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Aminooxyacetic acid (АОА), inhibitor
of 1-aminocyclopropane-1-carboxilic acid (AСС) synthesis, suppresses
self-incompatibility-induced programmed cell death
in self-incompatible Petunia hybrida L. pollen tubes
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Abstract
Self-incompatibility (SI) is genetically determined reproductive barrier preventing inbreeding and thereby providing the main-
tenance of plant species diversity. At present, active studies of molecular bases of SI mechanisms are underway. S-RNAse-based
SI in Petunia hybrida L. is a self-/non-self recognition system that allows the pistil to reject self pollen and to accept non-self
pollen for outcrossing. In the present work, using fluorescent methods including the TUNEL method allowed us to reveal the
presence of markers of programmed cell death (PCD), such as DNA fragmentation, in growing in vivo petunia pollen tubes
during the passage of the SI reaction. The results of statistical analysis reliably proved that PCD is the factor of S-RNAse-based
SI. It was found that preliminary treatment before self-pollination of stigmas of petunia self-incompatible line with
aminooxyacetic acid (AOA), inhibitor of ACC synthesis, led to stimulation of pollen tubes growth when the latter did not exhibit
any hallmarks of PCD. These data argue in favor of assumption that ethylene controls the passage of PCD in incompatible pollen
tubes in the course of S-RNAse-based SI functioning. The involvement of the hormonal regulation in SI mechanism in P. hybrida
L. is the finding observed by us for the first time.
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Introduction

Self-incompatibility (SI) genetically controlled universal
mechanism by means of which pistil accepted non-self pollen
and rejected self pollen. This mechanism is inherent in the
representatives of 71 families (Takayama and Isogai 2005;
Iwano and Takayama 2012). Using genetic, molecular, and

biochemical approaches, it was established that flowering
plants are equipped with two different systems for pollen rec-
ognition, self- and non-self-recognition. Both systems are
controlled by pollen-S and pistil-S determinants which are
close to each other at the S-locus (Iwano and Takayama 2012).

To date, intensive molecular studies on five families whose
representatives possess SI were performed. Based on chemical
nature of pollen and pistil S-genes, it is believed that two
families, Brassicaceae and Papaveraceae, are characterized
by different mechanisms of SI while three from five families,
Solanaceae, Rosaceae, and Plantaginaceae, use the same,
Solanaceae type, mechanism of SI (Iwano and Takayama
2012).

SI system of self-recognition

In families Brassicaceae and Papaveraceae, SI specificity is
controlled by S-pollen and S-pistil determinants from the
same S-haplotype.
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In Brassicaceae, SI specificity is controlled by the S-locus,
which encodes three highly polymorphic proteins, namely
SRK (S-locus receptor kinase, S-stigma determinant), SCR
(S-locus protein 11, S-pollen determinant), and SLG (S-
locus glycoprotein) (Nishio and Hinata 1977; Shimosato
et al. 2007; Watanabe et al. 2012; Ma et al. 2016). SP11 is
secreted from the anther tapetum (Stephenson et al. 1997;
Schopher et al. 1999; Takasaki et al. 2000; Iwano et al.
2003). SRK localizes in PM of papillar cells and is the recep-
tor for SCR, which allows the stigma to discriminate self pol-
len in the SI response (Takasaki et al. 2000; Takayama et al.
2001; Murase et al. 2004). Upon self-pollination, SP11 mole-
cules penetrate into the papilla cells and interact with SRK
which triggers SI responses in the stigmatic cells (Shimosato
et al. 2007; Watanabe et al. 2012). At present, the molecular
mechanism of SI in Brassicaceae family is under active inves-
tigation (Ma et al. 2016).

In the field poppy (Papaver rhoeas L.), SI reaction occurs
in the incompatible pollen tubes (Thomas and Franklin-Tong
2004; Thomas et al. 2006; Li et al. 2007; Wu et al. 2011;
Wilkins et al. 2011, 2014, 2015). The S-determinants for
P. rhoeas are PrsS and PrpS. The female S-determinant,
PrsS (P. rhoeas stigma S), is a highly polymorphic small
(15 kDa) protein secreted by the stigmatic papilla cells. The
male S-determinant, PrpS (P. rhoeas pollen S), is a 20-kDa
transmembrane protein (Wheeler et al. 2009, 2010). A direct
self-recognition between PrsS and PrpS triggers the SI re-
sponses in the pollen tube. Interaction of PrsS with incompat-
ible pollen stimulates increase in cytosolic free Ca2+ and de-
polymerization of the actin cytoskeleton resulting in pollen
tube growth inhibition. The Papaver SI system utilized ROS
and nitric oxide (NO) to integrate signaling with programmed
cell death (PCD) in incompatible pollen tube (Thomas and
Franklin-Tong 2004; Thomas et al. 2006). Downstream tar-
gets include also soluble inorganic pyrophosphatase, Pr-
p26.1, and a MAP kinase, PrMPK9-1 (Wilkins et al. 2014,
2015).

SI system for non-self-recognition

A completely different SI mechanism, namely the Solanaceae
type, is inherent in families Solanaceae, Rosaceae, and
Рlantaginaceae. Here, this is regulated by the highly polymor-
phic S-locus with multiple haplotypes. The results of several
research groups led to the conclusion that two closely linked
genes on S-locus, (1) gene S-RNAse controlling pistil-S spec-
ificity (McClure et al. 1990) and (2) multiple genes S-locus F-
box (SLF or SFB) controlling pollen-S specificity (Lai et al.
2002; Kao and Tsukamoto 2004; Sijacic et al. 2004; Hua et al.
2007; Sun et al. 2015; Williams et al. 2014; Wu et al. 2018),
are involved in Solanaceae-type SI.

S-RNAse, S-pistil determinant, and proteins SLF (S-locus
F-box), S-pollen determinant, interact in the cytoplasm of

pollen tube (Liu et al. 2014; Williams et al. 2014; Wu et al.
2018). It was established that the pollen rejection is tightly
connected with proteolysis including ubiquitin-proteasome
pathway (Entani et al. 2014).

A single female S-determinant in these families is the style
glycoprotein of 30-kDa, S-RNAse, possessing ribonuclease
activity (Anderson et al. 1989). Two independent research
teams dealing with Petunia inflata R.E.Fr. (Lee et al. 1994)
and Nicotiana alata Link & Otto (Murfett et al. 1994) showed
that S-RNAse is a reasonable condition required for pistil
recognizing and rejecting self pollen while non-self pollen
tube growth remained to be unaffected. Thus, it has been
established that in families Solanaceae, Rosaceae, and
Plantaginaceae, S-RNAse-based SI functions. Biochemical
mechanism of self-pollen tubes rejection in this case includes
RNA degradation in the incompatible pollen tubes, i.e., S-
RNAse functions as a toxic ribonuclease.

Most F-box proteins are the component of SCF
(SKP1/Cullin1/F-box) ubiquitin-ligase complex which func-
tions as E3 ubiquitin–ligase in the ubiquitin-mediated protein
degradation system due to 26S-proteasome (Sun and Kao
2013; Sun et al. 2015). It is believed that SLF proteins func-
tion as the module for recognizing substrate of SCF complex
which inactivates non-self S-RNAses in ubiquitin-26S-
proteasome pathway. From petunia pollen, Entani et al.
(2014) isolated components involved in composition of a
SCFSLF (SCF = SKP1-CUL1-F-box-RBX1) and showed that
the SCFSLF polyubiquitinates the non-self RNAses in vitro
and then polyubiquitinated S-RNAses degraded by the 26S-
proteasome.

To explain biochemical basic principles of SI, the term
“collaborative non-self-recognition” was offered. In this sys-
tem, many SCFs and each type of SLF possessing own spec-
ificity collaboratively polyubiquitinate all non-self S-RNAses
mediating their ubiquinating and degradation by 26S-
proteasome (Kubo et al. 2010; Hua and Kao 2008). In this
system, very SLF positively or negatively charged interacts
with subgroup of non-self S-RNAses having opposite charge.
According to these interactions, SLF proteins together recog-
nize and detoxify all non-self S-RNAses, with none of SLF
proteins can interact with self S-RNAase.

To date, it has been established that Petunia hybrida L. is
characterized by a Solanaceae type SI in which self pollen is
rejected by S-RNAse being expressed by pistil as result of its
cytotoxic function. Numerous male SI determinants, proteins
SLF (S-locus F-box), collaboratively detoxify non-self S-
RNAses. In order to achieve compatible pollination, complete
set of SLF proteins is required for detoxification of all non-self
S-RNAses. At present, active search of other factors partici-
pating in self/non-self recognition is conducted. In particular,
two key pollen SI factors, PhSSKI (Petunia hybrida SLF-
interacting Skp1-like1) and PhCUL1-P were isolated from
petunia pollen and their relation to the mechanism of
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RNAse-based SI (Kubo et al. 2016) was established. It was
shown that PhSSKI is a specific component of SCF (Skp1-
Cullin1-F-box)SLF system essential for detoxification of non-
self S-RNases (Zhao et al. 2010) while PhCUL1-P is the pri-
mary component of SCFslf complex involved in SI (Kubo
et al. 2015, 2016). The results of the experiments in vitro
provided evidence that PhSSK1 forms specific complex with
PhCUL1-P in compatible pollen tubes, with removing protein
PhCUL1-P suppressed the mechanism of non-self S-RNAes
detoxification.

Li et al. (2017) showed that electrostatic potentials are the
main physical force providing the interaction between pro-
teins SLF localized in the cytosol and RNAse in P. hybrida
L. They found that substitution of one amino acid for the other
leads to the change in surface electrical potential of SLF and
thereby pollen S-specificity. In the case, if S-RNAses are rec-
ognized by their related SLF, electrostatic repulsion of them is
generated, and, as a result, the domain responsible for S-
RNAse recognizing should not be bound with SLF domain.
Thus, the ubiquitinating in such manner of own S-RNAse by
SCFSLF complex should be prevented. In contrary, if S-
RNAses are recognized by non-self SLF, their electrostatic
attraction should be generated leading to binding of S-
RNAse recognizing domain with SLF domain and further
ubiquinating and degradation of non-self S-RNAses. This
model of the interactions supports model of S-RNAse degra-
dation and the system of collaborative recognizing non-self
RNAses (Kubo et al. 2010).

Despite numerous attempts to understand the mechanism
of S-RNAse-based SI, it remains just incompletely studied.
Therefore, the studies concerning a signaling pathway under-
lying the interaction S-RNAase with SLF proteins are so far at
the level of hypotheses. Here, we have demonstrated the pres-
ence of PCD markers, such as DNA fragmentation, in grow-
ing in vivo petunia pollen tubes during operation of the S-
RNAse-based SI mechanism as well as possible involvement
of hormonal regulation in the action of this mechanism.

Materials and methods

Plant material

Сlonally propagated microshoots of petunia plants (P. hybrida
L.) of two lines, self-incompatible and self-compatible, from
laboratory collection were adapted to the soil conditions and
grown in the boxes with soil under natural illumination in the
greenhouse. Micropropagation was performed in tubes on
agar Murashige and Skoog medium in the climatic chamber
at 26 °C and 16-h light day.

The experiments of the present work were performed on
petunia pollen tubes growing in vivo in self-incompatible pe-
tunia pistil tissues after self-incompatible pollination, i.e., self-

pollination of self-incompatible line, and after cross-
compatible pollination, i.e., pollination of self-incompatible
line with pollen of self-compatible line.

Phytohormone treatments

On the eve the experiments planed pollen was harvested from
the plants of self-incompatible line while non-pollinated
flowers were emasculated. On next day, pistils of emasculated
flowers were treated with solutions of phytohormones and
other compounds, such as ethylene (to a final dilution of
1:10,000), ABA (10 mM), АОА (inhibitor of ACC (ethylene
precursor) synthesis, 10mM), and fluridone, inhibitor of ABA
synthesis (10 mM). Concentrations of AOA and ethrel were
selected on the base of our own published data (Kovaleva and
Zakharova 2003; Kovaleva et al. 2011) while those of
fluridone and AOA were applied taking into account the re-
sults of our preliminary experiments. To this end on stigma of
very pistil 5 μl solution of every compound was put with
pipette; thereafter, stigma was closed by insulator.
Pollination with self-pollen was performed in 2 or 6 h after
the treatment. In these experiments, self-incompatible line pe-
tunia pistils (stigmas and styles) on which prior self-
pollination a drop of distillated water was applied served as
the control. Collection and fixation of the material (pollinated
pistils) were carried out in 8, 12, and 24 h after self-
incompatible and cross-compatible pollinations.

Visualization of pollen tubes growing in vivo in pistil
tissues

Aniline blue staining This method is based on specific ability
of fluorochrome aniline blue to be bound with callose being a
part of pollen tube envelope and to form callose plugs. In the
experiments, pollinated pistils fixed in acetic alcohol (90%
solution of ethanol and glacial acetic acid in relationship
3:1) were used. Maceration was performed in 20% alcohol
solution of KOH during 20–40 min; thereafter, pistils were
twice washed with distillated water and poured on with
0.01% solution of aniline blue for 30–40 min. Stained pistils
were transferred on slide in a drop of glycerin mixed with
water (1:1), closed with cover glass, lightly crushed and ex-
amined under fluorescent microscope Zeiss Axioplan (Carl
Zeiss, Germany). The number of analyzed pollen tubes in
each variant of the experiment was not less than 200.

Trypan blue staining Trypan blue staining is standard method
allowing researches to reveal cell PM damage since the stain is
bound with proteins of damaged cell. Pistils were fixed in the
solution of acetic alcohol (96% alcohol and glacial acetic acid
in relationship 3:1), stained for 1 min with boiling alcohol
lactophenol containing 0.1 mg/ml trypan blue, and kept in
2.5 mg/ml chloral hydrate solution for 12–24 h at room
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temperature (Serrano et al. 2010). Crushed preparations were
examined under microscope Zeiss Axioplan (Carl Zeiss,
Germany). The number of analyzed pollen tubes in each var-
iant of the experiment was not less than 500.

TEM Styles (the upper part of pistil, 1.5 cm from the surface of
stigma) of petunia were fixed in 2.5% solution of glutaralde-
hyde (Merck, Germany) in 0.1 M Sorensen phosphate buffer
(pH 7.2) supplemented with 1.5% sucrose. The plant material
was washed out from the fixing mixture and postfixed with
1% ОsО4 (Sigma, USA), dehydrated in ethanol with rising
concentrations (30, 50, 70, 96, and 100%) in propylene oxide
(Fluka, Germany), and embedded in the mixture of epon
araltide epoxy resins. Ultrathin sections were made with an
ultramicrotome LKBV (LKB, Sweden). Sections were
contrasted with uranyl acetate and lead citrate according to
the standard procedure (Kuo 2007). Sections were studied
under H500 electron microscopes (Hitachi, Japan) at an accel-
erating voltage of 75 kV. The photographs obtained were dig-
itized (scanned with an Epson Perfection 3170) with a resolu-
tion of 600 dpi. Processing and arrangement of images were
performed in Microsoft Photo Editor and Corel DRAW.

Detection of PCD

For detection of PCD markers two methods were used, name-
ly terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) detection of nuclear fragmentation (TUNEL
method) and DNA isolation and agarose gel electrophoresis.

TUNEL detection of nuclear fragmentation TUNEL assay de-
tects DNA strand breaks using terminal deoxynucleotidyl
t r ans f e r a se ca t a lyz ing a t t achmen t o f mod i f i ed
deoxynucleotides on the DNA strand breaks. The technique
for visualization of PCD localization site in the pollen-pistil
system according to TUNEL method (nuclear DNA degrada-
tion) was designed by us with the use of the data represented
earlier by Wang et al. (2010) but with some modifications.
Experimental procedure here used was the following. In 8–
9 h after pollination (self-pollination and cross-pollination) of
preliminary emasculated petunia flowers pistils were harvest-
ed, fixed in the solution containing 30% formaldehyde, glacial
acetic acid, and 50% ethanol in the relationship 5:5:9 and kept
at 4 °C. Pistils were washed under running water and incubat-
ed in 1MNaOH for 2 h for softening the tissues, twice washed
with distillated water, incubated in 0.01% solution of water-
soluble aniline blue for 2 h at room temperature in the dark.
Then, the material obtained was washed with citrate buffer
(pH 4.1) and stained according to TUNEL method with the
use of APO-BrdU™ TUNEL Assay Kit (Thermo Fisher,
USA); thereafter, it was additionally stained with specific nu-
clear dye DAPI (4′,6-diamidino-2-fenilindol, 0.05 mg/ml) of-
ten used for revealing nuclear DNA. Crushed samples were

prepared on glass slide in glycerin and examined under fluo-
rescent microscope Zeiss Axioplan (Carl Zeiss, Germany).
The number of analyzed pollen tubes in each variant of the
experiment was not less than 200.

DNA isolation and agarose gel electrophoresis PCD markers
were revealed by DNA degradation using electrophoretic
analysis of DNA degradation as analytical method for separa-
tion of DNA fragments. The material collected was placed
into liquid nitrogen. Isolation of DNA from pistils or its parts
(stigmas and styles) was carried out according to the standard
technique of Bernatsky (1986). DNA was separated in 1.0%
agarose gel 1× in Tris-borate buffer.

Results

Morphology and ultrastructure of pollen tube cell
in pistil tissues

Visualization of petunia pollen tubes growing in transmitting
pistil tissues with aniline blue staining and transmission elec-
tron microscopy (TEM) showed that after both cross-
compatible and self-incompatible pollinations, almost all pol-
len grains appeared to be germinated and pollen tubes grew in
stigma and style tissues (Figs. 1 and 2).

In cells of transmitting unpollinated pistil tissues, it could
be seen compact cells, the cytoplasm enriched by organelles,
numerous starch grains in chloroplasts, and the cell with large
vacuole (Fig. 2a).

As shown in Fig. 2, pollen tube growth is accompanied by
changes in transmitting style tissue. The data represented in
Fig. 2b, d, f show that in the course of incompatible pollen
tube growth, sharp morphological changes took place in both
in transmitting style tissue and the very incompatible pollen
tubes. These were reflected in the absence of vacuoles and
other cell components in style tissues, disturbance of turgor
in them, and backing of the cell membrane from the cell wall.
Growth of incompatible pollen tubes was accompanied by
their inner structure disintegration. After self-incompatible
pollination, pollen tube growth stopped as a result of occur-
ring RNase-based SI.

In the case of cross-compatible pollination pollen tubes
achieved ovary where fertilization occurred. In cells of pistil
tissue, after cross-compatible pollination, it could be observed
homogenous cytoplasm density, well developed vacuoles and
other cell components (endoplasmic reticulum, ribosomes)
(Fig. 2c, e, g).

Trypan Blue staining is a standard method allowing re-
searches to reveal the PM damage of the cell because the
dye is bound with intracellular proteins of damaged cell. In
unpollinated stigmas harvested from isolated preliminary
emasculated flowers, none was found of staining papilla cells
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(Fig. 3a). In the case of pollinated stigmas, it could be ob-
served trypan blue staining pollen grains and pollen tubes
(Fig. 3c, d). Differences between a number of the pollen tubes
stained after self-incompatible and cross-compatible pollina-
tion appeared to be significant (Fig. 3b). Thus, according to
the results of this experiment, with application of trypan blue,
it was calculated that after self-incompatible pollination, 70%
of visual pollen tubes appeared to be stained while after cross-
compatible pollination, only unit pollen tubes exhibited their
staining, although in some samples, a number of stained pol-
len tubes accounted 17%.

PCD as a factor of S-RNAse-based SI in petunia and its
hallmarks

To identify hallmarks of PCD, two methods were used:
TUNEL method and DNA electrophoresis.

The fact of the presence of PCD hallmarks in incompatible
pollen tubes was established by positive TUNEL test exhibit-
ed by their nuclei (Fig. 4). Superposition of TUNEL staining
pollen tubes and that with aniline blue allowed us to visualize
them separately from pistil cells to make sure that luminous
nuclei really belong to pollen tubes rather than surrounding
cells of transmitting pistil tissue (Fig. 4a). In Fig. 4с, it can be
seen that after cross-compatible pollination, TUNEL staining
pollen tubes nuclei was not observed while after self-

incompatible pollination nuclei of pollen tubes exhibited pos-
itive TUNEL response (Fig. 4d). Staining pollen tubes with
DAPI showed that TUNEL-positive signal corresponds to nu-
clear DNA.

Upon self-incompatible pollination 68.5% of visual nuclei
displayed positive TUNEL signal while upon cross-
compatible pollination, this value achieved only 16.5% (Fig.
4b). Percent of nuclei exhibiting positive TUNEL signal in
relation to visual nuclei was calculated in every experiment
(10 pistils in the experiment repeated three times). These find-
ings confirm the idea that PCD is a result of S-RNAse-based
SI in petunia.

Hallmarks of PCD by DNA degradation were revealed in
pistil tissues of petunia self-incompatible line with growing in
its incompatible pollen tubes using electrophoretic analysis of
DNA degradation as analytic method of DNA fragment sep-
aration (Fig. 5a). From Fig. 5b, it can be seen that DNA deg-
radation is observed only in the styles after self-incompatible
pollination.

Thus, testing a validity of the hypothesis on participation of
PCD in the mechanism of RNAse-based SI in petunia
(P. hybrida L.) with the use of applied methods allowed us
to identify the presence of PCD markers in self-incompatible
pollen tubes. Since the positive response related to DNA deg-
radation was observed in styles of self-incompatible petunia in
8 h after self-pollination (Fig. 5), this can be considered as

Fig. 1 Aniline blue staining of
petunia pollen tubes growing
in vivo in pistil tissues. a, c Pollen
grains and pollen tubes on stigma
surface; bar = 100 μm. b, d Pollen
tubes growing in style tissues;
bar = 40 μm
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evidence for PCD hallmarks in style tissues observed during
passage SI reaction. Thus, the results here obtained lead to
statistically reliable conclusion that PCD is an important de-
terminant of RNAse-based SI mechanism in petunia.

AOA suppresses SI-induced PCD in self-incompatible
petunia pollen tubes

The data earlier obtained by us (Kovaleva and Zakharova
2003; Kovaleva et al. 2005, 2011, 2013) allowed us to con-
clude that ethylene is the factor required for pollen tube
growth and successful fertilization. Therefore, there are good
reasons to believe that this is the regulator of gametophyte–
sporophyte interaction in the course of the progamic phase of
fertilization. In turn, this proposes the presence of extremely

complex interplay of ethylene signaling pathways with those
of other phytohormones, in particular ABA, and common sig-
naling system of germinating male gametophyte. According
to our hypothesis, ethylene and/or ABA can participate in
triggering/passing PCD in self-incompatible pollen tubes in
the course of functioning of RNAse-based SI.

To test this hypothesis, emasculated flower stigmas of self-
incompatible line petunia were treated with solutions of phyto-
hormones, such as ethylene and ABA, as well as inhibitors of
their synthesis, AOA and fluridone. Pollinationwas performed in
2 and 6 h after the treatment. Time of the latter was determined
by the results of preliminary experiments in which the treatment
of petunia stigmas of self-incompatible line with ethylene
(ethrel), ABA, and inhibitors of their synthesis led to different
responses, stimulation, or inhibition of pollen tube growth

Fig. 2 Transmission electron
microphotographs of petunia style
tissues with pollen tubes growing
in them. a The cells of style tissue
before pollination. Here, it can be
seen compact cells, the cytoplasm
enriched by organelles, numerous
starch grains in chloroplasts, and
cell with large vacuole. b, d, f
Style tissue and pollen tubes cells
after self-incompatible pollina-
tion. Here, it can be seen pollen
tube inner structure destruction,
vacuole absence, turgor distur-
bance, and separation of cell
plasma membrane from the cell
wall. c, e, g The cells of style tis-
sue and pollen tubes after cross-
compatible pollination. Here,
well-developed vacuoles and oth-
er cell components are observed;
bar = 1 μm. b–e Cross sections of
the pistil. a, f, g Pistil longitudinal
sections. N nucleus, pt pollen
tube, v vacuole, ch chloroplast, s
starch grain, m mucus. The SI re-
sponse in petunia pollen tubes
causes destruction of their inner
structure
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dependently on duration of their action. Harvesting and fixation
of plant material (pollinated pistils) were performed in 24 h after
self-incompatible pollination. In these experiments, the length of
pollen tubes and impact of phytohormones and inhibitors of their
synthesis on pollen tube growth and PCD passage (by DNA
degradation intensity in styles) were determined. The results ob-
tained are represented in Table 1.

In control variants of the experiments, in 24 h, after self-
incompatible pollination, pollen tube length was 7891 ±
406 μm, i.e., only 27% of style length.

Preliminary treatment of petunia self-incompatible stigmas
with ethrel before 2 h to pollination led to the increase in

pollen tube length to 15089 ± 506 μm (57.7% of style length)
while before 6 h to pollination, this accounted only 12397 ±
391 μm (42.8% style length).

Preliminary treatment of stigmas before 2 h to pollinationwith
AOA, a known inhibitor of ACC synthesis, ethylene precursor
stimulated pollen tube growth even to greater extent; their length
achieved12168 ± 178μm(44.4%ofstyle length)whilebefore6h
to pollination, this value achieved 24609 ± 183 μm (89.3% of
style length). In the latter case, pollen tubesalmost achievedovary.

Preliminary treatment of stigmas with ABA before 2 h to
pollination inhibited pollen tube growth that was reflected in
the decrease in their length to only 5127 ± 153 μm (15.5% of

Fig. 3 Trypan blue staining (TBS) of petunia pollen tubes growing
in vivo in pistil tissues. a Papilla cells of unpollinated stigma in self-
incompatible line petunia (TBS −); bar = 100 μm; b Dead pollen tube
percentage: in 12 h after pollination. Data points are the means and their

standard errors. c Cross-compatible pollination: pollen tubes in 12 h after
pollination (TBS −); bar = 100 μm. d Self-incompatible pollination: pol-
len tubes in 12 h after pollination (TBS +); bar = 100 μm
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style length), while the same treatment before 6 h to pollina-
tion did not exert any effect on their length which was only
8221 ± 185 μm (25.4% style length).

Preliminary treatment of stigmas with fluridone, inhibitor
of ABA synthesis, before 6 h to pollination, contrary, exerted
opposite, inhibitor effect on pollen tubes growth that was
expressed in the decrease in their length to 4007 ± 129 μm
(13.9% of style length), while the same treatment before 2 h
to pollination stimulated their growth and their length
achieved 13293 ± 588 μm, i.e., 48.1% of style length.

Thus, preliminary treatment of self-incompatible line pe-
tunia stigmas before pollination with ethylene and ABA as
well as inhibitors of their synthesis impact to different

extent on incompatible line pollen tube growth, dependent-
ly on duration of this procedure. AOA, inhibitor of ethylene
synthesis, exhibited the most stimulatory effect after the
treatment before 6 h to pollination when pollen tubes al-
most achieved ovary.

DNA degradation was revealed in petunia styles after
self-incompatible pollination in the following two variants
of the experiments: in control variant, i.e., without treat-
ment, and after preliminary (before 2 and 6 h to pollination)
treatment of stigmas with ethylene (ethrel) and ABA
(Figs. 6 and 7). Although preliminary treatment of stigmas
with fluridone stimulated pollen tube growth to the middle
style length, DNA degradation in them was observed as

Fig. 4 Detection of SI-induced
nuclear DNA fragmentation in the
incompatible petunia pollen tubes
with TUNEL method on the
crushed samples stained by ani-
line blue. a The pollen tubes
stained with aniline blue and nu-
clear DNAwith DAPI (arrows). b
The percentage of TUNEL-
positive nuclei in self-
incompatible or cross-compatible
pollination. Data points are the
means and their standard errors. c
Eight hours after cross-
compatible pollination (TUNEL-
negative signal (arrows). d Eight
hours after self-incompatible pol-
lination (TUNEL-positive signal
(arrows). DAPI staining showed
that the TUNEL-positive signal
corresponds to nuclear DNA. In
every treatment, at least 200 pol-
len tubes were counted and the
experiment was repeated three
times; bar = 50 μm
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well. Almost complete absence of the degradation in styles
was observed only in the case of preliminary treatment of
stigmas with AOA, inhibitor of ACC, ethylene precursor,
before 2 and 6 h to pollination, with to the greater extent
after the pretreatment to 6 h to pollination (Figs. 6 and 8).

In summary, these findings, taken together, support a
validity of our hypothesis that ethylene and ABA partici-
pate in the role of PCD determinant in the course of

functioning the mechanism responsible for S-RNAse-
based SI in petunia. The results obtained provide evidence
that ethylene controls PCD passage at the level of DNA
degradation in self-incompatible pollen tubes in the
course of SI mechanism functioning. Thus, for the first
time, the fact of the involvement of the hormonal regula-
tion in the mechanism responsible for S-RNAse-based SI
has been established.

Fig. 5 Electrophoresis of DNA from pistils (stigma and style) of self-
incompatible line petunia in 8 h after cross-compatible and self-
incompatible pollinations. a Electrophoresis of DNA from 1, pistils after
cross-compatible pollination (− DNA degradation); 2, pistils after self-
incompatible pollination (+ DNA degradation); 3, developing petunia
anthers (positive control); 4, non-pollinated pistils of self-incompatible
line petunia (negative control);М, molecular marker 100 bp DNALadder
(Evrogen, Russia). b Electrophoresis of DNA from stigmas and styles of

self-incompatible line petunia in 8 h after cross-compatible and self-
incompatible pollinations: М, molecular marker 1 kb DNA Ladder
(Evrogen, Russia); 1, stigmas after cross-compatible pollination (−
DNA degradation); 2, styles after cross-compatible pollination (− DNA
degradation); 3, stigmas after self-incompatible pollination (− DNA deg-
radation); 4, styles after self-incompatible pollination (+ DNA
degradation)

Table 1 Effects of preliminary
(before self-pollination) treatment
of petunia self-incompatible line
stigmas with ethrel, AOA, ABA,
and fluridone on the length of
pollen tubes (PTs) and PCD

No. Variant Length of PTs in
24 h ± SE (μm)

Length of PTs, percent of
style length

PCD hallmarks
in PTs

1 Control: self-incompatible
pollination

7891 ± 405 27.0 +

2 Ethrel, 2 h before
self-pollination

15089 ± 506 57.7 +

3 Ethrel, 6 h before
self-pollination

12397 ± 391 42.8 +

4 АОА, 2 h before
self-pollination

12168 ± 178 44.4 –

5* АОА, 6 h before
self-pollination

24609 ± 183 89.3 –

6 ABA, 2 h before
self-pollination

5127 ± 194 15.5 +

7 ABA, 6 h before
self-pollination

8221 ± 185 25.4 +

8 Fluridone, 2 h before
self-pollination

13293 ± 588 48.1 +

9 Fluridone, 6 h before
self-pollination

4007 ± 129 13.9 +

− DNA degradation does not occur, + DNA degradation occurs

*Pollen tubes achieve ovary
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Discussion

PCD in the SI systems related to incompatible
pollen-pistil interactions

PCD as an active and genetically controlled form of cell death
is a fundamental cellular process occurring throughout plant
life and essential for both normal development and responses
to biotic and abiotic stresses (Rogers 2006). Although under-
standing of plant PCD regulation at the molecular level is still
unsettled problem, morphological criteria such as altered nu-
clear morphology; swelling of vacuoles, mitochondria, and
endoplasmic reticulum; protoplast shrinkage; and

cytoskeleton reorganization are often used for identification
of this process. Other non-morphological criteria used to de-
fine plant PCD type are DNA fragmentation, caspase-like ac-
tivity, and ROS and reactive nitrogen species (RNS) accumu-
lation (Wilkins et al. 2011). It is known that one of key events
of genetically determined cell death is cell nucleus degrada-
tion while internucleosome fragmentation of nuclear DNA
represents itself one of the main biochemical markers of PCD.

To date, a number of studies carried out in different plant
species exhibiting SI have shown that PCD is triggered in self-
incompatible pollen after pollen–pistil interactions. PCD hall-
marks have been found in pollination assays carried out
in vitro as well as in vivo on distantly related species, such
as poppy (P. rhoeas L.), pear (Pyrus pyrifolia L.), and olive
(Olea europaea L.) (Bosch and Franklin-Tong 2007; Serrano
et al. 2010; Wang et al. 2010).

In particular, in P. rhoeas, PCD as a mechanism to prevent
pollination and fertilization by incompatible pollen was
established by Thomas and Franklin-Tong (2004).
Subsequent studies showed various links between SI-
induced PCD and actin dynamics (Thomas et al. 2006;
Poulter et al. 2010). It was demonstrated that in order to trigger
PCD, 50% depolymerization of actin cytoskeleton is required,
and namely actin dynamics is a key connecting link to signal-
ing to initiate PCD in Papaver pollen. In particular, it was
shown that actin depolymerization/polymerization is suffi-
cient for caspase-3-like induction in the incompatible pollen.
Besides, the data indicating cytosolic and nuclear localization
of SI-activated DEVDase were obtained (Bosch and Franklin-
Tong 2007). Also, there is evidence that ROS and NOmediate
actin reorganization and PCD in SI signaling in Papaver pol-
len (Wilkins et al. 2011). With the use of whole-cell patch
clamp technique in Papaver pollen protoplasts, the nature of
the SI signaling with respect to ion channel activity in pollen
plasma membrane was investigated, and it was found that SI
stimulates S-specific activation of Ca 2+- and K+-permeable
channel conductance (Wu et al. 2011). SI-induced PCD in
poppy pollen involves the decrease in pHcyt of incompatible
pollen tube cytosol (Wilkins et al. 2015). The results of the
experiments in vivo showed that pHcyt during the first 10 min
achieved the value of 6.4 after SI induction and further
remained to be stable at the level 5.5. It was proved that cy-
tosol acidification represents itself an essential event in PCD
being necessary and sufficient for DEVDase/caspase-3-like
activity stimulation and formation of punctate actin foci.
Cyclase-associated protein and actin-depolymerizing factor
were identified here as key targets. Chai et al. (2017) showed
that MAP kinase PrMPK9-1 is a key regulator for SI in
P. rhoeas pollen and acts upstream of PCD involving actin
cytoskeleton reorganization and activation of DEVDase.

Serrano et al. (2010, 2012, 2015) established that PCD was
involved in pollen–pistil interactions in olive (O. europaea
L.). Here, this process was revealed in pistils excised from

Fig. 7 Electrophoresis of DNA isolated from stigmas and styles of self-
incompatible line petunia after preliminary treatment of them with
fluridone and ABA before self-pollination. М, molecular marker 1 kb
DNA Ladder (Evrogen, Russia); 1, stigmas (fluridone treatment before
2 h to self-pollination); 2, styles (fluridone treatment before 2 h to self-
pollination) (+ DNA degradation); 3, stigmas (fluridone treatment before
6 h to self-pollination); 4, styles (fluridone treatment before 6 h to self-
pollination) (+ DNA degradation); 5, stigmas (ABA treatment before 2 h
to self-pollination); 6, styles (ABA treatment before 2 h to self-pollination
(+ DNA degradation); 7, stigmas (ABA treatment before 6 h to self-
pollination; 8, styles (ABA treatment before 6 h to self-pollination) (+
DNA degradation)

Fig. 6 Electrophoresis of DNA isolated from stigmas and styles of self-
incompatible line petunia after preliminary treatment of them with АОА
and ethrel before self-pollination.М, molecular marker 1 kbDNALadder
(Evrogen, Russia); 1, stigmas (AOA treatment before 2 h to self-pollina-
tion); 2, styles (AOA treatment before 2 h to self-pollination) (− DNA
degradation); 3, stigmas (AOA treatment before 6 h to self-pollination); 4,
styles (АОА treatment before 6 h to self-pollination) (− DNA degrada-
tion); 5, stigmas (ethrel treatment before 2 h to self-pollination); 6, styles
(ethrel treatment before 2 h to self-pollination) (+ DNA degradation); 7,
stigmas (ethrel treatment before 6 h to self-pollination); 8, styles (ethrel
treatment before 6 h to self-pollination) (+DNA degradation)
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freely pollinated flowers at different stages before and during
the progamic phase of fertilization using different cytochem-
ical techniques of PCD detection including trypan blue stain-
ing, TUNEL assay, DNA degradation analysis, and detection
of caspase-3-like activity. Although the molecular SI mecha-
nism and SI determinants have not been identified in olive,
authors detected RNAse activity in pollinated pistils and
in vitro germinated pollen and came to conclusion that
RNAses may be involved in pollen rejection in olive. PCD
hallmarks were revealed in papillar cells and self-
incompatible pollen tubes. The results obtained showed that
ROS and NO are key components in pollen–stigma interac-
tions leading to PCD in papillar cells and self-incompatible
pollen.

A long-standing research of author team (Hiratsuka et al.
2001; Liu et al. 2007) conducted on in vitro system represent-
ed by the pear (P. pyrifolia L., family Rosaceae) showed that
pistil RNAse participates in self pollen tube growth arrest.
Authors identified S-RNAse from pear style that inhibits self
pollen germination and pollen tube growth (Hiratsuka et al.
2001). The results here obtained allowed to conclude that in
P. pyrifolia L.,S-RNAse-type is responsible for SI mechanism
(Wang et al. 2009, 2010; 2011). Further studies provided ev-
idence for PCD hallmarks in SI response of P. pyrifolia L.
including the depolymerization of actin cytoskeleton (Liu
et al. 2007), functional changes of mitochondria, and nuclear
DNA degradation in self-incompatible pollen tubes (Wang
et al. 2009). The data here obtained were considered as pre-
liminary results, indicating that PCD may occur in pear SI.
The nuclear DNA of incompatible pollen tube was found to be
degraded under the action of SI mechanism in vitro or in vivo
(Wang et al. 2009, 2010). This implies that this degradation is
really a reason rather than a result of pollen tube growth arrest.

By authors’ opinion (Wang et al. 2010), RNA degradation
may represent itself only the beginning of the SI response
but not its end. Although Wang and Zhang (2011) obtained
some preliminary evidence in favor of PCD including mito-
chondrial membrane potential collapse, cytochrome c release
from mitochondria into the cytosol, mitochondrial cristae
reduction, and nuclear DNA degradation, these findings by
their opinion are still not a good reason for passage of the
given process in the course of SI in P. pyrifolia L. Recently,
Qu et al. (2017) showed that phospholipase C (PLC-IP3) is
involved in SI response in Pyrus species and self-S-RNAse
inhibits Ca2+-permeable channel activity at pollen tube apices
and selectively decreases PLC activity at P. pyrifolia L. pollen
tubes PM.

Alterations in the integrity of F-actin cytoskeleton capable
of trigging PCD have been described in self-incompatible pol-
len in Nicotiana alata L. (Roldan et al. 2012). These results
indicate that during the SI response, disruption of the F-actin
cytoskeleton precedes vacuolar membrane breakdown.

Investigations performed in the present work and directed
to any particularities of self-incompatible petunia pollen grain
germination and pollen tube growth showed that PCD is an
essential factor of S-RNAse-based SI in Petunia hybrida L.
Complex methods used by us allowed to detect PCD markers
at several levels. Morphology pattern of apoptosis includes
cell volume lowering and cytoplasm membrane wrinkling.
All these phenomena as well as protoplast contracting and
absence of organelles were observed in the incompatible pol-
len tubes (Fig. 2). Disturbances of their cytoplasm membrane
are detected by trypan blue staining (Fig. 3). To identify hall-
marks of PCD, two correspondingmethods were used, such as
TUNEL method and DNA electrophoresis. The fact of the
presence of PCD hallmarks in incompatible pollen tubes was

Fig. 8 DNA fragmentation in
self-incompatible line petunia
pollen tubes after preliminary
treatment of stigmas with AOA
and ethylene
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established by positive TUNEL test exhibited by their nuclei
(Fig. 4). Staining pollen tubes with DAPI showed that
TUNEL-positive signal corresponds to nuclear DNA.
Hallmarks of PCD byDNA degradation were revealed in style
tissues during incompatible pollen tube growth in them by
using electrophoretic analysis of DNA separation (Fig. 5).
These results correlate with the data that S-RNAse, pistil SI
determinant in P. pyrifolia L., participates in rejecting own
pollen triggering DNA degradation in self-incompatible pol-
len tubes (Wang et al. 2010). Since the positive response re-
lated to DNA degradation was observed in styles of self-
incompatible petunia in 8 h after self-pollination (Fig. 5), it
can be concluded that PCD revealed in style tissues occur
really due to SI reaction passage. The above findings allow
us to conclude that PCD is the important determinant of
RNAse-based mechanism SI in P. hybrida L. In perspective,
it needs to study biochemical aspects of the given process, in
particular to identify the enzymes behaving as apoptosis
markers associated with the caspase-like activity. At the given
step, it cannot be to even suggest to what type of PCD S-
RNAse-based SI may be belonged but taking into account
the cytological data, it can be believed that most probably
we deal here with vacuolar type of PCD. The complex mech-
anisms of S-RNAse-based SI-induced PCD must be to be
intensively studied in the future at biochemical, molecular,
and genome levels.

Ethylene and ABA in the regulation of pollen–pistil interac-
tions in petunia A gaseous plant hormone ethylene is in-
volved in diverse physiological processes throughout the plant
life cycle from seed germination to senescence. Ethylene sig-
naling is a part of complex network in plant cross-talk with
internal and external cues.

Ethylene plays a key role in plant development, growth,
and senescence triggering network of signaling pathways
through cross-talk with other phytohormones (Iqbal et al.
2017). It promotes or inhibits growth and senescence process-
es depending on its concentration, timing of application, and
plant species.

It was established that ethylene participate in the mech-
anism of perforation formation in the lace plant Aponogeton
madagascariensis (Mirb.) H. Bruggen, which occurs
through developmentally regulated PCD (Rantong et al.
2015). Since transcript levels of ethylene receptors
AmERS1a and AmERS1c declined during senescence re-
lated to PCD, authors suggested that during leaf senes-
cence, cell fate is determined by a combination of ethylene
and their receptor levels. Two of the best known examples
of PCD passage are xylogenesis (Bollhoner et al. 2012) and
format ion of aerenchima in semiaquat ic species
(Mühlenbock et al. 2007). It is shown that active phase of
xylogenesis and airenchima formation are regulated by
ethylene.

Ethylene and other phytohormones may converge on the
induction of ethylene-responsive genes in flowers. Thus, Liu
et al. (2011) found that in petunia petals, expression of some
members of the ERF gene family, the largest transcription
factor gene family in plants, was affected by ABA in a gene-
specific manner, thereby indicating cross-talk between ethyl-
ene and other phytohormones in petal senescence.

It was shown that transcription factors are involved in sig-
naling pathways during plant responses under abiotic and bi-
otic stresses (Müller and Munné-Bosch 2015). Intensive stud-
ies allowed the authors to conclude that ERFs are a key reg-
ulatory system in hormonal and stress signaling (Müller and
Munné-Bosch 2015). Cao et al. (2018) investigated a role of
ERF8 (a member of the APETALA2/ETHYLENE RESPONSE
FACTOR (AP2/ERF)) superfamily and led to the conclusion
that it has dual functions in ABA signaling and bacterial im-
munity, with overexpression of the ERF8 resulted in PCD.

The purpose of the present study was to explore the role of
phytohormones, ethylene and ABA, in the regulation of
P. hybrida L. male gametophyte growth including the mecha-
nism of S-RNA-based SI whose functioning leads to inhibition
of self-incompatible pollen tube growth in style tissues. The fol-
lowing facts earlier established by us served as a stimulus for
conducting these studies. First of all, we took into account that in
many plants, pollination is known to initiate cascade of the events
involving induction of ethylene formation capable of coordinat-
ing further flower development (O’Neill et al. 1993). The results
of investigations performed on petunia provided evidence that
ethylene production and its evolution by pistil tissues is a factor
required for pollen tube growth and successful fertilization
(Singh et al. 1992; Holden et al. 2007; Kovaleva and
Zakharova 2003; Kovaleva et al. 2005, 2011, 2013). The growth
of self (incompatible) pollen tubes in vivo in pistils after self-
incompatible pollination was accompanied by higher level of
ethylene as compared to that in the case of non-self pollen tube
growth after cross-compatible pollination which is characterized
by higher ACC content as well (Kovaleva et al. 2011). The data
obtained during study of ethylene role in the processes of germi-
nation, development, and growth of petunia male gametophyte,
taken together, allowed us to suggest that this phytohormone is a
regulator of gametophyte-sporophyte interactions in the
progamic phase of fertilization.

ABA is known to be also involved in the control of senes-
cence and, much like to ethylene, behaves as a positive regu-
lator of the senescence process (Iqbal et al. 2017). As follows
from our results (Kovaleva et al. 2011, 2013), petunia male
gametophyte germination and growth after their self-
compatible pollination were accompanied by high ethylene
and ABA production in the pollen–pistil system. However,
even greater levels of these hormones, 2–2.5 times exceeding
their levels after cross-compatible pollination, were observed
by us in the case of male gametophyte growth inhibition after
self-incompatible pollination.
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In addition to the above results, the findings of the present
work allow us to conclude that the main, if not key, target of
exogenous plant hormones is represented by pollen PM H+-
ATPase playing a crucial role in hormone-induced pollen tube
germination and growth as well as the related processes based
on the activation of ion and water transport across the PM
(Kovaleva et al. 2016).

Recently, we have obtained the results demonstrating the in-
volvement of ABA and ethylene in germination and growth of
petunia male gametophyte in vitro (Kovaleva et al. 2017). Two
potential targets of ABA action in a pollen tube were identified.
These are represented by (1) plasma membrane (PM) H+-
ATPase, electrogenic proton pump participating in PM polariza-
tion, and (2) Ca2+-dependent K+-channels localized in the same
membrane. It was established that a stimulatory effect of ABAon
electrogenic activity of H+-ATPase is mediated by the increase in
free Ca2+ level in pollen tube cytosol and ROS generation. Based
on the results obtained concerning the role of K+ ions in the
hormonal control of water transport-driving forces in a pollen
tube, the hypothesis suggesting stimulation of pollen grain ger-
mination and pollen tube growth by ABA via activation of K+-
channels in their PM was put forward.

Besides, we have found that disturbance in ethylene and
ABA functioning with the use of inhibitors of their action (1-
MCP) or synthesis (AOA and fluridone, respectively) leads to
complete or partial suppression of pollen tube germination
and growth. Exogenous ABA abolished an inhibitor effect
on petunia pollen tube growth in vitro like fluridone (inhibitor
of ABA synthesis), 1-МСР (ethylene reception blocker), and
АОA (aminooxyacetic acid, inhibitor of ACC synthesis). In
the pollen–pistil system in vivo (with stigmas pretreatment
with ABA and AOA before pollination), ABA suppresses
inhibitory effect of AOA (Kovaleva et al. 2017).

In addition to the above data, evidence allowing us to con-
sider ABA as a potential signal to male sterility in petunia and
a possible determinant of PCD in tapetum (Kovaleva et al.
2018) was obtained.

In particular, it was found that preliminary treatment of
petunia self-incompatible line stigmas before pollination with
ethylene and ABA as well as inhibitors of their synthesis im-
pact to a different extent on incompatible pollen tube growth
dependently of the treatment duration used (Table 1; Figs. 6, 7,
and 8). AOA, inhibitor of the synthesis of ACC, ethylene
precursor, exhibited the most stimulatory effect in this system
after the treatment of stigmas before 6 h to pollination when
pollen tubes almost achieved ovary (Table 1). Almost com-
plete absence of DNA degradation and fragmentation in styles
we observed only in the case of preliminary treatment of stig-
mas with AOA before 2 and 6 h to pollination, with to the
greater extent after the pretreatment before 6 h to pollination
(Table 1; Figs. 7 and 8).

To date, enough data allowing to say that ethylene is one of
the positive regulators of PCD during development under

normal (Mühlenbock et al. 2007; Bollhoner et al. 2012;
Rantong et al. 2015) and stress (Müller and Munné-Bosch
2015) conditions has been received. In ethylene-dependent
petal senescence in Japanese morning glory, transcription fac-
tor genes have revealed the involvement of two proteins in the
transcriptional regulation of the ethylene biosynthesis path-
way (Shibuya et al. 2016). In particular, recently, it has been
shown that ethylene and salinity antagonistically modulate the
salt-induced PCD via controlling the transcripts of BAG fam-
ily genes which can play a key role by inhibiting the salt-
induced PCD as well as expression of ethylene- and
senescence-related genes in Arabidopsis (Pan et al. 2016).
Here, authors have provided evidence that exogenous АСС
in the saline solution could reactivate expression of Bag6 and
BAG7 able to play a key role in inhibiting the salt-induced
PCD.

All the above findings suggest the existence of extremely
complex interactions of ethylene and ABA signaling path-
ways with common signaling system operating during male
gametophyte germination. According to our hypothesis, bal-
ance of phytohormones and/or their interactions can modulate
time of triggering PCD passage in the pollen–pistil system. In
other words, ethylene and ABA exerting antagonistic/
synergetic effects possibly control PCD passage at the level
of DNA degradation in self-incompatible pollen tubes in the
course of SI mechanism functioning. Thus, the data of the
present work argue in favor of our ideas that ACC may be
one of signaling molecules during RNAse-based SI mecha-
nism functioning in the progamic phase of fertilization in
petunia.
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