76.5
and 38.6%, respectively. Their root length was reduced by
44.9% under the same conditions. However, at 100 mM
NaCl concentration, the shoot fresh weight, root fresh
weight, and root length were reduced in M2 plants by 17.3,
33, and 35.4%, respectively.

The mannitol contents of wildtype and M2 plants were
measured under hydroponic culture conditions (Table 3).
Although, there was no significant difference between the
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Table 1 Mannitol content (umol g~ dw) in the shoots of wildtype (WT) and transgenic (M) potato lines exposed to different levels of NaCl

under in vitro conditions

NaCl (mM) 0 50 100 150
potato lines

WT o' o' o' o'

Ml 28.28 + 1.14° 18.69 + 0.8° 10.07 + 0.92° 9.87 + 0.96
M2 22.34 + 1.36" 21.43 + 1.43° 11.99 4+ 0.77° 10.06 &+ 0.51F
M8 12.12 £ 0.5° 5.87 + 0.378" 427 + 0.42M 1.96 + 0.3*
Mil 15.76 & 0.32¢ 10.89 =+ 0.39°" 3.92 + 0.231 3.11 + 0.16"
M12 17.32 + 0.8 12.73 £ 0.78° 7.03 + 0418 3.47 £ 0.347

Data are mean + SE from three replicates. Means followed by the same letters are not significantly different at P < 0.05

Table 2 Osmotic potential (MPa) of wildtype (WT) and transgenic (M) potato lines at different concentrations of NaCl under in vitro conditions

NaCl (mM) 0 50 100 150
line

WT —0.936 + 0.014' —1.42 £+ 0.032" —1.6 + 0.0392 —2.07 £ 0.06°
Ml —0.96 + 0.001¢ —1.28 + 0.024Y —1.61 + 0.0198 —2.252 4+ 0.019*
M2 —0.973 £+ 0.02¢ —1.42 + 0.027" —2 4 0.02% —2.06 £ 0.011%¢
M8 —0.92 £ 0.013' —1.321 + 0.025' —1.81 £ 0.007" —2.215 £ 0.017*
Ml1 —0.91 £ 0.017" —1.182 + 0.0 —1.76 £+ 0.021° —2.056 + 0.032¢
MI12 —1.02 + 0.014% —1.402 £+ 0.02" —1.98 £+ 0.011° —2.18 £ 0.007°

Data are means + SE from three replicates. Means followed by the same letters are not significantly different at P < 0.05

mannitol content of M2 roots and shoots in the absence of
NaCl stress, the accumulation of mannitol in 50 mM NaCl
was over 1.8-fold more in the shoots and 1.2-fold more in
the roots in comparison with those at 0 mM NaCl. How-
ever, when the NaCl concentration was increased to
100 mM, there was no further increase in the mannitol
content of M2 plant shoots. At 125 and 150 mM NaCl,
there was a slight decrease in the mannitol content of M2

transgenic plant. The wildtype plants did not accumulate
mannitol under any conditions.

Under hydroponic culture conditions, there was a
significant reduction in osmotic potential of shoots with
increasing NaCl levels, in both wildtype and M2 plants
(Table 4). However, the osmotic potential in M2 roots
reduced more than in wildtype roots. At 150 mM NaCl, the
osmotic potential in the wildtype roots was reduced to

@ Springer



1528

Acta Physiol Plant (2011) 33:1521-1532

Fig. 5 NaCl stress tolerance of transgenic (M2, leff) and wildtype
(WT, right) potato lines after 7 days in hydroponic culture conditions.
a 0 mM NaCl. b 75 mM NaCl. ¢ Whole appearance of M2 and WT

—1.025 MPa, whereas there was a reduction of —
1.159 MPa in M2 plants. There was no significant differ-
ence between the osmotic potential changes in the shoots of
wildtype and M2 plants with increasing NaCl levels.

Discussion

Potato is relatively sensitive to salinity, particularly at
early growth stages (Patel et al. 2001; Rahnama and
Ebrahimzadeh 2005). Naturally, potato plants do not
synthesize the osmoprotectant mannitol. Therefore, we
hypothesized that the tolerance of potato plants to stress
could be improved by introducing a gene for the synthesis
of mannitol. Hence, the bacterial mannitol-1-phosphate
dehydrogenase gene mt/D, under the control of the cauli-
flower mosaic virus 35s (CaMV35S) promoter, was used
for Agrobacterium mediated transformation of potato
plants. The MTLD enzyme catalyzes the biosynthesis of
mannitol-1-phosphate from fructose 6-phosphate. There-
after, plant nonspecific phosphatases can convert mannitol-
1-phosphate to the osmolyte mannitol (Tarczynski et al.
1992; Zhifang and Loescher 2003).

@ Springer

plants at 0 mM NaCl. d Whole appearance of M2 and WT plants at
75 mM NaCl. e Root length differences of M2 and WT plants after
18 days exposure to 75 mM NaCl

In this study, 3 of 21 potato plants that were grown on
regeneration media containing 100 mg 1~ kanamycin had
abnormal phenotypes, such as stunted growth. Periclinal
chimerism is a common phenomenon in tetraploid potatoes
(Wilkinson 1994) that leads to genetic changes and phe-
notypic abnormalities. These types of genomic alterations
have been reported in transgenic potato plants. Therefore,
the phenotypic abnormalities in the transgenic lines may be
due to a genomic change, ploidy chimerism, positional
effects of the transgene, or regeneration events (Behnam
et al. 2006; Celebi-Toprak et al. 2005).

PCR analyses showed that all of the eighteen regener-
ated plants that had normal phenotypes contained the m#/D
gene. Therefore, there was no escape following selection at
100 mg 1" kanamycin. Moreover, RT-PCR confirmed the
expression of mtID gene in the transgenic potato plants. On
the other ands, Southern blotting analysis confirmed the
integration of two copies of the mt/D gene in one selected
putative transgenic line (M2). This transgenic line was then
used for salt tolerance analysis under hydroponic
conditions.

In vitro salt tolerance analysis demonstrated that there
were significant differences between the fresh and dry
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Table 3 Mannitol content (umol g=") of wildtype (WT) and transgenic (M2) potato lines exposed to different concentrations of NaCl in
hydroponic culture

NaCl (mM) line 0 50 75 100 125 150

WT
Root and shoot 0 0 0 0 0 0

M2
Root 98.9 + 8.06% 124.62 + 7.58° 108.9 + 6.68* 87.6 + 5.1¢ 85 + 3.1¢ 49.53 4+ 1.3°
Shoot 88.87 + 10.4¢ 1612 4+ 11.2* 153.7 &+ 5.36" 144.1 &+ 5.76* 89.2 + 4.76¢ 16.97 + 1.02f

Data are means + SE from three replicates. Means followed by the same letters are not significantly different at P < 0.05

weights of shoots from transgenic and wildtype lines. The  that, the introduction of the m#/D gene enabled all selected
transgenic potato plants were proved to be less affected by  transgenic lines (M1, M2, M8, M11, and M12) to synthe-
NaCl stress than the WT plants (Fig. 3b, ¢). This confirmed  size mannitol and increased their tolerance to salt stress.
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Table 4 Osmotic potential (MPa) of wildtype (WT) and transgenic (M2) potato lines in hydroponic culture containing at different concen-

trations of NaCl

NaCl (mM) 0 50 75 100 125 150
line
WT
Root —0.631 £ 0.009% —0.842 4+ 0.047  —0.943 + 0.014"  —0.947 + 0.017%" —1 £ 0.018%"  —1.025 + 0.048™
Shoot —0.761 £ 0.012  —0.973 &+ 0.0278" —1.062 + 0.064°"  —1.125 + 0.032°°%  —1.51 + 0.028°¢  —1.187 + 0.037™
M2
Root —0.804 £ 0.009 —0.940 & 0.027" —1.024 + 0.063®  —1.071 &+ 0.027%"  —1.124 4+ 0.043% _1.159 + 0.042"
Shoot —0.830 £ 0.019 —1.028 & 0.014®  —1.09 + 0.025°%f —1.166 £ 0.017°*  —1.191 £ 0.017* —1.25 4+ 0.018"

Data are means + SE from four replicates. Means followed by the same letters are not significantly different at P < 0.05

However, the mannitol content in individual lines was
variable. Similar results have been reported for transgenic
tobacco (Tarczynski et al. 1993; Ruperez and Toledano
2003), Arabidopsis (Thomas et al. 1995; Zhifang and
Loescher 2003), petunia (Chiang et al. 2005), loblolly pine
(Tang et al. 2005), and eggplant (Prabhavathi and Rajam
2007). Variations in the mannitol content may be due to
copy number and to the positional effects of the transgene
that may result in differential expression of the transgene in
different lines (Hobbs et al. 1990; Celebi-Toprak et al.
2005; Tang et al. 2005; Waditee et al. 2007).

Although mannitol levels in all transgenic lines declined
with increasing NaCl concentrations, the decrease in
mannitol content of transgenic lines M1 and M2 was sig-
nificantly less than the other lines (Table 1). On the other
hand, there was no overall difference in the osmotic
potentials of the shoot samples from wildtype and trans-
genic lines during exposure to in vitro salt stress. However,
the osmotic potentials of the stressed plants were higher
than those under non-stress conditions. These data suggest
that the expression of the mf/[D gene enhances tolerance to
salt stress in transgenic lines by the production of mannitol.
This also may suggest that this is not only the osmotic
effect of mannitol, but also the other activities of mannitol
such as osmoprotectant activity of this sugar alcohol that
makes the difference in plant’s stress tolerance.

The results based on hydroponically grown plants
revealed no significant differences between the growth of
transgenic (M2) and wildtype plants at 0 mM NaCl. The
growth of both M2 and wildtype lines was affected by
increasing NaCl levels. Nevertheless, growth parameter
analysis showed that the M2 line was significantly more
tolerant to NaCl stress than the wildtype plants (Figs. 5, 6).

Wildtype plants were unable to survive 150 mM NacCl;
after 1 week, they appeared dried-up and withered. In con-
trast, plants of the M2 line had a normal appearance and a
standing growth under these conditions. Moreover, whereas
after 3 weeks at 75 mM NaCl, there was only a slight
reduction in the growth of M2 line plants, the growth of

@ Springer

wildtype plants was completely inhibited, and they appeared
desiccated. The improved tolerance of the transgenic line
may be attributed to the induction and incremental increases
in the mannitol content in the roots and shoots of the plants.
In contrast to in vitro grown plants, the mannitol content of
the transgenic line (M2) increased in the roots and shoots at
50 mM NacCl, but it slightly decreased after 75 and 100 mM
NaCl. Moreover, as shown in Fig. 6, the root length of the
wildtype and M2 plants at 150 mM NaCl decreased after
18 days in comparison with 7 days. This can be attributed to
decomposition of the roots at that NaCl level.

It has been proposed that mannitol enhances tolerance to
osmotic stress primarily through osmotic adjustment
(Loester et al. 1992; Abebe et al. 2003). In the hydroponic
culture, the osmotic potential in wildtype and M2 plants
reduced with increasing NaCl levels. This reduction in
osmotic potential could help the plants to uptake more
water and grow normally under high osmotic pressure
(Abebe et al. 2003). The present results suggest that
mannitol may contribute to the osmotic adjustment of roots
and shoot cells to some extent. Although our results
revealed that the osmotic potential in the M2 roots
increased more than in the wildtype roots with increasing
NaCl levels, there was no significance difference in
osmotic potential between the wildtype and M2 shoots
(Table 4). Therefore, we suggest that the osmoregulatory
function of mannitol in M2 plants is more important in the
roots than in the shoots.

Moreover, from the results of HPLC analysis, we found
that the mannitol content in the transgenic lines was not
sufficient to act as an osmolyte. Thus, the tolerance of
transgenic plants to NaCl-induced by lowering of the
osmotic potential is probably limited. It is known that sugar
alcohols, such as mannitol, can also act as free radical
scavengers (antioxidant function) or chemical chaperones
(osmoprotectant function) by directly stabilizing membranes
and enzymes/proteins (Hare et al. 1998).

Earlier studies have demonstrated that mannitol accu-
mulation in transgenic tobacco plants is not adequate to
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exert an osmoregulatory effect (Tarczynski et al. 1992,
1993; Thomas et al. 1995). Nevertheless, Karakas et al.
(1997) estimated that mannitol contributes only
0.003-0.004 MPa to osmotic adjustment in transgenic
tobacco under salt stress. However, when the biosynthesis
of mannitol was targeted specifically to chloroplasts in
transgenic tobacco plants, there was increased resistance to
oxidative stress (Shen et al. 1997). The ectopic expression
of the mtID gene in transgenic wheat improved tolerance to
salt and water stress both at the callus and whole plant
levels (Abebe et al. 2003). However, these results also
demonstrated that the amount of accumulated mannitol was
too small to account for its effect as an osmolyte; therefore,
the authors suggested that it might act as an oxygen free
radical scavenger. Similar results have been reported for
transgenic eggplants (Prabhavathi et al. 2002) and petunia
(Chiang et al. 2005) that expressed the bacterial m#/D gene.
Enhanced tolerance to salt stress has also been reported in
trees such as loblolly pine (Tang et al. 2005) and poplar
(Hu et al. 2005). Results from the latter study demonstrated
that transgenic poplar plants are better able than wild-type
plants to maintain cell membrane integrity under salt stress
than wildtype plants; this confirmed the osmoprotection
function of mannitol in plant cells.

In contrast to mflD transgenic plants, salt stress
increased the mannitol content of transgenic Arabidopsis
plants that expressed celery mannose-6-phosphate reduc-
tase (M6PR) (Zhifang and Loescher 2003). In 50 mM
NaCl, the M6PR transformants accumulated more than
twice as much mannitol as did salt-free controls. In this
study, the mannitol content assay in 4 weeks old transgenic
plants did not reveal any changes with increasing NaCl
levels under in vitro conditions. However, the mannitol
content of the shoots and roots at 50 mM NaCl were
1.8- and 1.2-fold more, respectively, under salt stressed
condition that resulted in increased mannitol levels in
transgenic line (M2) plants grown under hydroponic cultures.
Therefore, we suggest that the mannitol content of transgenic
potato plants may be altered by differential expression of the
mt[D gene that is due to either environmental factors (e.g.,
NaCl) or to the precise stage of plant development.

In conclusion, our results indicate that successful inte-
gration of the mtID gene resulted in the synthesis of
mannitol in transgenic potato plants, and that this enhanced
the tolerance of transgenic lines to NaCl stress. Overall, the
amount of accumulated mannitol in the transgenic lines
was too small to act as an osmolyte; thus, we assumed that
it might act as an osmoprotectant. However, the results
demonstrated that mannitol has a greater contribution to the
osmotic adjustment of transgenic roots than shoots.
Moreover, it appears likely that NaCl may increase the
mannitol content of transgenic plants via induction of the
mtlD gene.
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