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Abstract

Under specific stress treatments (cold, starvation), in vitro microspores can be induced to deviate from their

gametophytic development and switch to embryogenesis, forming haploid embryos and homozygous breeding lines
in a short period of time. The inductive stress produces reactive oxygen species (ROS) and nitric oxide (NO),

signalling molecules mediating cellular responses, and cell death, modifying the embryogenic microspore response

and therefore, the efficiency of the process. This work analysed cell death, caspase 3-like activity, and ROS and NO

production (using fluorescence probes and confocal analysis) after inductive stress in barley microspore cultures

and embryogenic suspension cultures, as an in vitro system which permitted easy handling for comparison. There

was an increase in caspase 3-like activity and cell death after stress treatment in microspore and suspension

cultures, while ROS increased in non-induced microspores and suspension cultures. Treatments of the cultures with

a caspase 3 inhibitor, DEVD-CHO, significantly reduced the cell death percentages. Stress-treated embryogenic
suspension cultures exhibited high NO signals and cell death, while treatment with S-nitrosoglutathione (NO donor)

in control suspension cultures resulted in even higher cell death. In contrast, in microspore cultures, NO production

was detected after stress, and, in the case of 4-day microspore cultures, in embryogenic microspores

accompanying the initiation of cell divisions. Subsequent treatments of stress-treated microspore cultures with

ROS and NO scavengers resulted in a decreasing cell death during the early stages, but later they produced a delay

in embryo development as well as a decrease in the percentage of embryogenesis in microspores. Results showed

that the ROS increase was involved in the stress-induced programmed cell death occurring at early stages in both

non-induced microspores and embryogenic suspension cultures; whereas NO played a dual role after stress in the
two in vitro systems, one involved in programmed cell death in embryogenic suspension cultures and the other in

the initiation of cell division leading to embryogenesis in reprogrammed microspores.
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Introduction

Embryogenesis is a process that can be initiated in

a fertilized egg cell, somatic cells and cells of the haploid

generation, like microspores. The physiological pollen de-

velopment programme involves the establishment of cell

polarity (Petricka et al., 2009) in the microspore, followed

by its asymmetrical division, giving rise to two cells, the

vegetative and generative one, with different nuclear

organization, cell cycle progression, gene activity, and fate

(González-Melendi et al., 2000; Testillano et al., 2004).

Under in vitro conditions and by means of specific inductive
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stress treatments, such as cold or starvation, microspores

can be induced to switch their developmental pathway from

gametophytic to embryogenic, resulting in the formation of

haploid embryos (Prem D, Solı́s MT, Risueño MC,

Testillano PS, unpublished data). This process produces

completely homozygous breeding lines in a much shorter

time than by conventional plant breeding methods. The two

developmental pathways of the microspores are schematized
in Fig. 1. Stress treatments are necessary to produce the

embryogenic response of microspores (Touraev et al., 1996;

Maraschin et al., 2005). Cold treatment (González-Melendi

et al., 2005; Oleszczuk et al., 2006), heat shock (Segui-

Simarro et al., 2003; Bárány et al., 2010), starvation

(Touraev et al., 1996), treatments with oligosaccharides

(Lemonnier-Le Penhuizic et al., 2001), antimicrotubular

drugs such as colchicine (Smykal and Pechan, 2000),
ethanol and gamma irradiation (Pechan and Keller, 1989),

and chemicals (Liu et al., 2002), have been reported to

reprogramme the gametophytic pathway in different plant

species. In barley, microspore embryogenesis has been

induced in anther and microspore cultures. Cold and

starvation are the two most common stress treatments that

have been used in barley (Joähne-Gärtner and Lörz, 1999;

Kasha et al., 2001; Ritala et al., 2001; Coronado et al.,

2005; González-Melendi et al., 2005). It has been demon-

strated that optimization of the preculture and culture

conditions is essential to successfully induce microspores to

switch to the embryogenic pattern of development (Jähne

and Lörz, 1995; Touraev et al., 1997); however, the
response to inductive stress is also a key step.

It is known that different external factors can trigger cell

death, such as heat shock, viruses, protein synthesis

inhibition, oxidative stress, hypoxia, or nitric oxide (Leist,

1997). In isolated microspore cultures, there are different

cell responses after stress treatment. Some microspores are

reprogrammed and enter the embryogenic pathway; others

are stopped in their gametophytic development, and many
others die (Satpute et al., 2005). For this reason, one of the

important events affecting the efficiency of the process is the

level of cell death during the early culture stages. The stress

treatment applied to microspores is one of the first factors

that could trigger cell death in part of the population of

microspores in a culture, thereby compromising the yield of

microspore embryogenic cultures.

Reactive oxygen species (ROS) and nitric oxide (NO) are
well established as signalling molecules, mediating a wide

range of cellular responses. Plant cells actively produce ROS

at low levels, but many stresses that disrupt cell homeostasis

enhance ROS production. ROS act as signalling molecules to

control processes such as programmed cell death (PCD) and

stress response (Mittler, 2002) There are numerous examples

of ROS being involved in the modulation of biological

responses, including hormone signalling involving growth
and development, the cell cycle, and stress, and defence

responses as well as PCD (Apel and Hirt, 2004; Gechev

et al., 2006; Kwak et al., 2006; Laloi et al., 2004; Mittler

et al., 2004, 2011; Fortes et al., 2011). Such a dual function of

ROS requires precise and efficient control over ROS pro-

duction and scavenging (Mittler et al., 2004, 2011).

NO is an important second messenger in animal cells

(Chung et al., 2001) and plant cells (Beligni and Lamattina,
2001; Wendehenne et al., 2001). NO is also known to act as

a signalling intermediate in a variety of responses, e.g.

stomatal guard cell closure, disease resistance, and abiotic

stresses, as well as during plant development (Delledonne,

2005; Neill et al., 2008; Kasprowicz et al., 2009). NO can

react with a variety of intracellular and extracellular targets,

and in some cases these interactions are cytotoxic and result

in cell death. NO can also act as an antioxidant and an
antiapoptotic modulator that prevents cell death (Chung

et al., 2001). Both ROS and NO induced by the inductive

stress treatment could modify the effectiveness of embryo-

genic microspore development, influencing both cell viabil-

ity and its metabolism. The levels of stress tolerance seem to

play an important role in microspore embryogenesis and

may be considered as an important factor affecting the final

efficiency of the process ( _Zur et al., 2009).
PCD is a physiological process occurring during de-

velopment and is induced under pathological conditions in

Fig. 1. Embryogenic and gametophytic developmental pathways

of the microspore. Scheme representing the main stages of the

two developmental pathways that the microspore can undergo.

(A) Embryogenic pathway: by stress treatment in vitro, the

vacuolated microspore is reprogrammed and follows an embryo-

genic pathway forming embryos that further regenerate haploid

and double-haploid plants. (B) Gametophytic pathway: in vivo, the

microspore undergoes the gametophytic development leading to

mature pollen which further germinates and carries out fertilization.
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animal and plant cells (Jabs, 1999). Caspase-like proteases

have been shown to be involved in PCD in plants, in

tobacco mosaic virus-infected tobacco leaves (Korthout

et al., 2000; Lam and del Pozo, 2000), in the hypertensive

response of tobacco plants (Chichkova et al., 2004), and

during UV- or heat shock-induced apoptosis of plant cells

(Danon et al., 2004; Vacca et al., 2006).

Cell suspension cultures have been developed in different
species as convenient experimental systems for analysing

different aspects of plant cell physiology in isolated cells

and as an interesting tool for regenerating protoplasts,

transformation, and morphogenesis. In barley, embryogenic

calli can be produced from immature embryos (Lührs and

Lörz, 1988) and embryogenic suspension cultures have been

established from embryogenic calli (Jähne et al., 1991) that

are able to regenerate plants (Jähne et al., 1991). In the
present work, barley embryogenic suspension cultures have

been obtained from embryogenic calli originating from

immature zygotic embryos.

This study analysed the primary cell response after stress-

induced microspore embryogenesis in barley, focusing on

NO and ROS production and cell death occurrence and the

possible cross-talk between them. Also, for comparison

purposes, NO and ROS production and cell death response
to inductive stress have been analysed in embryogenic

suspension cultures of barley, as models of isolated cells in

in vitro systems.

Materials and methods

Plant material and growth conditions

Winter barley cultivars, Hordeum vulgare L. cv. Igri (Dr L Cistué,
Aula Dei, CSIC, Spain) were used as donor plants. Seeds were
germinated in soil for 1 month at 4 �C. After that, they were grown
at 12 �C with a 12/12 light/dark cycle (10,000–16,000 lx) for
1 month in a Sanyo growth chamber (relative humidity about 70%),
and then in a greenhouse under a controlled temperature of 18 �C.

Microspore isolation and culture

Spikes containing microspores at the vacuolated stage were
collected and surface sterilized by immersion in bleach at 5% for
20 min, followed by 3–4 washes with sterile distilled water. The
sterilized spikes were then pre-treated at 4 �C for 23–24 days to
stimulate embryogenic development. To isolate the microspores,
the spikes were blended in 20 ml of pre-cooled 0.4 M mannitol
using a Waring Blender (Eberbach, Ann Arbor, MI/ USA) pre-
cooled in a refrigerator, and the extract was filtered through a 100-lm
nylon mesh (Wilson, Nottingham, UK) into a vessel at 4 �C. The
pollen suspension collected was transferred into a 50-ml tube and
centrifuged at 100 g for 10 min at 4 �C. After removing the
supernatant, the pellet was resuspended in 8 ml of ice-cold 0.55 M
maltose. This volume was distributed between two 15-ml tubes and
each aliquot cautiously overlayered with 1.5 ml of mannitol
solution. After gradient centrifugation at 100 g for 10 min at 4 �C,
the interphase band consisting of an almost pure population of
vacuolated microspores was resuspended in mannitol solution
giving a final volume of 20 ml (González-Melendi et al., 2005).
The pelleted microspores were diluted in an appropriate volume
of KBP medium (Kumlehn et al., 2006) to obtain a cell density of
1.1 3 10�5. The microspores were incubated at 25 �C in the dark.

Embryogenic suspension culture

Cell suspension cultures were obtained from embryogenic calli gener-
ated from immature zygotic embryo cultures (Lührs and Lörz, 1988;
Jähne et al., 1991). The seeds were surface sterilized with 5% bleach
for 10 min and washed three times with sterile distilled water. For the
callus induction, seeds were cultured in Petri dishes containing wet
Whatman filter paper discs and stored in the dark at 25 �C. After
a 1-day incubation period, the seeds were surface sterilized again, the
immature embryos were dissected with a scalpel and 15 dissected
immature embryos were placed in a 9-cm diameter Petri dish with the
scutellum side up in the induction medium and stored at 25 �C in
darkness. The induction medium used contained MS (Murashige
and Skoog, 1962) basal medium supplemented with 50 mg/l of
glutamine, 60 g/l maltose, and 2 mg /l 2,4-dichlorophenoxyacetic acid.
The medium pH was adjusted to pH 5.6 with KOH and filter
sterilized. For the solid medium, the solutions were double-
concentrated and mixed with an equal volume of double-concentrated
autoclaved agar (8 g/l). After a 4-week incubation period, any
embryogenic callus arising from an immature somatic embryo was
removed and cultured on fresh medium. When an embryogenic
callus composed of relatively small friable sectors was identified, it
was transferred to a liquid medium. Cell suspension cultures were
initiated by putting 2–3 g friable calli in a 100-ml Erlenmeyer flask
containing 25 ml liquid medium, as previously described but
without the agar, and rotary shaken at 100 rpm in darkness, where
they dispersed easily. After 7 days, the original crude suspension
culture contained a range of microcalli, isolated cells, and cell
aggregates. The isolated cells and aggregates were subcultured in
fresh medium, which was replaced every week. Suspension cultures
were kept on a rotary shaker (100 rpm) at 25 �C in the dark. The
medium was removed once a week and replaced with enough fresh
medium to support 2–3 g fresh cells. Under specific culture con-
ditions, new embryogenic calli and plantlets were regenerated from
suspension cultures in 8–10 weeks. For the comparative analysis of
the stress response between embryogenic microspore and suspension
cultures, the embryogenic suspension cultures were subjected to the
same stress treatments as the microspore cultures: (a) cold treatment
at 4 �C for 23 days, and (b) starvation treatment, which involved
changing the nutrient medium for the starvation medium containing
a limited supply of nutrients (Joähne-Gärtner and Lörz, 1999;
Coronado et al., 2005), for 6 days.

Detection of cell death and treatments with caspase 3 inhibitor

To determine changes in viability of cells, microspore and
suspension cells were incubated with a 0.25% (w/v) aqueous
solution of Evans Blue (RomeroPuertas, 2004) for 30 min,
observed with a light microscope, and the number of dead (stained
by Evans Blue) and live (unstained by Evans Blue) cells from three
different experiments were quantified. To study the possible role of
NO in cell death induction, the samples were incubated with 200 lM
S-nitrosoglutathione (GSNO), a NO donor, for 2 days and the
proportion of dead cells induced by the treatment was calculated.

To evaluate the effect of caspase 3, a key enzymatic effector of
PCD, on cell death after stress, treatments with N-acetyl-L-
a-aspartyl-L-a-glutamyl-N-(2-carboxyl-1-formylethyl)-L-valinamide
(Ac-DEVD-CHO), a specific inhibitor of caspase 3, were performed
on microspore and suspension cultures. 20 lM Ac-DEVD-CHO was
added at the initiation of the cultures in stress-treated microspore
and suspension cultures. Evans Blue staining and quantification of
cell deaths were carried out after the stress and in 4-day microspore
cultures containing the inhibitor and control cultures. Assays were
performed on 3 independent samples and measured in duplicate.
P-values were calculated using the Duncan test.

Cryoprocessing for light microscopy

Freshly isolated microspores and microspore-derived pro-embryos
from different culture times were collected and fixed for
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microscopy studies. Fixation was performed overnight at 4 �C with
a solution of 4% paraformaldehyde in 15% saccharose in
phosphate-buffered saline (PBS). The samples were stored until
use in 0.1% paraformaldehyde in saccharose 15% at the same
temperature. After washing in PBS, samples were dehydrated
through a methanol series by progressive lowering of temperature
from 0 �C to –30 �C. Then the samples were infiltrated and
embedded in Lowicryl K4M resin at –30 �C under UV irradiation
in an AFS automatic device (Leica, Vienna). Semithin sections
were cut using the ultramicrotome (Ultracut E Reichert), collected
on slides and stained with toluidine blue for general structure
observation under light microscopy.

ROS and NO detection by confocal microscopy

Fresh culture samples at different stages were incubated for 1 h at
25 �C, in the dark, with 10 lM 4,5-diaminoflorescein diacetate
(DAF-2DA, Calbiochem) prepared in 10 mM Tris-HCl (pH 7.4)
for NO detection. Superoxide radicals were detected by using
10 lM dihydroethidium (DHE), and H2O2 was observed by using
25 lM 2#,7#-dichlorofluorescein diacetate (DCF-DA) (Rodriguez-
Serrano et al., 2009). As a negative control, samples were
incubated for 1 h before the fluorochromes with the NO scavenger
2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl -3-oxide
(cPTIO, 200 lM) and the ROS scavengers 4 mM Cl2Mn (O2

.�

scavenger) and 1 mM ascorbate (H2O2 scavenger). As NO donors,
the samples were incubated with 200 lM of GSNO, subsequently
washed twice in the same buffer for 15 min each and then placed
onto a slide with 50% glycerol in PBS. The samples were observed
with a confocal laser scanning microscope (Leica TCS SP5). Both
the DAF-2DA signal (excitation at 495 nm; emission at 515 nm for
DAF-2DA) and the DCF-DA signal (485 nm excitation; 530 nm
emission) were captured as green fluorescence. The DHE signal
was captured as red fluorescence (490 nm excitation; 520 nm
emission). Fluorescence intensity quantification was performed on
all cells emitting high and low fluorescence, using all the cell
populations in each culture sample. Random samples of over 200
cells per culture were measured, repeating the experiment at least
three times.

Caspase enzymatic activity

Caspase 3-like activity was analysed in cell suspensions and
isolated microspore cultures, using the Caspase 3 Assay Kit,
Colorimetric (CASP3C, Sigma Aldrich), based on the hydrolysis
of the peptide substrate acetyl-Asp-Glu-Val-Asp p-nitroanilide
(Ac-DEVD-pNA) by caspase 3, which results in the release of the
p-nitroaniline (pNA) moiety. Duplicate samples were incubated in
parallel in the presence of a 20 lM caspase 3 inhibitor, Ac-DEVD-
CHO. All assays were performed on three independent samples,
measured in duplicate, and P-values were calculated using the
Duncan test.

Treatments of microspore cultures with ROS and NO scavengers

To evaluate the elimination effect of ROS and NO on microspore
cultures, treatments with specific scavengers were carried out. The
following components were added to independent stress-treated
microspore cultures: 4 mM Cl2Mn (O2

.� scavenger), 1 mM
ascorbate (H2O2 scavenger), and 200 mM cPTIO (NO scavenger).
To evaluate the effect of ROS and NO inhibition on cell death,
Evans Blue staining and quantification of dead cells were
performed as previously explained in 4-day cultures treated with
the scavengers. To evaluate the effect of ROS and NO scavenging
on embryogenesis, treated and control microspore cultures were
observed after 20 days and the percentage of embryogenesis was
calculated by quantification of non-responding microspores and
developing embryo structures. All assays were performed on three
independent samples and measured in duplicate. P-values were
calculated using the Duncan test.

Results

Cold stress treatment efficiently induced embryogenesis
in isolated barley microspore cultures

Stress treatment of in vitro cultures of isolated microspores

(Fig. 2A) can induce them to generate embryos that

germinate and produce haploid and double-haploid plants.

Four days after the cold stress treatment, cultures yielded

multi-nuclear structures or pro-embryos which proceeded to
develop into embryos in the following 28 days (Fig. 2B–D).

Later, 45–53-day-old embryos induced on KBP media were

cultured for germination on MS medium containing 2%

sucrose, gelled with 0.7% agar, and with a pH of 5.8. The

embryos which were maintained at 25 �C, first in the dark

for 4 days and then in the light (Fig. 2C), finally regenerated

green plantlets (Fig. 2D), around 50% of which were

diploid, as assessed by flow cytometry using propidium
iodide staining of isolated nuclei (Wilkinson et al., 2000).

To investigate the developmental pathways by which cold

treatment induces microspore embryogenesis in barley, the

present study studied the number and morphology of nuclei

using DNA condensation as a marker to distinguish cells

with vegetative and generative origins (Sunderland et al.,

1979; Testillano et al., 2004) by analysing squash preparations

of microspores in cultures stained with 4#,6-diamidino-
2-phenylindole under fluorescence and phase contrast mi-

croscopy, as well as by staining semi-thin sections with

toluidine blue. The spikes selected to start the cultures mostly

contained vacuolated microspores which are characterized

by a large vacuole (Fig. 3A,E,I). After the cold stress pre-

treatment (spikes kept for 23 days at 4 �C) to induce

Fig. 2. Stress-induced embryogenesis in isolated barley micro-

spore cultures and plantlet regeneration. (A) Isolated microspores

at culture initiation. (B) Microspore-derived embryos after 28 days

in culture. (C) Germination of microspore-derived embryos.

(D) Regenerated plantlet in solid MS medium. Bars, 0.2 mm (A),

10 mm (B–D).
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embryogenesis, the microspores reprogrammed and started

a new pathway. During the cold treatment, the first mitotic

division produced two equal nuclei. After 4 days in culture

(Fig. 3B,F,J) pro-embryos with up to 10 nuclei could be

observed. Later, subsequent divisions produced multicellular

embryos with exine (Fig. 3C,G,K) which finally broke,

yielding the embryos (Fig. 3D,H,L) which would give rise to

haploid and double-haploid plants.

Cell death and caspase 3-like activity increased after
inductive stress in microspore cultures and decreased
by treatments with caspase 3 inhibitors

This study analysed the proportion of cell deaths in the

microspore cultures by using Evans Blue staining, which

preferentially reveals dead cells. For the analysis, three

different stages in the experiment were chosen (Fig. 4): (a)

control microspores not subjected to the stress treatment (con-

trol microspore, i.e. vacuolated microspore stage) (Fig. 5A);

(b) microspores immediately after stress treatment (stress-
treated microspore; 23 days at 4 �C) (Fig. 5B); and (c) 4 days

after stress application (4-day-pro-embryos) (Fig. 5C). The

microscopic images and the quantification of the results

showed low cell death levels in control microspores

(Fig. 5A,D). The dead microspores in this stage were prob-

ably due to either the stress caused in the isolation process or

because of the presence of some cells that had previously

died in the spike. The proportion of dead cells increased

after the cold treatment (stress-treated microspore)

(Fig. 5B,D) and reached high levels after 4 days in culture

(4-day-pro-embryos) (Fig. 5C,D). When treatment with Ac-
DEVD-CHO, a specific inhibitor of caspase 3, was per-

formed on stress-treated microspore cultures, the percentage

of dead cells significantly decreased in the 4-day cultures

(Fig. 5D), suggesting the implication of caspase 3-like activity

on the pathway.

To study what type of cell death took place in the

cultures, caspase 3 activity in the three experimental stages

was analysed (Fig. 5E). The quantification results of caspase
3 activity followed a similar pattern to that of the pro-

portion of dead cells detected by Evans Blue staining. Low

caspase 3 activity was observed in the control microspores

but increased after stress treatment. The highest levels of

caspase 3-activity were detected at the end of the 4-day

stage, where a characteristic PCD had been reported in the

transition from multicellular structures to globular embryos

Fig. 3. Cellular monitoring at early stages of barley microspore embryogenesis. (A,E,I) Vacuolated microspores at culture inititation.

(B,F,J) Pro-embryo after 4 days in culture surrounded by the microspore wall, the exine. (C,G,K) Multicellular pro-embryos after 10 days

in culture, with broken exine. (D,H,L) Multicellular embryo without exine after 15 days in culture. Squash preparations observed by

differential interference contrast microscopy (DIC, A–D), after 4#,6-diamidino-2-phenylindole staining to reveal nuclei (DAPI, E–H), and

semi-thin sections stained with toluidine blue for general structural analysis (Toluidine, I–L). C, cytoplasm; E, exine; N, nucleus;

V, vacuole. Bars, 20 lm.
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in barley (Maraschin et al., 2005). Controls of the enzy-

matic assay were carried out by using the caspase 3 inhibitor

(Ac-DEVD-CHO), resulting in almost null levels of activity

in the culture in all the stages analysed (Fig. 5E).

Endogenous NO and ROS increased after inductive
stress in microspore cultures

ROS and NO production in the culture was analysed during

the same three stages (Fig. 4): (a) control microspores, not sub-

jected to the stress treatment (control microspores); (b) imme-

diately after stress treatment (stress-treated microspores); and

(c) 4 days after stress treatment (4-day-pro-embryos) (Fig. 6

and 7). Specific fluorescence probes and observations were
performed by confocal laser scanning microscopy.

DHE was used to visualize the superoxide anion (O2
.�)

because it specifically reacts with intracellular O2
.� in vivo,

resulting in a specific red fluorescent product, oxiethidium

(Zhao et al., 2003). No specific fluorescent signal was

detected in vacuolated microspores (Fig. 6A) nor in pro-

embryos (Fig. 6C), and the faint signal observed in the exine

would have been due to its unspecific autofluorescence. In
stress-treated microspores, a red fluorescent signal was

specifically detected in the cytoplasm of non-embryogenic

cells, characterized by their smaller size (Fig. 6B, arrows) in

comparison with the embryogenic ones, which appeared

negative to DHE staining (Fig. 6B, arrowheads). When

Cl2Mn was used as a specific scavenger, the fluorescent

signal completely disappeared in those cells (Fig. 6D),

indicating the specificity of the staining. The quantification
of the fluorescence intensity in the three stages (Fig. 6E)

supports the qualitative results observed.

The specific fluorescent probe DAF-2DA was used for NO

detection. The results revealed no detectable presence of NO

in control microspores (Fig. 7A). In contrast, after stress

treatment the levels of fluorescence increased in microspores

(Fig. 7B) and 4-day-pro-embryos (Fig. 7C), with the signals

localized in the cytoplasms whereas vacuoles and nuclei
appeared dark (Fig. 7B,C). There were two types of cells in

the 4-day samples; some of them were small and showed

a contracted cytoplasm similar to a dead cell, with no NO

fluorescent signal (Fig. 7C, arrows), whereas the embryogenic

cells were characterized by bigger sizes with high fluorescence

signals (Fig. 7C, arrowheads). Similar results, with two-cell

populations, were observed in the stress-treated microspores,

where the small dead cells did not show any fluorescence but
the larger embryogenic cells were positive to NO staining

(Fig. 7B). These results suggested an early NO contribution

in the initiation of cellular proliferation during the first stages

of embryogenesis. In control experiments in which cPTIO

was used as a NO scavenger, the fluorescence signal

completely vanished (Fig. 7D). The quantification of the

mean fluorescence intensity in the three stages (Fig. 7E)

supports the qualitative results observed.

Scavenging of ROS and NO after the inductive stress
reduced cell death proportion in microspore cultures

In stress-treated microspore cultures, ROS and NO in-

creased, as well as cell death. To evaluate the effect on cell
death of the elimination of these radicals on microspore

cultures after the stress, treatments with specific scavengers,

Cl2Mn (O2
.� scavenger), ascorbate (H2O2 scavenger), and

cPTIO (NO scavenger) were performed on stress-treated

microspore cultures. Evans Blue staining and quantification

Fig. 4. Scheme of microspore embryogenesis culture and collection of samples for analysis. Micropipette tips point to the three stages

of sample collection: control microspores, stress-treated microspores, and 4-day microspore culture.
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of stained (dead) cells were carried out in 4-day cultures

treated with the scavengers, Results showed significant

decreasing of the percentage of dead cells in the microspore

cultures treated with the three inhibitors, in comparison

with a control 4-day microspore culture. The maximum

effect was observed with Cl2Mn treatment which reduced

the cell death percentage to less than half, while cPTIO and

ascorbate treatments produced lower reductions in cell
death. These results suggested that increase in ROS and

NO produced after the stress in microspore cultures would

be involved in leading cell death, since their reduction with

specific scavengers significantly reduced the percentage of

dead cells (Fig. 8).

Scavenging of ROS and NO negatively affected
microspore embryogenesis progression

To evaluate the elimination effect of ROS and NO on

microspore cultures at later stages, treatments with specific

scavengers, Cl2Mn (O2
.� scavenger), ascorbate (H2O2 scav-

enger), and cPTIO (NO scavenger) were carried out on
stress-treated microspore cultures. Treated and control

microspore cultures were observed after 20 days and

embryogenesis progression was analysed. The percentage of

embryogenesis was calculated by quantification of non-

responding microspores and developing embryo structures.

In control microspore cultures, multicellular microspores of

different sizes and larger developing embryos were observed

(Fig. 9A), as well as smaller non-embryogenic microspores.
However, in microspore cultures treated with the scav-

engers, no large embryos were observed in the culture at the

same stage, only some embryogenic and multicellular

microspores characterized by their large size and density, in

comparison with the small non-embryogenic microspores

(Fig. 9B). This indicated that the elimination of ROS

and NO produced a delay in microspore-derived embryo

development. The quantification of the embryogenic and
non-embryogenic structures found in control and treated

cultures showed significant percentage decreases of embryo-

genesis in the three cultures treated with the scavengers

when compared with control cultures (Fig. 9C), indicating

that scavenging of ROS and NO negatively affected

microspore embryogenesis progression.

Effect of inductive stress treatments in embryogenic
suspension cultures: increases in cell death and
caspase 3-like activity

Suspension cultures are very convenient experimental sys-

tems for studying proliferating cells. In the present work,

embryogenic suspension cultures of barley were prepared

from embryogenic calli derived from immature zygotic

embryos (Lührs and Lörz, 1988; Jähne et al., 1991). The

first step in the preparation of the suspension culture

involved the selection of 4-week-old friable calli which were

transferred to a liquid medium and rotary shaken, where
they dispersed easily. After 7 days, the original crude

suspension culture contained a range of micro calli, isolated

cells, and cell aggregates. The isolated cells and aggregates

were subcultured in fresh media which was replaced every

week. The points of collection of samples in the embryo-

genic suspension culture system are illustrated in Fig. 10.

The embryogenic suspension cultures consisted of elon-

gated cells exhibiting a small nucleus and large cytoplasm
with big vacuoles (Fig. 11A). The study analysed the effects

of the stress treatments used for embryogenesis induction

on barley microspore cultures, such as cold stress or

starvation, focusing specifically on cell death occurrence

and oxidative and nitrosative damage. Application of cold

Fig. 5. Cell death and caspase 3-like activity in barley microspore

cultures. (A–C) Evans Blue staining revealing dead microspores as

blue cells: (A) control microspores, before the stress treatment;

(B) stress-treated microspores; (C) microspore culture 4 days after

stress; bars, 20 lm. (D) Histogram showing the percentage of

dead cells identified by Evans Blue staining, in control microspores

(Cm) and the three stages illustrated in the micrographs.

(E) Caspase 3-like activity in the three stages, with the caspase 3

inhibitors (+Inh) as negative controls. Stress-t m, stress-treated

microspores. Letters indicate significant differences at P < 0.05

according to Duncan’s multiple-range test.
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stress (4 �C) to embryogenic suspension cultures resulted in

the complete cell death of the culture (data not shown); for

this reason, the other stress condition that also induces

embryogenesis in barley microspore cultures, namely pre-

culture in a starvation medium, was used (Joähne-Gärtner

and Lörz, 1999; Coronado et al., 2005). The quantification

of the results and the microscopic images of Evans Blue

staining (Fig. 11B,C) showed low cell death levels in control
cells, whereas the proportion of dead cells increased

approximately 2-fold after stress treatment (stress-treated

cells) (Fig. 11B). In addition, caspase 3 activity increased

4-fold in the embryogenic suspension cultures after stress

treatment (Fig. 11D). The increase in cell death was

accompanied by an increase in caspase 3-like activity in

both culture systems, while treatments with specific caspase

3 inhibitors diminished cell death proportions. The effects
of stress on increases in cell death levels and caspase

3 activity in suspension cultures were similar to those

obtained in microspore cultures and suggested that PCD

played an important role in the stress response of both

systems.

Increased NO and ROS production was detected after
stress in embryogenic suspension cultures

The analysis of ROS in the suspension cultures was

carried out by using specific fluorescent probes for the

superoxide anion (DHE) and hydrogen peroxide (DCF-

DA). The red O2
.� -dependent fluorescence was not

observed in control cells (Fig. 12A,D), but it was

observed only in the cytoplasm of stress-treated cells

(Fig. 12B,D). As a negative control, when the stress-

treated cells were incubated with Cl2Mn, an O2
.� scavenger,

the fluorescence signal disappeared completely (Fig. 12C,D).

A similar labelling pattern was obtained for H2O2. The

green H2O2-dependent fluorescence was not detected in

control cells (Fig. 13A,D), but the signal did increase in the

culture in the same stage as O2
.�, in the stress-treated cells

Fig. 6. Imaging of O2
.� production in barley microspore cultures with a dihydroethidium (DHE)-specific probe and confocal analysis. (A–D)

Micrographs showing the differential interference contrast microscopy (DIC) image and the O2
.� -dependent DHE fluorescence in red (maximum

projection of several optical sections): (A) control microspore with no signal for O2
.� ; (B) stress-treated microspores: in the upper image, a small

cell with contracted cytoplasm, typically a non-embryogenic cell (arrow), with high O2
.� fluorescence; in the lower image, a bigger rounded cell,

typically an embryogenic microspore (arrowhead), with no O2
.� signal; (C) 4-day pro-embryo, negative to O2

.� fluorescence; (D) negative control

in stress-treated microspores after incubation with Cl2Mn (O2
.� scavenger); bars, 15 lm. (E) Histogram showing the relative fluorescence

intensities of control microspores (Cm) and the three stages illustrated in the micrographs. Stress-t m, stress-treated microspores. Letters

indicate significant differences at P < 0.05 according to Duncan’s multiple-range test.
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(Fig. 13B,D). When the stress-treated cells were incubated
with the H2O2 scavenger (ascorbic acid) as a negative

control, the fluorescence signal completely vanished (Fig.

13C,D).

NO production, detected by a DAF-2DA-specific fluo-

rescence probe, was not observed in control cells

(Fig. 14A,E), which contrasted with the high fluorescence

signal detected in the stress-treated cells (Fig. 14B,E). As

a positive control for the NO staining, the control cells
were incubated with an exogenous NO donor (200 lM

GSNO) and an increase in green fluorescence was detected,

similar to that observed in the stress-treated cells

(Fig. 14C,E). However, when cPTIO, a NO scavenger,
was used as a negative control, the fluorescence signal

completely disappeared (Fig. 14D,E). To analyse the effect

of NO on cell death, control cells were incubated for 48 h

with the NO donor GSNO (200 lM in the dark) and

afterwards stained with Evans Blue so as to label dead

cells. An increase in the number of dead cells was observed

compared with control cells (Fig. 15). These results,

indicating that cell deaths increase as cellular NO
increases, suggest that NO could be related to/involved in

the cell death increase occurring after stress treatment

(embryogenesis inductor) in the suspension cultures.

Fig. 7. Imaging of NO production in barley microspore cultures with 4,5-diaminoflorescein diacetate (DAF-2DA)-specific probe and

confocal analysis. (A–D) Micrographs showing the differential interference contrast microscopy (DIC) image and the NO-dependent DAF-

2DA fluorescence in green (maximum projection of several optical sections): (A) control microspore with no signal for NO; (B) stress-

treated microspore with a rounded shape and big size corresponding to an embryogenic microspore, showing NO fluorescence signal in

cytoplasm, the large vacuole appears negative; (C) microspores after 4 days in culture: in the upper image a bigger rounded cell, typically

a 4-day embryogenic microspore or pro-embryo (arrowhead), with high NO signal; in the lower image, a smaller cell with contracted

cytoplasm, typically a non-embryogenic cell (arrow), showing no NO fluorescence; (D) negative control in 4-day-pro-embryo after

incubation with cPTIO, NO scavenger; bars, 15 lm; (E) histogram showing the relative fluorescence intensities for the control (Cm) and

the three stages illustrated in the micrographs. Stress-t m, stress-treated microspores. Letters indicate significant differences at P < 0.05

according to Duncan’s multiple-range test.
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Discussion

Stress treatments that efficiently induce embryogenesis
promote cell death and caspase 3-like activity

The results reported in this study illustrate the primary cell
response after embryogenesis inductive stress in microspore

and embryogenic barley suspension cultures.. The results,

focusing on cell death occurrence, caspase 3 activity, and

NO and ROS production, are summarized in Table 1.

Many studies have shown that stress treatments are

necessary to induce an embryogenic response of the

microspore (Touraev et al., 1996; Maraschin et al., 2005).

But not every cell/microspore can be reprogrammed
towards embryogenesis. Other developmental pathways,

including cell death and gametophytic-like pathways, have

been reported to occur after stress treatments were applied

to induce embryogenesis in Brassica napus microspore

cultures (Satpute et al., 2005).

PCD related to the physiological maturation of embryos

has been reported during the progression of several in vitro

developmental processes, such as somatic embryogenesis
(Petrussa et al., 2009) and pollen embryogenesis (Maraschin

et al., 2005). Nevertheless, no studies on the occurrence of

early PCD events in stress-treated isolated microspore

cultures and embryogenic suspension cultures have been

performed.

Increasing evidence has been reported concerning apo-

ptotic-like PCD induced by moderate biotic or abiotic

stresses such as pathogen infection or heat stress, specif-
ically in in vitro suspension cell cultures (Reape and

McCabe, 2010). Apoptotic features and caspase-like activi-

ties were found in plant in vitro systems subjected to

moderate stresses (Reape and McCabe, 2008, 2010). The

present results have also shown an increase in dead cells

immediately after stress treatment in isolated microspores

and in suspension cultures. The increase in cell death was
accompanied by an increase in caspase 3-like activity in

both culture systems, while treatments with specific caspase

3 inhibitors diminished cell death proportions. Caspases are

the key executioners of apoptosis in animal cells and belong

to an evolutionarily conserved family of cysteine proteases

(Green and Kroemer, 1998). Plant genomes do not contain

structural homologues of caspases, but encode several

related proteins with caspase-like activity, called meta-
caspases, that are also present in protozoa and fungi (Uren

et al., 2000). Recombinant meta-caspases from Arabidopsis

are not affected by caspase inhibitors (Bonneau et al., 2008),

suggesting that they are not the only enzymes responsible

Fig. 9. Effect of treatments with ROS and NO scavengers on the

percentage of microspore embryogenesis. (A) Control microspore

culture at 20 days after the inductor stress treatment, micrograph

showing large developing embryos (arrowheads), dense and large

multicellular microspores (arrows), and small non-embryogenic

microspores; bar, 50 lm. (B) Microspore culture treated with the

NO scavenger, cPTIO, for 20 days after the inductor stress

treatment, exhibiting some dense and large multicellular micro-

spores (arrow) and many small non-embryogenic microspores;

bar, 50 lm. (C) Histogram indicating the percentage of embryo-

genic structures (large embryos and multicellular microspores) in

microspore cultures 20 days after the inductor stress treatment,

without scavengers (control) or with treatments with Cl2Mn (O2
.�

scavenger), ascorbate (Asc, H2O2 scavenger), or cPTIO (NO

scavenger). Different letters indicate significant differences at

P < 0.05 according to Duncan’s multiple-range test.

Fig. 8. Effect of treatments with ROS and NO scavengers on

stress-induced cell death in microspore cultures. Histogram in-

dicating the percentage of dead cells, detected by Evans Blue, in

microspore cultures 4 days after the stress treatment, without

scavengers (control) or with treatments with Cl2Mn (O2
.� scaven-

ger), ascorbate (Asc, H2O2 scavenger), or cPTIO (NO scavenger).

Different letters indicate significant differences at P < 0.05

according to Duncan’s multiple-range test.
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for the caspase-like activities observed in plants. It has been

reported that meta-caspases have been developmentally reg-
ulated during embryogenesis of Norwegian spruce and in

stress-induced PCD by UV or H2O2 in Arabidopsis (Reape

and McCabe, 2010). Caspase-like activities in plants are

required for PCD in many systems (Raff et al., 1998).

Recent efforts to purify and characterize the proteases

responsible for the caspase-like activities in plant cells have

indicated that serine proteases and a vacuolar processing

enzyme, which is a cysteine protease, might potentially ac-
count for the caspase-like activities in plant PCD (Coffeen

and Wolpert, 2004; Hatsugai et al., 2004). The present re-

sults suggest that different plant proteases might be active

during PCD in barley, proteases that have similar substrate

and inhibitor properties as the mammalian caspase 3. Addi-

tionally, in the Arabidopsis genome there are nine meta-

cascapases (AtMC), and recently it has been shown that

AtMC1 requires conserved caspase-like catalytic residues
for its function and is a positive regulator of cell death

during hypersensitive responses, whereas AtMC2 negatively

regulates cell death (Coll et al., 2010).

Microspore embryogenesis can also be induced in barley

anther cultures, by starvation and osmotic stress treatments,

specifically in the case of 4-day treatment with mannitol.

Differential transcriptomic analysis between microspores

before and after stress by mannitol revealed the differential
expression of several genes, using different array platforms

(Maraschin et al., 2006; Muñoz-Amatriain et al., 2009).

Both of these papers reported up-regulation of genes

involved in stress response (pathogenesis-related, heat-

shock, and oxidative stress-related proteins) and in the

inhibition of PCD (Bax inhibitor BI-1) among others, as

being involved in microspore reprogramming to embryo-

genesis by stress (Maraschin et al., 2006; Muñoz-Amatriain
et al., 2009). The present results, showing an increase in cell

death associated with caspase 3-like activity, suggest that

a PCD response occurs after the stress treatment triggering

embryogenesis in microspore cultures. This fact opens up

the possibility of interfering with this PCD programme and

caspase 3-like activity by using specific inhibitors to increase

cell viability, and, therefore, the embryogenic response in

these in vitro systems. This strategy could be an important
goal in the design of protocols for improving the embryo-

genesis yield.

Endogenous ROS increase after stress treatment in
non-induced microspores and embryogenic suspension
cultures

ROS play numerous signalling roles in all organisms and

are now considered central players in the cell signalling
network (Mittler et al., 2011). The endogenous production

of ROS is a common feature of plant cell death in response

to exogenous stimuli such as environmental biotic and

abiotic stresses (Mittler, 2002; Apel and Hirt, 2004; Gao

et al., 2008; Fortes et al., 2011). ROS have also been

Fig. 10. Scheme of embryogenic suspension culture and collec-

tion of samples for analysis. Micropipette tips point to the two

stages of sample collection: control suspension cells and stress-

treated cells.

Fig. 11. Cell death and caspase 3-like activity in barley embryo-

genic suspension cultures. (A) Cells of suspension culture visual-

ized by differential interference contrast microscopy (upper) and

4#,6-diamidino-2-phenylindole staining for DNA revealing the

nuclei (lower); bar, 45 lm. (B) Histogram showing the percentage

of dead cells identified by Evans Blue staining in control and

stress-treated cells. (C) Evans Blue staining revealing dead cells in

blue (arrow) and living cells unstained (arrowhead); bar, 45 lm.

(D) Caspase 3-like activity in control and stress-treated cells, as

well as in stress-treated cells with the caspase 3 inhibitor as

control. Letters indicate significant differences at P < 0.05

according to Duncan’s multiple-range test
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reported as key factors mediating PCD during hypersensi-

tive reactions and heavy metal stress in plants and

suspension cultures (Vranova et al., 2002). However,

though there are different studies of ROS production in

somatic embryogenesis (Doyle et al.,2010; Zhang et al.,

2010), as far as is known there is no available data about

ROS production and their involvement in PCD in isolated

microspore cultures. The present work analysed ROS

Fig. 12. Imaging of O2
.� production in barley suspension cell

cultures with a dihydroethidium (DHE)-specific probe and confocal

analysis. (A–D) Micrographs showing the differential interference

contrast microscopy (DIC) image and the O2
.� -dependent DHE

fluorescence in red (maximum projection of several optical

sections): (A) control cells; (B) O2
.� production in stress-treated

cells; (C) negative control: stress-treated cells incubated with

Cl2Mn, O2
.� scavenger; bars, 45 lm. (D) Histogram showing

relative fluorescence intensities reflecting differences between

treatments. Stress-t cell, stress-treated cells. Letters indicate

significant difference at P < 0.001 according to Duncan’s multiple-

range test.

Fig. 13. Imaging of H2O2 production in barley embryogenic

suspension cultures with a 2#,7#-dichlorofluorescein diacetate

(DCF-DA)-specific probe and confocal analysis. (A–C) Micrographs

showing the differential interference contrast microscopy (DIC)

image and the H2O2-dependent DCF-DA fluorescence in red

(maximum projection of several optical sections): (A) control cells;

(B) H2O2 production in stress-treated cells. (C) negative control:

stress-treated cells incubated with ascorbate (ASC, H2O2 scaven-

ger); bars, 45 lm. (D) Histogram showing relative fluorescence

intensities reflecting differences between treatments. Stress-t cell,

stress-treated cells. Letters indicate significant difference at

P < 0.001 according to Duncan’s multiple-range test.
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production in isolated barley microspore cultures and

suspension cultures after stress treatments.

Among ROS, H2O2 has been established as a key player

in stress and PCD responses, but little is known about the

signalling pathways leading from H2O2 to PCD in plants

(Gechev and Hille, 2005), though it has been shown that

H2O2 could induce PCD in soybean cultures (Bhattacharjee,

2005). Exogenous treatments with ROS or antioxidants,
and mutant plants with disturbed levels of ROS, support

the involvement of ROS in PCD (Gechev and Hille, 2005;

Zago et al., 2006; Gao et al., 2008). In plants, different

signalling pathways have been proposed as the means by

which ROS direct PCD (Gadjev et al., 2006; Gechev et al.,

2006; Van Breusegem and Dat, 2006). One of the proposed

pathways involves the mitochondria, as it has been shown

that cytochrome C (CytC) and the caspase-like proteases

play an important role in plant PCD, as in other biological

systems (Diamond and McCabe, 2007; Bonneau et al.,

2008; Reape and McCabe, 2008). The CytC release from

the mitochondria disrupts the electron transport chain
resulting in the generation of ROS and, presumably,

activation of the caspase-like proteins (Reape and

McCabe, 2010). It has been proposed that ROS pro-

duction induced by stress produces signalling molecules

Fig. 14. Imaging of NO production in barley embryogenic suspension cultures with 4,5-diaminoflorescein diacetate (DAF-2DA)-specific

probe and confocal analysis. (A–D) Micrographs showing the differential interference contrast microscopy (DIC) image and the NO-

dependent DAF-2DA fluorescence in green (maximum projection of several optical sections); (A) control cell showing a faint NO signal;

(B) high NO production in stress-treated cells; (C) control cell treated with the NO donor GSNO, exhibiting a high NO signal; (D) negative

control: stress-treated cells incubated with cPTIO, NO scavenger; bars, 45 lm. (E) Histogram showing relative fluorescence intensities

reflecting differences between treatments. Stress-t cell, stress-treated cells. Letters indicate significant difference at P < 0.001 according

to Duncan’s multiple-range test.
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that trigger PCD, leading to CytC release which would, in

turn, generate more ROS, causing a feedback loop which

would amplify the original PCD-inducing stress signal

(Reape and McCabe, 2010).

ROS have been reported to be involved in PCD

occurring in suspension cultures of Arabidopsis (Doyle

et al., 2010), white poplar (Balestrazzi et al., 2011). and

tobacco (Vacca et al., 2004; Cheng et al., 2011). The
present results showed that in both embryogenic culture

systems, microspores and suspension cultures, the increase

in ROS production after stress treatment was accompanied

by an increase in caspase 3-like activity and the proportion

of cell deaths. Moreover, the scavenging of ROS after the

inductive stress significantly reduced cell death proportion

at early stages in microspore cultures, suggesting that the

increase in ROS produced after the stress would be
involved in leading to cell death. These findings demon-

strate that stress treatments to induce embryogenesis also

induce a rapid ROS outburst and indicate, as far as is

known for the first time, that ROS play a role in the stress-

triggered PCD occurring in embryogenic microspore

cultures and embryogenic suspension cultures of barley.

The pathway regulating this ROS-induced PCD in these

plant systems remains unknown.

NO production is associated with both stress-induced
PCD and embryogenesis initiation

NO is known as a signalling molecule involved in a broad

spectrum of physiological processes as well as in biotic and

abiotic stress responses (Delledonne, 2005; del Rio et al.,

2006; Kasprowicz et al., 2009). It also acts as a developmen-

tal regulator, promoting germination, leaf extension, and
root growth, but delaying leaf senescence and fruit ripening

(Neill et al., 2003). NO has also been involved in promoting

cell division and embryogenic cell formation (Otvos et al.,

2005). The present findings showed an increase in endoge-

nous NO production after subjecting both isolated micro-

spore and embryogenic suspension culture systems of barley

to stress treatment. In both systems, it was observed that

NO production was associated with an increase in cell death
and caspase 3 activity after the stress treatment. Addition-

ally, the scavenging of NO by cPTIO in microspore cultures

after the stress significantly reduced cell death proportion,

suggesting that the overproduction of NO by stress would

be involved in leading cell death. On the other hand, when

GSNO (NO donor) was added to the control suspension

cultures, the proportion of cell deaths increased, supporting

the idea that NO is involved in PCD in these systems. It was
found that cells of Arabidopsis suspension cultures gener-

ated high levels of NO in response to abiotic (Arnaud et al.,

2006) and biotic (Clarke et al., 2000) stress and that these

elevated NO levels were sufficient to induce cell death,

which was characterized as a form of PCD (Clarke et al.,

2000).

The parallel increases in ROS and NO production after

subjecting embryogenic suspension cultures to stress sug-
gested a possible interplay among these reactive radicals.

ROS–NO cross-talk has been observed in several plant

systems, in particular in relation to signalling to initiate

PCD (de Pinto et al., 2002; Neill et al., 2002; Zaninotto

et al., 2006). The role of ROS in PCD was described in

cultured soybean cells (Levine et al., 1994) and recently in

Arabidopsis (Mittler and Rizhsky, 2000; Lorrain et al.,

2003), as well as in animals where H2O2 and O2
.� cooperate

with NO to induce PCD (Jabs, 1999; Van Breusegem and

Dat, 2006). In microspore cultures, NO production also

increased after stress treatments, but the microspores that

Fig. 15. Quantification of cell death induced by exogenous NO in

barley embryogenic suspension cultures. Histogram showing the

percentage of dead cells detected by Evans Blue staining in

control suspension cell cultures (control cell) and suspension

cultures treated with the NO donor GSNO for 2 days. Asterisk

indicates significant difference at P < 0.05 according to Duncan’s

multiple-range test.

Table 1. Summary of results

Microspore cultures Suspension cell
cultures

Control Stress treated 4-day culture Control Stress treated

Non-embryogenic cell Embryogenic cell Non-embryogenic cell Embryogenic cell

Evans Blue (death) +/– ++ � +++ � +/– ++

Caspase 3 activity � + +++ � ++

Reactive oxygen species

O2
.� � ++ � � � � ++

H2O2 � ++

NO � � + � ++ � ++
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exhibited a positive NO signal had a rounded morphology

and bigger size, in contrast with the smaller and contracted

cells which exhibited PCD features. On the other hand, later

in 4-day microspore cultures, only the embryogenic cells

characterized by larger sizes had high NO content. NO has

been reported to stimulate the activation of cell division and

embryogenic cell formation in leaf protoplast-derived cells

of alfalfa in the presence of auxin (Otvos et al., 2005). The
present results also suggest a NO contribution in the

initiation of cell division during early embryogenesis in

microspore cultures.

These results also showed that the elimination of ROS

and NO by specific scavengers during later stages in

microspore cultures produced significant decreases in the

embryogenesis percentage, as well as a delay in microspore-

derived embryo development. This fact suggests that
whereas the scavenging of ROS/NO overproduction due to

stress would favour cell viability and decrease cell death in

the early stages following stress, the elimination of these

radicals for longer periods in microspore cultures would

negatively affect embryogenesis progression. This is proba-

bly because ROS/NO play important physiological roles in

various signalling pathways during embryo development.

In recent years, a dual role for ROS and reactive nitrogen
species has been recognized in plants (Mittler, 2002, 2004;

Neill, 2005; Rı́o and Puppo, 2009). The function of ROS is

finely regulated by a balance between ROS producing and

detoxifying that regulates their levels under different

environmental or developmental conditions. This ROS/NO

balance may be cell specific and even intracell specific

(Mittler et al., 2004). The results of the present work

suggest a dual function for NO after stress treatment. In
a cell population in a suspension cell culture, a NO increase

produced by stress would not be detoxified by intracellular

mechanisms and would lead the cell to a caspase-associated

PCD. In the other in vitro culture system, microspore cells

responding to embryogenesis induction could compensate

for the NO imbalance by being reprogrammed to embryo-

genesis, where new physiological NO production occurs

associated with microspore division. The final question as to
why some cells are able to compensate for the NO effect

and others are induced to PCD is unknown. It could be

related to the physiological state of the cell and, therefore,

to the acquisition of embryogenic competence, a process in

which the stress-induced NO have to play an essential role.
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