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Shoot-tip derived callus cultures of Sorghum bicolor were transformed by Agrobacterium tumefaciens as
well as by bombardment methods with the mutated pyrroline-5-carboxylate synthetase (P5CSF129A) gene
encoding the key enzyme for proline biosynthesis from glutamate. The transgenics were selfed for three
generations and T4 plants were examined for 100 mM NaCl stress tolerance in pot conditions. The effect
of salt stress on chlorophyll and carotenoid contents, photosynthetic rate, stomatal conductance, internal
carbon dioxide concentration, transpiration rates, intrinsic transpiration and water use efficiencies,
proline content, MDA levels, and antioxidant enzyme activities were evaluated in 40-day-old transgenic
lines and the results were compared with untransformed control plants. The results show that chloro-
phyll content declines by 65% in untransformed controls compared to 30e38% loss (significant at
P < 0.05) in transgenics but not carotenoid levels. Photosynthetic rate (PSII activity) was reduced in
untransformed controls almost completely, while it declined by 62e88% in different transgenic lines.
Salinity induced ca 100% stomatal closure in untransformed plants, while stomatal conductance was
decreased only by 64e81% in transgenics after 4 days. The intercellular CO2 decreased by ca 30% in in-
dividual transgenic lines. Malondialdehyde (MDA) content was lower in transgenics compared to un-
transformed controls. The activities of superoxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC 1.11.1.6)
and glutathione reductase (GR; EC1.8.1.7) were quantified in leaves exposed to 100 mM NaCl stress and
found higher in transgenics. The results suggest that transgenic lines were able to cope better with salt
stress than untransformed controls by protecting photosynthetic and antioxidant enzyme activities.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Salt stress is one of the major abiotic stresses and it severely af-
fects growth and development of sorghum, an important crop grown
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in arid and semiarid regions. Saline soils cause ionic (Naþ and Cl�)
toxicity, low osmotic potential, and changes in nutrient uptake
leading to major disturbances such as photosynthetic carbon gain
and leaf growth rate. Plants respond to low water potential (jw) by
decreasing stomatal conductance and by changes in the growth of
roots in order to take upwater fromdeeper layers of soil (Kramer and
Boyer,1995). Closure of stomatamay lead to reduction in CO2 uptake,
photosynthetic activity and photosynthetic electron transport chain
becomes over-reduced resulting in the generation of ROS (Apel and
Hirt, 2004). Plants respond to the external salinity by expression of
genes like SOS1, NHX and P5CS and by accumulating osmopro-
tectants. Yamaguchi-Shinozaki (2001) showed that both glycinebe-
taine and proline are responsible for osmotic adjustment and they
protect subcellular structures in stressed plants. Proline increases
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cellular osmolarity (turgor pressure) that provides the turgor
necessary for cell expansion under stress conditions (Matysik et al.,
2002). Several studies have demonstrated that over-expression of
P5CS gene increases proline production and confers salt tolerance in
transgenic plants (Kishor and Sreenivasulu, 2014). Hong et al. (2000)
removed the feedback inhibition by using site-directed mutagenesis
to replace the Phe residue at position 129 in Vigna aconitifolia P5CS
with an Ala residue. The resultingmutated enzyme (P5CSF129A)was
therefore, no longer subject to feedback inhibition. Removal of this
feedback inhibition resulted in two timesmore proline accumulation
in P5CSF129A transgenics as compared to plants expressing wild-
type P5CS, and this difference was further accentuated under
200 mM NaCl stress, and better protection of these plants from os-
motic stress was observed (Hong et al., 2000). Proline is considered
as the only osmolyte which has been shown to scavenge singlet
oxygen (Alia et al., 2001), and free radicals including hydroxyl ions,
and hence stabilize proteins, DNA, as well as membrane (Matysik
et al., 2002). The effective detoxification enzymatic machinery in-
cludes SOD, APX and CAT. Exogenous application of proline or ge-
netic manipulation of its biosynthesis or degradation has amply
demonstrated its role in plant responses towater stress (Ozden et al.,
2009). Proline was also reported to reduce the enzyme denaturation
caused due to heat, NaCl and other stresses. Exogenous application of
proline alleviates the salt stress induced reduction in the activities of
antioxidant enzymes in grapevine cells (Ozden et al., 2009). Over-
expression of P5CSF129A in ‘Swingle’ citrumelo plants improved
the drought tolerance and antioxidant enzymatic activity (de
Campos et al., 2011). Recently, Signorelli et al. (2013) demonstrated
that proline does not quench singlet oxygen. Thus, confusion and
controversies exist for the role of proline in quenching singlet oxygen
and hydroxyl radicals under stress conditions. Though Sarvesh et al.
(1996) were the first to show that high proline producing genotypes
exhibit higher specific activities of antioxidant enzymes as compared
to low proline producing genotypes under salt stress; this has not
been shown in transgenics overproducing proline. Also, higher
photosynthetic activity and the yield performance of the transgenics
exhibiting higher antioxidant enzyme activities were not demon-
strated. The present study was therefore undertaken to generate the
transgenic sorghum plants over-expressing P5CSF129A gene and to
evaluate the activities of antioxidant enzymes such as SOD, CAT and
GR under salt stress. The transgenic Sorghum plants were subjected
to saline stress and various physiological parameters like photo-
synthesis, PSII performance, lipid peroxidation, and antioxidant
enzyme activities were studied along with the proline levels since
these physiological parameters affiliated with growth parameters
will ultimately determine the yield capacity under salt stress.

2. Materials and methods

2.1. Preparation of shoot tip explants and in vitro regeneration

Seeds of Sorghum bicolor variety SPV-462, a salt susceptible one,
were collected from the National Research Center for Sorghum,
Hyderabad, India. Seeds were washed with 0.1% Tween-20 for
1 min with vigorous shaking, washed with sterile distilled water
and then surface sterilized using 0.1% (w/v) HgCl2 for 10 min fol-
lowed by threewashes with sterile distilled water for 2e3min each
to remove traces of HgCl2. Surface sterilized seeds were transferred
into sterile bottles containing moistened cotton and kept in dark at
26 ± 2 �C until germination. Shoot tips measuring 0.5e1.0 cmwere
excised from 3-day-old seedlings with a sterile scalpel and an
incision was made at the base of each shoot tip. Shoot tip explants
were cultured on Murashige and Skoog's (MS) medium (Murashige
and Skoog, 1962) containing 1.5 mg l�1 2,4-D and 0.5 mg l�1 kinetin
for callus initiation. The callus obtained on this medium was
excised and used for regeneration and for genetic transformation.
Both Agrobacterium and particle-inflow-gun-mediated methods
were followed for genetic transformation.
2.2. Plant transformation using Agrobacterium tumefaciens

Transformation experiments were conducted by using A.
tumefaciens strain LBA 4404 harboring the binary vector pCAMBIA
carrying V. aconitifolia P5CSF129A cDNA under the control of
CaMV35S promoter. A. tumefaciens was grown at 28 �C in liquid
yeast extract, mannitol medium for 24 h to mid-log phase so as to
reach an optical density of 1.0 (at O.D600 nm). Calli were infected by
immersing in Agrobacterium culture suspension for about
15e30 min. The excess culture adhered to callus masses was
removed through blotting on sterilized Whatman filter paper and
cultured on MS basal agar medium containing 100 mM acetosyr-
ingone and incubated for 48 h at 24 ± 2 �C. After co-cultivation, calli
were transferred onto shoot induction medium (MS þ 1.5 mg l�1

BAP) containing 300mg l�1 cefotaxime and 6mg l�1 hygromycin as
a selection agent.
2.3. Transformation by particle-inflow-gun

Shoot tip derived calli (30-day-old) of sorghum were placed on
an osmotic medium (MS basal þ 36.4 g l�1 mannitol þ 36.4 g l�1

sorbitol þ 30 g l�1 sucrose) for 4 h before bombardment. The
tungsten suspension (10 mg of tungsten particles dissolved in
200 ml of 50% glycerol) was prepared by washing the particles in
absolute ethanol followed by sterile water while vortexing in each
step in microfuge tubes and stored at 4 �C. For 50 ml of tungsten
suspension, 10 ml of plasmid pCAMBIA-P5CSF129A DNA (10 mg),
50 ml of 2.5 M CaCl2 and 20 ml of 100 mM spermidine were added,
vortexed for 3 min, allowed to settle for 1 min and centrifuged for
15 s. The supernatant was removed and pellet was washed three
times with 200 ml of 100% ethanol. Pellet was dissolved in 30 ml of
100% ethanol, vortexed for 1 min and 6 ml of the mixture was used
for each bombardment. All parameters were optimized before
experimentation. Thirty callus pieces were arranged at the center of
each Petri dish and placed on the adjustable shelf at a distance of
18.5 cm in a particle-inflow-gun. Calli were bombarded with a
helium gas pressure of 8 kg cm�2 under partial vacuum (550 mm
Hg). The time was set to 0.05 milli seconds for each shot. After
bombardment, calli were incubated for 48 h in dark on themedium
containing osmotic agents (mannitol þ sorbitol þ sucrose) as
mentioned above.
2.4. Plant regeneration from transformed calli

Shoot tip derived calli after transformationwith particle-inflow-
gunwere placed on shoot induction medium. They were allowed to
differentiate into shoots for 3e4 weeks with weekly subcultures
onto the same media. Shoots that survived in presence of
hygromycin (6 mg l�1) were subsequently transferred to half-
strength MS medium fortified with 0.5 mg l�1 NAA for root initia-
tion for 3 weeks. Shoots with well-formed roots that attained
5e10 cm height were washed gently under running tap water to
remove adhered agar and planted into plastic cups containing
garden soil, coco peat, sand and vermiculate in a ratio of 2:2:1:2.
The cups were covered with a plastic bag for three weeks to
maintain humidity in the greenhouse and were slowly exposed to
the ambient environment. The per cent frequency of trans-
formation was 5e6% irrespective of the method used. The per cent
frequency was calculated using the following formula:
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f¼ Totalnumberof callidifferentiatingplantlets�100
Totalnumberof calli inoculatedintotheregeneratingmedium

Plants were transferred to a containment greenhouse with 28/
20 �C day/night temperatures where theywere allowed to grow until
maturity and subsequent progression of generations (T1, T2, and T3).
T4 transgenic lines confirmed for gene integration using Southern
analysis were tested for salt stress tolerance. All transgenics looked
morphologically similar when compared to that of seed raised plants.

2.5. Molecular analysis of transformed plants and NaCl stress
treatment

Eleven independent transgenic lines (8 generated through
particle-inflow-gun and 3 obtained through Agrobacterium method)
were analyzed for the presence and expression of the hptII and
P5CSF129A genes. Out of the eight transgenic lines, two lines obtained
through Agrobacterium and three obtained through microprojectile
bombardment methods were analyzed. Genomic DNA was isolated
from young leaves of the putative transformants using the CTAB
method described by Doyle and Doyle (1990). Initial screening of the
transformants was carried out by PCR amplification of hptII and
P5CSF129A genes. The 750 bp region of hptII gene was amplified by
using 22-mer oligonucleotide primers (FP 5ʹ-GCT GGG GCG TCG GTT
TCC ACT A-3ʹ and RP 50-CGA GGT CAG TTA CTC GCG ACA A-3ʹ) with a
PCR profile of 30 cycles at (94 �C for 5 min, 94 �C for 45 s, 56 �C for
1 min, and 72 �C for 90 s) and a final extension at 72 �C for 5 min.
Presenceof the introduced P5CSF129A genewas detected byusing 22-
mer primers (FP 5ʹ-ACATTATAC TCGTCT CCT CTG G-3ʹ and RP 5ʹ-AAT
TTT GTT TCC TTT CCT CTGA-3ʹ) designed to obtain a 800 bp amplicon
with a PCR profile of 30 cycles at 94 �C for 45 s, 56 �C for 1 min, and
72 �C for 90 s and a final extension at 72 �C for 5 min. Amplified
products were assayed by electrophoresis on 1.2% agarose gels after
staining with ethidium bromide. Southern blot analysis was carried
out according to Sambrook et al. (1989). Genomic DNA (20e30 mg)
from each of transformants along with untransformed plant leaves
were digestedwith EcoRI and P5CSF129A genewas liberated. Digested
DNAwas separated on 0.8% agarose gel and the DNA fragments were
transferred onto nylon membranes (Hybond Nþ, Amersham Bio-
sciences, UK). PCR amplified fragments of respective coding se-
quences of hptII and P5CSF129A genes were used as probes labeled
with non-radioactive Alk-Phos direct system (Amersham). Labeling,
hybridization and detection methods were performed according to
the manufacturer's instructions. Copy number of the inserted gene
wasdeterminedbydigesting the genomicDNA sampleswith kpnI and
probed with P5CSF129A. Total RNA was isolated from transgenic
plants alongwith untransformed control plants using TRIzol® reagent
from 100 mg leaf tissue. RT-PCR analysis was carried out for the
selected transgenic plants using Thermoscript RT-PCR system®

(Invitrogen) according to the manufacturer's instructions. The syn-
thesized cDNA was used for PCR amplification of the coding se-
quences of hptII and P5CSF129A genes using respective gene specific
primers as described above. Twelve plants from each of transgenic
line and untransformed control plants were grown in the greenhouse
with 28/20 �C day/night temperatures underwell watered conditions
until 40 days after sowing the seeds. The pots were placed in similar
positions in relation to incidence of solar radiation. Thereafter, plants
were divided into two groups: one set kept as control without salt
stress and to the other set, 100 mM NaCl was added (to each pot).

2.6. Chlorophyll fluorescence and photosynthetic leaf gas exchange
measurements

Chlorophyll and carotenoid contents in the leaf discs were
determined as per the procedure of Arnon et al. (1974). Chlorophyll
a and bwere measured at 663 and 645 nm, while carotenoids were
measured at 480 nm. The PSII activity in the intact leaves was
determined by measuring chlorophyll a fluorescence transient us-
ing Handy Plant Efficiency Analyzer (Hansatech instruments Ltd.,
King's Lynn, Norfolk, England). The transients were induced by 1 s
illumination with an array of three light emitting diodes providing
a maximum light intensity of 3000 mmol m-1 s�1 and a homoge-
nous irradiation over a 4mmdiameter leaf area. The leaf exposed to
salt stress treatments (one liter solution of 100 mM NaCl to each
pot) were dark adapted (in order to ensure that all the components
of PSII are in oxidized state i.e. PSII reaction centers are fully open)
for 30 min prior to the measurement. Initial (F0) and maximal (Fm)
fluorescence yields were measured. Variable fluorescence yield (Fv)
was defined as Fm� F0. Variation in PSII activity was measured as
the ratio of variable to maximum fluorescence (Fv/Fm). Plant re-
sponses to salinity treatments were quantified by measuring
photosynthetic leaf gas exchange. The rate of leaf gas exchange was
measured using a portable infrared CO2/H2O gas analyzer (IRGA)
(LC Proþ, ADC Bioscientific Ltd., U.K.) equipped with a broad leaf
chamber. Gas analyzer was used to measure instantaneous net
photosynthetic rates (A; micromol m�2 s�1), stomatal conductance
to CO2 (gs; mol m�2 s�1) and transpiration rates (E; mmol m�2 s�1),
periodically during each growing season between 10 and 11 h solar
time. Instantaneous water use efficiency (WUEi¼ A/E mmol
CO2 mol�1 H2O) was calculated. Plants were analyzed for internal
CO2 concentrations (Ci). Both A and gs were expressed on a pro-
jected leaf area basis which wasmeasuredwith an automatic image
analyzer. All photosynthetic measurements were performed in situ
on young, fully expanded and light-exposed leaves randomly cho-
sen from the upper half of the plant. The approach was adopted to
avoid variation in photosynthetic characteristics between leaves of
different age. The leaves were tagged to allow repeated
measurements.

2.7. Proline determination

Leaf samples were ground in liquid nitrogen, and free proline
was extractedwith 3% (w/v) sulfosalicylic acid. After centrifugation,
the supernatant was used for determination of the proline content
at 520 nm, as described by Bates et al. (1973). Values are expressed
in mmol proline g�1 fresh weight.

2.8. Lipid peroxidation

Lipid peroxidation was determined according to Fu and Huang
(2001). Fresh leaves were homogenized in 5 ml of 0.1% TCA. The
homogenate was centrifuged at 5000 g for 10 min. Five hundred ml
of the supernatant was added to 4 ml of 20% TCA which contained
0.5% thiobarbituric acid. Themixturewas heated at 95�C for 30min,
quickly cooled on ice, and centrifuged at 5000 g for 15 min. The
absorbance of the supernatant was read at 532 and 600 nm. After
subtracting the non-specific absorbance at 600 nm, MDA concen-
tration was calculated using an extinction coefficient of
155 mM�1 cm�1. Lipid peroxidation is expressed in nmol MDA g�1

fresh weight of leaf tissue.

2.9. Antioxidant enzyme activities

Activity of SOD was determined in controls and 100 mM NaCl
treated transgenic plants by the method of Beauchamp and
Fridovich (1971) following the photo reduction of NBT. The reac-
tion mixture contained 50 mM phosphate buffer (pH 7.8), 0.1 mM
EDTA, 13 mM methionine, 75 mM NBT, 2 mM riboflavin and 100 ml
of supernatant. Riboflavinwas added as the last component and the



Fig. 1. (A) Southern hybridization of genomic DNA samples of T4 transgenic plants
using P5CSF129A gene specific probe. þC ¼ vector DNA; C ¼ untransformed control
showing no insert of the P5CS gene. Lanes 1 to 4 ¼ transgenic sorghum plants (A1-3-2,
A2-2, B4-4-2-3, B10-3-2 respectively). (B) RT-PCR analysis of transgenic
plants, þC ¼ vector DNA; C ¼ untransformed control and lanes 1 to 4 ¼ transgenic
lines A1-3-2, A2-2, B4-4-2-3, B10-3-2, B11-2-1 respectively.
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reaction was incubated by placing the tubes under two 15 W
fluorescent lamps. The reaction was terminated after 10 min by
removing the reaction tubes from the light source. Non-illuminated
and illuminated reactions without supernatant served as calibrated
standards. Reaction products were measured at 560 nm. Volume of
the supernatant corresponding to 50% inhibition of the reaction
was assigned a value of one enzyme unit. Enzyme activity was
expressed as units mg�1 protein. Catalase activity was determined
according to the method described by Luck (1974). Leaf material
was homogenized with 50 mM phosphate buffer (pH 7.0). The
homogenatewas centrifuged at 8000 g for 20min at 4 �C. Twenty ml
of enzyme extract was added to 3 ml of hydrogen peroxide-
phosphate buffer (pH 7.0). Time required for the decrease in the
absorbance at 240 nm from 0.45 to 0.40 was noted. Enzyme solu-
tion containing hydrogen peroxide-free phosphate buffer was used
as control. GR activity was measured according to Foyer and
Halliwell (1976) by following the rate of NADPH oxidation as
measured by the decrease in absorbance at 340 nm. Oneml of assay
mixture contained 100 mM TriseHCl buffer (pH 7.8), 2 mM EDTA,
50 mM NADPH, 0.5 mM GSSG and 20 ml of the enzyme extract.
Assay was initiated by the addition of 50 mM NADPH at 25 �C and
was performed at 340 nm for 5min. Enzyme activity was expressed
in terms of mmols of NADPH oxidized mg�1 of protein min�1. Leaf
protein content was determined according to modified Lowry's
procedure (Lowry et al., 1951).

2.10. Statistical analysis

All experiments were repeated and the data represent average
values taken from 6 replicates unless otherwise mentioned. The
physiological data were analyzed by two-way ANOVA, taking
P < 0.05 as significant according to Tukey's post hoc test.

3. Results

3.1. Plant regeneration from callus cultures and genetic
transformation

Parameters that influence callus initiation from shoot tips, sub-
sequent plant regeneration and genetic transformation have been
standardized initially using sorghum variety SPV-462. Mature em-
bryos, inflorescences and shoot tips were tried for callus initiation
and subsequent plant regeneration. Since shoot tip derived calli
were found better for plant regeneration, they were used in the
present study (data not shown). Devoid of 100 mMacetosyringone to
the co-cultivation medium, genetic transformation was not noticed.
Age of callus, concentration of acetosyringone, helium pressure,
target distance, concentration of DNA/mg of tungsten particles, and
duration of osmotic treatment influenced the transformation fre-
quency (data not shown). After co-cultivation of calli with Agro-
bacterium for 48 h, the tissues were transferred onto selection
medium containing 6 mg l�1 hygromycin and 300 mg l�1 cefotax-
ime. For particle bombardment, optimized conditionswere followed
with 8 kg cm�2 helium pressure, a target distance of 18.5 cm, 2 mg of
DNA mg�1 tungsten particles, 0.25 M sorbitol plus 0.25 M mannitol
as osmoticum, 4 h of pre-bombardment and 16 h of post-
bombardment osmotic treatment and vacuum maintenance at
550 mm Hg and 0.05 milli seconds for each shot. After 28 h of
microprojectile bombardment, callus tissues were transferred from
medium containing osmotic agents to the selection medium sup-
plemented with 6 mg l�1 hygromycin. Shoots grown to about
4e5 cm on hygromycin (6 mg l�1) selection medium were trans-
ferred to half-strength MS medium supplemented with 0.5 mg l�1

NAA for rooting. Shoots with well-developed roots were transferred
into pots containing gareden soil and sand in a ratio of 1:1 for
subsequent growth and analysis.

3.2. Stable integration of the transgene and evaluation of
transgenics

Oligonucleotide primers specific to the coding regions of hptII and
P5CSF129A genes amplified the expected size of the gene fragments
from all the analyzed transformants, but not from untransformed
controls. The results based on PCR analysis were confirmed by
Southern hybridization using P5CSF129A gene. Southern blot analysis
of transgenics indicated that the number of copies of the transgene
integration into the genome of the host plants varied from one to
three (Fig. 1A). RT-PCR analysis of cDNA from the transgenic plants
showed positive amplification of hptII and P5CSF129A transcripts in
all the selected transgenic events (Fig. 1B). Transgenic events accu-
mulating high proline levels in presence of 100 mM NaCl sress
conditions (compared to untransformed controls) were selected for
subsequent gene expression and phenotypic studies. Greenhouse
experiments were conducted for the physiological and biochemical
characterization of the 5 selected transgenic events namely A1-3-2,
A2-2, B4-4-3-2, B10-3-2, B11-2-1, (A and B representing transgenic events
generated through Agrobacterium and bombardment respectively) in
T4 generation (control and salt stress treatments). These transgenic
lines were selected for this study based on proline and gene
expression levels. Transgenics as well as untransformed sorghum
plants were subjected to 100 mM NaCl stress in the pot conditions.
Leaves in untransformed plants turned brown after 2-days of salt
stress, but in the transgenics, the younger leaves were green and
retained chlorophyll even after one-week of stress (Fig. 2A). Plants
were uprooted 5-weeks after salt stress and the root biomass (fresh
weights) was measured. No significant differences in the biomass of
roots were observed in untransformed controls between stress and
non-stress conditions, while the biomass was significantly different
(P< 0.05) in the transgenics (Fig. 2B).

3.3. Proline content

The amount of proline in T3 independent transgenic lines was
estimated from fresh leaf tissues and was found several-folds
higher compared to untransformed plants (Table 1). After 2-days
of 100 mM NaCl stress, the concentration of free proline in the
transgenic events raised up to 84e98 mg g�1 FW from 20 mg g�1 FW
on day 0. In transgenic lines, proline content was considerably
higher after 2-days of salt treatment when compared to



Fig. 2. (A) Effect of 100 mM NaCl stress on the leaves in untransformed control (UC)
which turned brown and transgenics (T) that retained chlorophyll (transgenic line A2-
2), and (B) Root biomass of untransformed control (UC) and transgenic line A2-2 in
presence of 100 mM NaCl. Similar results were obtained with other transgenic plants.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. Photosynthetic rates of untransformed control and different transgenic lines
A1-3-2, A2-2, B4-4-2-3, B10-3-2, B11-2-1 under 100 mM salt stress. Vertical bars
represent SE (n ¼ 4). Significant difference between means at the (P < 0.05) level
determined by Tukey's post-hoc test (ANOVA).
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untransformed controls, and these values were maintained until
the end of the stress treatment (Table 1).

3.4. Photosynthetic leaf gas exchange

Leaf gas exchange in P5CSF129A transgenic sorghum lines and
control was measured daily for 4 days, starting at the onset of salt
treatment. Under control conditions without stress, no significant
difference was observed in leaf gas exchange both in transgenic
lines and untransformed plants. The photosynthetic rate (A) or net
CO2 assimilation rate of transgenic and untransformed plants
showed no significant differences and the average A was
24 mmol mol�2 S�1. Photosynthetic rates decreased in both trans-
genic and untransformed control plants under salt stress condi-
tions. The extent of decline in photosynthetic rate increased with
the time of exposure to salt stress and A was almost completely
inhibited in untransformed control plants. However, by the end of
the experiment, 91% decrease in photosynthetic rate was noticed in
untransformed control plants, whereas in transgenic lines, the
decrease was 61e80% under salt stress (Fig. 3). The salinity caused
almost total inhibition of stomatal conductance and transpiration
rate of untransformed controls (Figs. 4 and 5). In transgenic lines,
stomatal aperture decreased by 64e81%. The effect of salinity on
intercellular CO2 concentration was less severe in transgenic lines
when compared to wild-type plants. In untransformed plants, Ci
concentration decreased significantly with the exposure of salt
stress (Fig. 6). Water use efficiency (A/E) was higher in transgenic
plants in contrast to untransformed controls (Fig. 7). With the
exposure of plants to the stress, A/E decreased to 0 in untrans-
formed plants by day 4. On the other hand, in transgenic lines, only
slight decrease was noticed.
Table 1
Effect of 100 mM NaCl stress on proline content (expressed as mg/g fresh weight of
tissue) in untransformed and transgenic lines.

Plants Day 0 Day 1 Day 2 Day 3 Day 4

Untransformed control 20 (±2) 34 (±3)* 39 (±4)* 36 (±2)* 34 (±1)*

A1-3-2 23 (±3) 62 (±5)** 98 (±4)** 95 (±2)** 93 (±3)**

A2-2 21 (±2) 54 (±2)** 90 (±4)** 88 (±5)** 81 (±3)**

B4-4-2-3 20 (±3) 58 (±4)** 92 (±2)** 91 (±5)** 90 (±6)**

B10-3-2 21 (±2) 52 (±2)** 86 (±4)** 87 (±5)** 86 (±3)**

B11-2-1 21 (±3) 50 (±2)** 84 (±5)** 82 (±4)** 80 (±3)**

*indicates significant difference at p < 0.05 and **indicates significant difference at p
< 0.01 by Tukey's post-hoc test (ANOVA) from the mean values ± standard error
(n ¼ 6).
3.5. Chlorophyll a fluorescence analysis

The quantum yield of photosynthetic electron transport (Fv/Fm)
is a parameter that allows the detection of any damages to the
photosystem II (PSII) and the possible existence of photoinhibition.
Fv/Fm is considered to be an important parameter for evaluation of
the response of plants to oxidative stresses generated by salt and
drought. During the first two days of 100 mM salt stress, no sig-
nificant difference was observed in Fv/Fm ratio in both the trans-
genic lines and untransformed controls. After day 2, the
photochemical efficiency of PSII decreased by 8e16% in the trans-
formed lines, but by 56% in untransformed plants. Transgenic lines
recorded approximately 45% higher Fv/Fm than the untransformed
controls (Fig. 8). In general, chlorophyll content in the leaf discs of
Fig. 4. Stomatal conductance of untransformed control and different transgenic lines
A1-3-2, A2-2, B4-4-2-3, B10-3-2, B11-2-1 under 100 mM salt stress. Vertical bars
represent SE (n ¼ 4). Significant difference between means at the (P < 0.05) level
determined by Tukey's post-hoc test (ANOVA).



Fig. 5. Transpiration rates of untransformed control and different transgenic lines A1-
3-2, A2-2, B4-4-2-3, B10-3-2, B11-2-1 under 100 mM salt stress. Vertical bars represent
SE (n ¼ 4). Significant difference between means at the (P < 0.05) level determined by
Tukey's post-hoc test (ANOVA).

Fig. 7. Water use efficiency of untransformed control and different transgenic lines A1-
3-2, A2-2, B4-4-2-3, B10-3-2, B11-2-1 under 100 mM salt stress. Vertical bars represent
SE (n ¼ 4). Significant difference between means at the (P < 0.05) level determined by
Tukey's post-hoc test (ANOVA).
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both untransformed and the transformed lines decreased with the
time of exposure to the salt stress treatments. However, chlorophyll
degradationwas significantly faster in case of untransformed plants
as compared to the transgenic lines (Table 2). After 4 days of
exposure to stress, leaf discs of untransformed plants showed 65%
decline in chlorophyll content in contrast to 33% loss in transgenics
under salt stress. The impact of salt stress on carotenoids was also
similar to that of total chlorophyll content both in untransformed
and transgenic lines (Table 3).
Fig. 6. Internal CO2 concentration of untransformed control and different transgenic
lines A1-3-2, A2-2, B4-4-2-3, B10-3-2, B11-2-1 under 100 mM salt stress. Vertical bars
represent SE (n ¼ 4). Significant difference between means at the (P < 0.05) level
determined by Tukey's post-hoc test.
3.6. Lipid peroxidation

Lipid peroxidation (MDA content) is used as an indicator of
oxidative stress. Free radical formation and membrane damage
levels were analyzed by measuring the MDA content in transgenic
and untransformed plants before and during salt stress. The results
showed that there were no significant differences in MDA content
between the two before imposing stress (Fig. 9). One day after salt
stress, lipid peroxidation levels increased in both transgenic and
untransformed plants, but the content ofMDA in each transgenic line
was significantly lower than in the untransformed plants even after 4
days. Analysis of variance showed that there was no great difference
in MDA content among different transgenic lines till 4th day (Fig. 9).
Fig. 8. Chlorophyll fluorescence of untransformed control and different transgenic
lines A1-3-2, A2-2, B4-4-2-3, B10-3-2, B11-2-1 under 100 mM salt stress. Vertical bars
represent SE (n ¼ 4). Significant difference between means at the (P < 0.05) level
determined by Tukey's post-hoc test (ANOVA).



Table 2
Effect of 100 mM NaCl stress on total chlorophyll content (expressed as mg/g fresh weight of tissue) in untransformed and transgenic lines.

Plants Day 0 Day 1 Day 2 Day 3 Day 4

Untransformed control 6 (þ0.2) 5.8 (þ0.1) 4.2 (þ0.5)* 3.8 (þ0.3)* 2.1 (þ0.6)*

A1-3-2 6.5 (þ0.4) 6.4 (þ0.6) 5.6 (þ0.3)** 5.3 (þ0.5)** 4.7 (þ0.2)**

A2-2 6.5 (þ0.5) 6.2 (þ0.4) 5.5 (þ0.6)** 4.6 (þ0.4)** 4.4 (þ0.3)**

B4-4-2-3 6.5 (þ0.2) 6.3 (þ0.4) 5.5 (þ0.5)** 4.9 (þ0.3)** 4.5 (þ0.4)**

B10-3-2 6.1 (þ0.3) 5.9 (þ0.5) 5.3 (þ0.2)** 4.6 (þ0.6)** 4.3 (þ0.9)**

B11-2-1 6.1 (þ0.2) 5.9 (þ0.4) 4.9 (þ0.5)** 4.5 (þ0.7)** 4.1 (þ0.5)**

*indicates significant difference at p < 0.05 and **indicates significant difference at p < 0.01 by Tukey's post-hoc test (ANOVA) from the mean values ± standard error (n ¼ 6).
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3.7. Antioxidant enzyme activities

No differences in the activity of SOD were observed in trans-
genics when compared to untransformed plants devoid of stress.
Under salt stress, slight increase in SOD activity was noticed in
transgenic lines after day 1. However, the activity of SOD decreased
in transgenics and untransformed plants after 2 days of salt stress.
But the amplitude of decrease is significantly higher in untrans-
formed plants than the transformants (Fig. 10). Thereafter, on
progression of the stress, SOD activity decreased by 58% in salt
stressed untransformed plants. In contrast, SOD activity in trans-
genic lines decreased by only 24%. Catalase activity in untrans-
formed plants declined significantly under salt stress right fromday
1 in comparison to their corresponding controls and reached the
lowest levels (0.22e0.012 units mg�1 protein) by 4th day of stress
(Fig. 11). Catalase activity increased for 3 days
(0.25e0.38 units mg�1 protein) during the course of salt stress but
declined to 0.023 units in transgenic lines by day 4. Glutathione
reductase (GR) that catalyses the NADPH-dependent reduction of
oxidized glutathione did not show any difference in its activity both
in transgenic lines and untransformed plants under normal con-
ditions. The decrease in GR activity was significantly more in un-
transformed plants throughout the experiments compared to P5CS-
transgenic lines (Fig. 12). The effect of salinity impacted the GR
activity both in transgenic lines and untransformed plants. After 4
days of stress treatment, GR activity decreased by 84% in salt stress
conditions in untransformed plants whereas transgenic lines
showed only 52% decrease.
4. Discussion

We report an efficient and reproducible genetic transformation
for sorghum through Agrobacterium-mediated and microprojectile
bombardment methods using shoot apices-derived callus. Geno-
type, type of explant and age of callus greatly influence plant
regeneration frequency in sorghum and also genetic trans-
formation as reported by Gao et al. (2006). Our experiments indi-
cated that genotypic differences exist for shoot regeneration in
sorghum. Also, shoot apices-derived callus was found better for
regeneration of shoots compared to immature inflorescences and
mature embryos (Jogeswar, 2005). Sorghum in general has been
Table 3
Effect of 100 mM NaCl stress on carotenoid content (expressed as mg/g fresh weight of tis
different).a

Plants Day 0 Day 1

Untransformed control 2.1 (±0.2) 1.8 (±0.7)
A1 2.4 (±0.7) 2.3 (±0.4)
A1-3-2 2.3 (±0.5) 2.0 (±0.7)
B4-4-2-3 2.3 (±0.4) 2.1 (±0.8)
B10-3-2 2.2 (±0.8) 2.0 (±0.5)
B11-2-1 2.3 (±0.5) 1.9 (±0.6)

a Values represent data taken from 6 replicates.
regarded as recalcitrant both for plant regeneration and genetic
transformation efficiency. In the present study, however, shoot
apices were preferred since the regeneration frequency from shoot
apex derived callus was higher and also the transformation fre-
quency. In this study, transgenic nature of plants was confirmed by
PCR amplification of hptII and P5CSF129A genes in the host genome.
Further, Southern blot hybridizations confirmed not only integra-
tion of P5CSF129A gene but also its copy number (2e3 copies) and
RT-PCR, the expression of introduced genes atmRNA level. Out of 11
transgenics lines containing the P5CS transgene, five plants were
selected for salt stress treatment based on free proline content.
4.1. Salt stress tolerance of transgenic plants

The key metabolic event, photosynthesis, which is essential for
growth and development of plants, is sensitive to salt stress. The
loss in the chlorophyll content accompanied by inactivation of
photochemical reactions especially those mediated by PSII is
known in plants exposed to salt, drought and low temperature
stresses (Fedina et al., 1993). Investigations were carried out to
determine the photosynthetic efficiency, in terms of chlorophyll
content and PSII activity of leaves of untransformed and
P5CSF129A-transgenic lines exposed to salt stress. After 4-days of
exposure to 100 mM NaCl, the leaves of untransformed plants
showed a decline in chlorophyll content by 65%, in contrast to 33%
loss in chlorophyll content exhibited by transgenic lines. Increased
photosynthetic pigment contentmight be due to high proline levels
in the transgenic lines. The protective effect of proline to the
damage caused by salt stress sustains the hypothesis of its role in
scavenging ROS especially �OH radical.

The decline in PSII activity in untransformed plants with the time
of exposure to salt stress was significantly faster in comparison to
that noted in transgenics. The decrease in PSII activity in presence of
salt stress can primarily be accounted to destabilization of the
pigment protein complexes as pointed out by Fedina et al. (1993) and
dissociation of extrinsic proteins from water oxidation complex
(Papageorgiou and Murata, 1995). Because of stomatal closure in salt
stress conditions, photosynthetic activity decreased considerably as
has been shown earlier by Lawlor and Cornic (2002). But in proline
over-producing transgenic sugarcane lines, lesser damage in photo-
synthetic apparatus was noticed compared with untransformed
sue) in untransformed controls and transgenic lines (the values are not significantly

Day 2 Day 3 Day 4

1.6 (±0.5) 1.5 (±0.6) 1 (±0.4)
1.9 (±0.5) 1.8 (±0.5) 1.7 (±0.2)
1.8 (±0.4) 1.7 (±0.5) 1.6 (±0.3)
1.9 (±0.5) 1.8 (±0.2) 1.6 (±0.6)
1.8 (±0.6) 1.7 (±0.4) 1.4 (±0.2)
1.7 (±0.1) 1.6 (±0.3) 1.4 (±0.4)



Fig. 11. Catalase activity of untransformed control and different transgenic lines A1-3-
2, A2-2, B4-4-2-3, B10-3-2, B11-2-1 under 100 mM salt stress. Vertical bars represent
SE (n ¼ 4). Significant difference between means at the (P < 0.05) level determined by
Tukey's post-hoc test (ANOVA).

Fig. 9. MDA content of untransformed control and different transgenic lines A1-3-2,
A2-2, B4-4-2-3, B10-3-2, B11-2-1 under 100 mM salt stress. Vertical bars represent
SE (n ¼ 4). Significant difference between means at the (P < 0.05) level determined by
Tukey's post-hoc test (ANOVA).
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control plants. The photochemical efficiency of PSII was higher by
65% in transgenic sugarcane at the end of water deficit experiments
compared to untransformed controls (Molinari et al., 2007). They
also opined that proline protected the plants against the oxidative
stress caused by water deficit. Sivakumar et al. (2000) showed the
involvement of proline in the protection of thylakoid membranes
against free radical induced photodamage. This lends support to our
earlier observation that proline may protect chlorophyll a as well as
chlorophyll b against salt induced damage by scavenging reactive
oxygen species (Sarvesh et al., 1996). In the present study, total
chlorophyll content (Table 2) and chlorophyll fluorescence mea-
surements (Fig. 8) in proline overproducing transgenic sorghum
lines indicated lower damage in photosynthetic apparatus when
compared with untransformed control plants. The maintenance of
Fig. 10. SOD activity of untransformed control and different transgenic lines A1-3-2,
A2-2, B4-4-2-3, B10-3-2, B11-2-1 under 100 mM salt stress. Vertical bars represent
SE (n ¼ 4). Significant difference between means at the (P < 0.05) level determined by
Tukey's post-hoc test (ANOVA).
Fv/Fm ratiomay be due to high chlorophyll, aswell as decreased lipid
peroxidation (Cui et al., 2006). No significant difference was
observed in the PSII quantum yield in transgenic events during salt
stress. These findings clearly demonstrated that the introduction of
P5CSF129A gene lead to an increase in the tolerance of transgenic
sorghum plants to salt stress.

4.2. Leaf gas exchange in the transgenics under stress

The decline in the transpiration rate in untransformed plants
was higher than in the transgenic lines across salt stress experi-
ment, indicating the capacity of transgenic plants to maintain a
high rate of transpiration. This suggests a possible causal relation
between a high proline level and the capacity to maintain stomata
Fig. 12. GR activity of untransformed control and different transgenic lines A1-3-2, A2-
2, B4-4-2-3, B10-3-2, B11-2-1 under 100 mM salt stress. Vertical bars represent SE
(n ¼ 4). Significant difference between means at the (P < 0.05) level determined by
Tukey's post-hoc test (ANOVA).
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in open condition in dryer soils that very well fits the expected role
of proline in maintaining turgidity of the leaf cells including sto-
matal guard cells. Our results are in line with a few other reports
where the overproduction of proline led to increased tolerance to
water stress based on one or more parameters like total water
potential, osmotic and membrane potentials, membrane stability
and MDA content, root length and weight, seed and capsule
numbers etc. (Kishor et al., 1995; Vendruscolo et al., 2007). On an
average, A, TE and gs were reduced by about 61%, 64% and 79%
respectively, in the salt stressed transgenics. By contrast, all these
gas exchange parameters were significantly inhibited in untrans-
formed plants under salt stress conditions towards the termination
of the experiment. The lowered leaf chlorophyll content in un-
transformed control plants might have contributed to the decrease
of net photosynthesis. Furthermore, the similarity between the
patterns of A, TE rates and gs revealed the correlation between all
these parameters expressed via the high relationships determined
between them. The effect of salinity stress on intercellular CO2
concentration in transgenic lines was not high. But in untrans-
formed plants, Ci concentration decreased with exposure to salt
stress. Koyro (2006) reported that gas exchange properties such as
net photosynthesis and water use efficiency were strongly affected
by salt stress and has also attributed the reduction in net photo-
synthesis in salt stressed plants to stomatal limitations. It is
important to assess how TE was affected by the overproduction of
proline in these transformants.

4.3. Antioxidant enzymes and abiotic stress

Alleviation of oxidative damage by scavenging ROS, with the use
of antioxidant enzymes, is an important strategy of plants for
increasing stress tolerance. Hoque et al. (2007) verified positive
correlation between proline accumulation and enhancement of
antioxidant enzyme activity in tobacco cells submitted to salinity
stress. In the present study, negative influence of salinity stress was
observed onphotosystem II exhibiting variation between transgenic
lines anduntransformed control plants. Proline has been considered
not only as a compatible solute and osmoprotectant but also a hy-
droxyl radical scavenger. Under osmotic stress, proline stabilizes
proteins, membranes, and subcellular structures and protects
cellular functions by scavenging ROS. It appears from our study that
proline may play the same role and in the improved growth of
sorghum under stress. Transgenic plants overexpressing the P5CS
gene produced a high level of the antioxidant enzymes and syn-
thesized more proline than the controls. The transformants toler-
ated salt stress and showed enhanced root biomass under
greenhouse conditions. Enhanced proline levels in transgenic plants
suggests that P5CS gene activity is the rate-limiting step for its
accumulation (Kishor et al., 2005). In addition to synthesis, proline
catabolismand transport are thought to control endogenous proline
accumulation and energy levels in plants (Kishor et al., 2005; Kishor
and Sreenivasulu, 2014). Transport of proline to root mitochondria
and its degradation there results in higher release ofNAD(P)Hwhich
might help in improving root biomass. Salt tolerance due to over-
expression of the P5CS gene has also been reported in transgenic rice
and pigeonpea earlier (Zhu et al., 1998; Surekha et al., 2014).

In the present study, decreased activities of SOD in salt-treated
plants indicate that SOD could not play a crucial role in scavenging
superoxide radicals during salinity stress. However, in transgenics,
the dismutation of O�$

2 was high compared to wild-type plants.
Exogenous application of proline protected cell membranes from
salt-induced oxidative stress by enhancing the activities of various
antioxidant enzymes (Yan et al., 2000). Our results show that SOD
activity is well protected in transgenics by high proline levels unlike
that of controls. In the present study, untransformed control and
transgenic lines showed differential CAT activity in response to salt
stress. In Pancratium maritimum L., salt stress resulted in the inhi-
bition of antioxidant enzymes CAT and peroxidase, but activities of
these enzymes were also maintained significantly higher in the
presence of proline. It is concluded that proline improves the salt-
tolerance of P. maritimum L. Exogenous proline increased the cata-
lase activity in olive tree leaves (Ahmed et al., 2010). Their results
indicate that high proline levels may protect antioxidant enzyme
machineryand thus protect the plants fromoxidative damageunder
stress conditions. The decline in GR activity was more in untrans-
formed plants than the transgenic lines. Our data show that activ-
ities of SOD, CATandGRenzymes in leaves of transgenic plantswere
higher compared to untransformed plants under salt stress. Since a
major role of these antioxidant enzymes is scavenging of ROS that
are produced due to salt stress, it can be concluded that proline
accumulation might play a critical role in protecting antioxidant
activities under salt stress. In plants, proline may also scavenge
singlet oxygen and free radicals that induce damages, and performs
an important role in the protection of proteins against denaturation
(Alia et al., 1997). Increased proline content and improved tolerance
to abiotic stresses, in salt-stressed calli of Suaeda nudiflora, a halo-
phytic plant, suggested that proline protects the callus from mem-
brane damage caused by free radicals during salt stress (Cherian and
Reddy, 2003). Our data strongly suggest that salt stress can induce
membrane lipid peroxidation resulting in membrane fluidity,
leading to enhanced electrolytic leakage inwild type and transgenic
lines. However, transgenic lines exhibited relatively less membrane
injury and lipid peroxidation levels compared to the untransformed
control plants. Higher proline levels in transgenics might result in
less accumulation ofMDA in transgenics as seen in the present study
compared to higher MDA levels in untransformed control plants.
This confirms the earlier observations on the production of free
radicals under salinity stress where a significant negative correla-
tion was observed between the proline levels and MDA production
(Alia et al., 1993). It has been reported that higher proline accumu-
lation in P5CS-transformed plants (Vendruscolo et al., 2007) might
have reduced the free radical levels as measured byMDA content in
response to osmotic stress. These observations suggest that the
elevated proline reduces the levels of free radicals in response to
osmotic stress, thereby, significantly improving the ability of the
transgenic plants to better survive under stress. .

5. Conclusion

Our results support the hypothesis that proline accumulated in
sorghum transgenic events might have contributed for better
chlorophyll protection, increased water use efficiency and protec-
tion of antioxidant activities.
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