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Transgenic sorghum (T4) lines with mannitol-1-phosphate dehydrogenase (mtlD) gene derived from Escherichia coli
were evaluated for water-deficit stress tolerance in pot culture under greenhouse conditions. Leaf water relations,
accumulation of total soluble sugars, membrane stability, antioxidative enzyme activity, yield and yield related parameters
were analyzed in the plants subjected to well-watered and water-deficit stress conditions. Water-deficit stress caused a
reduction in the soil moisture content resulting in visual symptoms of leaf rolling. Transgenics maintained relatively higher
relative water content (RWC) than the untransformed control 15 d after withholding water. The transgenics accumulated
more total soluble sugars when compared to untransformed control. Also the transgenics showed lower malondialdehyde
(MDA) content and increased superoxide dismutase (SOD) activity. All these traits together contributed to the better
performance of mtlD transgenics compared to untransformed control. Further, the percent decrease in total biomass and
grain yield under water-deficit stress was lower in transgenics compared to control. Most importantly the root biomass was
found to be significantly higher in the transgenics when compared to untransformed control. Among the transgenics, L2, L5
and L75 were found to be superior in terms of various physiological traits, such as, RWC, accumulation of total soluble
sugars and SOD activity related to drought tolerance compared to control and other mtlD transgenic lines, L3, L4 and L72.
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Introduction
Water-deficit is one of the major abiotic stresses
affecting plant growth and crop productivity world
over. Consequently, the need to develop varieties with
enhanced tolerance is of great importance. It is well
known that water-deficit disrupts cellular structures
and impairs key physiological functions. In the past
few decades genetic engineering has emerged as one
potential approach to conventional crop breeding for
enhancing abiotic stress tolerance1.
Metabolic engineering of compatible solute synthesis
pathways could be one of the strategies for enhancing
the abiotic stress tolerance of plants. Expression/
overexpression of genes for sugar alcohols, such as
mannitol, can improve tolerance to water-deficits
through osmoregulation, free radical scavenging and
stabilization of macromolecular structures2,3. Expression
of bacterial mannitol-1-phosphate dehydrogenase (mtlD)
gene for accumulation of mannitol has been one of the
successful transgenic approaches for enhanced tolerance
to water-deficit and salt stress in tobacco4,5,
Arabidopsis6, rice7, egg-plant8, wheat9 and sorghum10.
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The transgenic crop plants overexpressing the
genes of interest were, in most cases, tested under
controlled conditions in the laboratory. Moreover,
most of these studies revealed stress tolerance and/or
survival, only very few were on effects of different
stress conditions on plant productivity11.
In the present study, physiological evaluation of
transgenic sorghum lines with the mtlD gene derived
from Escherichia coli 10 was carried out. The lines
selected in this communication had previously been
demonstrated to be tolerant to water-deficit and
salinity. These transgenic lines have been evaluated
for water-deficit stress tolerance in terms of leaf water
relations, accumulation of metabolites, membrane
stability and antioxidative enzyme activity under
transgenic glasshouse conditions.
Materials and Methods
Plant Material

Six transgenic events of sorghum with mtlD gene,
L2, L3, L4, L5, L72 and L75, which were positive as
indicated by all the molecular tests and segregated in
3:1 ratio were selfed and advanced upto T4
generation. Three seeds of each transgenic line as well
as untransformed control were sown in 30 30 cm2
plastic pots, filled with 16 kg of sandy loamy soil
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(soil, sand & farm yard manure in a ratio of 3:1:1) in a
transgenic glasshouse (Category II-2 containment).
A basal dose of 0.54 g per pot, both N and P were
supplied before sowing. There were three replications
and two treatments, well-watered and water-deficit
stress. The plants were irrigated with normal tap water
and grown under natural illumination (~1500 µmol
m-2 s-1) with a 14 h photoperiod. The mean air
temperature during the experiment was 30oC and the
relative humidity ranged between 45-55% at 14.00 h.
Water-deficit was imposed at 40th d after sowing by
withholding irrigation for a period of 15 d. The
following physiological measurements were assessed
in the control and water-deficit stress plants.
Physiological Measurements

All the physiological measurements were carried
out in the fully expanded third leaf. Relative water
content (RWC) was determined according to Barrs
and Weatherly12.

RWC (%)  [( FW  DW ) /(TW  DW )]x100
FW is the fresh wt, TW is the turgid wt after
rehydration and DW is the dry wt after oven drying.
Leaf water potential (ψL) was measured using a
pressure bomb apparatus according to Scholander
et al13 immediately after excision of the leaf from the
plant. Excised leaf water retention capacity (ELWRC)
curves were drawn to record the moisture percent
actually retained by the leaf after it was excised from
the plant according to Rao et al14. Accumulation of
total soluble sugars was estimated using the method of
Dubois et al15 in the leaf samples fixed in 80% ethanol.
Lipid peroxidation was measured in terms of
malondialdehyde (MDA) content according to Heath
and Packer16. The absorbance of MDA content was
recorded at 532 nm and the nonspecific absorption at
600 nm was subtracted. The MDA content was
calculated using its absorption coefficient of 155
mM/cm and expressed as µmol/g dry wt. Superoxide
dismutase (SOD) activity was assayed by
homogenizing the leaf tissue in 100 mM potassium
phosphate buffer (pH 7.5) containing 0.5 mM EDTA.
The homogenate was centrifuged at 10,000 rpm for
20 min at 4oC and the supernatant was used for the in
vitro assay of enzyme activity according to Dhindsa
et al17. The activity was expressed as units/mg
protein/min. One unit of SOD activity is defined as
quantity of enzyme required to cause 50% inhibition.

Total biomass and grain yield of all the genotypes
under well-watered and water-deficit stress treatments
were recorded at harvest and expressed as g/plant.
The root growth of both the transgenics and
untransformed control were recorded. Standard
statistical procedures were followed according to
Snedecor and Cochran18.
Results
Water-deficit stress for 2 wk caused leaf rolling in
the water-deficit stress pots. At this point, the soil
moisture content in the well-watered pots ranged
between 19-20%, while in the water-deficit stress pots
it ranged from 7.4-9.4% (Table 1).
Under water-deficit stress, although the soil
moisture content was reduced by >50%, the
transgenics maintained significantly higher relative
water content when compared to untransformed
control. Among the transgenics L75, L5 and L2
maintained relatively higher RWC content (>80%)
when compared to untransformed control (62%).
Under well-watered conditions the RWC varied
between 90.1-94.6%. All the transgenics maintained
relatively higher ψL (−1.8, −2.0 MPa) when compared
to untransformed control (−2.2 MPa). Significant
genotype (G) × treatment (T) interaction was observed
(Table 1). Significant differences in water holding
capacity of excised leaves among the trangenics and
untransformed control (Fig. 1) were revealed by
ELWRC. All the transgenics retained higher water
content (> 80%) when compared to untransformed
control (78%) after excision from the plant.
Table 1 — Soil moisture, relative water content and leaf water
potential of the sorghum mtlD transgenics and untransformed
control (UC) subjected to water-deficit stress
Genotype

Soil moisture
(%)

WW WDS
19.7 8.1
19.5 7.4
20.3 7.8
19.5 8.7
20.7 7.4
20.3 7.4
20.6 9.4
CD at 0.05%
NS
UC
L2
L3
L4
L5
L72
L75

Genotype (G)
Treatment(T)

Relative water
content
(%)
WW WDS
91.3 62.0
92.5 81.3
91.2 71.0
90.8 72.5
90.5 88.9
90.1 68.0
94.6 88.4
2.327

0.486
1.244
G×T
NS
3.291
WW: Well-watered; WDS: Water-deficit stress

Leaf Water
potential
(MPa)
WW
WDS
-1.4
-2.2
-1.4
-2.0
-1.5
-2.0
-1.6
-2.0
-1.5
-1.8
-1.4
-2.1
-1.5
-1.9
0.074
0.040
0.105
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Fig. 1 ― Excised leaf water retention capacity of the sorghum
mtlD transgenic lines and untransformed control (UC).

Under water-deficit stress, the accumulation of
total soluble sugars in all the transgenics was
significantly
increased
when
compared
to
untransformed control (Fig. 2A). Among the
transgenics, L75 and L5 recorded 50% more total
soluble sugars as compared to untransformed control.
The transgenics maintained relatively better
membrane stability than the untransformed control,
which is indicated by their significantly lower MDA
content (Fig. 2B). Among the transgenics, L75, L5
and L2 showed relatively better membrane stability
than the other transgenics. The SOD enzyme activity
was found to be significantly increased in transgenic
plants as compared to untransformed control under
water-deficit stress. The relative increase in SOD
activity under stress ranged between 15-26% in
transgenics as compared to 7.82% in untransformed
control plants (Fig. 2C).
Water-deficit stress resulted in reduction of total
biomass and grain yield in both untransformed control
and transgenics compared to that under well-watered
conditions (Table 2). Among the transgenics, L2, L5
and L75, the percent reduction in total biomass
(16.26-19.27%) and grain yield (32.73-37.34%) were
significantly lower compared to the reduction in total
biomass (25.78%) and grain yield (45.95%) in
untransformed control. Also, the root biomass was
significantly increased in the transgenics in
comparison to untransformed control (Fig. 3).
Discussion
The present paper describes the evaluation of
whole plant transgenic mtlD sorghum lines to waterdeficit stress in transgenic glasshouse facility.
Development of mtlD transgenics in sorghum and

Fig. 2 (A-C) — Effect of water-deficit stress on: (A) Accumulation
of total soluble sugars (TSS); (B) Malondialdehyde (MDA) content;
& (C) Superoxide dismutase (SOD) activity, of the sorghum mtlD
transgenics and untransformed control (UC).

their relative tolerance to water-deficit and salinity
based on seed germination and leaf discs assay have
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Table 2 — Effect of water-deficit stress on total biomass and
grain yield of the sorghum mtlD transgenics and
untransformed control (UC)
Genotype
Total biomass
No. of grains
Grain wt
(g)
(g)
WW WDS
WW
WDS WW WDS
UC
83.4
62.0
1529
867
44.4
24.0
L2
91.4
72.5
1849
1298 47.8
30.5
L3
88.7
64.7
1655
1087 50.3
31.5
L4
92.9
77.8
1677
1024 48.8
28.0
L5
94.0
74.5
1957
1430 54.2
35.4
L72
91.9
75.0
1650
968
51.2
31.7
L75
85.9
69.4
1665
1243 49.9
33.6
CD at 0.05%
1.719
15.031
3.967
Genotype (G)
Treatment (T)
0.919
8.034
2.121
G×T
2.430
21.257
NS
WW: Well-watered; WDS: Water-deficit stress

Fig. 3 — Root system at harvest of sorghum mtlD transgenics and
untransformed control (UC).

been described previously10. Water was withheld such
that the soil moisture content under stressed treatment
was about 60% of the control pots. In general, the
transgenics maintained higher relative water content
than the untransformed control. The ability to
withstand water-deficit stress depends on maintaining
plant water status, accumulation of metabolites and
membrane stability. Among the transgenics, L75, L5
and L2 maintainted higher relative water content
compared to other transgenics. However, differences
in leaf water potential were of much lower magnitude
probably because the measurement was made of bulk
leaf water potential. Similar to relative water content,
leaf water potential was also higher in case of L5 and
L75. The ELWRC of all the transgenics was higher
when compared to untransformed control. A positive
association of ELWRC with osmotic adjustment has
been described in several rainfed crops, such as,
sorghum19, castor20 and pearl millet21. Maintenance of

higher osmotic adjustment could have contributed to
the maintenance of higher moisture content even after
excision. The ELWRC could also be attributed to the
quick stomatal response to excision14. Increased root
growth might have contributed to the better extraction
of water from the soil. Also, in the controlled
experiments on the validation of transgenic events,
increased root growth has been observed10. In other
crops, such as, tobacco, eggplant and wheat, mtlD
transgenics have shown increased root growth4,5,8,9.
In this context, the higher accumulation of total
soluble sugars in all the transgenics under water-deficit
stress is of significance as significant correlations are
known to exist between accumulation of total soluble
sugars and water-deficit stress tolerance22. Among the
transgenics, L75 and L5 had higher total soluble sugars
accumulation and better water-deficit stress tolerance
in terms of leaf water relations.
The increase in MDA content, which is an
indicator of extent of membrane lipid peroxidation,
was relatively lower in transgenics compared to
untransformed control. This supports the hypothesis
that enhanced tolerance to water-deficit due to
metabolic engineering with mtlD gene can be
attributed more to the role of mannitol as a free
radical scavenger23 than to its contribution in osmotic
adjustment4,5. Further, enhanced tolerance to chilling
and salinity stresses was also reported to be attributed
to maintenance of membrane stability in the mtlD
transgenics of Petunia24 and Populus25, respectively.
SOD enzyme activity of transgenic plants L75, L5
and L2 was found to increase as compared to
untransformed control. The enhancement of SOD
activity in the transgenics under water-deficit stress
also suggested better free radical scavenging activity
of mtlD transgenics.
It is interesting to find that the better performance
of the transgenics in terms of various physiological
parameters as described above was also reflected in
terms of biomass and grain yield. Reduction in both
grain number and grain wt was much lower in
transgenics as compared to untransformed control
under water-deficit stress. The transgenic lines
exhibited variations in terms of the relative
performance, which may be attributed to the
differential expression of the transgene8.
In summary, the reduction in grain yield under
water-deficit was much lower in mtlD transgenics as
compared to untransformed control, which seemed to
be due to maintenance of leaf water relations,
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membrane stability, root growth and enhanced
antioxidant activity.

12

Acknowledgment
The present work was supported by a grant from the
Andhra Pradesh-Netherlands (AP-NL) Biotechnology
Programme. The authors thank Professor P Pardha
Saradhi (University of Delhi) for kindly providing the
gene construct.

13
14

15

References
1

Perez-Clemente R M, Vives V, Zandalinas S I, Lopez-Climent
M F, Muñoz V et al, Biotechnological approaches to study
plant responses to stress, Biomed Res Int, 2013 (2013) 654120.
2
Stoop J M H, Williamson J D & Pharr D M, Mannitol
metabolism in plants: A method for coping with stress,
Trends Plant Sci, 1 (1996) 139-144.
3
Tang W, Peng X & Newton R J, Enhanced tolerance to salt
stress in transgenic loblolly pine simultaneously expressing
two genes encoding mannitol-1-phosphate dehydrogenase
and glucitol-6-phosphate dehydrogenase, Plant Physiol
Biochem, 43 (2005) 139-146.
4
Tarczynski M C, Jensen R G & Bohnert H J, Expression of a
bacterial mtlD gene in transgenic tobacco leads to production
and accumulation of mannitol, Proc Natl Acad Sci USA, 89
(1992) 2600-2604.
5
Tarczynski M C, Jensen R G & Bohnert H J, Stress
protection of transgenic tobacco by production of the
osmolyte mannitol, Science, 259 (1993) 508-510.
6
Thomas J C, Sepahi M, Arendall B & Bohnert H J,
Enhancement of seed germination in high salinity by
engineering mannitol expression in Arabidopsis thaliana,
Plant Cell Environ, 18 (1995) 801-806.
7
Su J, Chen P L & Wu R, Transgene expression of mannitol-1phosphate dehydrogenase enhanced the salt stress tolerance of
the transgenic rice seedlings, Sci Agric Sin, 32 (1999) 101-103.
8
Rahnama H, Vakilian H, Fahimi H & Ghareyazie B,
Enhanced salt stress tolerance in transgenic potato plants
(Solanum tuberosum L.) expressing a bacterial mtlD gene,
Acta Physiol Plant, 33 (2011) 1521-1532.
9
Abebe T, Guenzi A C, Martin B & Cushman J C, Tolerance
of mannitol-accumulating transgenic wheat to water stress
and salinity, Plant Physiol, 131 (2003) 1748-1755.
10 Maheswari M, Varalaxmi Y, Vijayalakshmi A, Yadav S K,
Sharmila P et al, Metabolic engineering using mtlD gene
enhances tolerance to water-deficit and salinity in sorghum,
Biol Plant, 54 (2010) 647-652.
11 Parry M A J, Flexas J & Medrano H, Prospects for crop
production under drought: Research priorities and future
directions, Ann Appl Biol, 147 (2005) 211-226.

16
17

18
19

20

21

22
23

24

25

67

Barrs H D & Weatherly P E, A re-examination of the relative
turgidity technique for estimating water-deficits in leaves,
Aust J Biol Sci, 15 (1962) 413-428.
Scholander P F, Bradstreet E D, Himminosen E A & Hammel
H T, Sap pressure on vascular plants, Science, 148 (1965)
339-346.
Rao G D, Vanaja M, Lakkneni K C & Reddy P R, Stability of
excised leaf water retention capacity (ELWRC) technique for
screening castor genotypes, J Oilseed Res, 15 (1998)
280-287.
Dubois M, Gilles K, Hamilton J K, Rebers P A & Smith F, A
colorimetric method for the determination of sugars, Nature
(Lond), 168 (1951) 167-167.
Heath R L & Packer L, Photo peroxidation in isolated
chloroplasts: I. Kinetics and stoichiometry of fatty acid
peroxidation, Arch Biochem Biophys, 125 (1968) 189-198.
Dhindsa R H, Plumb-Dhindsa P & Thorpe T A, Leaf senescence:
Correlated with increased level of membrane permeability, lipid
peroxidation, and decreased level of superoxide dismutase and
catalase, Exp Bot, 32 (198193-101.
Snedecor G W & Cochran W G, Statistical methods (Oxford
and IBH Publishing Co., New Delhi, India) 1968.
Santamaria J M, Ludlow M M & Fukai S, Contribution of
osmotic adjustment to grain yield in Sorghum bicolor (L.)
under water-limited conditions. I. Water stress before
anthesis, Aust J Agric Res, 41 (1990) 51-65.
Babitha M, Maheswari M, Rao L M, Shanker A K &
Gangadhar R D, Osmotic adjustment, drought tolerance and
yield in castor (Ricinus communis L.), Environ Exp Bot, 69
(2010) 243-249.
Henson I E, Alagarswamy G, Mahalakshmi V & Bidinger F
R, Stomatal response to water stress and its relationship to
bulk leaf water status and osmotic adjustment in Pearl millet
(Pennisetum americanum (L) Leeke)1, J Exp Bot, 34 (1983)
442-450.
Hare P D, Cress W A & Van Staden J, Dissecting the roles of
osmolyte accumulation during stress, Plant Cell Environ, 21
(1998) 535-553.
Shen B, Jensen R G & Bohnert H J, Increased resistance to
oxidative stress in transgenic plants by targeting mannitol
biosynthesis to chloroplast, Plant Physiol, 113 (1997)
1177-1183.
Chiang Y J, Stushnoff C, McSay A E, Jones M L & Bohnert
H J, Overexpression of mannitol-1-phosphate dehydrogenase
increases mannitol accumulation and adds protection against
chilling injury in Petunia, J Am Soc Hortic Sci, 130 (2005)
605-610.
Hu L, Lu H, Liu Q, Chen X & Jiang X, Overexpression of
mtlD gene in transgenic Populus tomentosa improves salt
tolerance through accumulation of mannitol, Tree Physiol, 25
(2005) 1273-1281.

