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Abstract We propose that oxidative stress resulting from
an imbalance between generation and scavenging hydrogen
peroxide contributes to tissue regeneration efficiency dur-
ing somatic embryogenesis of hexaploid winter wheat
(Triticum aestivum cv. Kamila) and organogenesis of faba
bean (Vicia faba ssp. minor cv. Nadwislanski). Endoge-
nous hydrogen peroxide content and antioxidant capacity
of cells were determined in initial explants and callus
cultures derived from these explants. Regeneration-com-
petent explants (immature embryos) contained more
endogenous H,0, than explants initiated from regenera-
tion-recalcitrant tissue (mature wheat embryos and faba
bean epicotyls). Higher H,O, levels were observed despite
the higher activity of antioxidative enzymes (superoxide
dismutase and catalase) and the induction of their gene
expression. Calli originating from immature embryos
retained the capacity of the initial explants: high H,O,
production was observed during the whole culture period.
Low temperature treatment (4°C) was found to be an
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effective factor, which improved both regeneration ability
and H,0, production. Exogenous application to the med-
ium of H,0O, and catalase blocker (3-aminotriazole), but
not FeEDTA and superoxide dismutase blocker (diethyl-
dithiocarbamate), also resulted in the enhancement of
regeneration efficiency. These results clearly indicate that
plant regeneration is specifically regulated by endogenous
H,0, and by factors, which improve its accumulation.
Moreover, a study of the activity of various SOD isoforms
suggests that not only the absolute concentration of H,O,,
but also its localisation might be responsible for controlling
regeneration processes.

Keywords Faba bean - Hydrogen peroxide -
Oxidative stress - Regeneration - Wheat

Abbreviations

CAT Catalase [EC 1.11.1.6]

NR  Regeneration-recalcitrant tissue

R Tissue potentially competent to regenerate, or
regenerating tissue

ROS Reactive oxygen species
SOD  Superoxide dismutase [EC 1.15.1.1.]
Introduction

The development of biotechnology provides an additional
incentive to continue research efforts aimed at optimising
the conditions under which it would be possible to obtain
many genetically identical regenerants. Somatic embryo-
genesis and organogenesis are the most commonly used
pathways to induce efficient regeneration processes
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(Halperin 1995; Krikorian and Simola 1999; Jiménez and
Bangerth 2001; Rose et al. 2010). However, some species
are recalcitrant to regeneration, meaning that the efficiency
of shoot induction is very low (Merkle et al. 1995; Rao
1996; Jiménez and Bangerth 2001). Due to the fact that
regeneration is a multi-step process, at the present time, it
is still not obvious, which changes are crucial to develop
cell competence of forming a new plant (Toonen and de
Vries 1996; Rose et al. 2010). It has been suggested that
plant totipotency, which is necessary for shoot regenera-
tion, is the result of gene expression, which is blocked in
non-totipotent plants (Papadakis et al. 2001). However,
other studies suggest that the number of genes specifically
expressed during regeneration is rather limited (Dodeman
and Ducreux 1996; Schrader et al. 1997; Dong and Dunstan
2000; Daimon et al. 2003); these genes include the
SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE
(SERK) (Schmidt et al. 1997; Somleva et al. 2000) and a
family of KNOTTED I-like homeobox genes (knox)
(Hjortswang et al. 2002; Zhang et al. 2002; Hake et al.
2004).

The regeneration process is undoubtedly controlled from
the gene level; however, proper physical and chemical
conditions are necessary to initiate the regeneration pro-
gramme encoded in the genome and/or to increase regen-
eration efficiency (Loschiavo et al. 1989; Imani et al. 2001;
Padmanabhan et al. 2001; Papadakis et al. 2001; Chiappetta
et al. 2006; Gupta 2011). The regeneration state has been
induced by a variety of procedures, including exposure to
plant growth regulators (Szechynska-Hebda et al. 2007),
pH shock, temperature shock, osmotic and/or starvation
stress (Merkle et al. 1995; Touraev et al. 1997; Zavattieri
et al. 2010; Gupta 2011), and treatment with various
chemical substances (Krikorian and Simola 1999; Gupta
2011).

On the other hand, these factors could also induce oxi-
dative stress (Prasad et al. 1994; Rai et al. 2011). It has
been generally accepted that reactive oxygen species
(ROS) overproduction under stress is a detrimental factor,
which causes lipid peroxidation, enzyme inactivation and
oxidative damage to DNA, ending in cell dysfunction and
death (Scandalios 1993; Pellinen et al. 2002; Vranova et al.
2002). However, during recent years evidence has accu-
mulated regarding the participation of ROS in a signal
transduction cascade (Prasad et al. 1994; Pellinen et al.
2002; Zavattieri et al. 2010); and their involvement in
various metabolic and developmental processes (Inzé and
Montagu 1995; Mehlhorn et al. 1996; Foyer et al. 1997;
Slesak et al. 2007; Rai et al. 2011).

H,0, is the most stable compound among the ROS, and
the most probable candidate for ROS-mediated signal
transduction. It is able to penetrate the plasma membrane
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as an uncharged molecule, thus allowing it to be trans-
ported to the site of action (Foyer et al. 1997; Henzler and
Steudle 2000; Vranova et al. 2002). A wide range of
endogenous concentrations of H,O, have been reported,
from nmols to several hundred pmols of H,O, per g fresh
weight (Veljovic-Jovanovic et al. 2002; Szechynska-Hebda
et al. 2010). Additionally, the H,O, content can change
significantly within a very short period of time; for
example, in a wheat leaf, chilling at 4°C caused the H,O,
level to increase threefold within 1 min (Okuda et al.
1991). In order to deal with these rapid dynamic changes in
the endogenous hydrogen peroxide content, cells have
developed antioxidative systems, which maintain the bal-
ance between hydrogen peroxide production and detoxifi-
cation. The cellular enzymatic machinery for H,O, control
comprises several enzymes, which often display synergetic
action. Superoxide dismutase (SOD) catalyses the dispro-
portion of O3 to H,O, and dioxygen (Scandalios 1993).
Different SOD isoforms are specifically localised in the
cytoplasm, mitochondria and chloroplasts (Scandalios
1993; Jevremovic et al. 2010). H,O, is removed by catalase
(CAT) in microbodies (peroxisomes, glyoxysomes) and
mitochondria, as well as by different isoforms of peroxi-
dases in chloroplasts, cytoplasm, peroxisomes, mitochon-
dria and cell walls (Mittler and Zilinskas 1991; Asada
1992; Scandalios 1993; Willekens et al. 1997; Karpinski
et al. 1999).

H,0O, could play an important role in plant regeneration
processes (de Marco and Roubelakis-Angelakis 1996a; b;
Cui et al. 1999; Zavattieri et al. 2010; Zhang et al. 2010),
but the specifics of its role are still unclear; it has been
proposed both to contribute to recalcitrance and to induce
gene expression and synthesis of proteins which aid
embryogenesis (Cutler et al. 1991; Roubelakis-Angelakis
1993; Papadakis and Roubelakis-Angelakis 1999;
Papadakis et al. 2001). Changes in the activity of antioxi-
dative enzymes have also been detected during shoot
initiation and development in the regeneration process
(Kairong et al. 1999; Qiusheng et al. 2005; Szechynska-
Hebda et al. 2007).

The aim of our study was to determine: (1) whether
oxidative stress induced by low and high temperatures can
play a positive role in embryogenesis and organogenesis;
(2) which oxidative/antioxidative abilities of initial cells
are modified by temperature stress; (3) whether H,O, could
be a universal second messenger in the regeneration pro-
cesses. To answer these questions, we assessed the
hydrogen peroxide levels, changes in antioxidative enzyme
activity and their gene expression in the regeneration-
competent and non-regeneration-competent cells of initial
explants and their corresponding calli before and after the
application of stress conditions. We chose to compare the
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callus cultures of two different plant species, i.e. wheat
(monocotyledon) and faba bean (dicotyledon), in order to
investigate whether particular features are unique or are
generally applicable to other species.

Materials and methods
Plant material, growth conditions, in vitro culture

Experiments were carried out on tissues of two crop spe-
cies: hexaploid winter wheat (Triticum aestivum L.) culti-
var Kamila and faba bean (Vicia faba ssp. minor) cultivar
Nadwislanski.

Seedlings of wheat were vernalised for 9 weeks in
moist perlite (5°C, 8-h photoperiod), and then planted in
soil under greenhouse conditions (20/17°C, 16-h photo-
period). Some spikes were cut 14 days after pollination for
the isolation of immature embryos, and the remaining
spikes were kept until maturity. Both immature and
mature kernels were surface-sterilised by brief immersion
in 70% ethanol, followed by a 20-min wash with 10%
solution of commercial bleach (Domestos), and then
rinsed with sterile water. Immature and mature embryos
were aseptically excised and placed on a culture medium
with their axes adjacent to the medium surface. Callus was
induced for 4 weeks (25°C, 16-h  photoperiod
20 yM m~2 s7") on MS medium (Murashige and Skoog
1962) supplemented with 2 mg 17" 2,4-dichlorophenoxy-
acetic acid (2,4-D), 30 g 17! sucrose, and 6 g 17" agar (pH
5.8). Callus initiated from the immature embryos, unlike
that from the mature embryos, was capable of shoot
regeneration in optimal conditions.

Plants of faba bean were grown on experimental fields
with a sowing density of 30 seeds per square metre. Young
pods, 4-5 cm long, were harvested 10 weeks after sowing.
Pods were surface-sterilised by immersion in 20% solution
of commercial bleach for 45 min, then rinsed with sterile
water. Seeds were aseptically excised from pods, and
immature embryos were isolated and cultured. For collec-
tion of epicotyls, dry mature seeds of faba bean were
sterilised (20% solution of commercial bleach for 45 min)
and germinated on 3% agar in darkness for 5-6 days. Both
types of explants (immature embryos and epicotyls) were
cultured on MS medium containing 1 mg1~' casein
hydrolysate, 750 mg 1~' myo-inositol, 1 mg 1= 6-benzyl-
aminopurine (BAP), 0.5 mg 1™ naphthalene acetic acid
(NAA), 025 mg1~" gibberellic acid (GAj), 30 g1™!
sucrose, and 6 g 17! agar (pH 5.8). The cultures were
grown for 4 weeks at 25°C using a 16-h photoperiod
(20 uM m~? s™"). Callus initiated from immature embryos
was potentially capable of shoot regeneration in optimal

conditions, whereas callus initiated on epicotyls was not
capable of regeneration.

Explants and calli induced from wheat and faba bean
explants served as the experimental material.

Exposure to temperature stress

To study the effect of temperature stress, 4-week-old calli
of both species were transferred onto a fresh callus-
inducing medium (MS with growth regulators) and
exposed to 4, 30 and 25°C (control) for 2 weeks. Next, all
cultures were transferred onto a growth regulator-free MS
medium (the regeneration medium). Material for analyses
was collected 3 h and 1, 2, 4, 7, 14 and 28 days after
transferring to the regeneration medium.

Regeneration efficiency

Callus cultures were kept for four weeks on MS regener-
ation medium (without growth regulators) in conditions
optimal for regeneration (25°C, 16-h photoperiod,
20 uM m~ 2 s7"). To study the effect of stress level on
regeneration efficiency, the medium was supplemented
with hydrogen peroxide (200 mM) and ferric ethylenedia-
minetetraacetic acid (FEEDTA, 50 mM), as well as dieth-
yldithiocarbamate (DDC, SOD inhibitor, 0.1 mM) and
3-aminotriazole (AT, CAT inhibitor, 0.02 mM). Callus
cultures grew on these media for 4 weeks. Regeneration
efficiency was expressed as the frequency of calli regen-
erating shoots (%).

Determination of H,O, level

Total H,O, content was measured in fresh material by a
fluorometrical assay with homovanillic acid according to
Ishikawa et al. (1993). Samples (0.4 g) were homogenised
in 0.6 ml of ice-cold 5% TCA and centrifuged at 4,000g for
5 min. The reaction mixture contained the supernatant
(0.3 ml), 1.25 mM homovanillic acid, 1 unit of horseradish
peroxidase (Sigma-Aldrich Co., Poland), and 25 mM
potassium phosphate buffer (pH 7.5). The fluorescence
yield was measured at the excitation wavelength of 315 nm
and emission of 425 nm.

Enzyme assays

Tissues were homogenised with 1% PVP-40 and 0.05 M
phosphate buffer (pH 7.0) containing 0.1 mM (EDTA) at
4°C. The plant biomass:extraction buffer (w:v) ratio was
1:2. The homogenate was centrifuged at 15,000g for
10 min and the supernatant was dialysed overnight in
0.05 M phosphate buffer.
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Total SOD [EC 1.15.1.1.] activity was assayed accord-
ing to the modified method of McCord and Fridovich
(1969). The reaction mixture consisted of 0.05 M phos-
phate buffer, 0.013 mM cytochrome ¢, 0.1 mM xanthine,
0.024 U per ml xanthine oxidase, and supernatant. Absor-
bance was measured at 550 nm. One unit was defined as
the amount of enzyme necessary for 50% inhibition of
cytochrome c in a coupled system with xanthine and xan-
thine oxidase.

Catalase [EC 1.11.1.6] activity was determined accord-
ing to Aebi (1984). The reaction mixture consisted of
0.05 M phosphate buffer, 0.1 mM H,0,, and supernatant.
The rate of HO, decomposition at 240 nm was measured.
One unit of CAT activity was defined as the amount of
enzyme that decomposed 1 pM of H,O, per minute under
standard conditions.

The reaction kinetics of enzymes were measured over
2 min at 25°C using a Perkin Elmer UV-vis spectropho-
tometer. Enzyme activities were calculated per mg protein.

For SOD isoenzyme analysis, tissue samples were
homogenised in ice-cold protein extraction phosphate
buffer (0.05 M, pH 6.8) containing 0.1 mM EDTA, 0.1%
N,N,N’,N’-tetramethylenediamine (TEMED), 1 mM dithi-
othreitol (DTT), and 0.1% ascorbic acid. The homogenate
was centrifuged for 10 min at 15,000g. The supernatants
were decanted and the volumes were adjusted to obtain
equal protein concentrations, then 50 pg of protein was
loaded onto each well of the gel. SOD isozymes were
separated by native PAGE using 11.5% polyacrylamide
gels and 0.1 M Tris—glycine as an electrode buffer. Elec-
trophoresis was performed at 4°C at 60 mA (Bio-Rad Mini
Protean power supply). Gels were stained by the method of
Beauchamp and Fridovich (1971) in phosphate buffer (pH
7.8) containing 0.1 mM EDTA, 0.5 uM nitroblue tetrazo-
lium (NBT), 26.5 mM riboflavin, and 26.5 uM TEMED in
the dark for 20 min. Gels were exposed to the light, about
100 uM m~2 s~ photon flux density (PPFD), for 30 min
in 0.05 M phosphate buffer, and then transferred to 1%
(v/v) acetic acid to stop the reaction. The isoenzyme profile
was differentiated using inhibitors of Cu/ZnSOD and
FeSOD (1 mM KCN and 5 mM H,O,, respectively)
according to Beauchamp and Fridovich (1971).

Proteins were assayed by Bradford’s dye-binding tech-
nique (1976) with bovine serum albumin as a protein
standard.

RNA extraction and northern hybridisation

Total RNA used for the Northern blot analysis was isolated
according to the protocol of TRI-Reagent of MRC,
Cincinnati (Chomczynski and Sacchi 1987). In order to
remove any contamination with DNA, total RNA was
treated with RNAse-free DNAse at a concentration of
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1 U/ml (Promega). Total RNA was quantified with a
spectrophotometer (GeneQuant, Pharmacia), and further
confirmed by gel electrophoresis and ethidium bromide
staining. Twenty micrograms of total RNA was separated
on a 1.2% agarose gel containing 6% formaldehyde (ICN
Biomedicals Inc.) and blotted onto a nylon membrane
(Hybond-N+) by standard capillary blotting, according to
Sambrook et al. (1989). RNA was fixed on the membranes
using 30 s of UV exposure (GS Gene Linker, BioRad).
MnSOD3.1 cDNA from T. aestivum (GenBank accession
no. U72212) length 934 bp (Wu et al. 1999) was used as a
probe for wheat tissue, and the molecular probe of
MnSOD, obtained by RT-PCR amplification of the 318-bp
fragment, was used for the faba bean experiment
(Dabrowska et al. 2007). The molecular probe for Cat2
expression analysis was prepared by RT-PCR amplification
with C1 (5'-cgtctggaacaacaacaacg-3’) and C2 (5'-tccatccct
gctgattaagg-3’) primers. RT-PCR wheat products of length
580 bp were cloned into pCRII-TOPO Vector (Invitrogen
Life Technologies, California, USA). The cloned cDNA
was sequenced using fluorescent primers and an automated
DNA sequencer (DNA Sequencing and Oligonucleotide
Synthesis Laboratory of the Institute of Biochemistry and
Biophysics PAS, Warszawa). The cDNA of Catl of cas-
sava (Manihot esculenta) length 1,300 bp (Reilly et al.
2001) was a molecular probe for hybridisation with RNA
from tissues of the faba bean. The membranes hybridised
with specific probes corresponding to SODs and CATs
were labelled with [¢->*P]-dCTP (20 pCi) using the T7
Transcription Kit (Fermentas GMBH, Germany). Hybrid-
isation was carried out with cDNA probes at 65°C for 16 h
in a hybridisation buffer containing 0.5 M sodium phos-
phate buffer (pH 7.2), 7% w/v sodium dodecyl sulphate
(SDS), 1 mM EDTA, and 1% w/v bovine albumin (BSA).
The membranes were washed in 2x SSC and 0.1% SDS at
room temperature for 15 min and then twice in 0.2x SSC
and 0.1% SDS for 20 min at 60°C. After washing, mem-
branes were exposed to X-ray films (X-Omat AR, Kodak)
at —80°C, which were analysed using Phosphoimager
FLA3000 (Fuji).

Statistical analysis

All of the experiments were performed with 20 calli per
Petri dish for wheat and 10 per dish for faba bean. One dish
was regarded as a replicate for the regeneration experi-
ment. Regeneration ability was calculated from five dishes.
All physiological measurements were performed in at least
ten replicates. The replicate was tissue from different Petri
dishes in the required amounts. Northern blot analysis was
repeated three times. Data were analysed by calculating
means, standard deviation values and statistical signifi-
cance were analysed by Duncan’s test (P < 0.05).
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Results
Effect of stress conditions on regeneration ability

Young, small cells indicating intensive cell division were
observed in 4-week-old calli induced from immature
embryos (potentially competent to regenerate) in both
wheat (Fig. 1a) and faba bean (Fig. 1g). After subculture
onto the regeneration medium under control conditions
(25°C), embryo-like structures arose from clusters of cells
of wheat callus, while faba bean shoots were produced via
organogenesis. In both species, shoot formation was first
observed on the seventh day of subculture, and the maxi-
mum number of emerging shoots was reached in the sec-
ond week. Regeneration efficiency was 33% for wheat and
30% for faba bean (Fig. 1b, h), respectively, in the second
week after subculture, and was profoundly improved when
the tissues were pre-treated with cold (applied before
subculture onto the regeneration medium), increasing to
72% for wheat and 95% for faba bean (Fig. lc, i). Con-
versely, pre-treatment of the calli at 30°C blocked their
regeneration potential, and no shoot formation was
obtained (Fig. le, k).

Calli induced from mature wheat embryos and faba bean
epicotyls were built of larger, highly vacuolated cells
(Fig. 1d, j, respectively) and did not regenerate plantlets on
the regeneration medium in control conditions (25°C)
(Fig. 1f, 1), even after low temperature pre-treatment (not
shown in Fig. 1).

H,0, level and antioxidant enzyme activity

To test whether cold and heat pre-treatment caused oxi-
dative stress, and to examine whether regeneration ability
was dependent on the abilities of the cells’ antioxidative
machinery, cellular hydrogen peroxide content and the
activities of the antioxidative enzymes were studied in
wheat and faba bean tissues competent (R) or non-com-
petent (NR) to regenerate. As H,O, content and enzymatic
response may vary with tissue origin, these parameters
were compared in the initial explants (immature and
mature wheat embryos, faba bean epicotyls), in calli before
transfer onto the regeneration medium, and in tissue under
conditions stimulating (control, 4°C pre-treatment) or
inhibiting the regeneration process (30°C pre-treatment).

Figure 2 shows the quantification of H,0O, in initial
explants and the corresponding calli before culture on the
regeneration medium. In wheat and faba bean tissues, the
total H,O, content was related to future shoot production
capacity. Accumulation of hydrogen peroxide was signifi-
cantly higher in competent than in non-competent initial
explants, and the enhanced H,O, accumulation was
maintained in R calli.

A relationship was also observed between regeneration
competence and antioxidative enzyme activity (Fig. 2).
The activity of both SOD and CAT was higher in all
competent tissues, with the exception of SOD activity in
faba bean explants. However, the differences between R
and NR wheat calli were smaller than those observed for
the explants.

Figure 3 shows the influence of cold and heat pre-
treatment on H,0O, production in regeneration-competent
and non-regenerating calli during 28 days of culture on the
regeneration medium. Independently of pre-treatment, the
R tissue of both species (Fig. 3a, b) showed enhanced
accumulation of H,O, in comparison to NR calli (Fig. 3c,
d) during the whole culture period. The time course of
H,0,; revealed that regenerating cultures in control condi-
tions and after the cold pre-treatment accumulated more
H,0, at the beginning of the subculture, up to 4-7 days, at
which point the first shoots were observed (Fig. 3a, b).
Culture prolongation accompanied by shoot emergence
caused a reduction of H,O,. The exception was faba bean
tissue under control conditions (Fig. 3b). However, it
should be noted that a large increase in H,O, at the end of
culture could be a result of the subculture lasting too long,
and the resulting callus darkening. Pre-treatment at 4°C
prevented callus darkening and H,O, accumulation in the
faba bean tissue, probably as a consequence of earlier
adaptation to stress (Fig. 3b). H,O, increase was not
observed at the beginning of the subculture in regeneration-
competent wheat and faba bean calli that had undergone
30°C pre-treatment (conditions inhibiting regeneration)
(Fig. 3a, b). However, an increase in the H,O, level similar
to that seen in control regenerating tissue was caused by the
prolongation of faba bean culture after heat pre-treatment.
Non-regenerating tissue did not produce temperature-
dependent diversity in the course of H,O, (Fig. 3c, d).

The content of total hydrogen peroxide corresponded to
antioxidant enzyme activity. Control conditions and cold
pre-treatment induced an increase in the total SOD activity
at the beginning of R calli subculture (Fig. 3e, f): the
highest SOD activity was observed in wheat cultures pre-
treated at 4°C in the second day. Heat did not produce such
enzyme response. The increase in SOD activity consistent
with the time of subculture was detected in most of non-
regenerating tissue (Fig. 3g, h).

The time course of CAT activity exhibited a negative
relationship with cellular H,O, levels in conditions
favouring regeneration (control, cold pre-treatment)
(Fig. 31, j). Low CAT values were observed at the begin-
ning of R culture, and increased values after the seventh
day (which corresponded to the first shoot formation). The
heat treatment did not influence CAT activity in regener-
ating wheat cultures, while CAT activity was very high in
faba bean R culture up to the seventh day. CAT activity in
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Fig. 1 Microscopic images of 4-week-old calli before transfer onto
the regeneration medium. Calli were induced from immature embryos
(explants potentially capable of regeneration) of wheat (a) and faba
bean (g) as well as from mature wheat embryos (d) and faba bean
epicotyls (j) (explants non-capable of regeneration). The figure also
presents the effects of culture conditions on callus regeneration
efficiency of wheat (a—f) and faba bean (g-1) after 2 weeks of
subculture on the regeneration medium. Regenerating callus cultures
derived from immature embryos under control conditions at 25°C (b,
h); regenerating callus cultures derived from immature embryos after

@ Springer
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2 weeks of cold pre-treatment (at 4°C) followed by 2 weeks of
subculture at 25°C (e, i); regenerating callus cultures derived from
immature embryos after 2 weeks of heat pre-treatment (at 30°C)
followed by 2 weeks of subculture at 25°C (e, k); non-regenerating
culture derived from wheat mature embryos and faba bean epicotyls
under control conditions at 25°C (f, 1). The figure shows represen-
tative examples of regeneration from at least five replicates (Petri
dishes). Values express the regeneration efficiency as the frequency of
calli regenerating shoots (%)
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increased only in the latest stage of culture (Fig. 3k, 1).

It is not just the absolute concentration of H,O, that may
determine the regeneration potential of tissue; its cellular
localisation might be responsible for controlling reactions
that are important for regeneration processes. To investi-
gate this, we determined SOD isoenzymes by native gel
electrophoresis (Fig. 4). In extracts from wheat tissue,
three SOD isoenzymes were detected (1 band of MnSOD
izoenzyme and 2 bands of Cu/ZnSOD isoenzymes),
whereas in faba bean samples up to ten different bands of
SOD izoenzymes could be distinguished (1-4 bands of
MnSOD, 1 band of FeSOD, and 1-5 bands of Cu/ZnSOD).
The most characteristic changes were observed for MnSOD
isoforms for both species; MnSOD activity was enhanced
in tissue competent to regenerate (explants, calli), in
regenerating tissue in control conditions and after cold pre-

treatment) induced MnSOD in regeneration-recalcitrant
tissue, and new isoforms with higher mobility were
detected in the faba bean tissue.

The chloroplastic isoform (FeSOD) was present only in
faba bean non-competent explants (epicotyls) and R calli
after cold pre-treatment. These results could be correlated
with the presence of chloroplasts in the epicotyls (green
tissue) and a lack of chloroplasts in other explants (the
embryos did not develop mature chloroplasts). The pres-
ence of FeSOD could also be a consequence of chloroplast
presence in R calli after cold pre-treatment (the fastest shoot
formation on calli surfaces subcultured on the regeneration
medium in comparison with the other cultures).

Cu/ZnSOD activity in R and NR tissue was ambiguous.
In wheat tissue, the Cu/ZnSOD pattern did not change
significantly. Differences were detected only in cultures
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Fig. 3 Effects of cold (4°C)
and heat (30°C) pre-treatment in
comparison with the control
condition (25°C) on the
endogenous hydrogen peroxide
concentration (a—d), superoxide
dismutase activity (e, h) and
catalase (i-1) in subsequent days
of culture on the regeneration
medium (0-28). H,O,, SOD and
CAT in regenerating calli
initiated from wheat (a, e, i) and
faba bean (b, f, j) immature
embryos; H,O,, SOD and CAT
in non-regenerating calli
initiated from wheat mature
embryos (c, g, k) and faba bean
epicotyls (d, h, 1). All data are
mean + SE from 15 (n = 15)
independent samples, shown
with error bars corresponding
to the standard deviation.
Statistical significances are
indicated with different letters
according to Duncan’s test

(P < 0.05) performed for
different days of culture within
selected condition (control, cold
and heat)

wheat

faba bean

400

L]
=]
(=]

] |
(DoO10204 07014028 L_I_T-I-i'

=

=

m a’a ala

b [T

H; O, (pumol mg! protein)
NN
8

200 1

al

O'Wmmﬁﬂmﬁmn

||:|0|:11|:|2|:|4 07 014028 |

| h
= 104
E 1lla !H ool |1
_:@ 0 bla c| |blblalble [HHal|
5 G
E 20
(=}
o

0 [‘a—bﬁ-&mﬂ bbjebb biblc|aa

(=]

10
cicic|clalblc Emmﬂl;‘

[DODIDZDIIDTEIHEI?.S]

c|blab

CAT (U mg "' protein)

| i mm*dﬂ

control

after heat pre-treatment, where Cu/ZnSOD activity was
higher in non-regenerating cultures. In faba bean explants,
five bands of Cu/ZnSOD were observed in competent
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tissue and three in non-competent tissue. Additional bands
were also detected in regenerating calli 3 h after cold pre-
treatment.
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Fig. 4 Changes in SOD isoform patterns in immature wheat and faba
bean embryos, in mature wheat embryos and faba bean epicotyls, in
the corresponding callus before the temperature treatment, and in calli
cultured on the regeneration media 3 h and 7 days after cold (4°C)

Northern blot

The response of the antioxidative enzymatic system during
the regeneration processes was also studied by manganese
superoxide dysmutase and catalase gene expression.
Molecular probes of MnSOD showed a transcript of about
1,000 bp (Fig. 5). In competent explants and the corre-
sponding calli (before subculture on the regeneration
medium) of both species, a higher level of MnSOD
expression was observed in contrast to the very weak signal
in the non-competent tissue. A similar pattern was detected
for calli on regeneration medium directly after temperature
pre-treatment (3 h), with the exception of faba bean culture
after heat pre-treatment. The highest signal was observed
after cold pre-treatment. On the seventh day of wheat
subculture, a decrease in signal intensity for R calli was
observed for all conditions, whereas in faba bean culture
the MnSOD gene was still induced in the regenerating
tissues under control conditions and as a result of exposure
to cold.

A transcript of the length of about 1,800 bp was identi-
fied by the radiolabelled molecular probe of catalase
(Fig. 5). In wheat explants and calli, a higher CAT expres-
sion was observed in the NR tissues than in the R tissues. In
faba bean cultures, similar changes were observed only for
explants. For calli, a comparable intensity of signal was
detected. The temperature pre-treatment affected the tran-
script level ambiguously. Higher expression was detected

and heat (30°C) pre-treatments in comparison with the control (25°C).
R explants and calli potentially capable of regeneration, NR explants
and callus non-capable of regeneration. The figure shows represen-
tative examples from three independent experiments

3 hand 7 days after the cold pre-treatment in the R cultures
of both species, compared to the NR cultures. Control
conditions and heat pre-treatment increased the transcript
level in wheat R tissue 3 h after subculture, and moreover,
in wheat NR tissue on the seventh day of subculture. The
opposite effects were observed for faba bean under control
conditions and after heat pre-treatment.

Influence of medium supplements

To strengthen evidence of the hydrogen peroxide effect on
regeneration ability, the modification of oxidative stress in
regeneration-competent wheat culture was determined.
Regeneration media were supplemented with substances,
which enhance oxidative stress (H,O, and FeEEDTA) and
inhibitors which affect the antioxidative enzyme system
(DDC, SOD inhibitor; AT, CAT inhibitor). The presence of
hydrogen peroxide in the medium greatly promoted the
embryogenic potential and led to a significant shortening of
the regeneration period (Fig. 6). Elevated shoot production
was specific to H,O, treatment; because the addition of a
transition metal (Fe) that also causes oxidative stress in
plant cells (Sinha et al. 1997) blocked the regeneration
ability of the callus culture. Experiments with antioxidant
enzyme inhibitors provided additional confirmation of this
result. Shoot regeneration potential was repressed by
the SOD inhibitor (DDC) and increased by the CAT
inhibitor (AT). However, the addition of AT to the medium
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Fig. 5 Northern blot analysis of mRNA levels, showing MnSOD and
CAT expression. Transcript levels were analysed in wheat and faba
bean explants competent (R) and non-competent (NR) to regenerate
and in the corresponding calli, before the temperature treatment as

well as in callus cultured on the regeneration media 3 h and 7 days
after cold (4°C) and heat (30°C) pre-treatment in comparison with the
control (25°C). The figure shows representative examples from three
independent experiments

Fig. 6 Effects

of medium
(200 mM) and FeEDTA (50 mM) as well as SOD inhibitor (DDC
0.1 mM) and CAT inhibitor (AT 0.02 mM)—on the regeneration

supplements—hydrogen peroxide

negatively influenced the quality of the regenerated shoots;
some plantlets were albinotic.

Discussion

The immature embryos of various species, including wheat
and faba bean, have been regarded as the most suitable
explants for the induction of morphogenic callus cultures
and the regeneration of whole plants via indirect somatic
embryogenesis and/or organogenesis (Benkirane et al.
2000; Tamas et al. 2004; Schryer et al. 2005; Szechynska-
Hebda et al. 2007; Rose et al. 2010). Other explants have
been shown to be more or less recalcitrant (Imani et al.
2001). The type of explants used in our study also deter-
mined the regeneration abilities in callus culture. Calli
originating from wheat mature embryos and faba bean
epicotyls had no regeneration capability, in contrast to the
high regeneration efficiency seen in calli obtained from the
immature embryos of both species.

The assumption underlying this study was the complex
metabolic modifications that explants undergo during their
isolation in and adaptation to in vitro conditions, which
may include an alteration in the oxygen balance with an
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efficiency of regenerating wheat culture. The figure presents repre-
sentative examples of regeneration from at least five replicates (Petri
dishes)

overproduction of active forms of oxygen. An excess of
reactive oxygen in a cell may influence its regeneration
capacity. It has been suggested that enhanced ROS pro-
duction in initial explants can have an effect, from plant
recalcitrance to regeneration (Benson and Roubelakis-An-
gelakis 1994; de Marco and Roubelakis-Angelakis 1996a;
b; Zavattieri et al. 2010; Zhang et al. 2010; Rai et al. 2011);
but despite this we conclude that mild oxidative stress and
hydrogen peroxide-dependent metabolic pathways are
crucial for in vitro shoot formation via somatic embryo-
genesis and organogenesis. During our experiments, a
higher cellular H,O, content was already observed in the
immature embryos of both species, and it occurred despite
an improved response of the antioxidative enzymes. In
contrast, mature wheat embryos and faba bean epicotyls
were characterised by low H,O, levels as well as low
activity of ROS-scavenging enzymes. This suggests the
dependence of the oxidative state of cells on the age of the
explants, which was previously also reported by Gara et al.
(2003) and Gupta (2011). A similar relationship was also
observed in calli; elevated H,O, production and high
enzymatic activity were observed in the small cells of
competent calli with dense cytoplasm and compact nuclei.
This microscopic appearance of cells suggests a
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morphologically younger age in comparison to the large,
differentiated, highly vacuolated cells of non-competent
calli (Fig. la, g compared to Fig. 1d, j). Maintenance of
small cell volumes was previously believed to be one of the
conditions needed to enable the onset of embryogenesis/
organogenesis (Pellegrineschi et al. 2004) and to represent
a dedifferentiated cell state with the potency to initiate a
new developmental programme (Nomura and Komamine
1995; Pasternak et al. 2002). The conclusion from our
results is that the cells of mature explants are able to divide
and to initiate the callus in a similar way to the younger
explants, but the “memory” of the origin being forwarded
to the new generation of cells and the switch of the
developmental programme to regeneration are dependent
on the competence “inherited” from the cells of the initial
explants. We cannot rule out the possibility that the
“memory” of explant capacity could also determine the
responses of regenerating and non-regenerating calli to
various temperature conditions. Immature embryo-derived
tissues in most cases showed higher sensitivity to cold pre-
treatment in comparison with the non-regenerating calli.
Regeneration efficiency, production of hydrogen peroxide
and enzyme activity were all greatly enhanced, especially
during the first week after 4°C pre-treatment. These results,
taken as a whole, suggest that the factor responsible for
maintaining regeneration potential in cells could be their
oxidative/antioxidative capacity.

The study of regeneration efficiency on media with
stress-enhancing supplements provides additional proof for
this hypothesis and indicates that H>O, is the most prob-
able factor influencing cell morphogenesis. The regener-
ating tissues could tolerate high concentrations of
exogenous H,O; and even responded with a higher number
of produced shoots. H,O, treatment also influenced plantlet
development and allowed a much earlier completion of
plant ontogenesis (data not shown). The exogenous H,O,
was probably able to diffuse through the plasma mem-
brane, reinforce internal resources and additionally
improve cell response. Cell susceptibility to ROS appears
to be specific to hydrogen peroxide; regeneration potential
was blocked in the presence of another stress inducer—
FeEDTA. Fe(*") enhances ROS production (-OH, -OOH)
via the Fenton reaction with parallel consumption of H,O,.
Additionally, FeEDTA increased the activity of the
hydrogen peroxide scavengers (Pasternak et al. 2002) and
caused a rapid accumulation of ascorbate peroxidase
mRNA (Vansuyt et al. 1997; Yoshimura et al. 2000). Thus,
the Fenton reactions and activation of H,O,-removing
enzymes could have lowered the level of cellular H,O, in
our cultures on the medium supplemented with FeEDTA,
and subsequently repressed the regeneration potential.

Moreover, the role of the enzymatic control of endog-
enous H,O, during the determination of cell regeneration

ability was shown during experiments with blockers of
antioxidant enzymes. The application of a SOD-blocking
agent (resulting in lower H,O, production) decreased the
regeneration potential, whereas the addition of a CAT-
blocking agent (resulting in lower H,O, consumption)
increased the ability of the tissue to undergo embryogen-
esis. It follows that a higher hydrogen peroxide content
specifically facilitated realisation of the developmental
programme. However, CAT activity blocking also had the
undesirable effect of producing albinism in some of the
regenerated plantlets. It is likely that catalase is involved in
plastid development and promotes the formation of green
plants. This finding is consistent with results obtained
for some maize mutants exhibiting a chlorophyll-less
phenotype (Hu et al. 1998). The activity of catalase, a
heme-requiring enzyme, was reduced by up to 100% in
homozygotes when compared with the level detected in the
wild-type, and a lack of catalase also possibly caused
heme, and consequently, chlorophyll deficiency.

The effect of CAT blockers on green plant regeneration
suggests that not only is absolute H,O, concentration an
important factor affecting cell response. An analysis of
SOD isoenzyme patterns supports the thesis that subcel-
lular ROS distribution and the place of its action may be
crucial for regeneration processes. Higher MnSOD activity
in initial tissue competent to regenerate and the calli
derived from them indicate that mitochondria-originated
H,0, (MnSOD is mainly localised in the mitochondria)
could be involved in the modification of regeneration
potential. The amount of H,O, produced in plant mito-
chondria is usually much less than that of chloroplasts
when exposed to light. However, oxidative metabolism is
the main source of ROS in non-green tissues (Vertucci
1989; Rhoads et al. 2006; Slesak et al. 2007), and up to
2-4% of the oxygen metabolised by mitochondria could be
converted to oxygen radicals (Morré et al. 2000) due to a
less than fully efficient flow of electrons through the
mitochondrial electron transport chain (Morré et al. 2000;
Gille and Nohl 2001; Moller 2001). The predominance of
respiration over photosynthesis also concerned our culture
and was confirmed by direct respiration measurements
(unpublished data) and the limited number of cells con-
taining mature chloroplasts in competent explants and in
regenerating calli at the beginning of culture (microscopic
data and lack of FeSOD band on Fig. 4).

Additionally, the fact that the highest MnSOD activity
was seen in callus cultures after cold pre-treatment indi-
cates that mitochondria are an important source of super-
oxide, and subsequently, hydrogen peroxide at low
temperature, which is in agreement with data obtained by
Purvis et al. (1995) and Jevremovi¢ et al. (2010). This
could be the result of more intensive production of ROS in
the enhanced flow of electrons, as low temperatures caused
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enhanced respiration in the regenerating calli (unpublished
data).

H,0, does not act only in the mitochondria. Our data
suggested the involvement of cytoplasmic isoforms of SOD
in ROS control during regeneration processes. Competent
explants, calli and tissue in conditions promoting regen-
eration showed higher Cu/ZnSOD activity in comparison to
the non-competent tissue. These isoforms could contribute
to H,O, production in cytoplasm. Cytoplasmic H,O, can
act as a trigger for signal transduction or the oxidation of
other molecules by H,O,-induced reactions (Desikan et al.
2003; Zhang et al. 2010). Finally, H,O, might change gene
expression and modify the activity of the transcription
factors (Apel and Hirt 2004). Using cDNA microarray
technology to carry out a transcriptomic analysis, Desikan
et al. (2001) confirmed that the expression of some genes is
up-regulated by H,0,. The H,0,-induced transcripts
encoded proteins with functions such as metabolism,
energy, protein destination and transport, cellular organi-
sation and biogenesis and transcription (Desikan et al.
2001). Moreover, H,O, regulated the expression of genes
encoding antioxidant enzymes and modulators of H,0O,
production (Neill et al. 2002; Geisler et al. 2006). In the
present study, the gene expression of the enzyme control-
ling hydrogen peroxide levels was also enhanced in
explants and the callus cultures capable of regeneration. Its
expression was specifically modified by temperature
treatment. However, it is difficult to state definitively
whether the observed higher expression is a result of
induced oxidative stress or whether the events underlying
the regulation of cell division and further differentiation
processes are under the tight control of enzymes, which are
continuously highly expressed.

In conclusion, we point out the existence of a clear
relationship between the tissue regeneration efficiency of
wheat and faba bean cultures and H,O, accumulation.
However, we also note that the stress per se (the conditions
enhancing H,0,) could not be the key factor in determin-
ing the morphological response. It has previously been
reported that cold can induce the switch of the develop-
mental programme from pollen development to in vitro
androgenesis (Hou et al. 1993; Touraev et al. 1997; Obert
et al. 2004; Xynias et al. 2001). In our cultures, cold pre-
treatment and exogenous H,0, strongly promoted regen-
eration efficiency in competent tissue, but did not break the
internal barriers against induction of the regeneration pro-
cess in non-competent tissue. Thus, we rather suggest that
the competent culture might retain the “memory” of the
explants and retain the capacity of the initial cells. Greater
susceptibility and flexibility of the oxidative/antioxidative
state of cells is proposed as the factor responsible for this
retention of the potential for induction of the regeneration
process. In particular, H,O, is the best candidate for

@ Springer

cellular signals that can regulate plant regeneration. How-
ever, the primary place of H,O, action still requires further
detailed study.
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