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Abstract. Biochemical adaptations and morphological changes are cellular aptitude originated
on biotic and abiotic stresses. Polyethylene glycol (PEG) induces drought stress in the nutri-
ent solution. In the present investigation, Caralluma tuberculata calli is exposed to PEG and
antioxidative molecules. By increasing the level of antioxidative enzymes (SOD, POD, CAT,
APX, and GR), the PEG-stressed calli falls off upon exposure to non-enzymatic antioxidants
(ascorbic acid and salicylic acid). Under PEG-stress, several cellular and sub-cellular changes
such as alteration in plasma membrane thickness, change in nucleus shape, increase in nucleoli,
deformation of thylakoid membranes, and increase in plastoglobuli are observed through
electron microscopic images. From our results we conclude that application of PEG (a drought
causative agent) leads to an increase in the level of antioxidative enzymes and also deformation
of cellular organelles. However, application of ascorbic acid and salicylic acid eradicate drought
effect induced by PEG.
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Introduction

Several environmental factors (e.g., drought, salinity, tem-
perature, pollution etc.) above their threshold level adversely
affect the growth, metabolism and yield of plants. The plant
experience drought when the water supply to root is limited
or transpiration rate is high compared to water uptake. All
plants have drought-resistant mechanisms but resistance
level varies specie to specie. The general effects of drought
and abiotic stresses are well known; however, at cellular
levels not well understood (Rehman et al. 2014a). In order
to improve the plant productivity within the limited land
resources, it is necessary to investigate cellular behavior
against environmental stresses. Understanding the cell
response to drought stress is of greater importance to make
the plant to tolerate the stress. Considerable change in water
and ionic balance lead to damage at molecular level and se-
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verely affecting the growth of stressed plants. Consequently,
the plant tissues die, resulting plant death in severe condi-
tions (Xiong and Zhu 2002). These stresses also resulted
in the interference in growth and metabolism triggered by
secondary responses, e.g., the production of highly reactive
oxygen species (ROS). ROS although constantly produces
in the cells because they function as signals; mediators in
different biochemical pathways, defense against stresses and
polymerization of cell wall constituents. However, produc-
tion and scavenging potential is disturbed when plant cells
are under stress. To control this imbalance for proper me-
tabolism, growth, maintenance, and stress tolerance both low
molecular weight antioxidants and antioxidative enzymes are
required (Foyer and Noctor 2005). The production of ROS
such as the hydrogen peroxide (H,0,), superoxide radical
(072), and the hydroxyl radical (OH™!) are critical because
they not only interfere biochemical reactions but also cause
changes in the cellular structure. The major antioxidative
enzymes are superoxide dismutase (SOD) catalyzing the
dismutation of O~2 to H,0,; catalase (CAT) that dismutase
H,0, to oxygen and water and ascorbate peroxidase (APX)
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that reduces H,O, to water by using ascorbate as particular
electron donor. Other enzymes are glutathione reductase
(GR), monodehydroascorbate reductase (MDHAR), dehy-
droascorbate reductase (DHAR), glutathione peroxidase
(GPX), and glutathione-D-transferase which significantly
play role in protecting cell against oxidative stress (Foyer
and Noctor 2005).

Previous reports showed that in plants drought induces
accumulation of the superoxide anion radical, hydrogen
peroxide and hydroxyl radicals. The accumulated radi-
cals can be lethal, leading to cell death. For polymeriza-
tion of phenoxyl radicals, H,O, is provided through the
oxidative peroxidase activity which mediates the reduction
of O, to superoxide anion radicals (Almagro et al. 2009). In
cell/plants physiological changes takes place under draught
condition. This might be due to dehydration at cellular level,
swelling and structural collapse of membranes, disorder
of the outer chloroplast envelope, thinning of partitions, ad-
hesion within the grana and decrease in chloroplast volume.
However, swelling of thylakoids has not been observed on
polyethylene glycol (PEG) treatment (Yamane et al. 2003;
Tiirkan et al. 2005).

The two water-soluble antioxidant molecules, i.e., salicylic
acid (SA) and ascorbic acid (AA) serve as detoxificant for
hydrogen peroxide in a cyclic pathway. Consistent findings
reported the effect of AA, exogenously applied to improve
the adverse effects on growth due to stresses (Mozafar and
Oertli 1992). SA also intervenes the oxidative rupture that
causes cell death in an oversensitive reaction and proceeded
as a signal to develop complete internal resistance (Shirasu
et al. 1997). It also plays an important role in many abiotic
stresses, leading to the survival of plants against these pres-
sures (Senaratna et al. 2000). Unexpectedly, little is reported
to signify the role of these antioxidative compounds in callus
stress adaptation. The main aim of the present study is to
investigate the role of antioxidative enzymes in the callus
growth of Caralluma tuberculata under drought stress caused
by PEG. Further, an increase in PEG-stress caused by AA
and SA as well as intracellular changes resulted by the stress
in callus tissues of C. tuberculata is also investigated. The
study will be helpful to understand the biochemical and cel-
lular changes taking place in undifferentiated mass of cells
compared to tissues reported in the literature.

Materials and Methods

Plant material and explant preparation

The plant (C. tuberculata) material was obtained from Quetta
(Balochistan, Pakistan) and is identified by taxonomist
Department of Plant Sciences, Quaid-i-Azam University
Islamabad, Pakistan. The methodology to produce callus is

adopted as described by Rehman et al. (2014b). Briefly, the
stem portions are treated with water, following 0.2% Triton
X 100 and finally with bevistin. After rinsing with distilled
water, plant material is disinfected with 0.1% HgCl, solution
under aseptic conditions. Thereafter, the shoot tip portion
(~10 mm long) is isolated aseptically and cultured on MS
medium.

The MS (Murashige and Skoog 1962) medium sup-
plemented with 6-benzyl amino purine (4.44 pM) and
2,4-dichloro-phenoxy acetic acid (9.04 pM) along with
thidiazuron (9.08 uM) is employed to induce callus from
shoot tip explants of C. tuberculata. Sucrose (3%) is added
as carbon source and pH is adjusted at 5.7 + 0.1. The media
is solidified with 0.7% Noble agar (Merck) and autoclaved.
All the cultures are maintained in culture room at 25 + 2°C
and 3500 lux light intensity using 16 h light photoperiod.

After 28 days of initiation of calli, small pieces (approx.
1 g) are transferred on plant growth regulators supplemented
MS medium along with different concentrations of PEG
(50-200 g/1). To analyze the effect of stress alleviators, calli
are transferred on MS medium containing 200 g/l PEG with
100 and 200 uM AA or SA for 15 days. The weight of callus is
measured before and after the application of PEG alone and
in combination of antioxidants. The change in fresh weight
is calculated in percentage.

Determination of antioxidative enzymes activities

To determine the antioxidative enzymes activities, callus is
grinded in chilled mortar and pestle with homogenization
buffer. The homogenized callus is centrifuged at 10000 x g for
20 min at 4°C. Supernatant is used to determine enzymes
activities and protein contents.

Superoxide dismutase (SOD; EC 1.15.1.1) activity is
assayed by using the photochemical NBT (nitro blue
tetrazolium) method (Zhou et al. 1997). The sample
(0.5 g) is homogenized in 5.0 ml extraction buffer con-
sisting of 50.0 mM phosphate buffer (pH 7.8). The assay
mixture (3.0 ml) contains 50.0 mM phosphate buffer (pH
7.8), 1.0 uM EDTA, 26.0 mM L-methionine, 750.0 uM
NBT and 20.0 pM riboflavin. The photo-reduction
(formation of purple formazan) of NBT is measured at
560 nm through spectrophotometer and an inhibition
curve is made against different volumes of extract. One
unit of SOD is defined as the volume of extract present
in reaction mixture that causes inhibition of the photo-
reduction of NBT by 50%.

Volume of 3.0 ml guaiacol is used as a substrate to
measure the peroxidase (POD; EC 1.11.1.7) activity. A re-
action mixture is constituted by mixing of 1% guaiacol,
0.4% H,0,, 50.0 mM potassium phosphate buffer (pH
6.1) and enzyme extract. Guaiacol oxidation and increase
in absorbance is measured at 470 nm through spectropho-
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tometer. Activity of the enzyme is found at 25 + 2°C in uM
of guaiacol oxidized min~'g™! fresh weight (Nakano and
Asada 1981).

The assay for ascorbate peroxidase (APX; EC 1.11.1.11)
activity is carried out according to the method of Nakano
and Asada (1981). In a reaction mixture (3.0 ml) containing
100.0 pl enzyme extract, 100.0 mM phosphate buffer (pH
7), 0.3 mM ascorbic acid, 0.1 mM EDTA-Na, and 0.06 mM
H,0,. In this reaction mixture H,O, is added and after
30 s of this addition, the change in absorption is recorded
at 290 nm.

To determine catalase (CAT; EC 1.11.1.6) activity,
25.0 mM buffer of potassium phosphate containing 0.1 mM
EDTA (pH 7.0) is mixed with 10.0 mM H,0, and enzyme
extract (Pine et al. 1984). Within one min of enzyme ex-
tract mixing, the reduction in the absorbance of H,O, (E =
39.4 mM ™! cm™) is recorded at 240 nm on spectropho-
tometer.

Glutathione reductase (GR; EC 1.6.4.2) activity is de-
termined by the method reported by Foyer and Halliwell
(1976). Reduction in absorbance is monitored at 340 nm.
This decrease in absorbance is due to the oxidation of NA-
DPH (E = 6.2 mM~lcm™!). The reaction is carried out by
mixing 25.0 mM potassium phosphate buffer. This buffer
is formulated at pH 7.8 by the addition of 0.2 mM EDTA.
Enzyme aliquot is added to record the absorbance.

Total soluble protein in extract is determined by using
the method described by Bradford (1976).

Transmission electron microscopy of treated calli

Calli (2-3 mm?) are fixed in 2.5% glutaraldehyde at room
temperature in 0.1 M sodium phosphate buffer (pH 7.4)
and rinsed three times with same buffer. The washed callus
samples are post fixed in 1% osmium (VIII) oxide (OsO,)
for 1 h. Then the samples are thoroughly washed with buffer
and dipped for 15-20 min interval in a graded ethanol se-
ries (50, 60, 70, 80, 90, 95, and 100 %). Finally, the samples
are dipped for 20 min in absolute acetone. The samples are
then penetrated and implanted in Spurr’s resin for whole
night. The specimen is heated at 70°C for 9 h to prepare
very slim cuttings (80 nm) of the specimens. Copper grids
are used to mount these ultra-thin specimens (Leica EM
UC?7) for screening at 20000 X in the transmission electron
microscope (JEOL TEM-1230EX) at an accelerating voltage
of 60.0 kV.

Data analysis

Percent variation of the growth protein content and antioxi-
dant enzymes is calculated as follow:

% variation (for PEG stress) = ((value for treated calli —
untreated calli)/untreated calli) x 100

% variation (for mitigants) = ((value of treated calli - calli
at 200 g/l PEG)/calli at 200 g/l PEG) x 100

All the experiments are performed in triplicate and the re-
sults are presented as mean * standard error (SE). The values
are analyzed by LSD test with p < 0.05. Analysis of variance
(ANOVA) was performed to compare the means.

Results and Discussion

Growth kinetics and antioxidative enzymes pattern

The fresh weight of C. tuberculata calli is gradually decreased
by increasing the PEG concentrations in the culture media.
In the presence of PEG, an increase in the antioxidative
enzymes in the calli is noticed. Conversely, incorporation
of SA and AA in the medium reverted the cells under nor-
mal condition.

Using 50 g/l PEG and 200 g/I of PEG in callus culture
media resulted in 16.3% and 40.2% decrease in fresh weight,
respectively (Table 1). Moreover, the total soluble protein
content is decreased to 41.2% at 50 and 100 g/l PEG, while
at 200 g/l we have noticed a further decrease (19.7%) in
the weight of PEG-treated calli. In the presence of PEG,
the cells in C. tuberculata calli are generated in compact
way. The previously reported studies showed that cellular
dehydration decreased the packed cell volume due to in-
flammation and structural collapse. The proteins responsi-
ble for osmotic balance and signaling pathway, specifically
suppressed due to salt stress, leading to reduction in the
soluble protein contents (Zhu 2001; Queiros et al. 2011).
With the addition of SA and AA antagonized the negative
effects of drought stress on callus growth. AA and SA at
higher concentration (200 uM) also promoted the growth

Table 1. Effects of PEG and antioxidant treatments on fresh weight
and total soluble protein of Caralluma tubarculata calli

Fresh weight Total soluble protein

Treatment (9) (mg/g FW)
Control 20.7 +0.9° 1.37 + 0.4
PEG 50 g/l 17.2 4 0.6° 0.97 +0.21f
PEG 100 g/l 14.6 + 1.1° 0.97 +0.18
PEG 200 g/l 124+0.8° 1.1+0.4¢
PEG200g/l+ AA100uM  15+0.9%¢ 1.24 +0.49
PEG 200 g/l + AA200 uM 172+ 0.7 5.36 + 0.6*°
PEG 200 g/l + SA 100 uM ~ 15.8 + 0.6%¢ 4.67+0.4°
PEG 200 g/l + AA200 uM 251 + 1.0° 5.93 + 0.6

The results are presented as average + standard deviation. Means
followed by same small letters are not significantly different by the
LSD test at p < 0.05. AA, ascorbic acid; SA, salicylic acid; PEG,
polyethylene glycol.
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rate compared to unstressed calli (control). Therefore, the
fresh weight is increased to 40.6% and 102.4% on culturing
the calli in the presence of 200 uM AA and SA along with
200 g/l PEG, respectively (Table 1). These non-enzymatic
antioxidants (SA and AA) are important for plant growth
and development along with antioxidant capacity (Barth
et al. 2006). SA also acted as a signal due to origination
of internal resistance of the plant against biotic and abiotic
stresses. Drought stress due to PEG had negative effect on
total soluble protein contents, resulting significant reduc-
tion in stressed calli. However, compared to control and
stressed calli, a significant increase in protein contents is
observed with the addition of antioxidants. SA proved
comparatively good for protein contents of C. tuberculata
callus exhibiting significant increase in the value of protein
content (5.93 mg/g FW; 332% increase as compared to
200 g/1 PEG stressed calli) at 200 uM. The non-enzymatic
antioxidants provided shield against oxidative burst and
also stimulated the biomass accumulation, leading to in-
crease in fresh and dry weight (Kovacik et al. 2009).

The calli grown in the presence of PEG exhibited dif-
ferent antioxidative enzymes response by increasing PEG
concentration in the culture media, a boost in oxidative
enzymes levels is noticed in the calli. A maximum increase
of 28.7% is observed in SOD in the calli grown at 200 g/l
PEG concentration (Figure 1). However, for case of GR,
POD, APX and CAT higher activities are observed at 100 g/1
PEG compared to 200 g/l. Maximum increase of 244.8%
in CAT is calculated in the calli multiplied at 100 g/l PEG.
Concentrations of these enzymes decreased when AA and
SA were also applied in combination with 200 g/l PEG.
Except SOD, the reduction is more pronounced by ap-
plying 200 uM compared to 100 pM. A total of 18.4 and
17.9% decrease in SOD is observed at 100 uM AA and SA,
respectively, while this decrease is 10.2 and 11.2% at 200 uM
of both antioxidants. Interestingly, POD level is 56.3% and
20.4% increase in the POD level is observed in the calli
grown at 100 uM of AA and SA compared with control
(calli grown at 200 g/l PEG), respectively. Similarly, for the
case of GR, 200 uM of antioxidant is effective to mitigate
water stress. Increase in SOD activity has been reported
upon drought stress in tobacco, wheat and pea. Osmotic
stress induces an increase in APX and SOD activities in rape
plant leaves as compared to control. Increased activities

Figure 1. Effects of drought caused PEG and anti-oxidants on GR,
SOD, POD, APX and CAT activities in Caralluma tubarculata calli.
Data are the mean + S.D. of three replicates. Small letters marked on
each bar are not significantly different by the LSD test at p < 0.05.
CC, control calli; AA, ascorbic acid; APX, ascorbate peroxidase;
CAT, catalase; PEG, polyethylene glycol; POD, peroxidase; SA,
salicylic acid; SOD, superoxide dismutase.
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of GR, SOD and APX have also been recorded in drought
tolerant wheat cultivar (Lascano et al. 2001).

The drought stress changed the salinity level. Eventu-
ally, this induces hypersensitivity reaction, leading to cell
death. To avoid this situation, SA serves as protecting agent
through activation APX enzymes and aldose reductase by
the accumulation of alcohol, proline or sugars as osmolytes
(Szepesi et al. 2005). The increase in APX activity has also
been reported in alfalfa plant even in stress-tolerant cultivar
under PEG treatment (Wang et al. 2009). In drought tolerant
tomatoes, an increase in the concentration of APX can be
linked with lower peroxidation of lipid (Tiirkan et al. 2005).
The similar effects have also been noticed in rice plants
and sugar beet (Demiral and Tiirkan 2005). The increase in
APX activity indicated that the treatment of drought lead
to oxidative stress.

Drought and/or osmotic stresses lead to significant
increase of ROS in plant cells. SOD, CAT and POD are
major affiliate to scavenge ROS both via enzymatic and
non-enzymatic mechanisms. However, environmental
stimuli such as light, temperature, water and others are

also responsible to stimulate these mechanisms (Faria et
al. 1996). In the absence of a proper scavenging capability,
cellular structures and macromolecules including DNA
can be significantly damage. Following oxidative damage
in DNA, cells are characterized by the activity of nucleases
involved in repair process (Roldan-Arjona and Ariza 2009).
Previously reported studies showed that under drought
stress the activity of anti-oxidative enzymes changes
dramatically in seedlings and the MDA content strongly
increase, leading to insufficient water supply which causes
significant adverse effects on seedling growth and develop-
ment (Habib et al. 2013).

Ultra-structural analysis of calli upon PEG and antioxidant
treatment

Ultra-structural observations of Caralluma cell showed
the modifications in PEG-treated cells which are more
pronounced in cell wall, nucleus and plastids. The cell
wall of the untreated callus cells is thick and granular
cytoplasm with densely packed numerous sub-cellular

Figure 2. Electron micrographs
of Caralluma tuberculata calli de-
scribing modifications in cell wall,
cell membrane and vacuoles: con-
trol (A), exposed to 200 g/l PEG
alone (B), exposed to 200 g/l PEG
+ ascorbic acid (200 pM) (C), ex-
posed to 200 g/1 PEG + salicylic acid
(200 pM) (D). CW, cell wall; CM,
cell membrane; Mt, mitochondria;
P, plastid; Vac, vacuole; PEG, poly-
ethylene glycol.
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organelles (Fig. 2A). These untreated cells contain
smooth, clean and continuous cell membranes, central
vacuole, well shaped nucleus (Fig. 3A), few mitochondria
and plastids (Fig. 4A). A substantial reduction in the cell
wall thickness due to changes in cell wall and cell mem-
brane under PEG stress (Fig. 2B). Drought stress leads to
modification in nucleus with triangular in shape having
more nucleoli (Fig. 3B). The plastids of PEG-treated cells
contain more plastoglobuli, very low grana, fragmented
stroma thylakoids, and starch inclusions (Fig. 4B). On
AA with PEG treatment, cell wall becomes relatively good
in shape, however, number of vacuoles is increased (Fig.
2C), this exhibiting a positive effect on the plastids and
nucleus (Fig. 2C). Plastids are oval to oblong in shape.
The internal membrane system is more compact with high
grana connected with long stroma thylakoids, although,
several plastoglobuli are observed (Fig. 4C). On the other
hand, with the addition of SA, structure of cellular orga-
nelles is reshaped much similar to untreated control cells.
Thylakoid membranes and shape of plastids also restored
as well (Fig. 4D).

Figure 3. Electron micrographs
of Caralluma tuberculata calli de-
scribing variations in nucleus control
(A), exposed to 200 g/l PEG alone
(B), exposed to 200 g/l PEG + ascor-
bic acid (200 pM) (C), exposed to
200 g/l PEG + salicylic acid (200 pM)
(D). CW, cell wall; N, nucleus; Nu,
nucleolus; PEG, polyethylene glycol.

The starch granules originated on PEG treatment also
normalized on AA and SA application. Water stress often
disrupts the chloroplast structure. Chloroplasts showed
some breakdown of thylakoid structure. Stress causes
the swelling of thylakoids while plastoglobuli indicate
disturbed the lipid metabolism might be due to the ac-
cumulation of abundant lipids (Ackerson and Herbert
1981; Soikkeli 1981; Holopainen et al. 1992). Inhibitions
of chloroplast membrane under low leaf water potentials
and changes in cells of water-stressed leaves have already
been reported. Cells from stressed plants have significantly
reduced fractional volume of cytoplasm and increased frac-
tional volume of central vacuole (Berlin et al. 1982). Higher
PEG concentration induces ultra morphological changes,
leading to increase the number of vacuoles and nucleoli
in C. tuberculata. Production of many mitochondria lead
to an increase in energy requirement of the cell required
to alleviate the drought stress. Similarly higher number
of nucleoli seems to be enhancing the mRNA, ribosomes
production and new proteins synthesis involved in the
tolerance of the plant against stress (Sresty and Rao 1999).



Response of C. tuberculata on PEG stress

173

Conclusions

In conclusion, the antioxidative enzymes (SOD, CAT, GR,
POD and APX) play a vital role in the calli of Caralluma
tuberculata to tolerate drought condition due to the incorpo-
ration of PEG in the culture medium. Presence of PEG also
resulted in the cellular disintegration expressed at cell mem-
brane, nuclear membrane, nucleoli number, and plastids.
The antioxidant molecules (SA and AA) effectively mitigated
PEG toxicity and enhanced the growth of C. tuberculata calli
showed by normal circulation of antioxidative enzymes and
restoration of cell structure.
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