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Ethylene has impact on several physiological plant procegs, including abscission,
during which plants shed both their vegetative and reproduiive organs. Cell separation
and programmed cell death are involved in abscission, and #se have also been
correlated with ethylene action. However, the detailed sp#temporal pattern of the
molecular events during abscission remains unknown. We exained the expression
of two tomato ACO genes, LeACO1, and LeACO4 that encode the last enzyme in
ethylene biosynthesis, 1-aminocyclopropane-1-carboxyte oxidase (ACO), together with
the expression of other abscission-associated genes inveed in cell separation and
programmed cell death, during a period of 0-12 h after abscsion induction in the
tomato ower pedicel abscission zone and nearby tissues. Iraddition, we determined

their localization in speci ¢ cell layers of the ower pediel abscission zone and nearby
tissues obtained by laser microdissection before and 8 h aftr abscission induction. The
expression of bothACO genes was localized to the vascular tissues in the pedicel. Wie

LeACO4 was more uniformly expressed in all examined cell layers, éhmain expression
site of LeACO1 was in cell layers just outside the abscission zone in its pximal and

distal part. We showed that after abscission induction, ACQ protein was synthesized in
phloem companion cells, in which it was localized mainly inhe cytoplasm. Samples
were additionally treated with 1-methylcyclopropene (1-M@P), a competitive inhibitor
of ethylene actions, and analyzed 8 h after abscission induion. Cell-layer-specic

changes in gene expression were observed together with thegeci ¢ localization and

ethylene sensitivity of the hallmarks of cell separation dprogrammed cell death. While
treatment with 1-MCP prevented separation of cells throughnhibition of the expression
of polygalacturonases, which are the key enzymes involved degradation of the middle
lamella, this had less impact on the occurrence of differeritinds of membrane vesicles
and abscission-related programmed cell death. In the owepedicel abscission zone, the
physical progressions of cell separation and programmed dédeath are perpendicular to
each other and start in the vascular tissues.

Keywords: abscission, ACO, cell separation, ethylene, las
ultrastructure
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INTRODUCTION characterized by several features of membrane vesicular
tracking and by induction of the cell-wall hydrolyzing

The small volatile hydrocarbon ethylene is a gaseous plagolygalacturonases, while hallmarks of PCD occur primarily
hormone that a ects diverse physiological processes duringtpla distal to the abscission zon&4r-Dror et al., 2011; Dermastia
growth and development, including abscissioRu(its et al., et al., 2012 We additionally showed that the involvement of
2013. Abscission facilitates the shedding of organs that are npCD in abscission is through expression of theLX gene,
longer needed, infected, damaged, or senescent, and it ggsmohich encodes a T2/S-like ribonuclease LX, an ortholog of the
the falling of ripe fruit and the dispersal of seeds. AbSCiESiOArabidopsis developmental PCD marker geRé&onuclease 3
occurs in a systemically regulated way at the predetermine@RNS3)(Olvera-Carrillo et al., 2095 The transcript ofLeLX
abscission zone in response to developmental, hormonal, anghd its encoded protein LX are preferentially localized at the
environmental cuesRoberts et al., 2002; Leslie et al., 2007  distal side of abscission zone of the ower pedicel and leabjeet
many studied systems, including tomat&ifiura and Sinha, (Bar-Dror et al., 201)L Moreover, leaf abscission is delayed in
2008; Klee and Giovannoni, 2011; Ito and Nakano, }015antisense tomato plants that have reduced levels of ILa¢s(
the timing of abscission is determined by tissue sensftit®t et al., 2005 The distal side of the tomato ower abscission
ethylene, as ethylene can induce or accelerate abscisioe(ls zone is also characterized by specic expressionTofmato
etal., 200p. When ethylene is a signal for abscission, the rate ajifunctional nucleaséLeTBN1)gene and by the activity of a
which abscission occurs depends upon the antagonistic e dcts fuclease that appears to be encoded by this gé&me-Dror
auxins and ethylene\eir et al., 2010, 20)5 et al., 201). LeTBN1is an ortholog of Arabidopsi8ifunctional

The last step in biosynthesis of ethylene is the conversidr 0 nyclease {BFN1) which is another gene that is included in a
aminocyclopropane-1-carboxylic acid (ACC) to ethylene,ahthi developmental PCD clustefO{vera-Carrillo et al., 2095 The
is catalyzed by the enzyme 1-aminocyclopropane-1-carb@xylatequirement for PCD or abscission has also been supported by
oxidase (ACO) {an de Poel et al., 2012; Ruglet al., 2013  delayed abscission in tomato plants that overexpress the genes
Expression of theACO genes is tightly linked to the ethylene for the anti-apoptotic proteins Sf IAP and p3B4r-Dror et al.,
levels produced by the planitgn de Poel etal., 2012; Rugletal.,  2019). The induction of PCD usually includes increased levels
2013. In tomato, there are seveACO genes (Supplementary of reactive oxygen species, which are mediators of stresalsig
Figure 1;Seymour et al., 20)3with LeACOland LeACO4 (petrov et al., 20)5As additional support for the association
showing the highest expression in tomato ower and fruitof PCD with abscission, following the induction of pedicel
tissues (he Tomato Genome Consortium, 201Zomato eFP  apscission, high levels of reactive oxygen species have been
Browset). A transcript of LeACOlis induced early after ower reported for the cells on the surface of the exposed abscission-
removal in the pedicel abscission zorég(r et al., 2010; Kim  zone fracturesiar-Dror et al., 201)1 Furthermore, an important
et al., 201} while LeACO4expression is high in the pedicel regulatory role of reactive oxygen species in abscissiohées

abscission zone before abscission induction, after whidtops  recently shown for cassava leaf abscission under wateiitde ¢
o (Kimetal, 201} LeACOS5has been shown to be expressedstress|(iao et al., 2016

in the tomato ower pedicel distal to the abscission zone area |n the present study we elucidated a spatiotemporal

(Nakano et al., 20)3as well as in the abscission zorée(r  distribution of the key players involved in the tomato ower
et al, 201)) However, expression dfeACOland LeACO4in  pedicel abscission in speci ¢ cell layers of the pedicel atisniss
speci ¢ cell layers of the ower pedicel abscission zone ar@ thzone or its close vicinity. We addressed the question of
localization of the ACO protein within the abscission zone aot Speci Ca”y where is the last enzyme in the ethy]ene biosymhet
known. Moreover, the subcellular localization of the ACO giat  pathway, ACO, localized, at both the transcriptional and pirote
remains unclearRReinhardt et al., 1994; Ramassamy et al., 199fvels and clearly showed it in the phloem tissues. We also
Chung etal., 2002 examined the responsiveness of several genes involved in cell
In the tomato pedicel abscission zone, the involvement o§eparation and PCD to ethylene during ower pedicel abscission
ethylene in abscission has been demonstrated for the celfhe results show that they were di erentially a ected by ethyden

separation process, which is characterized by major indoctiojn a spatiotemporal manner, which was also con rmed at the
of cell-wall-modifying and hydrolytic enzymes. This rdsuin  yltrastructural level.

degradation of the middle lamella between the cells in the

abscission zone, which then allows the physical separatitreof
abscised organ from the mother plarit!€ir et al., 2010; Tucker MATERIALS AND METHODS

and Kim, 201%. In addition, spatially and temporally regulated 1pe experimental overview of this study is shown in

ethylene signaling can induce programmed cell death (PCD) i@;upplementary Figure 2.

sensitized cells or tissues of many plaftsopacher, 2000

We recently demonstrated that the activation phase oPlant Growth Conditions and Treatments

abscission in tomato leaf includes two spatially separategiild-type tomato plants (Solanum lycopersicum cv. VF36)

processes: cell layers proximal to the abscission zone af@re grown in growth chambers at 25 and 75% relative
humidity, and under a 16/8-h day/night cycle. A day beforetea

1Tomato eFP Browser Rose Lab Atlas. Available online at: http:/Amaonto.ca/ ~ €XPeriment, all of the young owers that had not reached full

efp_tomato/cgi-bin/efpWeb.cgi (Accessed August 23, 2016). opening and the opened and senescent owers were removed
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from the plants. For the experiments, only the owers that had Quantitative reverse transcription real-time PCR (qPCR)
opened the night before the initiation of the experiments wereavas performed on samples from three biological replicates
used. All of the experiments were performed using detacheth a PCR machine (ABI ViiA 7TM Real-Time PCR System;
ower clusters with up to four owers, which were keptin 150 mL Applied Biosystems). The gene expression assays were designed
water in Erlenmeyer asks. Abscission was induced by rerhovaising the Custom TagMan Gene Expression Assays service
of the owers from their pedicels with a sharp razor blade,(Applied Biosystems), as applied l,cACO1(Solyc07g049530)
as previously describedvigir et al., 2010 The samples were and LeACO4(Solyc02g081190), which encode ACGEEIL2
collected at prede ned times: 0 h, as before ower removat] an (Solyc01g009170), which encodes the ortholog oRifadidopsis
2,4,6,8,10,and 12 h after ower removal. transcription factorEIN3; LeRBOHXSolyc08g081690), which
The treatment of the detached ower clusters with 1-encodes NADPH oxidaseleTAPG1 (Solyc02g067630) and
methylcyclopropene (1-MCP) was performed by exposing theeTAPG4(Solyc12g096750), which encode tomato abscission-
ower clusters to an atmosphere of i L * 1-MCP in air- related polygalacturonases 1 and 4, respectivalglX
tight 50-L chambers for 2 h prior to the induction of abscigsio (Solyc05g007940), which encodes LX ribonucleasel.afBN1
Control pedicels were sampled before abscission inductiah an(Solyc02g078910), which encodes a nuclease (Supplementary
remaining pedicels attached to the ower clusters were agaifable 1). Expression assays (at 2€oncentrations) and the One-
exposed to 1-MCP for 8 h and then sampled. The 1-MCP wastep RT-PCR AgPath ID mastermix reagents (Life Technaof)gie
prepared from 0.14% SmartFresh powder (AgroFresh Inc., Rohmere used according to the manufacturers instructions. The
and Haas Company) mixed with water (80 mg in 2 mL), resultinggPCR was performed in a nal reaction volume off&, which
in an estimated concentration of 1,000 ppb (v/v) 1-MCP in thecontained 2L RNA and 3L reaction mix.

treatment chamber, according to the manufacturer's instians. The relative expression of the target and reference genes
This concentration completely inhibited pedicel abscission were determined using the standard curve quanti cation hoet
the duration of the experiment. (Pfa, 2006; el et al., 2013. An RNA pool of abscission-zone

samples was used to prepare the standard sample from which
. . . the standard calibration curve was measured. Every sampe wa
Histological Sections tested in two dilutions for each gene, and the relative copy
After induction of abscission, the pedicels were excisett @it numbers were calculated from the calibration curve. All of
razor blade and xed in 3.7% formaldehyde, 50% ethanol, 5%he genes were normalized relative to the expression of the
glacial acetic acid, overnight at @ The samples were then (eference gen&OX (Bar-Dror et al., 2011; Miiller et al., 2015
dehydrated through an increasing series of ethanol andaigrt \yhich encodes cytochrome oxidase, and the gene expression
butyl alcohol concentrations, and embedded in Paraplass Plu ajues are given as relative copy numbers. For visualization
(Sherwood Medical). Then 1@m-thick longitudinal sections the time series expression pro les, the time-point data were
were cut on a rotary microtome (Autocut 2,040; Reichert-Jung)hormalized to the control (time point, 0). Two-way ANOVA
and placed on Superfrost Ultra Plus slides (Menzel-Glaser).  \as used to evaluate the e ects on gene expression of the
factors “time after induction” and “abscission-zone sidaid
. . . the interactions between these two factgrs<( 0.05). The data
Mfanua_l Tlssge Dissection, Laser _ were log2 transformed prior to the analysis. Statistical ysisl
Microdissection, and Gene Expression was performed using the R software environment, versior23.1.
Analysis (Supplementary Table 2Post-hocanalysis of the results for
Thin layers of tissue were excised for gene expression analysi gene expression data was performed using the Tukey's Honest
each side of the pedicel abscission-zone fracture usinglpesca Signi cant Di erence method (Supplementary Tables 2.1-2.8).
and frozen in liquid nitrogen (Supplementary Figure 2). These
samples were homogenized in Tissuelyser (Qiagen). Total RNMnmunolocalization
was extracted using RNeasy Micro kits (Qiagen), according tdhe sections were dewaxed in xylene and rehydrated in a
manufacturer's protocol. decreasing ethanol series, and nally in TBST (ITBS pH 7.6,
Laser microdissection was performed using a laser dissecti®.2% Tween-20). Antigen retrieval was performed by inculgati
microscope (PALM MicroBeam; Zeiss). The consecutive tissube slides in sodium citrate bu er (10 mM sodium citrate, pH
sections of the same samples that were used for light micpysco6.0) for 15 min in a boiling water bath. The sections were
and immunolocalization, were placed on MembraneSlide 1.0hcubated in blocking solution (TBST plus 5% normal donkey
PEN slides (Zeiss), depara nized in xylene, with the waterserum) for 30 min at room temperature, followed by incubation
removed from the tissue using 100% ethanol. Speci c tissueith the 1:100 dilution of ACO1 primary antibody (Santa Cruz
regions of the pedicel (i.e., distal, distal abscission zomeximal, Biotechnology, aN-19) in blocking solution for 1 h at room
proximal abscission zone, distal veins, proximal veinsatlgth, temperature. The ACO1 polyclonal antibody used was raised
proximal pith), were dissected from consecutive tissue sljgce in goat against a sequence between amino acids 1-50 of ACO
D 5) and collected in AdhesiveCap 500 plastic tubes (Zeis®). Ttof Arabidopsis thaliangaccession# Q06588), which shares 80%
tubes were snap frozen in liquid nitrogen and stored &80 C.  identity with ACO1 ofS. lycopersicurNon-immune goat serum
Total RNA was isolated from the tissue samples using RNeasyas used for the negative controls (Supplementary Figure 3).
FFPE kits (Qiagen), according to the manufacturer's inginns.  After washing for 3 10 min in TBST, the sections were
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incubated with 1:1,000 alkaline-phosphatase-conjugatett anoperated at an accelerating voltage of 80 kV. The images were
goat antibodies (Jackson ImmunoResearch) in blocking smlut recorded using a CCD camera (ORIUS SC 200), and the Digital
for 1 h at room temperature, followed by washing as aboveMicrograph software (Gatan Inc.) was used.

The staining was developed in NBT/BCIP substrate solution Immunolocalization of ACO1 was compared on ultrathin
(Roche Diagnostics), and the sections were washed with wateections of control pedicels and pedicels at 8 h after absnissi
dehydrated rapidly through an increasing ethanol seridkvieed  induction. The samples were xed in 4% (w/v) paraformaldehyde
by xylene, and mounted in Permount (Electron Microscopyand 0.25% (w/v) glutaraldehyde in 0.08 M phosphate bu er for
Sciences). The stained sections were observed with a mégges 1 h, and embedded in LR White resin (London Resin Co.).
(Zeiss Axiolmager Z1) and photographed using a colofThe sections were treated with the ACO antibodies (Santa Cru
digital camera (AxioCam HRc). Immunolocalization of Tornat Biotechnology, aN-19; 1:100 dilution) for 1 h, and with gold
abscission-related polygalacturonaseARPG4 was performed labeled (10 nm) protein A (Aurion) for 30 min. The control
essentially as described above, with a nity puri ed anti-P&4  samples were treated only with gold-labeled protein A.
polyclonal antibodies (BioGenes Antibodies) raised in rabb

against a peptide sequence 306—-320 (CPNHESCPNQGSGVKQ?IESULTS

TAPG4 (accession# Q96488). The blocking solution was TB

plus 5% normal goat serum, primary antibody was dilutedThe Ethylene Biosynthesis Genes LeACO1

1:100 in blocking solution and the secondary antibody wagnd LeACO4 Are Preferentially Expressed

1:1,000 alkaline-phosphatase-conjugated anti-rabbit kédac . .
ImmunoResearch) in blocking solution. Non-immune rabbit in Vascular Tissues, and Are Only

serum was used for the negative controls (Supplementary 6iguM0d_erate|y E_thylene Sensitive during
3). Washing and detection steps were performed as above.  Pedicel Abscission
The transcription dynamics of two ethylene biosynthetic genes

Detection of Nuclear DNA Fragmentation expressed in tomato ower and fruit tissueteACO1 and
by TUNEL Assay LeACO4(The Tomato Genome Consortium, 20TPomato eFP
Terminal deoxynucleotidyl transferase dUTP nick-end lafge  Browser) were followed during pedicel abscissigig(re 1).

(TUNEL) assays Gavrieli et al.,, 1992 for detection of Before abscission induction, very low levels ItSACO1

chromosomal DNA fragmentation were performed in the expression were evenly distributed among the tissues in the
histological tissue sections using ApopTag Fluores@eiSitu  abscission zone and in the neighboring proximal and distal
Apoptosis Detection kit (Millipore). The rehydrated sectionstissues Eigure 1). LeACOlexpression then showed signi cant
were treated with 100mg mL ! proteinase K (Qiagen) changes through the rst 12h after abscission induction
for 15 min at room temperature, and incubated in a(Supplementary Table 2).eACOlexpression increased rapidly
mixture of digoxigenin-labeled deoxynucleotides and tevah in the rst 4h, to reach a plateauFgure 1A), which was
deoxynucleotidyl transferase for 60 min at 8 This was maintained until the nal separation of the cells in the absiis
followed by incubation with uorescein-labeled anti-digigenin ~ zone usually 14 h after abscission induction (data not sHown
antibodies. The slides were washed with phosphate-bu ere€@etailed localization oteACOltranscript in speci ¢ cell layers
saline and mounted using FluoroMount (Sigma-Aldrich), with showed that 8 h after abscission induction its level remaiwery

600 nM 4-6-diamidino-2-phenylindole (DAPI). The uorescein- low in the abscission zone, but was high on the proximal and
labeled nuclei were observed under blue-light excitatiorglistal sides of it Figure 1B). LeACOlexpression was localized
(excitation, 450—-490-nm band-pass; emission, 515-nm longmostly in the vascular tissues, with some seen in the pith cells
pass), and the DAPI uorescence of all of the nuclei was okesery (Figure 10).

under UV excitation (excitation, 365/12-nm band-pass; eiiss In contrast toLeACO1 initial expression levels dfeACO4
397-nm long-pass). were high Figure 1). A signicant rapid drop in LeACO4

expression started shortly after abscission induction,r@adhed
Transmission Electron Microscopy aminimum after 4 h (Supplementary Table 2). AlthoughACO4

The ultrastructural changes in the cells of the abscissimmez expression levels followed the same pattern on both sides of
were observed under transmission electron microscopy 8ér aftthe abscission zone, they were still signi cantly higher alist
the induction of abscission, and without and with treatmentto it 2 and 6 h after abscission inductiorFigure 1A). As
with 1-MCP. One to three pedicels with abscission zones werfer LeACO1 LeACQGt was expressed in the vascular tissues
cross-cut at about 1 mm on the proximal side and about ZFigure 10).

mm on the distal side, with each sampling time as described To determine whether the expression levels Li(d|ACO1L
above. Some samples were cut longitudinally. The samples wered LeACO4are susceptible to ethylene-dependent feedback
xed with 3% (w/v) glutaraldehyde in 0.08 M phosphate bu er, regulation, 1-MCP was applied. The pretreatment of samples
pH 7.2, post-xed with 1% (w/v) osmium tetroxide in the with 1-MCP only slightly a ected the expression pattern of
same bu er, and embedded in Agar 100 resin (Agar Scienti c)LeACOland unsigni cantly aected the expression pattern
Ultrathin sections were stained with 1% (w/v) aqueous uranybf LeACO4at the time point O h Figure 1B Supplementary
acetate and Reynolds lead citrate. The grids were examirgtun Figure 4). However, in the presence of this competitive irtbibi
transmission electron microscope (Philips CM 100), which wasf ethylene actions 8 h after abscission inductik®@ACO1
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FIGURE 1 | Gene expression dynamics and tissue speci ¢ expres sion of ethylene synthesis genes LeACO1 and LeACO4 during ower pedicel

abscission. (A) Tomato ower pedicels were sampled before induction (0 h) ane, 4, 6, 8, 10, and 12 h after induction of abscission, and sepeaated into the proximal
and distal sides at the abscission fracture plane, as shownchematically. The data are expressed as relative copy numbe SEM from three biological replicates;
< 0.05), between proximal and distal sides(B) The tomato pedicel region containing the abscission zone & was divided into four zones using laser microdissection
as shown schematically: distal, distal AZ, proximal AZ, androximal. Untreated ( MCP) and 1-MCP treated CMCP) samples were taken before induction (0 h) and
8 h after induction. (C) Samples of vascular and pith tissue were analyzed in abscigm-induced pedicels. The expression levels for each genera represented
according to a color scale. The exact numeric data are avaitde in the Supplementary Table 3.

expression levels were slightly lower in the tissues proxandl decrease iheACO4expression in the distal abscission zone and
distal to the abscission zone, in comparison with the untdat in tissues distal to itfigure 1B).

samples Figure 1B). On the contrary,LeACOlexpression was

moderately increased in the distal abscission zdfiguie 1B.  ACO1 Protein is Localized to the Phloem

The inhibition of LeACO1lexpression by 1-MCP at 8 h after |n agreement with the increasing expression L&#ACO1in
abscission induction was only partial, which is in agreenveith  the vascular tissues in rst 10 h after abscission induction
a previous reportifleir et al., 201)) On the other hand, 8 h after in the same time period the increasing amount of ACO1
abscission induction the treatment with 1-MCP prevented theprotein was also con rmed to be in the vascular tissues. It was
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slightly more abundant distal to the abscission zofégre 2A,  the vascular tissueEigure 3B). LeRBOHXExpression was almost
Supplemenatry Figure 3). The immunolabeling analysis at theompletely prevented with the 1-MCP treatmefidure 3B).
subcellular levelKigure 2B) revealed only a few ACO1 gold-  The pretreatment of samples with 1-MCP before abscission
labeled particles in the abscission zone vascular tissu@ebef induction did not a ect the expression patternsioéLX LeTBN1,
abscission induction. Eight hours after abscission inguct andLeRBOHXSupplementary Figure 4).

many ACO1 gold-labeled particles speci cally appeared in the . .

cytoplasm of the phloem companion cells in the vascular tissudgell-Wall Hydrolysmg Enzymes Associated

distal to the abscission zonEigure 2B). A signal was also seen with the Flower Pedicel Abscission Are

occasionally in the areas of the plasmodesmata and the d&l wa\jainly Expressed in the Narrow Abscission
(Figure 2B). The pattern of the ACO1 protein accumulation after Zone

treatment of the samples with 1-MCP followed that of the OfExpression of the genes that encode the polygalacturonase cell

LeAC_Olexpressmn in the corresponding sar_anEsng(,lre ZQ.' wall-hydrolysing enzymeseTAPGland LeTAPG4have been
Speci cally, there was a moderate accumulation of ACO1 in the e : .

T . . . reported for the ower abscission zone previouslya(aitzis
abscission zone as well as in the vascular tissues proxindal an

. N . . AR et al., 1997; Meir et al., 20),Gwith their prevalent expression
distal to it, with slightly stronger ACO1 signal in distal psuof in the pedicel part proximal to the abscission zor&a(-Dror

the pedicel. et al.,, 201). LeTAPG1land LeTAPG4expression were almost
. completely prevented by 1-MCPMgir et al., 201n Here,
The Expressions of PCD Markers and LeTAPGland LeTAPG4expression were almost completely
LeRBOH1 Are Differentially Affected with limited to the abscission zone, with slightly higher expi@ssn
the 1-MCP Treatment during Flower the proximal abscission zongigure 4A). Of note, while 1-MCP

treatment completely inhibited théeTAPG#&xpression, there

was still some remaininge TAPG4expression in the abscission
zone Figure 4A). Immunolocalization using antibodies against

"FAPG4 con rmed these ndings at the protein levdtigure 4B
Supplementary Figure 3).

Pedicel Abscission

LeLX expression showed signi cant asymmetric distribution
between the proximal and distal sides of the abscission zo
with prevailing expression on the distal sidd-idure 3A,
Supplementary Table 2). This increadesl_X expression began
6 h after abscission induction, and théeLX expression levels cg||ular Morphology and DNA

steeply increased over the next 4 h, before dropping after lo{ragmentation Are Differentially Affected

(Figure 3A). Laser microdissection revealed that the prevailin . . .
LeLX expression was in the vascular tissuiggre 3Q. The DY 1-MCP during the Pedicel Abscission

predominant site of_eLXexpression was in the distal abscissionlnduction
zone figures 3A,B. While treatment with 1-MCP completely Using transmission electron microscopy, the ultrastruetur
preventedLeLX expression in the pedicel part proximal to the changes in the abscission zone were examined before
abscission zone and in the proximal abscission zone 8 h aftarduction of abscission and 8h afterwardBidure 5. Before
abscission induction, there was less inhibitior.ef_ Xexpression induction, di erentiated cells in the pedicel abscission zone
in the distal abscission zone, and no e ectslagl Xexpressionin were morphologically and physiologically distinct from the
the part of the pedicel distal to the abscission zdrig(re 3B). neighboring cells Kigure 5A). They resembled meristematic
LeTBN1 expression was signicantly asymmetric andcells, and indeed, some of the genes expressed in the atiscissi
changed over timeigure 3A, Supplementary Table 2eTBN1 zone have been shown to be associated with organ di ereatiati
expression started to increase 2h after abscission inductioin meristems flakano and Ito, 2013; Wang et al., 2013; Kim
with a moderate increase in the part of pedicel proximal to thest al., 201} These cells were small and tightly packed together,
abscission zone over the next 10 h, and a steep and signi camtithout intercellular spaces. They had dense cytoplasm, with
increase in the distal part over the same timeigre 3A).  small vacuoles. Their nuclei were round to oval, and their
LeTBNL expression in the abscission zone itself was very loahloroplasts were smaller (i.e., around 1.9 0.9 nm), in
(Figure 3B), and it was localized almost exclusively to thecomparison to the chloroplasts in the pedicel cortex outside the
vascular tissueHigure 3B). Of note, treatment with 1-MCP 8 h abscission zone (i.e., 4.02.2mm). The plasma membrane was
after abscission induction inhibited the maire TBNlexpression tightly tted to the cell wall. The nuclei of the sieve elenien
in the distal part, and also its very low expression in the pradim companion cells in the phloem were similar to those in the
part. HoweverlL.eTBNlexpression was even slightly increased irother abscission zone cells, with heterochromatin at theléo
the abscission zone after the 1-MCP applicatibig(ire 3B). Sieve tube elements contained endoplasmic reticulum and
Here we have conrmed our previous report that the mitochondria near the plasma membrane, and in some regions,
expression of the tomato NADPH oxidase geneRBOH1lis  laments of P-proteins were seen (Supplementary Figure 5).
speci c to the abscission zone tissuBa(-Dror et al., 201)L The abscission always started in the companion cells in the
However, the laser microdissection revealed no di erenees icentral abscission zone. One of the rst signs of abscission
LeRBOHZExpression between the proximal and distal abscissiowas detachment of the plasma membrane from the cell wall
zone. In additionLeRBOHwvas the only gene of those examined(Figures 5C—-B Also early in the process, many vesicle-like
where for the distal part, it was localized more to the pith thansmall vacuoles developed in the peripheral cytoplasm of the cells
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FIGURE 2 | Localization of the ACO protein in the ower pedice | abscission zone. (A) Immunolocalization of ACO at 0, 2, 4, 6, 8, and 12 h after induadn of
abscission, at the light microscopy level(B) Immunogold localization of ACO in the pedicel abscission zanat the transmission electron microscopy level. White
arrowheads, gold particles in the cytoplasm; black arrow, fasmodesmata;cc, companion cell;cw, cell wall;cy, cytoplasm; se, sieve element;v, vacuole. (C)
Immunolocalization of ACO in 1-MCP-treated pedicels beforand 8 h after abscission induction. Negative controls are ailable in Supplementary Figure 3.

(Figure 5F. These were more abundant in the abscission zonarea of abscission were also characterized by di erent kosfds
and the tissues proximal to it, and they were commonly packegesicles, which were often packed in paramural bodies between
with deposits. In addition to these small vacuoles, the aelise  the plasma membrane and the cell wallgure 5C). The nuclei

Frontiers in Plant Science | www.frontiersin.org 7 March 2017 | Volume 8 | Article 464


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Chersicola et al. ACO and Abscission Processes

A TBN1 RBOH1
¥
_ 15001
8 150
= . 900 4 N
2 1000 £
g 600 1 H 100 £ distal
g -
o * i H
o H H
> 500 % Voo i
® 300 4 50 o proximal
©
14
0 04 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Induction [h] Induction [h] Induction [h]
B
distal
£
o o o .
o o o = distal AZ
E. E. E. proximal AZ
proximal
3 | | high
]
o o o b
Q Q Q 5
= = = %
+ + + 173
o
o
X
w & low
C

1 mm

°©
>
K
c
=)
0
@
o
s
X
w

FIGURE 3 | Gene expression dynamics and tissue speci ¢ expres sion of the PCD-related genes  LeLX, LeTBN1, and LeRBOH1 during ower pedicel
abscission. (A) Tomato ower pedicels were sampled 0, 2, 4, 6, 8, 10, and 12 h afer induction of abscission, and separated into the proxima&nd distal sides at the
abscission fracture plane, as shown schematically. The datare expressed as relative copy numbers SEM from three biological replicates;p < 0.05, between
proximal and distal sides.(B) The tomato pedicel region containing the abscission zone & was divided into four zones using laser microdissectioras shown
schematically: distal, distal AZ, proximal AZ and proximaUntreated ( MCP) and 1-MCP treated CMCP) samples were taken 0 and 8 h after induction of abscissio
(C) Samples of vascular and pith tissue were analyzed in abscigm-induced pedicels. The expression levels for each genera represented according to a color scale.
The exact numeric data are available in the Supplementary bke 3.

of many cells in the area became electron defsgufe 5F. In  this treatment had profound e ects speci cally on the separatio
some cells, dilatation of the endoplasmic reticulum was olesitr  of the cells. The cells stayed packed tightly together, and in
(Supplementary Figure 5D). At this stage of abscission, thgeneral, there was no enlargement of the intercellular space,
intercellular space was greatly increased between thecéitis  although there were some changes in the cell wall structure
abscission zone, and it commonly became densely lled witlfFigures 5H,]). On the other hand, the 1-MCP treatment did
material Figures 5D,B. not a ect the formation of membrane evaginations, and the
To examine the association of the observed changes duririgrmation of multivesicular and paramural bodies, as well as
pedicel abscission induced by ethylene, the plants were agamall vacuoles, which appeared at similar quantities as in the
treated with 1-MCP. The pretreatment with 1-MCP of samplesl-MCP untreated samples-igures 5H,)). In addition, features
did not signi cantly a ect the morphology of the abscissionred associated with PCD in the distal part of abscission zone
at time 0 h Figure 5B). However, 8 h after abscission induction, were not a ected by the 1-MCP treatment. Several cells had
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FIGURE 4 | Tissue-speci ¢ expression of polygalacturonase genes and localization of the polygalacturonase protein TA PG4. (A) The tomato pedicel
region containing the abscission zone (AZ) was divided intlour zones using laser microdissection, as shown schematally: distal, distal AZ, proximal AZ and
proximal. Untreated ( MCP) and 1-MCP treated CMCP) samples were taken 0 h and 8 h after induction of abscissn. The expression levels for each gene are
represented according to a color scale. The exact numeric da are available in the Supplementary Table @) Immunolocalization of TAPG4 before and 8 h after
abscission induction. Negative controls are available inupplementary Figure 3.

plasma membranes detached from the cell wall, dilated ER, afqfoduction and ethylene signalingdylor and Whitelaw, 2001;
nuclei with condensed chromatin and dilated nuclear menmigra Meir et al., 2010, 2015; Nakano and lto, 2)1However, the
(Figure 5G. Cells with similar characteristics also appeared ifocation where the last enzyme in the ethylene biosynthetic
the proximal part of abscission zone, but their frequency was | pathway, ACO, is synthesized during abscission is demorestrat
To follow PCD at the cellular level, TUNEL assays werdere for the rst time to be just outside the abscission zone.
used that selectively stain damaged DNA. Eight hours aftéfhe expression of both of the ower pedic&lCO genes, i.e.,
abscission induction, the TUNEL assays showed prevaleheACOlandLeACO4occurred almostexclusively inthe vascular
positive uorescence staining of the nuclei along the vaaicul tissues.
tissue toward the pedicel part distal to the abscission zone Previous data relating to the intracellular localizationrA@O
(Figure 6). After treatment with 1-MCP, there was a strong greenprotein has been contradictory. While studies of suspension-
signal that was almost completely limited to the absciss@mrez cultured tomato cells and apple fruit pericarp tissue showed ACO
in the cytoplasm Reinhardt et al., 1994; Chung et al., 202

immune-cytolabeling of apple fruit protoplast saw ACO located
DISCUSSION at the external side of the plasma membraReu(nassamy et al.,
ACOL1 Is Synthesized in the Phloem 1999. However, the present study o ers support to all of these. In

The generally accepted model of abscission induction in toma accordance with théeACOlexpression pattern the majority of
involves reduction in auxin level and induction of ethyleneACO1 protein was in the phloem-cell cytoplasm, although some
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FIGURE 5 | Ultrastructure of tomato ower pedicel cells before induction of abscission (A) , before induction of abscission and pretreated with 1-MCRB), 8
h after induction (C—F) and 8 h after induction and 1-MCP treatment(F-J). (A,B) The cells in the abscission zone (AZ) before abscission indtion were small and
tightly packed. (C) Formation of the paramural body(D) Appearance of changes in the cell wall and the beginning of deseparation.(E) Intercellular spaces lled with
nonhomogeneous material.(F) Nucleus in companion cell with partly condensed chromatinin contrast to nucleus in adjacent cell and small vacuoles/gicles lled
with material.(G) Nucleus with partly condensed chromatin, dilated nuclear mmbrane (arrowheads), and dilated endoplasmic reticulunin a companion cell.(H)
Paramural body.(I) Nonseparated cells with some changes in cell-wall structer. (J) Fusion of small vacuoles into a large one. The part of the pecil that was used to
prepare sections is indicated by a rectangle in the histoldgal section and the letters in the schematic abscission zamdrawing indicate the places from where the
individual micrographs were taken (Control lane, middlegc, companion cell; ch, chloroplast; cw, cell wall;er, endoplasmic reticulum;ic, intercellular space;m,
mitochondrion; n, nucleus; nu, nucleolus; pb, paramural body; se, sieve tube element;v, vacuole/vesicle.

signal was seen in the area of the phloem-cell plasmodesmdta aof system 1, theACO4 expression before abscission induction
the cell walls. was high and it decreased simultaneously with the inducing
As ACO is the last step in ethylene biosynthesis, it is ratlon high expression dieACO1(present study) andCO5expression
to predict from our results that ethylene biosynthesis tadese  (Meir et al., 201D in system 2, at 2h after the abscission
in the phloem, from where it di uses to the other tissues ininduction. Similar expression pattern of t#e&CO genes has also
order to act. It remains enigmatic if and how this is related t been demonstrated in the leaf petiole abscission zone (@iotas
several suggestions of di usible signals derived from Viascu etal., in review). The speci c temporal distribution ACOgenes
tissue that are required for abscissiorhpmpson and Osborne, is also re ected in their spatial localization inside the @bsion
1994; McManus, 2008; Tucker and Yang, 9012 zone and in its close vicinity. While the initial high levef o
The present ndings combined with some of the literature LeACO4expression prevailed in the distal part of the abscission
data (Veir et al., 201pindicate that pedicel abscission follows thezone,LeACOlexpression was exclusively in cell layers in both
broadly accepted concept of two systems of ethylene biossisthesides of the pedicel outside the abscission zone. While tlgktm
described during climacteric fruit development and ripeningappear to contradict the recently published transcriptome data
(McMurchie et al., 1972; Van de Poel et al., 201& a part of Kim et al. (2015fhat showLeACOlexpression in the pedicel
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FIGURE 6 | DNA fragmentation in the tomato ower pedicel absciss ion zone. Tissue sections of 1-MCP untreated ( MCP) and treated CMCP) samples
taken at 0 h (induction control) and 8 h after induction of absssion, and stained for the TUNEL assays. Green, TUNEL-pi&ve nuclei with fragmented DNA,; blue,
nuclei with non-fragmented DNA (DAPI staining). The greengnal outside the nuclei is due to auto uorescence of the celvalls. Images are composites of two
uorescence channels.

abscission zon&im et al. (2015also pointed out that collection The TAPG4 TAPGJ] Cell and Cel5 genes that encode cell-
of abscission data is not uniform across all studies. Adogitgl, ~ wall hydrolyzing enzymes are almost completely inhibited by
after microdissectionl.eACOlexpression was seen outside thel-MCP (this study;Meir et al., 2010 As has also been shown
abscission zone speci ed in the present study, although @sidpreviously, mRNA of the polygalacturonase-encoding gene
the abscission zone area de ned Bym et al. (2015)On the TAPG4is detected much earlier thahRAPG1mRNA (Kalaitzis
other hand,LeACO4expression before abscission induction waset al., 1997; Meir et al., 2010; Bar-Dror et al., 204Ad Cell
more synchronized between these two studies, due to abundaand Cel5expression, which encode cellulase®(f et al., 2010;
LeACOd4expression inside the abscission zone (this stidy;  Bar-Dror et al., 201)L Additionally, the present study shows
etal., 201p expression of the TAPGA4 protein in the proximal abscission zone
Of note, after the treatment with the competitive inhibitof o The ultrastructural images of the ower pedicel abscissionezat
ethylene actions, 1-MCP, the decreaskeACO4Zexpression that 8 h from abscission induction support these data, as they stiowe
was seen in the untreated samples 8 h after abscission inducti the increased intercellular space lled with deposits. At thesa
was prevented in the distal abscission zone as well as irefissuime after abscission induction, formation of the intercdir
distal to it. At the same timd,eACOZexpression pattern was only space was completely prevented in the samples treated with 1-
partially a ected in most of the tissues examined, with slight MCP. It thus appears reasonable to assume that formation of the
induced levels in the distal part of the abscission zone. &hesntercellular space at 8 h after abscission induction is altegu
data complement a previous microarray studie(r et al., 201))  polygalacturonase activity, and that other cell-wall hygraig
and suggest that during tomato pedicel abscissibeACO1 enzymes are needed for the completion of abscission.
expression is developmentally regulated and is not completely On the other hand, the sensitivity to ethylene of the PCD
dependent on ethylene-related signaling. marker genekeLXandLeTBN1(Olvera-Carrillo etal., 20)&and
LeRBOHIdepends on the gene location in the speci c cell layer
. . . inside the abscission zone, or in its vicinity. NeverthgldsMCP
Cell Separation and PCD Are Differentially had stronger e ects on PCD-related gene expression in cells in
Sensitive to Ethylene distal abscission zone. Although this was associated withem
To test the hypothesis that the underlying regulatory medsimn  cells with damaged DNA inside the abscission zone, as coadm
for the abscission processes is based on ethylene signakng, by the TUNEL assays, 1-MCP treatment did not completely
followed the speci c expression of the genes in the abscissiofnhibit PCD at the ultrastructural level. The temporal pro ef
zone tissue after the treatment of the samples with 1-MCH.eRBOHIexpression and the vascular tissue localization of this
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tissues inside the abscission zone, although they progress i
perpendicular directions in terms of their spread as shown
schematically ifFigure 7A.

The cell separation in the ower pedicel abscission zone
starts in the phloem companion cells in vascular tissues that
cross the swollen node, which de nes the abscission zone.
From there, the cell separation spreads along a very narrow
line of cell layers toward both of the edges of the abscission
zone Figure 7A). This cell separation progression follows the
temporal expression pattern of the two polygalacturonase genes
LeTAPGland LeTAPG4(Kalaitzis et al., 1997; Meir et al.,
2010; Bar-Dror et al., 20),1which encode the main cell-wall-
hydrolyzing polygalacturonase enzymes that are responfible
FIGURE 7 | Schematic representation of the direction of cells  eparation the dissolving of the middie lamellae that keep cells togethe
and PCD during ower pedicel (A)  and leaf petiole(B) abscission. BothLeTAPGlandLeTAPGZ4xpression and the TAPG4 protein
were limited to the ower pedicel abscission zone, with their
prevailing expression at the proximal side of the abscissioe zo

concurred with that ofLeLX expression, and also roughly of On the other hand, the m.orpholo.gical hallmarks 9f PCD,
LeTBNlexpression. HoweveteRBOH Eexpression was limited are seen to spread from their start in the vascular tissues in
to the abscission zone, and this was substantially inhibitgd "€ abscission zone, to progress gradually along the vessels,
1-MCP. It remains under debate whether the NADPH-oxidasé’referentially to the distal side of the abscission zone, arttiér
encoded byLeRBOH1and the generation of superoxide on the oqt distal of thg'abscission ;onEigure 7A). In agreement with
apoplastic side are crucial to the triggering of developmep@d  this: the prevailing expression of two PCD marker geres.X

(De Pinto et al., 2072 However, the spatio-temporal pattern of 21 LETBN1(Olvera-Carillo et al., 20)>was in the vascular
LeRBOHlexpression during ower abscission, and the similart!SSUes In the distal abscission zone and distal to it. Of note

time for induction ofLeRBOHZExpression, appear to support the during the abscission of both owers (the presen_t study) and

suggestion of its involvement in PCD during abscission. leavesar-Dror et al., 201} PCD spreads perpendicular to cell
An interesting observation at the subcellular level waS€Paration igure?). Moreover, in both processes the signal

the formation of the paramural bodies between the plasm or PCD initiation arises from the vascular tissues, as show

membrane and the cell wall, which was not a ected by 1-MC y the gene expression and TUNEL analysis (the present study;

treatment. Similar structures have been reported for the led>2 Pror etal., 201t

abscission zone that were strictly associated with the praki

side of the abscission-zone fractura(-Dror et al., 2011;

Dermastia et al., 20)2It has been suggested that these vesicldsONCLUDING REMARKS

have a role during the development of a protective layer at the . .

surface of the exposed tissue, following the release of tle ceThe outcomes of this study show that changes occurring

at the site of leaf detachment from the plant bodya¢-Dror during tomgto ower pedigel abscission are cell-lgyer-speci o
et al., 2011; Dermastia et al., 2D1Similar structures have also on the spatiotemporal basis. The temporal expression pattern of

been observed in Arabidopsis mutants, in which the shedding_e'a‘comn_d LeACO4 encoding the last enzyme in the ethylene
of the oral organ can be blocked by disruption of the function |osynthet{c pathwqy, follows the ConceP‘ of tW(.) sys.te.ms of
of the ADP-ribosylation factor and GTPase-activating piote ethylene biosynthesis that has been described during cleriac
NEVERSHED (NEV) ((iliegren et al., 2009 Thus, it has been fruit development and ripening. In accordance with the site of
suggested that NEV activity is required for correct tra cig of LeACOIgene expression, the encoded protein is I_ocalized_mainly
cargo molecules during cell separation, and that the foramadif to th? CYtOP'asm of the phloem companion cells JUSI..OUFS'de the
paramural bodies is associated with tra cking defectsiegren abscission zone. These results suggest that the abséshimed

et al., 200 Although the role of NEV homologs has not been ethylene synthesis also occurs in vascular tissues out ef th
explored in tomato, the studies on tomato ower pedicel and lea2PSCission zone. The inhibition of ethylene action with 1-RIC
petiole abscission (this studgar-Dror et al., 201)lindicate that prevented the separation of cells in the abscission zone, likely

the formation of paramural bodies is an essential part of orgalk?y inhibition of cell-wall hydrolyzing enzymes. On the othe
abscission in this plant. hand, 1-MCP has only moderate e ects on the expression of two

marker genes of PCI,eLXandLeTBN1land the appearance of
. the hallmarks of PCD. In addition, the formation of paramural
The Perpendicular Spread of the Flower bodies seems to be an important part of abscission in tomato.
Pedicel Abscission Processes Although the reason for di erential sensitivity of di erent ge
The results of this study show that two main processes ingblveexpression in di erent cell layers shown in this study cannot
in tomato ower pedicel abscission—cell separation and PCbe explained at the moment, di erential e ects of 1-MCP to
(Bar-Dror et al., 201)Lshare a common origin in the vascular gene expressions in di erent cell layers might indicate a pdssib
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combination of several regulatory steps. This suggestiaidco TM participated in preparation of the laser microdissection
also include the expression pattern Io€EIL2 (Supplementary slides; KG helped with bioinformatics analysis, and MD
Figure 6), an ortholog of the ArabidopgtidN3gene intomato. In  participated in the design of the study, coordinated the stz
Arabidopsis, the binding of the transcription factor EIN3, ieh  nalized the manuscript.

controls a multitude of downstream transcriptional cascgde
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