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Abstract
The nucellus is a maternal tissue that feeds the developing embryo and the secondary endosperm.

During seed development the cells of the nucellus suffer a degenerative process early after
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fertilization as the cellular endosperm expands and accumulates reserves. Nucellar cell degeneration
has been characterized as a form of developmentally programmed cell death (PCD).

In this work we show that nucellus PCD is accompanied by a considerable production of both nitric
oxide and hydrogen peroxide (NO and H20>). Interestingly, each of the two molecules is able to
induce the production of the other and to cause cell death when applied to a living nucellus. We
show that the induced cell death has features of a PCD characterized by apoptotic hallmarks.
Evidences show that cell death is accompanied by profound changes in the morphology of the
nuclei and by a huge degradation of nuclear DNA. Moreover we report that NO and H>O> cause an

induction of caspase-like proteases previously characterized in physiological nucellar PCD.
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Abbreviations:

c-PTIO: 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline -1-oxyl-3 oxide

CHAPS: 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate

DAPI: 4, 6-diamidino-2-25 phenylindole

DMSO: dimethyl sulfoxide

DTT: dithiothreitol

FM 4-64: N-(3- triethylammoniumpropyl)-4-(6-(4-(diethylamino) phenyl)-hexatrienyl) pyridinium
dibromide

HEPES. 4-2-idroxyethil-1-piperazinil-ethanesulfonic acid

L-NAME: N-nitro-L-arginine methyl ester

TUNEL.: terminal dUTP nick-end labeling

Introduction



The degeneration of the maternal tissue nucellus in flowering plants is a default process in ovule
ontogeny; it takes place right after fertilization to supply the young embryo and the expanding
endosperm with nutrients. The major seed storage organ, the endosperm, expands and accumulates
reserves at the expense of the nucellus, which is no longer present in mature seeds (Chen and
Foolad, 1997; Xu and Chye, 1999; Dominguez et al., 2001; Hiratsuka et al., 2002).

Nucellar cell degeneration has been described and characterized in several plant species including
cotton (Jensen, 1975), barley (Norstog, 1974; Chen and Foolad, 1997), Oenothera biennis (deHalac,
1980) and Ricinus communis (Greenwood et al., 2005). The ultrastructural and cytological
alterations reported lead up to the hypothesis that nucellar degeneration occurs by means of a
developmentally regulated programmed cell death (PCD).

The large Sechium edule seed represents an interesting model system to study nucellar
degeneration. Autolysis of the nucellus gradually leaves a cavity inside the ovule that is filled by
both the growing endosperm and embryo. Noteworthy, during seed development the extent of
nucellar degeneration precisely coincides with the progression of endosperm growth and the time-
course of this process can be easily appreciated even with naked eye. Cell death in the nucellus has
been recognized as a form of PCD being characterized by several PCD hallmarks as chromatin
condensation, profound alterations in nuclear shape, nuclear DNA fragmentation and caspase-like
proteases activation (Lombardi et al., 2007). The fine temporal and spatial regulation of this
phenomenon suggests the presence of an integrated network of signals, coming from the nucellus
itself or from the surrounding tissues, able to induce and regulate the execution of the whole
process. At the moment, nothing is known about the molecules possibly involved in the induction of
nucellar PCD.

Reactive oxygen species (ROS) are now well recognized triggers of cell death in many plant
systems (Overmyer et al., 2003; Van Breusegem and Dat, 2006). ROS may act as signalling
molecules that diffuse from sites of synthesis to target cells or, alternatively, cells committed to die

may Kill themselves producing high levels of ROS. In fact, ROS homeostasis provides a baseline



level on which spikes of ROS can act as triggers for different physiological processes and the
delicate balance between production and scavenging determines whether the cell lives or dies. ROS
signals interact directly or indirectly with several other small molecules such as nitric oxide,
salicylic acid, jasmonate and ethylene, which are crucial partners in determining cell fate and cell
response to various stresses (Overmyer et al., 2003; Zaninotto et al., 2006).

Nitric oxide (NO) and hydrogen peroxide (H202), having simple structure, high diffusivity and
small dimension, have all the properties for being key signalling molecules in many plant processes
(Neill et al., 2002; Delledonne, 2005; Besson-Bard et al., 2008). It has been increasingly evident
that NO plays important roles during seed germination and dormancy, xylogenesis, flowering,
stomatal closure, pathogen defence and PCD (Beligni and Lamattina, 2000; Bethke et al., 2006;
Leitner et al., 2009). NO, interplaying with ROS and other small molecules, is a fundamental part
of many signal transduction pathways (Qiao and Fan, 2008) and it participates in the regulation of
multiple responses toward a variety of abiotic and biotic stresses such as drought, heat and pathogen
infection (Garcia-Mata and Lamattina, 2002; Uchida et al., 2002; Arasimowicz and Floryszak-
Wieczorek, 2007; Mur et al., 2006). There is evidence that NO can regulate enzyme activity by S-
nitrosylation (Lindermayr et al., 2005) and can modulate gene expression (Grun et al., 2006;
Palmieri et al., 2008).

H>0> participates in many defence and resistance mechanisms, including phytoalexin production
and reinforcement of the cell wall (Dempsey and Klessig, 1994). Recently it has been demonstrated
that H202 not only is a defensive molecule but also functions as a key regulator of many plant
processes (Mittler et al., 2004; Bright et al., 2006; Quan et al., 2008) and has been recognized as a
regulator of the expression of some genes (Neill et al., 2002). H.O> acts as a signalling molecule
during PCD (Gechev and Hille, 2005): perturbation of H.O2 homeostasis through alteration of
catalase activity increases oxidative stress and induce cell death (Dat et al., 2003; Palma and

Kermode, 2003).



NO and H20- are simultaneously present during various physiological processes and sometimes NO
and H»O: production are interdependent (Bright et al., 2006; Zhao et al., 2007). During ABA-
dependent stomatal closure both NO and H.O:> plays interconnected roles as signalling molecules
(Dong et al., 2005; He et al., 2005) and, even if the modality of their interaction is still unclear,
their functions may converge on MAPK signalling pathways (Desikan et al., 2004). Cross-talk
between the two molecules is essential for the execution of PCD in some systems. For example,
during the defence against pathogens a fine balance between NO and H>O, modulates the process
and determines when cell death is activated (Delledonne et al., 2001; Hanckock et al., 2002). Nitric
oxide can induce cell death in carrot cells but its efficacy increases in the presence of H.O> (Zottini
etal., 2002).

The present study aims to investigate the involvement of NO and H2O during PCD of S. edule
nucellus and their role as signalling molecules. By using pharmacological and biochemical
approaches, we studied NO and H20> production in dying cells. To clarify the ability of these two
molecules to induce PCD in living nucellar tissue we analysed intact nucellus treated with NO and
H>02 and we could report the appearance of some apoptotic hallmarks. Because of the previous
observations we were also interested in elucidating the inter-relationship between NO and H.O; and

we were able to demonstrate that the two molecules are able to induce each other.

Materials and methods

Plant material and treatments

Plants of Sechium edule Sw. (Cucurbitaceae) were grown in the field and fruits harvested starting
from the end of September. Seeds were cut longitudinally and the two halves separated; nucellar
tissue was gently removed from the seed and, if not immediately used, stored at —80 °C. All
material was kept in an ice bath during the whole procedure.

Intact nucella were incubated for 2 h in the NO donor sodium nitroprusside (SNP, Sigma) 1 mM or

for 2 h in 3 mM H20>, both dissolved in 20 mM Na-phosphate buffer pH 7.4. To study the effect of



inhibitors and scavengers, the NO scavenger c-PTIO (Sigma) was applied at the concentration of
200 uM and the nitric oxide synthase (NOS) inhibitor L-NAME (Sigma) was used at the

concentration of 1 mM.

Viability staining

Viability of cells in intact nucellus excised from the seed or after treatments was determined by the
double staining with fluorescein diacetate (FDA, Sigma) and FM 4-64 (Sigma) as previously
described (Lombardi et al., 2007). FDA enters the cells where esterase cleaves off the acetate
residues leaving fluorescein, which then accumulates and fluoresces leading to a yellow-green
staining of the cytoplasm. FM 4-64 only penetrates dead or damaged cells leading to a red staining
of the cellular contents (Fath et al., 2001).

Nucella were observed under a Leica DMLB microscope and images captured by a Leica DC 300F

CCD camera. An argon and a krypton laser were used for visualization of the FDA (Aex 495 nm,

Aem 518) and FM 4-64 (Aex 515, Aem 625) signals, respectively.

NO determination and visualization

NO accumulation in intact nucellus was visualized using the specific fluorescent dye 4,5
diaminofluorescein diacetate (DAF-2DA; Sigma). The fluorescent probe DAF-2DA is highly
specific for NO and does not react with other ROS (Kojima et al., 1998). It permeates through the
cell membrane and can be de-acetylated by either extracellular or intercellular esterases. It then
reacts with NO to make a fluorescent compound. Nucella were removed from the seeds and
incubated in the dark for 1 h, at 25°C with 10 uM DAF-2DA dissolved in 20 mM Na-phosphate
buffer pH 6,8. After staining, samples were washed twice in the fresh buffer to remove excess
fluorophore, and mounted in buffer on microscopic slides. Green fluorescence was then observed
under a Leica DMLB microscope (Aex 495 nm, Aem 518) and images captured by a Leica DC 300F

CCD camera.



NO content in nucellus was determined by a fluorometric assay based on DAF-2DA. Treated and
untreated nucella were homogenized in mortar and pestle 0.5 g of tissue with 1 vol of 20 MM Na-
phosphate buffer pH 6,8. After centrifugation, DAF-2DA at the final concentration of 20 uM was
added to the cell free extract. After 30 min incubation in the dark, fluorescence was measured in a

VersaFluor Fluorimeter (Biorad) (Aex 495 nm, Aem 518).

H>0> determination and visualization

Hydrogen peroxide concentration in nucellus was determined by the Amplex Red Hydrogen
Peroxide/Peroxidase Assay Kit (Invitrogen), following the manufacturer’s instructions. Briefly, 200
mg of tissue was homogenized in 1 vol of 50 mM Na-phosphate buffer pH 7.0. After a
centrifugation at 17000 RPM for 15 min, the supernatant was mixed (1:1 v/v) with the reaction
buffer and incubated 30 min in the dark. Absorbance was measured at 560 nm and H20»
concentration was calculated from a standard curve made by hydrogen peroxide solutions ranging
from 1 to 10 uM and expressed as nmol/g of fresh weight.

H20, was visualized in intact nucellus by the specific probe 2°,7’-dichlorofluorescein-diacetate
(DCFH-DA), which is rapidly oxidised to highly fluorescent dichlorofluorescein (DCF) in the
presence of H20.. Nucellus excised from the seed was incubated in 20 mM Na-phosphate buffer pH
6,8 containing DCFH-DA 10 uM, at room temperature forl h. After staining, samples were washed
twice in the fresh buffer to remove excess fluorophore, and mounted in buffer on microscopic
slides. Green fluorescence was then observed under a Leica DMLB microscope (Aex 495 nm, Aem

518) and images captured by a Leica DC 300F CCD camera.

Catalase activity
Catalase activity was measured by monitoring the disappearance of H2O; at 240 nm according to the
method of Beaumont et al., (1990). The enzymatic activity is reported as nmol H20. decomposed

per min per mg of fresh weight (¢=43,6 M*cm™).



In situ detection of DNA fragmentation (TUNEL assay)

Nucellar tissue, treated or untreated, was fixed over night at 4°C in 4% (w/v) paraformaldehyde in
phosphate buffer saline pH 7.4. After dehydration through ethanol series samples were embedded in
Paraplast Plus (Sigma). Sections of 12 um were cut and stretched on poly-lysine coated slides. The
sections were then dewaxed in xylene and re-hydrated before examination.

TUNEL assay was performed using an “In Situ Cell Death Detection Kit” (Promega) according to
the manufacturer’s instructions. To facilitate the entry of TdT enzyme into the tissue sections, the
slides were treated with proteinase K (20 mg ml™) for 20 min. The labelling reaction was performed
at 37 °C in a humidified chamber in the dark for 1 h. A negative control was included in each
experiment by omitting TdT from the reaction mixture. As a positive control, permeabilized
sections were incubated with DNAse | (10U ml™) for 10 min before TUNEL assay. The yellow-
green fluorescence of incorporated fluorescein-12-dUTP (Aex 495 nm, Aem 518) was observed
using a Leica DMLB microscope and a Leica DC 300F CCD camera. Counter-stain was done with
DAPI (1 pg/mL) (Aex 358 nm, Aem 461).

Experiments were repeated three times, each time labelling five slides for sample.

Light microscopy analysis

Collected nucella were fixed overnight at 4 °C in paraformaldehyde 4% in PBS pH 7.4. After
dehydration through ethanol series (30%, 50%, 70%, 96% and 100%), samples were embedded in
Paraplast Plus (Sigma). Sections 12 pum-thick were cut and stretched on poly-lysine coated slides.
The tissue sections were dewaxed in xylene and rehydrated. After rehydration, the samples were
stained with Hematoxylin or Fast Red (Trevigen), observed under a Leica DMLB microscope and
images taken by a Leica DC 300F CCD camera. Nuclear diameter was measured with a dedicated

program for images analysis, Zeiss Axio Vision 4.6.



In vitro caspase-like protease activity assay

Caspase-like activity was measured in the D and P regions and in nucellus after treatment with
H202 3 mM for 2 h, SNP 1 mM for 2 h with or without c-PTIO 200 uM. Protein extracts were
prepared by homogenization of nucellar tissue in 0.8 volumes of ice-cold extraction buffer (50 mM
HEPES-KOH pH 7.0, 10% [wi/v] sucrose, 0,1% [w/v] CHAPS, 5 mM DTT, 1 mM EDTA). After
centrifugation for 10 min at 17000 RPM at 4°C, the supernatant was collected and immediately
used or stored at —80°C. Proteolytic activity was measured in 500 L reaction mixtures containing
50 pg protein and 75 uM of substrates specific for individual mammalian caspase. The following
colorimetric substrates were used: Ac-YVAD-pNA, Ac-DEVD-pNA and Ac-VEID-pNA (all from
Sigma) dissolved in DMSO. Reactions were incubated for 5 h at 32°C then absorbance at 405 nm
was taken against a blank containing buffer and substrate alone. All assays were performed in

triplicate.

Results

NO and H20- are produced by the nucellus during its physiological degeneration

In the degenerating nucellus, dying cells are mostly localized in the border region of the tissue
proximal to the expanding edge of the developing endosperm, while the remaining portion of the
tissue is alive (Fig 1). The width of the dying portion does not vary from the very early to the late
stage of seed development. We refer to this marginal and narrow band of dying cells as "proximal
region” (P region) while the rest of the living nucellus is called "distal region" (D region) (proximal
or distal with respect to the endosperm). Cells located in the P region go through a process of
programmed cell death for which we already identified many of the widely accepted apoptotic
hallmarks (Lombardi et al., 2007).

Dying cells in the P region produce a noteworthy amount of nitric oxide that can be visualized and
quantified by using the NO-specific fluorescent probe DAF-2DA. This probe has been widely used

to identify NO and quantitatively measure its production in plant cells (RIF). During PCD cells of



the P region produce 2.2 times more NO than does the D region (Fig 2a). Fluorescence microscopy
confirms that NO production is limited to the P region as in the D region fluorescence is very low or
undetectable (Fig 2b).

Dying cells in the proximal region are also characterized by a consistent production of H.O2, which
is also visualized in situ by the specific probe DCFH-DA (Fig. 2d). H202 concentration in cell free
extract of the P region is 5,67 nmol/g of fresh weight, about 2.3 times higher than the one measured
in the D region (Fig 2c). Interestingly, catalase activity in the P region is much lower than the basal
activity reported in vital D region (Fig. 2e) suggesting a possible correlation between H2O; increase

and the reduction of the scavenging capability of dying cells in the P region.

H20> induces NO production and vice-versa

The observation that the increase of both NO and H.O: is spatially and temporally related during
physiological PCD that characterizes nucellus degeneration, prompted us to investigate if NO and
H>02 production could be interconnected in same way. In order to verify if the presence of one
molecule could induce the production of the other, the living D region was treated either with H20>
or with the nitric oxide donor sodium nitroprusside (SNP). On the basis of preliminary experiments
and of indications arisen from the literature, we chose SNP 1 mM and H2023 mM for all the
experiments (Bethke and Jones, 2001; Houot et al., 2001; Murgia et al., 2004; Zhao et al., 2007,
Ederli et al., 2009).

The exposure of living nucellus to exogenous H20: at the concentration of 3 mM for 2 hours
elicited NO production. This induction by H20: is clearly visible in the D region after staining the
whole nucellus with DAF-2DA (Fig. 3b); the fluorimetric in vitro assay indicates a 3 fold increase,
a NO content quite higher than the one reported in the dying P region (Fig 2a). To test if a NOS-like
activity could be considered the source of the nitric oxide produced as a consequence of H20>
exposure, we added to the H>O> treated nucella the mammalian nitric oxide synthase (NOS)

inhibitor L-NAME that has been proven to be effective also in plant systems (Foissner et al., 2000;



Mur et al., 2006). Under these conditions, NO failed to accumulate, indicating that a nucellar NOS-
like activity can be considered the prominent source of nitric oxide (Fig 3a,c).

We next investigated whether the addition of NO in nucellar cells could stimulate production of
H>0>. Noteworthy, the effect seems to be reciprocal because a 2 hours treatment of the D region
with SNP 1 mM induced a diffuse production of H2O in the D region (Fig 3e), where, in
physiological conditions, it is almost undetectable (see Fig 2d). For an estimation of H20>
concentration, we performed an in vitro assay, which showed that the increase in endogenous H20>
is about 90% more than the control, untreated nucellus (Fig 3d). We made appropriate controls to
ensure that the nucellar responses to SNP treatment were specifically due to NO and to exclude the
possibility that the observed effects could instead be due to cyanide. H2O; failed to accumulate in
the treated nucellus when the NO scavenger c-PTIO was added together with SNP, and this was
observed both in vivo and in vitro (Fig 3d,f). This led us to the conclusion that H.O; production in
the treated nucellus was actually enhanced by the action of NO.

We asked if, similarly to what happens in the P region during physiological cell death, this
increment in H2O> concentration in SNP treated nucellus could be attributed to a diminished activity
of the scavenging enzyme catalase. SNP treatment on the nucellus indeed caused a remarkable
decrease in catalase activity. However, since cyanide, released from SNP, is known to strongly
inhibit catalase, we used the NO scavenger c-PTIO together with SNP to test the specificity of the
NO effect. We observed that c-PTIO addition is ineffective; consequently we can affirm that the
observed SNP effect on catalase activity is actually mediated by cyanide and not by nitric oxide

(data not shown).

Exogenously applied H202 and NO induce cell death
Both NO and H20-, besides inducing a mutual increase of concentration, caused an induction of cell
death when applied to living and healthy samples of nucellar D region (Fig 4). As a consequence of

treatment with 1 mM SNP or 3 mM H»O; the red-orange fluorescence due to FM 4-64 inside



damaged or dead cells, was no more restricted to the P region but was extended to the D region (Fig
4b,c), which is vital in control untreated nucellus (green fluorescence in Fig 4a). The D region
showed no sign of cell death when c-PTIO was added to the SNP treatment as a control, indicating
that nucellar cell death was actually due to a signal initiated by NO and not a cyanide side effect
(Fig 4d).

Some cytological markers were analysed to obtain information on the nature of cell death (PCD or
necrosis) induced by the two treatments. As shown in Fig 5b and 5c cell death induced by both SNP
and H»O; treatment is characterized by cell shrinkage and membrane collapse. Treated cells
completely lacked plastids otherwise visible in untreated control cells (Fig. 5a). Fast-red staining
also showed the presence of nuclei suffering various morphological and structural changes, typical
markers of an apoptotic-like cell death (Reape and McCabe, 2008). Compared to the nuclei present
in the living nucellus (Fig 5d) nuclei in SNP-treated tissue appeared smaller, due to a pronounced
chromatin condensation (Fig 5e). Average diameter of condensed, altered nuclei was 6 um, one-
third the diameter of control nuclei (18 um). Nuclei lost their normal round shape and became in
some cases stretched and elongated. Moreover, some nuclei acquired a half-moon shape,
resembling what observed during animal apoptosis (Ihara et al., 1998).

On the other hand, H2O> treatment, though causing some nuclear alterations, has a less intense
effect on morphology (Fig 5f). In fact, not the totality of the nuclei in the H.O treated tissue
suffered chromatin condensation and alterations in their shape, some of them remaining rounded
and decondensed. Some nuclei showed condensed chromatin in punctuate structures at the
periphery while others were widely condensed but still bigger than the ones observed after SNP
treatment (average diameter 12 um).

We investigated if these nuclear alterations were accompanied by the PCD hallmark of DNA
fragmentation, by using the TUNEL assay. As shown in Fig. 6b no TUNEL-positive nuclei were
present in the control D region, while nuclear DNA degradation became evident as a consequence

of both NO and H»O; treatment, as demonstrated by the presence of green-fluorescent TUNEL-



positive nuclei (Fig 6d, 6f). In detail, fluorescein label reveals DNA fragmentation in condensed
morphologically altered nuclei yet evidenced by Fast-red staining. Noteworthy, non-apoptotic
decondensed nuclei in H20- treated nucellus are TUNEL-negative (arrows in Fig 6e).

Appropriate control treatments were conducted for every set of slides. If the DNAse | treatment
preceded the TUNEL assay, all nuclei were fluorescent (positive control, not shown). On the other
hand, when TdT enzyme was omitted from the labelling mixture no fluorescence was observed

(negative control, not shown).

Exogenously added H20. and NO affect nucellus caspase-like activities

In a previous work (Lombardi et al., 2007) we reported an induction of the two caspase-like
activities YVADase and DEVDase in cells undergoing PCD in the P region. Noteworthy,
treatments with ImM SNP and 3 mM H2O> were able to induce YVADase and DEVDase activity
in the D region even if the increase in proteolytic activity was not as high as the one observed in the
P region during PCD (Fig 7). Comparing the two treatments, H2O2 seems to be more effective on
nucellar caspase-like proteases; in fact YVADase and DEVDase were 33-35% more active than the
control when nucellus was exposed to H202 and only 20-25% more active after SNP treatment. The
induction by NO is to be considered specific as YVADase and DEVDase activity is comparable to
the control if the NO scavenger c-PTIO is added together with SNP during treatments of the

nucellus.

Discussion

After fertilization, Sechium edule nucellus becomes a dispensable tissue and dies. Its degeneration
is a typical example of physiological PCD, being precisely regulated during development as the
ones of other seed tissues like aleurone and endosperm (Bethke et al., 1999; Young and Gallie,
1999). PCD in Sechium nucellus is well characterized from the cytological and the biochemical

point of view (Lombardi et al., 2007), nevertheless the signals responsible for the induction and the



regulation of this degenerative process are still unknown. Molecules as diverse as hormones, ROS
and nitric oxide have emerged as regulators of plant PCD in several systems (Bethke and Jones,
2001; Steffens and Sauter, 2005; VVan Breusegem and Dat, 2006). Here we report that, Sechium
edule nucellar cells undergoing PCD in the region proximal to the expanding edge of the endosperm
produce NO and H>O>. Apart from their prominent role in stimulating cellular defence and in
regulating many physiological processes, there is now compelling evidence for their function in
regulating programmed cell death, both individually and together.

Generation of endogenous NO or H20> have been associated to PCD in some plant systems.

For example, ozone-induced cell death in Arabidopsis leaves follows a rapid accumulation of nitric
oxide (Ahlfors et al., 2009) and a NO burst has been visualized in Taxus and Kalanchoe cells
undergoing PCD after being exposed to mechanical stress (Pedroso et al., 2000). Arabidopsis
suspension cultures generate NO in response to avirulent bacteria, and this is sufficient to induce
cell death (Clarke et al., 2000). On the other hand, H20> is also an important mediator of
programmed cell death in guard cells of pea (Samuilov et al., 2008) and in epidermis of rice during
adventitious roots formation (Steffens and Sauter, 2009). Moreover, Arabidopsis plants deficient in
catalase undergo cell death for accumulation of H2O, (Dat et al., 2003).

In addition to their individual roles, NO and H202 may also be simultaneously present during some
plant responses. During HR, maybe the best studied example of H20, and NO mediated PCD, H20-
operates in a dose-dependent manner in synergy with NO and the ratio of NO to H20, determines
when cell death is activated (Delledonne et al., 2001; Zago et al., 2006). A simultaneous generation
of NO and H20: is necessary also during the induction of PCD in tobacco and in Arabidopsis cells
because H>O> or NO alone are not sufficient to trigger cell death (de Pinto et al., 2002; Murgia et
al., 2004). Endogenously produced NO and H20- also mediate the cytotoxic effect of cadmium in
Arabidopsis suspension cultures (De Michele et al., 2009).

However, in the above reported examples, NO and H2>O> production is mainly a consequence of a

cell death process initiated by exogenous treatments with pathogens or with other cell death triggers



on living tissues or cell cultures. The relevance of our results lays in the observation of an
endogenous physiological generation of the two molecules by the intact nucellus undergoing PCD.
In our system, NO and H.O production correlates with a developmentally regulated form of PCD.
It’s interesting to note that in the P region catalase enzymatic activity is compromised; it’s tempting
to speculate about a link between the physiological raise in H2O> level and the decrease in the
scavenging capability of the dying nucellar cells.

In addition to our work reported here, there are very few other reports of NO and H202 production
during physiological PCD. For instance, H20z is related to natural senescence: its production
increase with age, its concentration being higher in old leaves than in young leaves (Bhattacharjee,
2005; Peng et al., 2005). Endogenous levels of H2O; increase in daylily petals as they starts to
senesce and decreases if senescence is delayed by antioxidants (Panavas and Rubinstein, 1998).
Moreover, Bethke and Jones (2001) assigned to H202 a role as mediator of the developmentally
regulated PCD of aleurone layer. On the other side, endogenous production of nitric oxide in
vascular tissue regulates programmed cell death and lignification during xylogenesis (Gabaldon et
al., 2005).

Our study clearly indicates that not only the production of NO and H20 is spatially and temporally
related to nucellus physiological PCD but that the two diffusible molecules are also simultaneously
present in the dying cells. This suggests a relationship and cooperation in the execution of nucellus
cell death. The fact that NO and H20- are generated in the same place may facilitate their spatial
interaction. The relationship between NO and H20: is a particularly intriguing question. In some
cases they act in parallel pathways while in other they are generated in short succession
(Delledonne et al., 2001; Clarke et al., 2000; dePinto et al., 2002; He et al., 2005; Bright et al.,
2006). By using a pharmacological approach, we have demonstrated that NO and H>O- production
in the nucellus is indeed interconnected. In our system, exposure of the D region to H2Oz results in a
noteworthy production of NO dependent on a NOS-like enzymatic activity, as demonstrated by the

capability of L-NAME to prevent NO accumulation. This is consistent with other reports. For



example the addition of H.O> causes a rapid production of NO in mung bean leaves (Lum et al.,
2002) and in tobacco cells (dePinto et al., 2006). In guard cells it has been shown that H.O>
treatment induces NO synthesis, linking the two molecules in the regulation of stomatal closure
(Bright et al., 2006).

Notably, the effect seems to be reciprocal in the nucellus, as treatment of the D region with the NO
donor SNP causes an increase in H>O2 concentration. This result is of particular interest in the light
of the still numerous inconsistencies regarding the possible positive effect of NO on H2O> cellular
level. Some authors report NO regulation of H202 synthesis in guard cells (She et al., 2004; He et
al., 2005) while other do not show any link between NO and increase in H.O2 (Orozco-Cardenas
and Ryan, 2002; Dong et al., 2005). Recently an induction of H.O2 accumulation following SNP
treatment was clearly observed in Pelargonium (Floryszak-Wieczorek et al. 2007) and in Cupressus
cultured cells (Zhao et al., 2007). The use of SNP as a source of nitric oxide has been demonstrated
to be very effective in many plant systems, anyway it has potential drawbacks. Apart from NO,
SNP delivers also gaseous cyanide that can be responsible of some of the observed biological
effects (Bethke et al., 2006). Even if in the same paper of Bethke et al (2006) and in Ederli et al
(2006) it is reported that significant cyanide concentration in treated samples was detected only
after 5 h of incubation with SNP 5 mM, we used the NO scavenger c-PTIO as a control to separate
the biological effect of NO from the one of cyanide in all our experiments with SNP. The effect of
c-PTIO is offered as strong evidence in support of the hypothesis that NO actually mediates the
increase of H202 cellular level.

The present data suggest that the consistent co-accumulation of NO and H2O: in the P region may
result from mutual effects but it has still to be clarified if the effect is on synthesis or metabolism.
One hypothesis is that the high levels of H>O, could be at least partially due to the inhibitory effect
of NO on catalase. The activity of the H>O> -scavenging enzyme catalase, which is reduced during
physiological PCD of nucellar cells, is not compromised by exogenously added NO as

demonstrated by the fact that catalase activity is strongly reduced also in the presence of c-PTIO.



This is in contrast with what observed during pathogen induced PCD, in which catalase inhibition
by NO is reported (Mittler et al., 1998; Clark et al., 2000).

The fact that both NO and H.O; are produced by dying nucellus raises the question whether they
play an active role in inducing cell death or if their production is rather a consequence of tissue
degeneration. Besides inducing a mutual increase of concentration, both NO and H.O; are able to
induce cell death when applied as single treatments to vital and healthy cells of nucellar D region;
this suggest their possible role as part of the signalling pathway required for the cell death program.
The application of c-PTIO resulted in the prevention of cell death. It is well known that a single
application of H20- is sufficient to trigger a process of cell death in many plant systems (Houot et
al., 2001; dePinto et al., 2006), while, according to some authors, NO is not able to induce cell
death without the presence of ROS (Delledonne et al, 2001). In our system exposure to NO causes
cell death in a living nucellus. It has been suggested that NO can have a dual role: it can induce cell
death but it can also protect cells from oxidative damage by scavenging ROS (dePinto et al., 2002;
Beligni et al., 2002). Which of the two roles is exploited depends on concentration of NO in the
tissue, on the physiological state of the cells and finally, on how the signal is perceived or amplified
(Clarke et al., 2000). Moreover, it has been demonstrated that the ability of NO to induce
programmed cell death also depends on the nature of the NO-donor used, SNP being more effective
than others (Murgia et al., 2004).

Because it has been reported consistently that there is a threshold for ROS below which PCD is
induced and above which necrotic death prevails (Houot et al., 2001; dePinto et al., 2006), we
looked for cytological and biochemical markers of PCD. Both SNP and H2O treatment cause the
appearance of typical apoptotic hallmarks and the nuclear alterations evidenced resembled those
observed during the natural PCD of the nucellus (Lombardi et al., 2007). Our observations are
consistent with other reports showing the induction of an active program of cell death, characterized
by well defined cytological markers, in cells exposed to both H202 and NO (Houot et al., 2001;

Zottini et al., 2002; dePinto et al., 2006; Zhao et al., 2007). Interestingly, NO alone is able to cause



a TUNEL-positive programmed cell death also in Taxus cells (Pedroso et al., 2000) and in
Pelargonium leaves (Floryszak-Wieczorek et al. 2007).

Notably, the caspase-like activities previously identified as related to nucellus PCD, are sensitive to
NO and H20.. Both YVADase and DEVDase hydrolytic activities are in fact induced in the D
region exposed to NO or H2O2 even if the increase in proteolytic activity is not as high as the one
observed in the P region during PCD. To our knowledge this is the first report of an induction of
caspase-like activities involved in PCD by NO treatment; Garcia-Heredia et al. (2008) recently
reported an induction of the only DEVDase activity upon treatment with 35 mM H20..

Our observations demonstrate that cell death induced by both NO and H202 in nucellar cells is a
programmed event and not merely a necrosis caused by excess ROS.

Taken together, our results show that nitric oxide and H202 are involved in developmentally
regulated PCD of the nucellus. Nucellar cells undergoing PCD produce a considerable amount of
the two molecules and in this work we present strong evidence for a mutual interaction

between NO and H202. Remarkably, living nucellar cells are sensitive to NO and H202. In fact,
SNP and H202 administration is sufficient to initiate an active program of cell death accompanied
by some typical features resembling what happens during physiological PCD. Furthermore, the
cyto-morphological alterations induced by exposure to NO and H202 are strikingly similar to the
ones observed during natural PCD of the nucellus. In conclusion, our observations suggest that the
simultaneous presence of NO and H202 at the site where cells are dying is not non-specific or
merely a consequence of the alteration in cellular metabolism, but rather the two molecules are

linked and specifically involved in the execution of the nucellus PCD program.
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Figure legends

Fig. 1. Longitudinal section of S. edule seed showing the inner tissues. The endosperm is removed
and pulled aside, leaving a ‘heart-shaped’ mark where the nucellus is no longer present. The
nucellus is degenerating making the integuments visible. End: endosperm; D: distal nucellus; P:

proximal nucellus; Int: integuments. Bar = 1 cm.

Fig. 2. Nitric oxide and hydrogen peroxide are produced by the proximal (P) region of the nucellus
during physiological cell death. (A) Nitric oxide content in P and D regions of the nucellus has been
estimated by an in vitro fluorometric assay based on the reaction with DAF-2DA. (B) The same
probe has been used to visualize NO in the whole nucellus, making it possible to localize NO in the
P region. (C) Nucellar hydrogen peroxide concentration has been calculated by the Amplex red
Assay and visualized in the nucellus by the specific fluorescent probe DCFH-DA (D). (E) Parallel to
an increase in H202 level, catalase activity is strongly reduced in the P region during cell death.

Bars = 500 um. FU = fluorescence units. Error bars represent + SE , n = 5.

Fig. 3. H202 induces NO production and vice-versa. (A) Fluorometric assay showing nitric oxide

content in the D region treated for 2 h with 3 mM H202 with or without the presence of the



mammalian NOS inhibitor L-NAME. (B) Nitric oxide is visualized by the specific fluorescent probe
DAF-2DA in the whole nucellus after treatment for 2 h with 3 mM H202. The addition of the NOS
inhibitor L-NAME prevented NO formation in the nucellus (C). (D) Spectrophotometric assay
indicating hydrogen peroxide production following a treatment for 2 h with 1 mM SNP with or
without the NO scavenger ¢c-PTIO. (E) H202 can be visualized in vivo by the specific fluorescent
probe DCFH-DA. (F) H202 production is completely abolished in the presence of the NO
scavenger c-PTIO. Bars in B, E =200 um. Bars in C, F = 500 um. FU = fluorescence units. Error

bars represent = SE , n = 5.

Fig. 4. Viability staining of the nucellus with FDA and FM 4-64. Cell death is localized only in the
P region of control untreated nucellus (A), while it is extended also to the D region after a treatment
for 2 h with 3 mM H202 (B) or with 1 mM SNP (C). Addition of the NO scavenger c-PTIO
together with SNP prevents cell death in the D region (D). Images of the fluorescein and of the FM

4-64 signals have been merged.

Fig. 5. Aspect of nuclei in control D region of the nucellus (A) and in treated D region (B, C).
Compared to the control (A), nuclei treated for 2 h with 1 mM SNP (b) or 3 mM H202 (C) undergo
profound changes in morphology; SNP treatment causes chromatin condensation and the
appearance of half-moon-shaped nuclei. H202 treatment causes chromatin condensation only in a
small percentage of nuclei, while others remain similar to the control or show granular condensation

of chromatin at the periphery. Slides are stained with fast-red nuclear stain. Bar = 10 pm.

Fig. 6. DAPI (A,C,E) and TUNEL (B,D,F) staining of nucellar tissue sections from the D region.
No TUNEL-positive nuclei are visible in the control, untreated D region (B), while TUNEL-
positive nuclei are evident after treatment for 2 h with both 1 mM SNP (D) and 3 mM H202 (F).
Some nuclei in the H202-treated nucellus do not show condensed chromatin and are TUNEL-

negative (arrows in E).

Fig. 7. In vitro caspase-like activities towards the two synthetic substrates YVAD-pNA and DEVD-
pPNA measured in the D region, in the dying P region, in D region previously treated for 2 h with 3
mM H202, and in D regions previously treated for 2 h with 1 mM SNP (with or without c-PTIO
200 uM). Hydrolytic activity is compared to the one present in living D region, taken as the

baseline. Error bars represent + SE , n = 5.
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