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Abstract

Abscission is a natural process that occurs to facilitate shedding of no longer needed organs, but on the other hand, can be
triggered by certain environmental conditions, e.g. biotic or abiotic stresses. Regardless of the stimuli, organ shedding takes
place specifically at the abscission zone (AZ). A signaling pathway that controls this process in Arabidopsis thaliana from
ligand to receptors has been proposed. However, knowledge concerning the influence of plant hormones on these molecular
elements still remains enigmatic. Excessive and premature flower abscission in the crop species Lupinus luteus L. is a process
of substantial interest to the agricultural industry, as it can affect yield. Our strategy combined molecular studies, compre-
hensive ultrastructural and histological analysis, as well as exogenous hormone treatment to describe the contribution of the
Lupinus IDA-like gene in flower abscission. In the AZ of the naturally abscised flowers, the differentiation of morphologi-
cally distinct cells characterized by progressive degradation processes was accompanied by LI/DL mRNA accumulation.
A similar effect was observed following early steps of AZ activation and after abscisic acid or ethylene treatments. These
phytohormones, previously pointed out as key stimulators of flower separation, altered the temporal expression pattern of
LIIDL. Exogenous EPIP peptide synthesized on the basis of LIIDL sequence, significantly increased flower abortion rate,
which indicates that this motif governs protein activity. In conclusion, our data provide new evidence for LIIDA involve-
ment in both the early and late events of flower abscission supported by detailed spatiotemporal characterization of AZ cell
structure and ultrastructure.

Keywords Abscisic acid - Abscission zone - Ethylene - INFLORESCENCE DEFICIENT IN ABSCISSION-like - Lupinus
luteus - Cell ultrastructure

Abbreviations LIIDL INFLORESCENCE DEFICIENT IN
ABA Abscisic acid ABSCISSION-like
AZ Abscission zone RT-gPCR Reverse transcription-quantitative polymerase
ET Ethylene chain reaction
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established that flowers and fruits abscission occurs after
activation of a functionally specialized group of cells called
abscission zone (AZ). This zone is located usually at their
bases (Estornell et al. 2013). Investigations of endogenous
factors implicated in organ separation are likely to provide
basic information on functional significance of such bio-
molecules. The signals thought to govern abscission are
hormonal in nature. Among them, ethylene (ET), abscisic
acid (ABA) and jasmonates are significant abscission accel-
erators, whereas auxins, gibberellins and brassinosteroids
prevent that process (Estornell et al. 2013; Wilmowicz et al.
2016). ET is considered as an effector of changes leading to
organ separation. The action of ET includes stimulation of
enzymes involved in cell wall remodeling and middle lamel-
lae dissolution, such as peroxidases, polygalacturonases,
expansins, as well as esterases (Meir et al. 2010).

During the last decade, proteins critical for organ abscis-
sion, e.g. INFLORESCENCE DEFICIENT IN ABSCIS-
SION (IDA)—Iligand for leucine-rich repeat receptor-like
kinases HAESA/HAESA-LIKE2 (HAE/HSL2), as well as
other regulatory components, like EVERSHED, NEVER-
SHED and CAST AWAY, have been identified in Arabidop-
sis thaliana (Burr et al. 2011; Butenko et al. 2003; Cho et al.
2008; Liu et al. 2013). IDA and IDA-like (IDL) genes, encod-
ing small secreted proteins, determine organ shedding e.g.
in Arabidopsis thaliana, Litchi chinensis, as well as citrus
(Estornell et al. 2015; Stenvik et al. 2008; Ying et al. 2016).
These proteins contain an a conserved EPIP motifs (Stenvik
et al. 2008). The ida mutant fails to undergo floral organ
separation, whereas overexpression of /DA leads to prema-
ture abscission (Butenko et al. 2003; Stenvik et al. 2006).
It was experimentally established that IDA-HAE/HSL2
complex induces a MITOGEN-ACTIVATED PROTEIN
KINASE (MAP) cascade within the cytoplasm of AZ cells.
This pathway suppresses KNOTTED-LIKE HOMEOBOX-
like (KNOX-like) transcription factor—KNAT1, which in
turn allows KNAT?2 and KNAT6 to induce organ abscission
(Cho et al. 2008; Shi et al. 2011).

Yellow lupine (Lupinus luteus L.) has a number of eco-
nomic, pro-ecological and agronomical advantages. How-
ever, unexpected and premature abscission of lupine flowers
is a major limiting factor for productivity. This process con-
cerns 40-90% flowers per plant, which consequently leads to
yield decrease (Prusinski and Borowska 2001). On the other
hand, it makes an excellent model to study separation phe-
nomenon. Our previous histological analysis showed that the
flower AZ is located at the base of this organ (Frankowski
et al. 2015a). Formation, as well as early steps of AZ acti-
vation, were correlated with changes in the mRNA level of
BLADE-ON-PETIOLE gene (LIBOP). The LIBOP is addi-
tionally upregulated by phytohormonal stimulators of flower
abscission, e.g. ABA and ET (Frankowski et al. 2015a). We
revealed also, that the artificial activation of AZ by flower
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removal caused accumulation of ABA in AZ cells. However,
the effect of ABA on flower abortion resulted from ABA’s
stimulatory role in the ET biosynthesis pathway (Wilmowicz
et al. 2016).

It was proposed that IDA functions in ET-response path-
way in L. chinensis, Populus and palm oil (Ying et al. 2016).
Conversely, IDA from A. thaliana has been postulated to
be regulated in an ET-independent manner (Butenko et al.
2003). It seems that the elements of the genetic pathway
that leads to organ separation are similar. Nevertheless, their
activity is controlled in particular plant species by various
plant hormones and other factors. This phenomenon can be
a result of evolutionary adaptation to different lifestyles and
environments. Therefore, understanding the molecular regu-
lation of abscission, especially in crop species, is extremely
relevant for production control. All results are of paramount
importance not only for researchers but especially for breed-
ers working in this field. The knowledge helps to elucidate
abscission and allows characterization and selection of new
cultivars/species with an improved characteristic.

Here, we performed histological and ultrastructural analy-
ses of flower AZ in order to select proper tissue fragments
for analyses. We also determined the cytological and mor-
phological characteristics associated with abscission pro-
cess. Furthermore, we present a report of identified LI/IDL
gene in L. luteus. This gene’s transcriptional activity dur-
ing early and late stages of separation events, as well as
after treatments with phytohormonal modulators of abscis-
sion was investigated. On the basis of physiological studies,
the functional contribution of EPIP motif from LIIDA was
tested. Our paper is a new evidence on the phytohormone-
dependent regulation of LIIDL gene during flower separation
processes in yellow lupine at the level of AZ cells.

Materials and methods
Plant material

The L. luteus L. epigonal cv. Taper was used in the study.
The plants were cultivated under the conditions described
by Frankowski et al. (2015b). AZs were collected from the
pedicels fragments of fully opened non-abscised (Inactive
AZ, Supplementary Fig. 1a) and naturally abscised (Natu-
ral Active AZ, Supplementary Fig. 1b) flowers. We excised
section 1 mm above and 1 mm below flower bases. In order
to artificially activate AZ, individual flowers were removed
from plants by sharp razor blade above the AZ (Artificially
Activated AZ, Supplementary Fig. 1c, d) and the tissue frag-
ments containing AZs were collected after 2, 4, 6, 8, 16 and
24 h. In parallel, AZs from non-abscised flowers (Supple-
mentary Fig. 1a) were harvested at the same time variants
(Control AZ).
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We also examined the influence of plant hormones on
LIIDL transcriptional activity. Inactive AZs were treated
with solutions of 0.1 mM abscisic acid (+ ABA) or 0.01 mM
nordihydroguaiaretic acid (NDGA—an inhibitor of ABA
biosynthesis) prepared in 0.05% Tween 20. Ethylene
(100 pL/L) or inhibitor of its action (NBD—2,5-norborna-
diene, 1 uL/L), were put via a syringe with septum into the
glass containers with enclosed plants. At least 15 plants were
used in each treatment and all experiments were replicated
three times (3 pots X 5 plants X 3 independent repeats =45
plants). AZs sections for expression analyses were immedi-
ately frozen in liquid nitrogen and stored at — 80 °C.

Amplification and cloning of LIIDL cDNA

Total RNA for identification of LIIDL was isolated from
tissue fragments containing AZ dissected from naturally
abscised flowers (Natural Active AZ, Supplementary
Fig. 1b). We used the NucleoSpin RNA Plant kit, MACH-
EREY-NAGEL GmbH & Co. KG (Diiren, Germany) accord-
ing to the manufacturer’s recommendations. One pg of total
RNA primed with anchored oligo (dT),g; was used for first
strand synthesis with Transcriptor First Strand cDNA Syn-
thesis Kit (ROCHE Diagnostics GmbH, Germany). PCR
reactions with degenerated primers (Supplementary Table 1)
were performed in the T3 Thermocycler (Biometra, Got-
tingen, Germany). Reaction’s condition described previ-
ously by Frankowski et al. (2015b) were applied. Amplified
cDNA fragments were isolated from an agarose gel with the
GeneMATRIX Agarose Out DNA Purification Kit (EurX,
Gdarisk, Poland) and cloned using the Strata Clone PCR
Cloning Kit (Agilent Technologies, Santa Clara, USA)
according to manufacturer’s recommendations. Plasmid
DNA was purified with the GeneMATRIX PLASMID
MINIPREP DNA Purification Kit (EurX, Gdansk, Poland)
and sequenced by “Genomed S.A.” (Warsaw, Poland). A
full-length cDNA for LIIDL was obtained using the BD
SMART RACE cDNA Amplification Kit (Clontech-Takara
Bio Europe, Saint-Germain-en-Laye, France) and 5-RACE
and 3’-RACE primers (Supplementary Table 1). The RACE-
PCR reactions were performed using the Advantage 2 PCR
Enzyme System (Clontech-Takara Bio Europe, Saint-Ger-
main-en-Laye, France). The obtained products were purified
from agarose gel and cloned using the Strata Clone PCR
Cloning Kit. Sequence data have been deposited at the Gen-
Bank database.

Bioinformatic analysis

The FastPCR v. 6.5.99 (http://primerdigital.com/fastp
cr.html) and Universal ProbeLibrary Assay Design Center
(http://www.roche-applied-science.com/sis/rtpcr/upl)
were used for degenerated and qPCR primers designing,

respectively. The identified sequence was analyzed using
BLAST 2.2.25 (http://blast.ncbi.nlm.nih.gov/Blast.cgi),
ExPASY (http://www.expasy.org/) and PRALINE (http://
www.ibi.vu.nl/programs/praline/). The ProtComp software
was used to predict localization of the LIIDL protein with
LocDB and PotLocDB databases (ProtComp v 8.0, http://
www.softberry.com). The dendrogram was constructed
using the Phylogeny.fr (http://www.phylogeny.fr/simple_
phylogeny.cgii).

Gene expression analyses

The LIIDL expression was analyzed in different AZ vari-
ants: inactive AZ (Supplementary Fig. 1a), natural active
AZ (Supplementary Fig. 1b), artificially activated AZ (Sup-
plementary Fig. 1c, d) at 2, 4, 6, 8, 16 and 24 h time points
of activation, as well as ABA, NDGA, ET or NBD treat-
ments. We performed a Real-Time PCR (RT-qPCR) assay
with a LightCycler 2.0 Carousel-Based System (ROCHE
Diagnostics GmbH, Germany) and the LightCycler TagMan
Master Kit (ROCHE Diagnostics GmbH, Germany). The
cDNA templates for RT-qPCR were prepared the same way
as for the gene molecular cloning. The qPCR reactions were
performed for the LIIDL (GenBank acc. no. KT716180), as
well as for LIACT (GenBank acc. no. KP257588), which
was used as a reference endogenous control for normaliza-
tion purposes. The qPCR reactions with using gene-specific
primers and UPL probes (Supplementary Table 1) were per-
formed under the same conditions as described Frankowski
et al. (2015b). Relative quantification was calculated using
standard curves from serial dilutions of cDNA. The effi-
ciency tested was >99%. Calculations and charts were pre-
pared using LightCycler Real-Time PCR Systems (ROCHE
Diagnostics GmbH, Germany) and SigmaPlot 2001 v.7.0.
All data are the results of three separate samples with
three replications of each cDNA and were presented as a
mean =+ standard error (SE). Student’s ¢ test was used to cal-
culate the significant differences compared with the control.

EPIP treatments

In silico analysis of predicted LIIDL protein sequence
revealed the presence of EPIP motif (HFSGFLPKRTHMPY-
STPSRKHN) which was further synthesized by Novazym
POLSKA s.c. (Certificate no. 170302-P013322, Supplemen-
tary Fig. 2). Synthetic EPIP solutions (1, 10 or 100 uM)
prepared in 0.05% (v/v) Tween 20 were applied by small
brushes directly onto inactive flower AZs. Control AZs
were treated with 0.05% Tween 20 solution only. The num-
ber of flowers per plant was calculated 4 days after each
application.
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Microscopy analysis

Fresh fragments of inactive, active and activated AZs were
fixed in mixture 4% paraformaldehyde (w/v, Fluka) and
0.2% (w/v) glutaraldehyde (Sigma-Aldrich) in phosphate-
buffered saline (PBS), pH 7.2 overnight at 4 °C. Next mate-
rial was dehydrated in increasing ethanol concentrations,
supersaturated and then embedded in BMM or Unicryl resin
(BBInternational, UK) at —20 °C under UV light for polym-
erization. Semithin sections (1 um) were cut on an Ultracut
microtome (Reichert-Jung, Germany) and were transferred
on glass slides covered with Biobond (BBInternational, UK).
Ultrathin sections (70 nm thick) were cut using the same
type of microtome. For histological analyses, longitudinal
sections were stained with 0.05% (w/v) toluidine blue. The
samples were observed in the LM Zeiss Axioplan micro-
scope (Carl Zeiss, Germany). All images were obtained with
a ProGres C3 digital camera using the ProGres CapturePro
2.6 software (Jenoptik AG, Germany).

For transmission electron microscopy ultrathin sections
were mounted on formvar-coated nickel grids and stained for

Fig. 1 The structure of naturally
active flower abscission zone
(AZ) in yellow lupine. AZs
were collected from the pedicels
fragments (1 mm above and

1 mm below flower bases) of
fully opened naturally abscised
flowers (Supplementary

Fig. 1b). For general observa-
tions, sections were stained
with toluidine blue (a—d). The
images of transmission electron
microscopy (e-k) show magni-
fications of active AZ in differ-
ent regions. Arrows denote cell
plate forming between daughter
cells (¢, d, g) and aggregation
of nuclei (h). Cell organelle
labeling: ¢ cytoplasm, ch chlo-
roplast, cw cell wall, n nuclei,

nu nucleolus, p plasmodes-
mata, s starch grain, v vacuole.
Bars=100 uM (a), 40 uM (b—-d)
and 10 pM (e—k)

@ Springer

general contrast with 2% uranyl acetate followed by lead cit-
rate. Observations were carried out using a Jeol TEM-1011
transmission electron microscope (JEOL, Japan).

Results

Specific changes of AZ cells accompanying AZ
activation

Following abscission, AZ cells become easy to distinguish
and were characterized by intensive divisions (Fig. l1a—d).
The newly synthesized cell walls were formatted, as a con-
sequence of anticlinal cell divisions approximately within
4-5 cell layers (Fig. 1c). Around vascular bundles, in the
central area of flower pedicel, cells were totally different to
the neighboring ones and were forming a strongly stained
stripe indicating middle lamella dissolution and cell wall
rupture (Fig. 1a, b). We observed big nuclei and heterogene-
ous cytoplasm enriched by many organelles and small vesi-
cles (Fig. le). Figure 1f illustrates the occurrence of different
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kinds of membrane vesicles associated with chloroplasts.
The cell plate which was initially formed develops between
the displaced daughter cells and a new cell wall creation was
visible (Fig. 1g). The subsequent, mostly distinguishable,
symptoms were characteristics branched plasmodesmata that
interconnected adjacent cells (Fig. 11, j). Typical active AZ
cells had elongated-shaped chloroplasts, sometimes contain-
ing lipid—protein plastoglobuli and starch grains (Fig. 1f, i).
Some of the nuclei were electron dense and condensed, with
visible aggregates (Fig. 1h). Additionally, many of them
became ameboid-shaped (Fig. 1k).

Cells of inactive AZ (Fig. 2) were totally distinct com-
pared to naturally active AZ (Fig. 1) and were character-
ized by thick cell walls and almost homogenous cytoplasm
(Fig. 2c, d). Small organelles in the peripheral regions of the
cells were visible (Fig. 2c, e).

An artificial activation leads to changes at the cellular
level (Fig. 3) similar to those presented in naturally active
AZ cells (Fig. 1). After 2 h newly cell walls were formed
between cells near the center of a vascular bundle (Fig. 3a).
Subsequently, cytoplasm became more heterogeneous (4 h)
(Fig. 3b). Other symptoms were enlargement of nuclei and
presence of many plasmodesmata (6 h) (Fig. 3¢). Following

Fig.2 Microscopy analysis of
inactive flower abscission zone
(AZ) (a—e) from yellow lupine.
AZs were collected from the
pedicels fragments (1 mm above
and 1 mm below flower bases)
of fully opened non-abscised
flowers (Supplementary

Fig. 1a). Enlarged region of AZ
stained with toluidine blue is
presented in (b). Transmission
electron micrographs of inac-
tive AZ (c—e). Cell organelle

activation round compartments in the vascular cells area
(8 h) were detected (Fig. 3d). In the 16 h after flower
removal, many small aggregates were diffused in the cyto-
plasm of the AZ cells (Fig. 3e). Changes visualized 24 h
after abscission activation (Fig. 3f), were similar to those
presented in naturally active AZ cells (Fig. 1).

Isolation of LIIDL cDNA

The LIIDL was obtained in RCR reactions with degener-
ated primers (Supplementary Fig. 3a) and 5'-,3'-RACE-
PCR (Supplementary Fig. 3b, c). The sequence of LIIDL
cDNA (GenBank acc. no. KT716180) had a total length of
307 bp (Supplementary Fig. 4a). In silico analysis shown
that the open reading frame of LIIDL cDNA encoded a
76 aa protein sequence (GenBank acc. no. AMH85930)
with the predicted molecular mass of 8.91 kDa and the
isoelectric point of 11.64. The 22-amino acid EPIP domain
occurs in LIIDL predicted protein sequence (Supplemen-
tary Fig. 4b). The EPIP composed of a variable region
and a PIP motif containing conserved Pro residue (Sup-
plementary Fig. 4a). What is more, LIIDL includes highly
conserved KHN motif and secretory signal peptide at the

labeling: ¢ cytoplasm, ch chlo-
roplast, cw cell wall, v vacuole.
Bars=100 uM (a), 40 uM (b)
and 10 uM (c—e)
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Fig.3 Assessing the structural
changes following artificial acti-
vation of flower abscission zone
(AZ) in L. luteus L. Toluidine
blue staining of AZ sections
(excised 1 mm above and 1 mm
below flower bases) collected
2,4,6,8, 16 and 24 h after
flower removal (Supplementary
Fig. 1c, d). Bars=40 uyM

N-terminus of protein (Supplementary Fig. 4a). A screen
used ProtComp software revealed that predicted LIIDA
is located in the extracellular space. In turn, the phyloge-
netic alignment between LIIDL amino acid sequence with
other IDL members from different species shown that the
predicted protein is closely related to IDA-like2 and IDA-
like4 from G. max (Supplementary Fig. 5).

EPIP peptide efficiently induces flower abscission

We showed that exogenous synthetic EPIP peptide applied
on flower AZs increased the number of abscised flowers as
compared to control plants treated with 0.05% Tween 20
(Fig. 4). The observed effect was the strongest after appli-
cation of 100 uM solution (~ 87%). The 10 uM EPIP pep-
tide affected flower abortion less effectively, the noticed
value was almost 10% lower than in control. EPIP peptide
in 1 pM solution did not affect flower abscission (Fig. 4).

LIIDL transcriptional activity is induced
following naturally and artificially stimulated flower
abscission

We observed that expression of LIIDL was 70-fold higher
in in AZ cells prior to flower separation compared to con-
trol AZ (Fig. 5a). Interestingly, the LIIDL mRNA level
gradually increased in flower AZ following its artificial
activation by organ removal. A significant accumulation
LIIDL transcript was observed starting from 6 to 24 h
(Fig. 5b). It was above 40% higher when compared to
inactive AZ. The maximum value was noticed in the last
examined time variant (24 h).
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Fig.4 The effect of EPIP synthetic peptide on flower abscission
in yellow lupine. The 1, 10 or 100 pM solutions were applied on
inactive flower abscission zones (AZs). Significant differences to
plants treated with EPIP in comparison to control are indicated as
*#P <0.01 and *P <0.05

ABA and ET are modulators of LIIDA expression
in flower AZ

The modifications of AZ cell structure 24 h after ABA or
ET application (Fig. 6¢, ) were similar to those, observed
after its artificial activation (Fig. 3). Exogenous hor-
mones caused an appearance of small organelles and vis-
ible granules (Fig. 6¢, e). It should be pointed out that the
effect of ET was stronger because stimulated also cellu-
lar divisions. The cellular structure after treatments with
an inhibitor of ABA biosynthesis (NDGA) or ET action
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Fig.5 Transcriptional activity of LIIDL (related to LIACT) in natural
active (a) and artificially activated (b) abscission zone (AZ) from L.
luteus L. In parallel inactive AZs (control) were harvested. Significant
differences to the natural active AZ in comparison to non-activated
AZ are indicated as **P<0.01. Significant differences to artificially
activated AZ in comparison to inactive AZ are indicated as **P < 0.01

(NBD) is the confirmation of both hormone’s action in
AZ (Fig. 6d, f). In these cases, the cells were similar to
those observed in inactive AZ (Fig. 2).

Exogenous ABA or ET triggered distinct changes in the
LIIDL transcriptional activity (Fig. 6). Elevated expres-
sion occurred in 4 and 6 h after ABA treatment (Fig. 6a),
whereas ET increased LIIDL expression after 8, 16 and
24 h (Fig. 6b). The positive effect of both hormones was
reversed by NDGA or NBD (Fig. 6a, b). The inhibitor of
ABA biosynthesis or ET action decreased mRNA content
of the examined gene in 2 and 4 h after application. How-
ever, NDGA enhanced LIIDL expression in the last time
variant (24 h) (Fig. 6a).

Discussion

In the study of flower abscission, the model that has
mainly been used is A. thaliana. The signaling pathway
that controls abscission from ligand (IDA) to receptors
(HSL2/HAE) has been proposed in this species (Butenko
and Aalen 2012; Meng et al. 2016). However, little is still
known about the coordination of this process in the sig-
nificant economic crop, such as Lupinus luteus L., char-
acterized by high seed protein content and the ability to
nitrogen fixation. Insufficient yielding limited by excessive
flower abscission is a major barrier to the expansion of
lupine cultivation in Europe. Therefore, understanding of
this process would help to regulate seed production. The
place of flower detachment is an AZ, which is extremely
sensitive to plant hormones. Nevertheless, the aspect of
growth regulators in separation processes is not often
examined, especially at the molecular level (Wilmowicz
et al. 2016).

Changes occurred in natural active AZ, e.g. intensive
divisions and newly synthesized cell wall (Fig. 1) may sug-
gest a considerable activity of cells, but on the other hand,
formed cells could initiate the processes of protective scar
formation. This is in accordance with the reported cell
proliferation in flower AZ of Euphorbia pulcherrima and
Castanea fruit, however, it is not required for flower sepa-
ration in Arabidopsis, tobacco, tomato, as well as Begonia
(Lee et al. 2008; van Doorn and Stead 1997). Studies con-
ducted on tissue and cell cultures indicate that divisions
are part of the differentiation process that preceded the
formation of new, functionally specialized certain types
of cells (Schiavone and Racusen 1990). An occurrence of
dense and heterogeneous cytoplasm and different kinds
of membrane vesicles (Fig. 1e—g) may indicate vesicular
trafficking, as well as induction and transport of crucial
molecules involved in separation processes, such as cell-
wall hydrolyzing enzymes. For instance accumulation of
cellulases, hydrolases, expansins or polygalacturonase, has
been reported before in tomato, peach and Sambucus nigra
(Belfield et al. 2005; Bonghi et al. 1992; Kalaitzis et al.
1997). Characteristic branched plasmodesmata in lupine
AZ cells (Fig. 1i, j) confirmed extensive membrane traf-
ficking. The plasmodesmata could provide communication
and directional flow of regulatory molecules, e.g. RNA.
These observations were also presented by Bar-Dror et al.
(2011) in tomato. However, Scott et al. (1967) postulated
that branched plasmodesmata in the vasculature of Phase-
olus vulgaris significantly reduced levels of callose plugs
during abscission.

Ultrastructural nuclei changes indicate DNA fragmenta-
tion and a possibility of programmed cell death occurring,
like observed in tomato leaf AZ (Bar-Dror et al. 2011).
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Fig.6 The impact of ABA and a

ET on the expression of LIIDL
(a, b) and structural changes =<1 ABA
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16 and 24 h after application of
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hydroguaiaretic acid (NDGA,
an inhibitor of ABA biosynthe-
sis) (a) and ethylene (ET) or
2,5-norbornadiene (NBD, ET
action inhibitor) (b) treatments.
The inactive AZ was treated
with 0.05% Tween 20 solution
(control). LIACT was used as
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are indicated as "P < 0.01 and 0
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P < 0.05. Sections for toluidine 0 2 4
blue staining were excised 24 h
after each application (c—f)

However, nuclei remained intact and there was no vis-
ible evidence of cell death after separation of oil palm
fruit (Roongsattham et al. 2016). Another progressive cell
degradation symptoms are the presence of oval-shaped
chloroplasts containing large starch grains and thylakoid-
associated plastoglobules (Fig. le, f, h, k). We suggest
that starch is a source of energy for cell division, but also
for the synthesis of new enzymes involved in the hydroly-
sis of macromolecules, which building cell compartments
(Rolland et al. 2002). The phenomenon of plastoglobuli
formation could be a part of photoprotection mechanism
induced in oxidative stress conditions, as well as during
chloroplasts senescing (Bréhélin et al. 2007).

To better examine the changes occur in early stages
of flowers separation, we activated flower AZ by organ
removal, as was previously described (Meir et al. 2010;
Wilmowicz et al. 2016). The cellular divisions (Fig. 3a, b,
d, ), formation of small aggregates (Fig. 3b, e), occurrence
of many plasmodesmata (Fig. 3c), and the presence of big
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nuclei (Fig. 3c, f) may be explained again by high metabolic
activity of these cells and synthesis and transport of crucial
molecules involved in early separation processes, that ensure
cellular communication within AZ (Taylor et al. 1991).

In our study, we isolated for the first time IDL from L.
luteus (LIIDL) (Supplementary Fig. 4a). The bioinformatic
analysis of the nucleotide sequence revealed that predicted
LIIDL contains motifs and domains characteristic for other
plants IDA/IDL (Supplementary Fig. 4a), among them
N-terminal secretory signal peptide and EPIP motif located
at the C-terminal. What is more, an analysis performed with
using ProtComp confirmed extracellular space localization
of LIIDA, which may suggest that, similarly like other IDA/
IDL, N-terminal motif enables proper translocation of this
protein to ensure interactions with the receptor (Stenvik et al.
2008). Aalen (2013) and Butenko et al. (2003) postulated
that secreted IDA/IDL move within apoplast and is involved
in cell-to-cell communication. Interestingly, LcIDL1 from L.
chinensis has detected also in the cytoplasm area, suggesting
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that mechanism of IDA releasing is controlled by other fac-
tors (Ying et al. 2016). Predicted LIIDL contains conserved
22-amino acid EPIP domain composed of the variable region
and a PIP motif (Supplementary Fig. 4b). PIP motif con-
tains Pro residue putatively post-transcriptionally modified
to hydroxyproline that is crucial for interactions of IDA with
HSL2/HAE receptors. Additionally KHN motif responsible
for co-receptor recognition site was localized within PIP
motif (Butenko et al. 2003; Santiago et al. 2016).

It was confirmed that EPIP motif determines IDA/IDL
activity (Santiago et al. 2016; Stenvik et al. 2008), therefore
we synthesized EPIP on the basis of LIIDL and performed
physiological experiments in order to define the concentra-
tion of EPIP solution, which induces a response. Synthetic
EPIP peptide applied directly on flower AZs strongly stimu-
lated abortion of these organs (Fig. 4). What is more, posi-
tive correlation between observed physiological effect and
solution concentration occured. To the best of our knowl-
edge, this is the first report concerning analyses performed
in vivo on plants growing under phytotron conditions. How-
ever, in vitro studies revealed that synthetic EPIP peptides
rescued ida mutant and induced early floral abscission in A.
thaliana wild type (Stenvik et al. 2008). Overall, we con-
cluded that EPIP motif is sufficient to induce AZ activation
and consequently flowers separation. Consistent with these
findings, we designed specific primers and probe on the
basis of LIIDL nucleotide fragment encoding exactly puta-
tive EPIP motif and we performed quantification of gene
expression. Transcriptional activity of LIIDL was signifi-
cantly higher in naturally active flower AZ than in control
(Fig. 5a), confirming LIIDA involvement in separation pro-
cesses. In A. thaliana IDA specifically expressed in floral AZ
and mutant analysis revealed that is essential for abscission
(Butenko et al. 2003). Additionally, more recently, Ying
et al. (2016) reported increasing LcLIDLI expression in
flower AZ following this organ development. In L. luteus
cumulative changes observed in time at the cellular level
after artificial flower AZ activation were correlated with
gradual accumulation of LIIDL transcript (Fig. 5b). It sup-
ports the thesis about LIIDL contribution in the early steps
of AZ activation, which is a novel report in this area.

Phytohormones are signal molecules produced within the
plant, critical in modulating many physiological responses.
Our previous works clearly demonstrated that ABA and
ET are strong stimulators of flower abortion in L. luteus
(Frankowski et al. 2017; Wilmowicz et al. 2016). The pre-
sented paper provides new information—both hormones
cause modifications of cell structure in AZ (Fig. 6¢—f), like
these observed after its artificial activation (Fig. 3a—f). It
suggests that ABA and ET may turn on abscission pro-
cesses. In view of these results, we put forward a hypothesis
that both hormones can regulate the transcriptional activ-
ity of potential abscission activator—LIIDL. Interestingly,

application of ET stimulated LIIDL mRNA level in the
last three time variants, while ABA generated this effect in
the first hours after application (Fig. 6a, b). These results
are consistent with our previous investigations. We have
found that expression of ET biosynthesis genes (LIACS and
LIACO) increased started from 8 h after artificial AZ acti-
vation (Frankowski et al. 2017). Tucker and Yang (2012)
showed that ET treatment caused an accumulation of 12
soybean /DAs mRNAs, even 72 h after treatment. Similar
results were obtained by Ying et al. (2016) in litchi. We
have demonstrated for the first time how ABA influences
LIIDL expression. Our findings suggest that sensitivity of
LIIDA on hormonal factors is different. The response for
ET is later than ABA, although is more effective, so these
phytohormones can act in various stages during AZ activa-
tion process, as we previously demonstrated (Wilmowicz
et al. 2016).

Collectively, this study provides promising advances in
our understanding of separation processes in yellow lupine
and the impact of LIIDA on the early steps of floral AZ acti-
vation—the mechanism that involves ABA and ET. Our
data provide crucial information for the elucidation of new
potential molecular markers of abscission contributing to
the advance in knowledge that will consequently improve
the yield of a great economic potential plant.
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