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Abiotic stress induced over-expression of superoxide dismutase (SOD), catalase and peroxidase
enzymes were studied in the transgenic embryogenic calli of Hevea brasiliensis, clone RRII 105.
Two month old calli were transformed using Agrobacterium tumefaciens harbouring the binary
vector containing neomycin phosphotransferase (npt-II) for kanamycin resistance as the marker
gene for selection, B-glucuronidase (GUS) as the reporter gene and the sequence coding for SOD
enzyme under the control of FMV 34S promoter. The transformed calli were proliferated in modi-
fied Murashige and Skoog medium fortified with hormones 2,4-D (4.5 uM), BA (2.2 pM) and
NAA (1.1 uM). Over-expression of SOD, peroxidase and catalase enzymes in response to abiotic
stresses like water stress, osmotic stress and different light regimes in transgenic embryogenic
callus cultures were determined. Water stress was induced by the addition of different concentra-
tions (0.2-1.0%) of phytagel and osmotic stress using polyethylene glycol (PEG), mannitol and
sorbitol (2-10%) in the culture medium. More than 50% over-expression of SOD was observed
when 0.4% phytagel was added to the medium and 40% over-expression was obtained when the
culture medium was supplemented with 4.0% PEG. Catalase and peroxidase were also over-
expressed correspondingly.
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INTRODUCTION Active oxygen species such as super-

The recent developments in genetic
modification techniques have opened new
avenues for the production of fertile
transgenic plants with increased yield, stress
tolerance and resistance to pathogens. Al-
though, genetic transformation and stable
integration of foreign genes have been suc-
cessful in many cereal crops and herbaceous
annual plants, the success in perennial tree
crops is rather limited (Dandekar et al., 1988;
James et al., 1989; Ueno et al., 1996). In Hevea
brasiliensis, Agrobacterium tumefaciens as well
as particle bombardment mediated genetic
transformation and subsequent plant regen-
eration have been reported earlier (Arokiaraj
et al., 1994 and 1998; Jayashree et al., 2000).

oxide (O,), hydrogen peroxide (H,0,) and
hydroxyl radicals (OH') are produced in aero-
bic organisms as a consequence of oxygen
metabolism (Asada and Takahashi, 1987).
Green plant tissues may produce more ac-
tive oxygen species than animal tissues, be-
cause plants generate oxygen during photo-
synthesis and consume it during respiration.
Further, because of their growth under high
light intensities and a high cellular concen-

tration of dioxygen, plants are subjected to
oxidative stress. Increased antioxidant en-
zyme activities have been reported in re-
sponse to heat and light conditions that cause
sunscald in vegetables, fruits and flowers
(Rabinowitch and Sklan, 1980).
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Superoxide dismutase (SOD) [EC
1.15.1.1.] is the first enzyme involved in the
detoxifying process of the active oxygen spe-
cies. SOD enzymes are a class of metallo en-
zyme, which are known to accelerate the
spontaneous dismutation of superoxide radi-
cal to hydrogen peroxide and molecular oxy-
gen (Fridovich, 1986). Peroxidase and cata-
lase enzymes eliminate the hydrogen perox-
ide. Thus the combined action of these en-
zymes convert superoxide radical and hy-
drogen peroxide to water and molecular oxy-
gen.

(O) +H(O) +2H) — > H,0,+ 0,
SOD

In plants, the formation of superoxide
and other active oxygen species is acceler-
ated as a consequence of various abiotic
stresses like water, salinity, high or low light
intensities (Scandalios, 1990). The accumu-
lation of active oxygen species, particularly
superoxide anion, causes a process of oxida-
tive deterioration that ultimately leads to cell
death (Thompson et al., 1987). Therefore,
protection of the cells from the damaging
effects of free radical is highly essential for
their survival in the aerobic environment. It
is reported that in H. brasiliensis plants expe-
riencing drought stress, there is an increased
diversion of photosynthetic electrons away
from the carbon to molecular oxygen lead-
ing to enhanced production of reactive oxy-
gen species and free radicals which hastens
leaf senescence (Jacob and Karaba, 2000).
Das et al. (1998) reported that tapping panel
dryness (TPD), a physiological disorder in
H. brasiliensis is associated with a higher level
of free radical accumulation and a reduced
level of SOD activity.

The present paper reports genetic trans-
formation of H. brasiliensis for the over-ex-
pression of SOD for enhancing the efficiency
of scavenging superoxide radicals to confer
tolerance to environmental stress and TPD.
The over-expression of the free radical scav-
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enging enzymes SOD, peroxidase and cata-
lase in response to induced abiotic stresses
like water stress, osmotic stress and differ-
ent light regimes in normal and transgenic
callus cultures were studied.

MATERIALS AND METHODS
Genetic transformation and development
of transgenic calli

Hevea (clone RRII 105) calli from imma-
ture anthers were developed following the
method developed by Jayasree et al. (1999).
Yellow friable calli were used for
Agrobacterium mediated genetic transforma-
tion. The plasmid vector used was pDU 96-
2412 that contains widA as reporter gene, npt
II as selectable marker gene and Hevea Mn-
SOD gene under the control of FMV 34 S
promoter (Figl). The 702 nucleotide Mn -
SOD ¢DNA was obtained by RT-PCR of
mRNA isolated from H. brasiliensis using
primer sequences corresponding to a previ-
ously published sequence of Hevea Mn- SOD
(Miao and Gayner, 1993). The binary vector
pDU 96-2412 was inserted in the

Agrobacterium strain EHA 101 to create a
functional vector for transformation experi-
ments.

Fig. 1. Plasmid vector pDU96-2412 for the exSression
of HbMnSOD

Two month old calli were infected with
the Agrobacterium strain. The infected calli
and bacteria were co-cultivated for 72 hours
in darkness, air dried in the laminar flow




OVER-EXPRESSION OF SOD IN TRANSGENIC HEVEA 47

hood and placed on MS (Murashige and
Skoog, 1962) basal medium, supplemented
with hormones 2-4 D (4.5 uM), BA (2.2 uM),
cefotaxime (500 mg/1) to prevent the over-
growth of Agrobacterium and kanamycin (300
mg/1) for selection of transformed cell lines.
The transgenic cell lines were separated af-
ter checking GUS expression. The trans-
tormed calli were proliferated by subcultur-
ing in modified MS medium supplemented
with B, vitamins (Gamborg et al., 1968), 3%
sucrose, 500 mg/1 casein enzymatic hydroly-
sate, 300 mg/! glutamine and hormones 2,
4-D (4.5 uM)), BA (2.2 uM) and NAA (1.1 uM).
The transformed calli were periodically sub-
cultured in the same medium at 30 day in-
tervals and embryogenic calli were obtained
after six months. The pH of all media was
adjusted to 5.6 before autoclaving at 121°C
for 15 min.

DNA was isolated from transgenic as
well as control calli by CTAB method (Doyle
and Doyle, 1990) for Southern hybridisation.
10 pg of genomic DNA was digested with
the restriction enzyme Sac I and the frag-
ments were separated in 1% agarose gel. A
2.31bp Eco RIfragment containing the GUS
coding region of the plasmid vector was used
as the positive control and the DNA from the
non-transgenic callus digested with Sac I was
used as the negative control. Blots were pre-
pared by transferring them to nylon mem-
branes (Hybond N*, Amersham) by capillary
blotting. The membrane was hybridized with
*P dCTP labelled GUS probe, synthesized
using multiprime labeling kit (Amersham).
Hybridization was performed for 16 hrs and
the membrane was washed twice at room
temperature in 2X SSC and 0.1% SDS fol-
lowed by two washes (15 min each) at 65°C
in 0.1X SSC and 0.1% SDS. Blots were ex-
posed to X-ray film overnight at -70°C.

Induction of stress
The transgenic embryogenic calli (con-
firmed by GUS staining and Southern hy-

bridization) were used for the induction of
stress keeping non-transgenic (normal) calli
as control. Water stress was induced by sub-
culturing the callus in media containing dif-
ferent concentrations (0.2- 1.0%) of phytagel
and osmotic stress was induced by subcul-
turing in media containing different concen-
trations of either polyethylene glycol (PEG,
molecular weight 6000), mannitol or sorbi-
tol (2-10%) in hormone free half strength MS
media. The cultures were maintained in
darkness at 25+1°C and were subcultured at
30 day intervals. For determining the effect
of light on enzyme activity, the cultures were
kept in two light regimes, continuous light
and complete darkness for 30 days. The en-
zyme analyses were carried out after stress
induction for one month. The experiment
was repeated thrice using 10 replicate
samples for each treatment.
Enzyme preparation

Transgenic and control embryogenic
calli (0.5 g) were homogenised in a mortar
and pestle after freezing in liquid nitrogen
and the fine powder were resuspended in
5.0 ml phosphate buffer (0.1 M, pH 7.0). The
resulting slurry was filtered through cheese-
cloth and the filtrate was centrifuged at 8000
X g at 4°C for 10 minutes. The supernatant
was used for the assay of superoxide, per-
oxidase and catalase enzymes activity.

Enzyme assay

Superoxide dismutase enzyme activity
was estimated following the method of
Kakkar et al. (1984). The assay mixture con-
tained 1.2 ml sodium pyrophosphate buffer
(0.052 M, pH 8.3), 0.1 ml phenazine
methosulphate (186 nM), 0.3 ml nitroblue tet-
razolium (300 pM), 50 uM enzyme pgepara-
tion and distilled water in a total volume of
3.0 ml. The reaction was started by the addi-
tion of 0.2 ml of B-NADH (780 uM), allowed
to continue for 90 sec at 30°C and then
stopped by adding 1.0 ml acetic acid. Colour
intensity of the chromogen in the reaction
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mixture was measured at 560 nm in a
Beckman UV spectrophotometer. The reac-
tion mixture devoid of enzyme that served
as control developed maximum colour,
which decreased with increasing concenfga-
tion of enzyme. One unit of enzyme activity
was defined as the enzyme concentration
required to reduce the optical density (at 560
nm) of chromogen by 50% in one minute
under the assay conditions and was ex-
pressed as specific activity in milli units per
minute per mg protein. Since the assay was
done for 90 sec, a factor of 2/3 was applied
for calculating units.

Peroxidase activity in the sample was
estimated according to Addy and Goodnfan
(1972). The reaction mixture contained 2.5
ml phosphate buffer (0.1 M, pH 6.5), 0.5 ml
guaicol (10 nM) and 10 uM enzyme prepa-
ration. The blank consisted of all the compo-
nents of the reaction mixture except hydro-
gen peroxide, which was replaced by water.
The reaction was started by adding 0.2 ml
H,0O, (20 uM). The quantity of tetraguaicol
formed during the reaction was measured
in a spectrophotometer at 420 nm for two
minutes at 15 sec. intervals. Enzyme activity
was calculated from the increase in absor-
bance at 420 nm after the addition of hydro-
gen peroxide. One unit of enzyme activity
was defined as the change in OD per min
per mg protein and expressed as specific ac-
tivity. ' ‘

The catalase activity was estimated

spectrophotometrically by measuring the ini- -
tial rate of disappearance of hydrogen perf

oxide at 240 nm by the method of Machly
and Chance, (1954). The reaction mixture
contained 2.5 ml phosphate buffer (0.01 M,
pH7),0.5 ml H,0O, (30 pM) and 0.2 ml of en-
zyme extract. The reaction was started by the

addition of H,0, and the decrease in hydro-

gen peroxide was followed as a decline in
OD at 240 nm. The activity was expressed in
units where one unit of catalase converts one
millimole of H O, per minute per mg protein.
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The protein content in the samples were
estimated following Lowry et al. (1951) after
precipitating the protein with 10% trichloro-
acetic acid. Each experiment was repeated
thrice in RBD and the data was analysed sta-
tistically.

RESULTS AND DISCUSSION

The callus clumps growing in the pres-
ence of kanamycin (300 mg/1l) were GUS
positive and represent the minimum num-
ber of putative transformation events. The
GUS positive and control calli proliferated
in modified MS medium. Yellow friable em-
bryogenic calli were formed after subcultur-
ing for six months in the same medium. Pres-
ence of uidA gene was detected in the
transgenic callus by southern hybridization
with GUS probe and its stable integration
was confirmed by digesting the DNA with
Sac Ienzyme. Hybridisation with GUS probe
produced bands, with more than 4.5 kb size
representing the DNA fragments containing
the GUS gene and a part of the plant genomic
DNA located outside the left T-DNA border
(Fig. 2). Each band that hybridized to ge-
nomic DNA represent a single copy of the
transgene.

Analysis of the transgenic and normal
embryogenic calli provided interesting in-
sights into the expression of free radical scav-
enging enzymes, particularly superoxide
dismutase, in response to abiotic stress. The
transgenic calli in which water stress was
induced with 0.4% phytagel exhibited more
than 50% increase in SOD activity. On fur-
ther increasing the phytagel concentration
the SOD activity started declining in
transgenic as well as in control calli. How-
ever, compared with the control, at a}l con-
centrations tried, the transgenic calli exhib-
ited a higher SOD activity (Table 1).

The role of SOD in the protection of
plants against oxidative stress is well docu-
mented (McKersie et al., 1993; Van Camp et
al., 1996; McKersie et al., 1999). The present
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Fig. 2. Southern hybridisation with GUS probe;
Lane 1: 2.3 kb Eco RI digested fragment which
contains the GUS region of the plasmid
pDU96.2412 (positive control); Lane 2 :
Nontransgenic DNA (negative control);
Lane 3 : DNA isoloated from transgenic callus

digested with Sac | enzyme

Table 1 Effect of phylagel induced stress on SOD

activity

Phytagel SOD activity (m.imits/min/mi; protein)
conc. () Normal Transgenic

0.2 9.15 10.07

0.4 9.88 16.78

0.6 8.42 12,95

0.8 7.23 11.17

1.0 6.59 8.95
CD(AB)=0.89

A: Types of callus B: Phytagel concentration

results indicate the over-expression of SOD
probably as an indicator of stress-induced
accumulation of superoxide and the in-
creased enzyme activity protected the cells
from the damaging effect of O,". However,
at and above 0.8% phytagel concentration the
enzyme activity decreased and browning of
the tissues occurred in transgenic as well as
in normal calli. Probably the enzyme level

at this concentration may not be adequate to
scavenge the O™ effectively and free radical
accumulation might have caused cell dam-
age which led to the browning of the tissue
and finally to cell death. Guptaetal, (1993)
also reported the over- expression of SOD in
transgenic tobacco plants and protection
against oxidative stress caused by exposure
to high light and low temperature.

The SOD expression observed was
similar when osmotic stress was induced
with different concentrations of PEG rang-
iiig from 2-10%. The highest enzyme activ-
ity in transgenic callus was observed with
4% PEG, which is more than 40% higher than
in the control (Table 2). On further increas-
ing the PEG concentration, the SOD activity
decreased both in the transgenic and normal
cultures (Table 2). The difference in SOD spe-
cific activities of transgenic and control tis-
sues due to water and PEG stress were found
to be statistically significant. No significant
difference in SOD activity was observed
when different concentrations of marinitol or
sorbitol were used to impart stress. Further,
no significant difference in the enzyme ac-
tivities were observed between the cultures
maintained in complete darkness or in con-
tinuous light for 30 days (Data not shown).

Table 2, Effect of PEG induced stress on SOD activity

PEG SOD activity (m.units/min./mg protein)
conc. (70) Normal Transgenic

2 10.77 10.83

4 11.23 16.27

6 9.38 15.07

8 7.54 12.78

10 5.83 11.80
CD(AB)=0.84

A: Types of callus B: PEG concentration

The peroxidase activity was also found
to be higher in calli over-expressing SOD.
This may be due to the increased SOD activ-
ity during induced stress, which led to the
accumulation of hydrogen peroxide. Accu-
mulation of HjOj is toxic to cells and the ex-
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tent of damage depends on how efficiently
the H,0, is eliminated by the peroxidase and
catalase enzymes. The observed increase in
peroxidase and catalase activity may.be due
to the increased substrate availability. The
highest level of peroxidase activity was ob-
served at the phytagel (0.4%) and PEG (4.0%)
concentrations in which the SOD activity was
maximum (Table 3). On further increasing
the phytagel and PEG concentrations the per-
oxidase activity decreased. However, in the
non transgenic calli a drastic reduction in
peroxidase activity was observed at 6% PEG
concentration followed by an increase at 8
% (Table 4).

Table 3. Effect of phytagel induced stress on peroxi-
dase activity

Phytagel Peroxidase activity (units/min/mg protein)
cone. (%) Normal Transgenic
0.2 9.53 11.80
0.4 15.83 22.18
0.6 11.69 17.71
0.8 11.35 16.34
1.0 9.69 12.23
CD (AB) =1.62

A: Types of callus B: Phytagel concentration

Table 4. Effect of PEG induced stress on peroxidase

activity

PEG Peroxidase activity(units/min/mg.protein)
cong (%) Normal Transgenic

2.0 9.72 11.28

4.0 12.49 15.19

6.0 9.95 14.03

8.0 12.39 12.86

10.0 7.79 8.21

CD(AB) =1.37

A: Types of callus B: PEG concentration

Catalase also plays an important role
in eliminating the harmful effects of free radi-
cals in biological systems. A reduction in the
activity of this enzyme could lead to the ac-
cumulation of O, and H,O, which in turn
helps the formation of hydroxyl radical,
which is highly toxic. Catalase also elimi-
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nates H O, by converting it to molecular oxy-
genand H,O. In the present study, the trend
of catalase activity was similar to that of SOD
and peroxidase. Catalase activity was higher
at 0.4 % phytagel and 4 % PEG concentra-
tions (Tables 5 & 6). For other concentrations
the difference was not statistically sig-
nificant.

Table 5. Effect of phytagel induced stress on catalase

activity
Phytagel ~Catalase activity (units/min/mg protein)
conc. (%) Normal Transgenic
0.2 0.28 0.37
0.4 0.40 0.49
0.6 0.30 0.46
0.8 0.26 0.45
1.0 0.22 0.38

CD (A)=0.028. CD (B)=0.045
A: Types of callus B: Phytagel concentration

Table 6.Effect of PEG induced stress on catalase

activity
PEG Catalase activity (units/min/mg protein)
conc. (%) Normal Transgenic
2.0 0.29 0.43
4.0 0.36 0.49
6.0 0.20 0.39
8.0 0.28 0.37
10.0 0.22 0.33

CD (A)=0.028. CD (B)=0.045
A: Types of callus B: PEG concentration

The results indicated that the pro-
portionate increase in catalase activity in
transgenic tissues plays an important role
in the stress protection provided by SOD
over-expression. The mechanisms to
detoxify oxygen free radicals are varied.
An enhanced activity of SOD, catalase,
peroxidase and glutathione redwctase
associated with reduced cell damage was
observed by Li and Van-Staden (1998)
when maize callus cultures were sub-
jected to water stress. In the present
study, proportional to the over- expres-
sion of SOD, the other two enzymes were

L A I
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also over-expressed. The elevated SOD,
peroxidase and catalase enzyme activi-
ties in response to abiotic stress suggests
that the over- expression of SOD enzyme
influences the expression of other free
radical scavenging enzymes to provide
protection against oxidative stress in nor-
mal as well as transgenic callus cultures.
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