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Abstract

The effect of various hormonal combinations on regeneration of shoots and roots from meristem-derived callus of
Crocus sativus L. and activities of antioxidant enzymes have been studied. The most efficient regeneration occurred
with 1.0 mg dm™ 1-naphthaleneacetic acid (NAA) + 1.0 mg dm™ thidiazuron and 1.0 mg dm™ NAA + 2.0 mg dm”
kinetin. For sprouting, regenerated shoot were subcultured on Murashige and Skoog medium containing 1.0 mg dm
NAA + 1.0 mg dm” benzylaminopurine (BAP). Protein content and superoxide dismutase activity decreased in
regenerated shoots and roots and increased in sprouting shoots, while catalase (CAT), peroxidase (POX) and
polyphenol oxidase (PPO) activities increased during organogenesis and decreased in sprouting shoots. High CAT and

PPO activities were detected in regenerated roots, whereas high POX activity was observed in regenerated shoot.

Additional key words: catalase, peroxidase, polyphenol oxidase, protein, saffron, superoxide dismutase.

Saffron (Crocus sativus L.) is native in Greece and
Mediterranean regions. For many centuries, saffron has
been cultivated for its stigmas, which not only comprise a
highly valued spice but also have various therapeutic uses
(Sampathu et al. 1984). The saffron plant is a geophyte
and propagates through the formation of daughter corms
from the mother corm. The autotriploid nature of the
species renders improvement by breeding very difficult
(Basker and Negbi 1983). Application of tissue culture
for the large scale propagation and genetic improvement
of saffron has been emphasized recently (Ding et al.
1981, Ilahi et al. 1987, Bhagyalakshmi 1999, Piqueras
et al. 1999).

In plants, reactive oxygen species (ROS) are
constantly produced, however, uncontrolled production of
ROS can cause oxidative stress and cellular damage. The
production of ROS has been associated with plant
recalcitrance during in vitro culture (Benson 2000).
Antioxidant enzymes stimulated improvement in growth
and regeneration further support the relationship between
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oxidative stress and recalcitrance (Gupta and Datta
2003/4). Numerous experiments have recently been
carried out on several plant species with the objective of
explaining the role of oxidative stress in plant morpho-
genesis (Gupta and Datta 2003/4, Tang and Newton
2005, Libik et al. 2005). CAT and POX are known to
play a role in growth and differentiation and their high
activity could be correlated to the process of differen-
tiation that occurred during shoot or root induction
(Molassiotis et al. 2004). The role of ROS in plant
growth and development is substantiated by the interplay
of ROS with a number of phytohormones. Moreover,
ROS have been implicated as second messenger in
several plant hormone responses. Therefore the study of
the ROS production, oxidative stress and the efficiency of
antioxidants during different stages of organogenesis is of
increasing interest (Batkova ef al. 2008).

The objective of the present study was to establish a
shoot and root organogenesis system from meristem-
derived callus of saffron and compare the activities of
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antioxidative enzymes at various stages of shoot and root
organogenesis.

Corms of Crocus sativus L. were collected from the
University of Tehran farm located in Karaj, near Tehran,
in February 2007. After careful washing, the corms were
surface sterilized by 70 % ethanol for 2 min, 0.1 % HgCl,
for 5 min, 20 % commercial bleach containing Tween 20
for 10 min and rinsed three times with sterile, distilled
water. Shoot meristems were dissected and cultured on
Murashige and Skoog (1962; MS) medium containing
3 % sucrose and different concentrations of cytokinins
(N(’-benzylaminopurine, BAP; kinetin, KIN; thidiazuron,
TDZ) and auxins (1-naphthalene acetic acid, NAA;
picloram, PIC) (Table 1, Fig 1). All media were solidified
by 0.7 % agar after adjusting the pH to 5.7 and
autoclaved at 121 °C for 20 min. Cultures were incubated
at 20/25 °C in darkness. The experiments were repeated
twice using 20 explants per treatment. The data for shoot
and root formation were scored after 6 months of culture.
For sprouting, regenerated shoots in MS medium
supplemented with 1.0 mg dm™ TDZ and 1.0 mg dm?
NAA, were subcultured on MS medium containing
1.0 mg dm™ NAA and 1.0 mg dm™ BAP and grown under
16-h photoperiod (white fluorescent lamps; irradiance of
46 pmol m™ s) and day/night temperature of 20/25 °C.

For estimation of total protein content and enzyme
activity, plant material (meristem explant, regenerated
shoot, sprouted shoot and regenerated root) was
homogenized at 4 °C with a mortar in 50 mM Tris-HCI
buffer (pH 7.2) containing 10 mM EDTA, 2 mM MgSOy,,
20 mM L-cystein, 10 % (v/v) glycerol and 4 % (m/v)
polyvinylpolypyrrolidone (PVPP) (Jasska 1996). The
homogenates were centrifuged at 13 000 g for 45 min at
4 °C and resulting supernatants were kept at -70 °C and
used for protein determination and enzyme assays. A
high-speed centrifuge (J2-2IM, Beckman, Palo Alto,
USA) and UV-visible recording spectrophotometer
(UV-160, Shimadzu, Tokyo, Japan) were used. The
protein content was determined according to the method
of Bradford (1976) using bovine serum albumin as a
standard. Superoxide dismutase (SOD; EC 1.15.1.1)
activity was estimated by monitoring the inhibition of
photochemical reduction of nitroblue tetrazolium (NBT)
as described by Giannopolitis and Ries (1977) in a
reaction mixture containing 50 mM sodium phosphate
buffer (pH 7.5), 13 mM methionine, 75 uM NBT, 75 uM
riboflavin, 0.1 mM EDTA and 0.1 cm® of enzyme extract.
The reaction mixture was irradiated for 14 min and
absorbance was read at 560 nm against the non-irradiated
blank. Catalase (CAT; EC 1.11.1.6) activity was assayed
from the rate of H,O, decomposition as measured by the
decrease of absorbance at 240 nm, following the
procedure of Aebi (1974). The reaction mixture contained
0.625 c¢cm’ 50 mM sodium phosphate buffer (pH 7.0),
0.075 cm® H,0, (3 %) and 0.01 cm® enzyme extract.
Peroxidase (POX; EC 1.11.1.7) activity was measured
according to the method of Abeles and Biles (1991). The
reaction mixture contained 2 cm® of 0.2 M acetate buffer
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(pH 4.8), 0.2 cm® H,0, (3 %), 0.1 cm® 20 mM benzidine
and 0.1 cm” enzyme extract. The increase of absorbance
was recorded at 530 nm. Polyphenol oxidase (PPO;
EC 1.14.18.1) activity was determined according to the
method of Raymond ef al. (1993) at 40 °C. The reaction
mixture contained 2.5 cm’® of 0.2 M sodium phosphate
buffer (pH 6.8), 0.2 cm’ 20 mM pyrogallol and 0.02 cm’
enzyme extract. The increase of absorbance was recorded
at 430 nm.

For determination of protein patterns in the explant,
regenerated shoot, sprouted shoot and regenerated root,
discontinuous sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed as described
by Laemmli (1970) using 12 % acrylamide. For isoenzyme
assay, native PAGE was carried out by a modified
method of Davis (1964) with a 12 % (SOD and POX) and
10 % (CAT and PPO) acrylamide gels at 4 °C without
SDS and mercaptoethanol. SOD bands were visualized
using the activity staining procedure described by Wendel
and Weeden (1989). The gels were incubated in 0.2 M
Tris-HCI (pH 8.0) containing 4 % riboflavin, 4 % EDTA
and 20 % NBT for 40 min in the dark at room
temperature and then exposed to white light until white
bands appeared in violet background. For SOD isoform
identification, assays were performed in the presence of
selective inhibitors. KCN (3 mM) inhibited only
Cu/ZnSOD and H,0, (5 mM) inhibited both Cu/ZnSOD
and Fe SOD. MnSOD was not inhibited by KCN nor
H,0, (Lee et al. 2001). CAT activity was detected using
the method of Woodbury ef al. (1971). The gels were
incubated in 5 mM H,0,. After 10 min, the gels were
washed with distilled water and stained with a reaction
mixture containing 2 % (m/v) ferricyanide [K;Fe(CN)q]
and 2 % ferric chloride till yellow bands on dark green
background appeared. Electrophoretic pattern of POX
was obtained by staining the gels with benzidine
according to Van Loon and Geelen (1971). The gels were
immersed in 0.2 M acetate buffer (pH 4.8) containing
3 % H,0, and 4 % benzidine in 50 % methanol in the
dark at room temperature till brown bands appeared. PPO
bands were visualized using the method of Van Loon and
Geelen (1971). The gels were incubated in 0.2 M sodium
phosphate buffer (pH 6.8) containing 0.5 % 3,4-dihy-
droxy-L-phenylalanin (L-DOPA) and 3.5 % calcium
chloride in the dark at room temperature till brown bands
appeared.

Each experiment was repeated at least three times.
Analysis of variance was conducted using one-way
ANOVA test using SPSS 14 for Microsoft Windows and
means were compared by Duncan tests at the 0.05 level
of confidence.

Among the 12 hormonal treatments, three types of
callus were induced from meristem explant. Type I was
observed on MS medium containing NAA + KIN
(Fig. 14). Type II was induced on MS medium
supplemented with NAA + TDZ (Fig. 1B). Type III was
seen on MS medium containing picloram (PIC) + KIN
and PIC + BAP (Fig. 1C). Type I and II calli are
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organogenic and produce root and shoot, respectively
while type III is not organogenic.

Shoot formation was induced by 3 out of 12 hormonal
treatments (Table 1, Fig. 1D,E). Frequency of shoot
formation varied between 30.5 - 64.4 %, the highest
frequency was observed on medium supplemented with
1.0 mg dm™ NAA and 1.0 mg dm™ TDZ and the lowest
with 1.0 mg dm™ and 0.5 mg dm” TDZ. Maximum
number of shoots per explant (18.4) was observed on
medium with 1.0 mg dm™ NAA and 1.0 mg dm® TDZ
(Fig. 1D). These results are in agreement with the finding
of Radhika et al. (2006). They obtained high frequency of
shoot regeneration and high number of shoots per explant
on a wide range of TDZ + NAA combinations. Thus,
TDZ which is known for induction of adventitious shoots
and proliferation of axillary shoots in woody species
(Huetteman and Preece 1993) holds promise for a

herbaceous species like saffron. Wang et al. (1991) found
changes in key enzymes and other regulatory elements in
response to TDZ. Wang and Faust (1988) observed that
TDZ induces accumulation of unsaturated polar membrane
fatty acids, which strongly propose the active involve-
ment of TDZ in inducing metabolic changes and
suggested that it is not a simple substitute for purine
based cytokinins. Also Sharma et al. (2008) analyzed
effect of BAP, indole-butyric acid (IBA) and sucrose on
shoot regeneration in C. sativus.

Root formation was induced by 2 out of 12 treatments
(Table 1, Fig 1F). Maximum percentage of root
formation (83.3 %) and root number per explant (3.5) was
observed on medium supplemented with 1.0 mg dm™
NAA and 2.0 mg dm” KIN (Fig. 1F). NAA + KIN
combinations induced caulogenesis in Cassia angustifolia
(Agrawal and Sardar 2006). In the present study, media

Fig 1. Shoot and root regeneration from callus of C. sativus on MS medium. Three types of meristem-derived callus on MS medium
containing different combinations of growth regulators: 4 - 1.0 mg dm™ NAA + 2.0 mg dm™ KIN (type I); B - 1.0 mg dm™ NAA +
2.0 mg dm™ TDZ (type II); C - 10 mg dm™ PIC + 4.0 mg dm™ KIN (type III). D - shoot regeneration through callus on medium with
1.0 mg dm> TDZ + 1.0 mg dm™ NAA; E - sprouted shoot after transfer of regenerated shoot to medium with 1.0 mg dm™ BAP +
1.0 mg dm™ NAA under 16-h photoperiod; F - root regeneration through callus on medium with 2.0 mg dm™ KIN + 1.0 mg dm™

NAA.
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Table 1. Effect of various concentrations of cytokinins (CK)
[mg dm™] on regeneration and number of shoot and root from
meristem-derived callus of C. sativus. MS medium with
1.0 mg dm™ NAA. Means + SE, n = 3; values marked with
different letters are significantly different at P < 0.05.

CK Shooting Rooting Shoot Root
[%] [%] number number

[explant'1 ] [explant'1 ]

TDZ 0.5 30.55+19.44a 4.60+3.80a

TDZ 1.0 64.44+19.37a 18.40%5.07a

TDZ 2.0 33.33+16.67a 9.40+6.35a

KIN 1.0 66.67+33.33ab 2.67+1.02ab

KIN 2.0 83.334£16.67a 3.50+1.54a

supplemented with other growth regulator combinations
(PIC + BAP and PIC + KIN) failed to induce
organogenesis. PIC + BAP combinations induced somatic
embryogenesis in Arachis pintoi (Rey and Mroginski
2006). This results show that diverse auxin and cytokinin
concentrations and/or their combinations are required in
different species.

Protein content was high in the explant and decreased
in regenerated shoot and root, and then increased in
sprouted shoot. Activities of CAT, POX and PPO
increased in regenerated shoot and root while decreased
in sprouted shoot (Table 2). The highest activity of CAT
and PPO was observed in regenerated root while the
highest activity of POX was detected in regenerated
shoot. Activity of SOD was high in explant and decreased
during shoot and root regeneration while increased in
sprouted shoot. Increase in CAT and POX and decrease
in SOD as observed during shoot organogenesis, were
also reported in Prunus (Franck et al. 1995), Solanum
(Kumar and Knowles 1993) and Gladiolus (Gupta and
Datta 2003/4). CAT and POX are known to play
important role in growth and differentiation (Gaspar
1995) and high activity could be correlated to the process
of differentiation during organogenesis. Also the impact
of oxidative stress in plant morphogenesis has been
proved. Plant cells possess well-developed systems to
regulate the level of ROS, and the concentration of ROS
can be changed or affected by several antioxidant
enzymes such as SOD, CAT and POX (Libik et al. 2005).
Also PPO has been reported to function in oxygen

Fig. 2. SDS-PAGE patterns of proteins during shoot and root
organogenesis of C. sativus: meristem explant (1), regenerated
shoot (2), sprouted shoot (3), regenerated root (4) and molecular
mass markers (M). Arrows indicate the new and changed bands.
Equal amounts of protein (100 pg) were loaded in each lane.

scavenging by oxidation of phenols (Tang and Newton
2005).

According to the protein pattern (Fig. 2), several
protein bands (upper bracket, line 1) with Mr ~ 111, 103,
94 and 87 kDa were observed only in meristem explant
while they disappeared during organogenesis. A 66.2 kDa
protein was detected only in meristem explant and
regenerated shoot. Deletion of 66.2 kDa protein in
regenerated root and sprouted shoot suggests that this
protein may play an important role in root regeneration
and shoot sprouting. Also, intensity of some protein
bands with Mr ~ 63, 54 and 40 kDa decreased in
regenerated shoot and root. Probably, decrease of these
proteins play a role in organogenesis. Specifically, an
accumulation of the 18 and 13 kDa proteins were noted
only in sprouted shoot. The organogenesis from the callus
is a very complex process, accompanied with a variety of
genes expression and protein synthesis (Tian et al. 2003),
where H,0, can play a role (Libik et al. 2005). So, we
suggest that the endogenous H,0, could induce
organogenesis by influence on the expression of genes
and protein synthesis.

Table 2. Protein content [mg g"l(f.m.)] and activity of CAT, SOD, POX and PPO [U mg'1 (protein)] in meristem, regenerated shoots,
sprouted shoots and regenerated roots of C. sativus. Means = SE, n = 3; values marked with different letters are significantly different

according to DMRT at P < 0.05.

Protein CAT SOD POX PPO
Meristem 1.29 £0.02a 386.43+ 13.41d 1.39+0.16a 0.14£0.01d 0.20£0.01¢c
Regenerated shoots 0.27 £ 0.02¢ 3720.58 £221.55b 0.77 £0.15b 6.78 £0.10a 0.33 £0.02b
Sprouted shoots 0.60 £0.01b 1263.17 £ 28.62¢ 1.05 £ 0.04ab 2.13£0.16¢ 0.24 £0.02¢
Regenerated roots  0.22 £0.01d 6165.82 £277.12a 1.07 £ 0.10ab 4.01 £0.20b 0.70 £ 0.05a
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Fig. 3. Activity staining for CAT (4), SOD (B), POX (C) and PPO (D) during shoot and root organogenesis of C. sativus: Meristem
explant (1), regenerated shoot (2), sprouted shoot (3) and regenerated root (4). Equal amounts of protein (100 pug) were loaded in

each lane.

According to non-denaturing PAGE, two CAT
isoforms were detected in the extracts of the specimens
(Fig. 34). The activity of CAT1 and CAT2 in meristem
explant was high while decreased in regenerated root and
shoot. Also CAT?2 activity increased in sprouted shoot.

Application of inhibitors showed five MnSOD
isoforms and six Cu/ZnSOD isoforms (Fig. 38). MnSOD
isoforms were not observed in regenerated shoot. All
MnSOD isoforms were detected in meristem explant and
sprouted shoot while three MnSOD (MnSOD2, MnSOD?3
and MnSOD4) were detected in regenerated root.
Cuw/ZnSOD1 and Cu/ZnSOD2 were expressed only in
meristem explant. Cu/ZnSOD3, Cu/ZnSOD4 and
Cu/ZnSODS5 were detected in all the samples but with
different activities. The activity of Cu/ZnSOD4 in
regenerated root was higher than in regenerated shoot.
Also Cu/ZnSOD4 could probably play a role in root
regeneration. Cu/ZnSOD6 disappeared in sprouted shoot.

In the plant material investigated seven POX isoforms
were present (Fig. 3C). Seven POX isoforms were
expressed in regenerated root and shoot while two
isoforms (POX1 and POX2) were expressed in meristem
explant. The intensity of POX isoforms increased in
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