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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

Cytokinins (CKs) are thought to play important roles in fruit development, especially cell division. However, the mech-
anisms and regulation of CK activity have not been well investigated. This study analysed CK concentrations and 
expression of genes involved in CK metabolism in developing tomato (Solanum lycopersicum) ovaries. The con-
centrations of CK ribosides and isopentenyladenine and the transcript levels of the CK biosynthetic genes SlIPT3, 
SlIPT4, SlLOG6, and SlLOG8 were high at anthesis and decreased immediately afterward. In contrast, trans-zeatin 
concentration and the transcript levels of the CK biosynthetic genes SlIPT1, SlIPT2, SlCYP735A1, SlCYP735A2, and 
SlLOG2 increased after anthesis. The expression of type-A response regulator genes was high in tomato ovaries from 
pre-anthesis to early post-anthesis stages. These results suggest that the CK signal transduction pathway is active in 
the cell division phase of fruit development. This study also investigated the effect of CK application on fruit set and 
development. Application of a synthetic CK, N-(2-chloro-pyridin-4-yl)-N’-phenylurea (CPPU), to unpollinated tomato 
ovaries induced parthenocarpic fruit development. The CPPU-induced parthenocarpic fruits were smaller than pol-
linated fruits, because of reduction of pericarp cell size rather than reduced cell number. Thus, CPPU-induced par-
thenocarpy was attributable to the promotion of cell division, not cell expansion. Overall, the results provide evidence 
that CKs are involved in cell division during development of tomato fruit.

Key words:  CPPU, cytokinin, fruit development, Micro-Tom, parthenocarpy, tomato.

Introduction

Because of its agronomic importance, fruit development has 
been the subject of extensive research. In the case of tomato 
(Solanum lycopersicum), early fruit development can be sepa-
rated into three phases (Gillaspy et al., 1993). Phase I involves 
development of the ovary, pollination, fertilization, and fruit set. 
Phase II involves cell division that lasts for 7–14 days after pol-
lination. Phase III involves cell expansion, which depends on 
genotype and is responsible for determining final fruit size.

Plant hormones play important roles in the development 
of tomato fruit (Gillaspy et  al., 1993; Srivastava and Handa, 
2005). Application of gibberellins (GAs) to unpollinated ovaries 

can induce fruit set in tomato (Fos et al., 2000; Serrani et al., 
2007a), as can application of auxins (Abad and Monteiro, 1989; 
Ramin, 2003; Serrani et  al., 2007a) and overexpression of 
indole-3-acetic acid (IAA) biosynthesis genes (Ficcadenti et al., 
1999). Some of the genes involved in the biosynthesis and signal 
transduction pathways of these hormones during fruit develop-
ment have recently been identified. For example, expression of 
the GA 20-oxidase gene was induced in tomato ovaries by pol-
lination (Olimpieri et al., 2007; Serrani et al., 2007b) and par-
thenocarpic fruit development has been induced by manipulating 
the genes of the auxin or GA signal transduction pathway (Wang 
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et al., 2005; Goetz et al., 2007; Martí et al., 2007; de Jong et al., 
2009). These results indicate that GAs and auxins are the main 
compounds involved in tomato fruit set and development. Other 
plant hormones and effectors, such as abscisic acid and polyam-
ines, are also involved in regulation of fruit development, but 
their roles remain unclear (Gillaspy et al., 1993; Alabadí et al., 
1996; Nitsch et al., 2009).

Cytokinins (CKs) are plant hormones known to be key regula-
tors of various aspects of plant growth and development, includ-
ing cell division, leaf senescence, apical dominance, lateral root 
formation, stress tolerance, and nutritional signalling (Werner 
et al., 2003; Sakakibara, 2006; Argueso et al., 2009). Exogenous 
application of synthetic CKs, such as 6-benzylaminopurine 
(BA) and N-(2-chloro-pyridin-4-yl)-N’-phenylurea (CPPU), 
can induce fruit set and development in fruit crops such as 
grape, kiwifruit, melon, watermelon, apple, and pear (Hayata 
et  al., 1995, 2000; Flaishman et  al., 2001; Stern et  al., 2003; 
Kim et  al., 2006; Zabadal and Bukovac, 2006). Furthermore, 
endogenous levels of CKs have been linked with fruit growth 
(Gillaspy et al., 1993; Srivastava and Handa, 2005). Therefore, 
CKs may play important roles in fruit development, but the 
mechanisms and regulation of their activity have not been well 
investigated.

In plants, endogenous CK content is known to be spatially and 
temporally regulated by a fine balance between synthesis and 
catabolism (Hirose et al., 2008; Supplementary Fig. S1, available 
at JXB online). In many plant species, the initial step of CK biosyn-
thesis is catalysed by adenosine phosphate-isopentenyltransferase 
(IPT), producing isopentenyladenine (iP) nucleotides as CK pre-
cursors (Kakimoto, 2001; Takei et  al., 2001; Sakamoto et  al., 
2006). In Arabidopsis (Arabidopsis thaliana), the iP-nucleotides 
are converted into trans-zeatin (tZ) nucleotides by the cyto-
chrome P450 monooxygenases, CYP735A1 and CYP735A2 
(Takei et al., 2004). To become biologically active, CK nucleo-
tides produced by IPTs and CYP735As must be converted to the 
free-base form. A CK-activating enzyme (LOG), which directly 
converts CK nucleotides to the active nucleobases, was recently 
identified in rice and Arabidopsis (Kurakawa et al., 2007; Kuroha 
et al., 2009). Inactivation of CKs occurs by degradation or con-
jugation, and cytokinin oxidase/dehydrogenase (CKX) catalyses 
the irreversible degradation of CKs in many plant species. CKX 
is a flavin adenine dinucleotide-containing oxidoreductase that 
selectively cleaves unsaturated N6 side chains from tZ, iP, and 
their corresponding ribosides and it is primarily responsible for 
metabolic CK inactivation (Jones and Schreiber, 1997; Mok and 
Mok, 2001; Werner et al., 2006).

The present study investigated the roles and regulation of CKs 
in tomato fruit development, using Micro-Tom. Regardless of 
the presence of mutations that cause the dwarf size of this cul-
tivar, it has been proven to be suitable as a standard genotype 
in tomato research, including the study of fruit development 
(Serrani et al., 2007a; Wang et al., 2009; Carvalho et al., 2011). 
First, endogenous CK contents of tomato fruits were quantified 
during various developmental stages, then the genes involved in 
CK biosynthesis and inactivation were isolated and their tran-
script levels during fruit development quantified. Finally, the 
effects of CK application on development of tomato fruit were 
investigated.

Materials and methods

Plant materials and growth conditions
Tomato plants (S. lycopersicum) cv. Micro-Tom and cv. Ailsa Craig 
were used in the experiments. Plants were grown, one per pot, with 
fertilized granulated soil (Kureha Corporation, Japan), in a phytotron 
(Koito Electric Industries, Japan) under a 14/10 light/dark cycle at 
160 µmol m–2 s–1 and at 25 °C (light) and 20 °C (dark). For gene expres-
sion analysis, flowers were emasculated 2 d before anthesis to prevent 
self-pollination, then pollinated manually at anthesis.

Quantification of CKs
CKs were extracted and purified according to the method of Dobrev 
and Kamínek (2002) with some modifications. About 1 g fruit material 
was homogenized in liquid nitrogen and placed in 10 ml cold (–20 °C) 
methanol/water/formic acid (15:4:1, v/v/v). Deuterium-labelled CKs 
(Olchemim) were added to the extract to serve as internal standards. 
After overnight extraction at –20 °C, solids were separated by centrifuga-
tion and re-extracted for 30 min in 10 ml of the same extraction solution. 
To remove interfering compounds, the extract was first passed through 
an Oasis HLB column (200 mg, Waters), equilibrated with 1 M formic 
acid. The column was further washed with 5 ml extraction solvent. The 
combined eluate was evaporated and then reconstituted with 5 ml of 1 M 
formic acid. The hormone-containing fraction was passed through an 
Oasis MCX column (150 mg, Waters) equilibrated with 1 M formic acid. 
To separate CKs from IAA and abscisic acid, the column was washed 
and eluted stepwise with the solutions indicated in Dobrev and Kamínek 
(2002). Solvents were evaporated at 40 °C under vacuum. Samples were 
then dissolved in water/methanol/acetic acid (80:19.95:0.05, v/v/v) and 
analysed by HPLC coupled with a tandem quadrupole mass spectrom-
eter (MS/MS). The HPLC/MS/MS system consisted of a Prominence 
20A Series HPLC (Shimadzu), equipped with a 3200 QTrap LC/MS/
MS System (AB Sciex), using an electrospray interface.

The purified samples were injected onto a Shim-pack XR-ODS col-
umn (2.2  µm, 75 × 2.0 mm; Shimadzu) at 45  °C and eluted at a flow 
rate of 0.2 ml min−1. For chromatographic separation, the mobile phase 
A  consisted of water/methanol/acetic acid (80:19.95:0.05, v/v/v) and 
the mobile phase B was methanol. The initial conditions were 100% 
A, changing linearly to 80% A and 20% B in 10 min, changing to 50% 
A and 50% B in 5 min, changing to 100% B in 5 min, and finally main-
tained at 100% B for 5 min. The column was equilibrated with the start-
ing composition of the mobile phase for 10 min before each analytical 
run. Quantification was obtained by multiple reaction monitoring of the 
protonated intact precursor ion [M+H]+ and a specific product ion, using 
the following mass transitions: [2H5]tZ, 225.2 > 137.0; tZ, 220.2 >136.1; 
[2H5]trans-zeatin riboside (tZR), 357.2  > 225.1; tZR, 352.2  > 220.1; 
[2H6]iP, 210.2  > 137.1; iP, 204.2  > 136.1; [2H6]isopentenyladenosine 
(iPR), 342.2  > 210.1; iPR, 336.2  > 204.1; [2H3]dihydrozeatin (DZ), 
225.2 > 136.1; DZ, 222.2  >136.1;[2H3]dihydrozeatin riboside (DZR), 
357.2  > 225.1; and DZR, 354.2  >222.1. Data were analysed using 
Analyst version 1.4.2 (AB Sciex). Concentrations were calculated on 
the basis of the peak areas for the endogenous compounds, relative to 
areas for the internal standards. The recovery values were 74% for tZ, 
92% for tZR, 85% for iP, 64% for iPR, 78% for DZ, and 96% for DZR. 
Three biological replicates were analysed for all samples.

Isolation of CK metabolic genes from tomato
The IPT, CYP735A, LOG, and CKX sequences of tomato were identi-
fied by searching the databases at NCBI (http://www.ncbi.nlm.nih.gov), 
SOL Genomics Network (SGN; http://solgenomics.net/tools/blast/
index.pl), Tomato Gene Index (http://compbio.dfci.harvard.edu/tgi), 
MiBASE (http://www.kazusa.or.jp/jsol/microtom/indexj.html), and 
Tomato SBM (http://www.kazusa.or.jp/tomato/), using predicted amino 
acid sequences from Arabidopsis and rice genes as query sequences. 
RACE (Rapid Amplification of cDNA Ends) was performed to identify 
the sequences of 5’ and 3’ regions of the genes using a Marathon cDNA 
amplification kit and an Advantage 2 PCR kit (Clontech). The sequence 
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information was used to design primers for the coding regions of each 
gene family (Supplementary Table S1). cDNA clones were amplified 
by reverse-transcription PCR, using total RNA from tomato samples. 
Amplified products were cloned into the pCR-Blunt II-TOPO vector 
(Invitrogen) and sequenced.

Phylogenetic analysis
The Deduced amino acid sequences of CK metabolic genes were aligned 
with the homologous proteins in Arabidopsis and rice, using clustal w 
version 2.0.12 (http://clustalw.ddbj.nig.ac.jp/top-j.html) in the default 
setting. The alignment results were edited and marked using boxshade 
version 3.21 (http://www.ch.embnet.org/software/BOX_form.html). 
The phylogenetic trees were constructed using the neighbour-joining 
method in clustal w version 2.0.12 with bootstrap analysis based on 
1000 replicates to evaluate the reliability of different phylogenetic 
groups. Tree files were viewed and edited using NJplot software (http://
pbil.univ-lyon1.fr/software/njplot.html).

Quantitative real-time PCR analysis
Total RNA was isolated from tomato samples, using an RNeasy Plant 
Mini Kit (Qiagen). Genomic DNA was eliminated, using an RNase 
Free DNase I  kit (Qiagen), according to the manufacturer’s instruc-
tions. cDNA was synthesized from total RNA, using a Transcriptor 
First Strand cDNA Synthesis Kit (Roche Applied Science), accord-
ing to the manufacturer’s instructions. Quantitative real-time PCR 
of SlIPT, SlCYP735A, SlLOG, and SlCKX was carried out using the 
Universal ProbeLibrary system (Roche Applied Science), according 
to the manufacturer’s instructions. Primers and probes for each gene 
assay were designed using Universal ProbeLibrary ProbeFinder soft-
ware (https://www.roche-applied-science.com/sis/rtpcr/upl/index.
jsp?id=uplct_030000; Roche Applied Science). The SAND family pro-
tein gene (SAND, SGN-U573169) was used as an internal control for 
normalization of gene expression (Expósito-Rodríguez et  al., 2008). 
Quantitative real-time PCR of SAND and tomato type-A response regu-
lator genes (TRR) was carried out using the LightCycler 480 SYBR 
Green I  Master system (Roche Applied Science), according to the 
manufacturer’s instructions. The sequences of the primer pairs for each 
gene are shown in Supplementary Table S2. DNA from plasmids con-
taining cDNA clones was used to generate standard curves by serial 
dilution. For Universal ProbeLibrary assays, reactions were carried out 
under the following conditions: 95 °C for 5 min and 45 cycles at 95 °C 
for 10 s, 60 °C for 30 s, and 72 °C for 1 s. For SYBR Green assays, 
reactions were carried out under the following conditions: 95  °C for 
5 min and 45 cycles at 95 °C for 10 s, 60 °C for 10 s, and 72 °C for 10 
s. Melting curves from 65 to 98 °C were used to confirm the presence of 
single products. Three biological replicates were analysed in each case.

CK application
CPPU (Tokyo Chemical Industry), tZ (Wako Pure Chemical Industries), 
kinetin (Sigma-Aldrich), and BA (Wako Pure Chemical Industries) 
were applied to unpollinated ovaries in 20 µl of 10% ethanol and 0.1% 
Tween 20. Flower emasculation was carried out 2 d before anthesis to 
prevent self-pollination. Equal volumes of solvent solution were applied 
to control ovaries. Fruits were weighed 20 d after treatment.

Light microscopy
Ovaries and fruit tissue sections were fixed in formalin/acetic acid/alco-
hol, dehydrated using a tertiary butyl alcohol series, and embedded in 
Paraplast Plus (McCormick Scientific). The sections were sliced into 
8  µm thicknesses, stained with 0.1% toluidine blue-O, and observed 
by microscopy (DM2000, Leica). All microscopic measurements were 
performed on nine independent sections (three per fruit), using imaging 
software (Leica Application Suite; Leica). The number of cell layers 
was estimated by counting the cells along a line across the pericarp, per-
pendicular to the epidermis and endocarp.

Accession numbers
Sequence data can be found in the GenBank/EMBL or SGN databases 
under the following accession numbers: tomato sequences: SlIPT1 
(AB690812), SlIPT2 (AB690813), SlIPT3 (AK329766), SlIPT4 
(AB690814), SlIPT5 (AB690815), SlIPT6 (AK324787), SlCYP735A1 
(AB690816), SlCYP735A2 (AB690817), SlLOG1 (AK319846), 
SlLOG2 (AK320492), SlLOG3 (AK322121), SlLOG4 (AK322980), 
SlLOG5 (AK323270), SlLOG6 (AB690818), SlLOG7 (AB690819), 
SlLOG8 (AB690820), SlCKX1 (AB690821), SlCKX2 (AB690822), 
SlCKX3 (AK323363), SlCKX4 (AB690823), SlCKX5 (AB690824), 
SlCKX6 (AB690825), SlCKX7 (AB690826), SlCKX8 (AB690827), 
TRR3/4 (SGN-U577676), TRR8/9a (SGN-U572841), TRR8/9b 
(SGN-U572839), TRR16/17 (SGN-U601012), TRR7/15 (AK329138), 
and SAND (SGN-U316474).

Results

Changes in CK levels during tomato fruit development

To investigate the relationship between endogenous levels 
of CKs and tomato fruit development, the concentrations of 
CK bases and their corresponding ribosides were measured 
in developing Micro-Tom ovaries (Fig.  1). tZ concentration 
increased after anthesis, reaching its highest level 5 days after 
anthesis (DAA), and then slowly decreased. In contrast, iP con-
centration was relatively high before and at anthesis (–2 and 
0 DAA) and decreased after anthesis. DZ concentration was 
undetectable before anthesis, increased from 0 to 5 DAA, and 
then decreased. The amounts of CK ribosides (tZR, iPR, and 
DZR) before anthesis were very high compared to CK bases, 
reached their highest levels at 0 DAA, and then decreased dras-
tically after anthesis.

Fig. 1.  Endogenous levels of cytokinins in tomato ovaries before, 
at, and after anthesis. DAA = days after anthesis; tZ = trans-zeatin; 
tZR = trans-zeatin riboside; iP = isopentenyladenine; 
iPR = isopentenyladenosine; DZ = dihydrozeatin; 
DZR = dihydrozeatin riboside. Values are mean ± SE (n = 3).
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CK metabolic genes isolated from tomato

To obtain homologous sequences of CK biosynthesis and inacti-
vation pathways in tomato, the tomato DNA databases were 
screened using amino acid sequences predicted from Arabidopsis 
and rice genes as probes. To isolate the cDNA sequences of 
tomato CK metabolic genes, total RNA was prepared from 
various organs and reverse-transcription-PCR was performed 
with specific primers for each predicted gene. Deduced amino 
acid sequence alignments were determined for all tomato CK 
metabolic genes (Supplementary Figs. S2–S5), and sequences 
were compared with orthologues from Arabidopsis and rice 
(Supplementary Figs. S6–S9).

Six IPT-like cDNA sequences were isolated and designated 
SlIPT1–6 (Supplementary Fig. S2). The deduced amino acid 
sequence lengths were 323–449 residues, with the exception 
of SlIPT5, which contained a predicted premature stop codon. 
The similarities of the sequences within the gene family ranged 
from 17.23 to 51.38%. SlIPT6 showed high similarity to AtIPT9 
(60.80%) and OsIPT10 (54.20%), suggesting that it might play a 
role in tRNA isoprenylation and the production of cis-zeatin-type 
CKs (Supplementary Fig. S6; Miyawaki et al., 2006).

Two CYP735A-like cDNA sequences were isolated and desig-
nated SlCYP735A1 and SlCYP735A2 (Supplementary Fig. S3). 
Both had deduced amino acid sequence lengths of 516 residues, 
and the two sequences had 95.16% similarity (Supplementary 
Fig. S7).

Eight LOG-like cDNA sequences were isolated and desig-
nated SlLOG1–8 (Supplementary Fig. S4). The deduced amino 

acid sequence lengths were 191–234 residues, and the simi-
larities of the sequences within the gene family ranged from 
59.80 to 92.66%. Comparison with other LOG-like proteins 
in Arabidopsis (AtLOG1–9) and rice (OsLOG, OsLOGL1–10) 
showed that SlLOG1–3 and SlLOG6–8 belong to clade I  and 
SlLOG4 and SlLOG5 belong to clade II (Supplementary Fig. S8).

Eight CKX-like cDNA sequences were isolated and desig-
nated SlCKX1–8 (Supplementary Fig. S5). Several splice vari-
ants were amplified for SlCKX6 and SlCKX8, and all sequences 
contained predicted premature stop codons. Therefore, SlCKX6 
and SlCKX8 were excluded from further studies. The deduced 
amino acid sequence lengths of the SlCKX genes were 519–543 
residues, and the similarities of sequences within the gene family 
ranged from 30.48 to 83.81% (Supplementary Fig. S9).

Expression patterns of CK metabolic genes in tomato

The expression patterns of CK metabolic genes varied among 
tomato organs (Supplementary Fig. S10). SlIPT1 and SlIPT2 
were mainly expressed in flowers, flower buds, and young fruits. 
SlIPT3 and SlIPT4 were expressed in all tested organs, but 
expression was low in young fruits. SlIPT6 (putative tRNA-IPT) 
was constitutively expressed in all tested organs.

SlCYP735A1 was mainly expressed in roots, flowers, and 
young fruits. SlCYP735A2 was expressed in leaves, roots, and 
young fruits.

SlLOG1 was mainly expressed in leaves. SlLOG2 was mainly 
expressed in flowers and flower buds. SlLOG4 was highly 
expressed in roots. SlLOG8 was mainly expressed in flowers. 

Fig. 2.  Expression of CK metabolic and response genes during tomato fruit development. Real-time PCR was performed with cDNA 
prepared from pollinated ovaries (Poll.) at 1, 3, 5, 10, 15, and 20 days after anthesis (black bars), and unpollinated ovaries (Unpoll.) at –2, 
0, 1, and 3 days after anthesis (grey bars). Expression levels are normalized to SAND expression levels. Values are mean ± SE (n = 3).
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SlLOG3, SlLOG5, SlLOG6, and SlLOG7 were expressed in all 
tested organs, but the expression was low in young fruits.

SlCKX1 was expressed in all tested organs, but expression 
was low in young fruits. SlCKX2 was mainly expressed in flow-
ers. SlCKX3 was highly expressed in roots. SlCKX4 was mainly 
expressed in leaves, flowers, flower buds, and young fruits. 
SlCKX5 was expressed in all tested organs. SlCKX7 was mainly 
expressed in young fruits.

Expression of CK metabolic and response genes 
during tomato fruit development

To investigate the relationship between CK metabolism and 
tomato fruit development, the expression profiles of CK meta-
bolic genes in ovaries of developing fruits were examined 
(Fig.  2). Expression of SlIPT1 was low before anthesis (–2 
DAA), gradually increased after pollination, peaked at 5 DAA, 
decreased at 10 DAA, and then increased again at 20 DAA. 
Unpollinated ovaries showed consistently low expression of 
SlIPT1. Expression of SlIPT2 was relatively high before anthe-
sis, gradually increased after pollination, peaked at 5 to 10 DAA, 
and then decreased. Expression of SlIPT3 and SlIPT4 was high 
from –2 to 3 DAA, and then sharply decreased. Expression of 
SlIPT6 (putative tRNA-IPT) was relatively high and did not 
change during early fruit development (data not shown).

Expression of SlCYP735A1 was low before anthesis, increased 
sharply to 1 DAA, and then slowly decreased. Expression of 
SlCYP735A2 was low before and at anthesis, gradually increased 
after pollination, peaked at 5 DAA, decreased until 15 DAA, and 
increased again at 20 DAA. Unpollinated ovaries showed con-
sistently low expression of SlCYP735A1 and SlCYP735A2.

Expression of SlLOG2 was low before anthesis, gradually increased 
after pollination, peaked at 3 DAA, and then decreased. Unpollinated 
ovaries showed consistently low expression of SlLOG2. Expression 
of SlLOG6 was high from –2 to 3 DAA, then sharply decreased. 
Expression of SlLOG8 was low before anthesis, increased sharply at 
anthesis, and then decreased. Expression of other LOG genes did not 
change during early fruit development (data not shown).

Expression of SlCKX1 was high before anthesis, then grad-
ually decreased. Expression of SlCKX3 was low before anthe-
sis, gradually increased after pollination, peaked at 10 DAA, 
then decreased. Unpollinated ovaries showed consistently low 
expression of SlCKX3. Expression of SlCKX4 was low before 
anthesis, gradually increased until 1 DAA, decreased at 5 DAA, 
then increased at 20 DAA. Expression of SlCKX7 was low before 
anthesis, increased sharply at 0 DAA, decreased at 10 DAA, then 
increased at 15 DAA. Expression of other CKX genes did not 
change during early fruit development (data not shown).

This study also examined the expression of TRR genes, which 
have been used as markers of CK signalling (Shani et al., 2010). 
Expression levels of five genes [TRR3/4, TRR8/9a, TRR8/9b, 
TRR16/17, and TRR7/15 (AK329138)] were high in ovaries from 
–2 to 5 DAA, and then slowly decreased (Fig. 2).

Effect of CK application on tomato fruit development

To analyse the role of CKs in tomato fruit development, the 
effects of four different types of CKs (tZ, BA, kinetin, and 

CPPU) on fruit set and growth were examined in unpollinated 
ovaries of Micro-Tom. As previously reported (Serrani et  al., 
2007a), untreated Micro-Tom ovaries neither abscised nor grew. 
Applications of tZ, BA, and kinetin did not have any visible 
effect on fruit growth; however, application of CPPU induced 
growth (Fig.  3A). Parthenocarpic fruit growth was observed 
in all ovaries tested at 1000 and 10,000 ng CPPU ovary–1, with 
maximum response at 10,000 ng ovary–1. The weight of fruits 
treated with 10,000 ng CPPU ovary–1 was about half that of pol-
linated fruits (Fig. 3B).

Ovaries of CPPU-treated fruits exhibited morphology similar 
to that of pollinated fruits, with the exception of size reduction 
and aborted seed development (Fig. 3A). In CPPU-treated ovar-
ies, the locules were filled with jelly-like tissue; some ovules were 
observed, but their growth was extremely limited (Fig. 3C, 3D). 
The small size of cross-sectional areas of CPPU-treated fruits 
was the result of smaller pericarp areas (Fig. 4C; Supplementary 
Fig. S11A, B). Cells of CPPU-treated pericarps were about half 
the size of cells of pollinated fruits (Fig. 4A, 4B, 4D), while the 
number of cell layers was almost the same (Fig. 4E). Therefore, 

Fig. 3.  Response of unpollinated tomato ovaries to 
N-(2-chloro-pyridin-4-yl)-N’-phenylurea (CPPU) treatment. (A) 
Cross-sections of pollinated fruits and fruits treated with different 
amounts of CPPU. (B) Dose response of unpollinated tomato 
ovaries to CPPU treatment (mean ± SE, n = 8). The figure in 
parentheses indicates that only three fruit developed. (C) Seed of 
pollinated fruit. (D) Degenerated ovule (arrow) of CPPU-treated 
fruit. (E) Whole pollinated (Poll.) and CPPU-treated (10,000 ng 
ovary–1) fruits, collected 20 d after anthesis or treatment. Arrow 
indicates enlarged pedicel and calyx. Bars, 1 cm (A, B, E) and 
1 mm (C, D) (this figure is available in colour at JXB online).



5574  |  Matsuo et al.

the size reduction of CPPU-treated ovaries appeared to be due to 
smaller cell size.

The most remarkable change observed in the external morph-
ology of CPPU-treated fruits was enlargement of pedicels and 
calyxes (Fig. 3E). These organs were more than twice as wide in 
CPPU-treated fruits than in pollinated fruits. The cross-sectional 
areas of external phloem, xylem, and internal phloem tissues were 
greatly increased in the pedicel (Fig. 4F, 4G; Supplementary Fig. 
S11C, D, Supplementary Table S3), and the tissues surrounded 
by xylem were enlarged in the calyx (Fig. 4H, 4I; Supplementary 
Fig. S11E, F). The size of cells in these tissues was greater in 

CPPU-treated fruits than in pollinated fruits (Fig. 4F–I). Thus, 
the effect of CPPU on cell growth varied among organs.

The effects of CPPU (10,000 ng ovary–1) was also examined 
using unpollinated ovaries of Ailsa Craig (AC, a non-dwarf 
tomato cultivar). Unlike Micro-Tom ovaries, all untreated 
AC ovaries abscised during 5–10 DAA. CPPU had simi-
lar, but weaker, effects on AC ovaries, compared to its effects 
on Micro-Tom (Supplementary Fig. S12). No CPPU-treated 
AC ovaries abscised, but some did not grow. The weight of 
CPPU-treated fruits was about one-fifth that of pollinated 
fruits (Supplementary Fig. S12B). Similar to Micro-Tom, 

Fig. 4.  Effects of N-(2-chloro-pyridin-4-yl)-N’-phenylurea (CPPU) on tomato fruit histology. (A, B) Transverse sections of ovaries of 
pollinated (A) and CPPU-treated (B) fruits. (C–E) Pericarp surface area (C), cross-sectional area of pericarp cells (D), and number of cell 
layers (E) in pericarps of pollinated (Poll.) and CPPU-treated fruits (mean ± SD, n = 9). (F, G) Transverse sections of pedicels of pollinated 
(F) and CPPU-treated (G) fruits. (H, I) Longitudinal sections of calyxes of pollinated (H) and CPPU-treated (I) fruits. E, epidermis and 
primary cortex; EP, external phloem; IP, internal phloem; P, pith; X, xylem. Bars, 500 µm (this figure is available in colour at JXB online).
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CPPU-treated AC ovaries showed enlargement of pedicels and 
calyxes (Supplementary Fig. S12C), but jelly-like tissue was 
almost absent, probably because of reduction of the locular area 
(Supplementary Fig. S12A).

Discussion

Regulation of CK metabolism

CKs are thought to play important roles in fruit development. 
However, the molecular mechanisms of the regulation of CKs 
have not been well investigated in fruit crops. The present study, 
as far as is known for the first time, describes a complete set of 
CK metabolic genes in tomato and regulation of their expression 
in early fruit development.

Concentrations of different CK forms showed different tem-
poral patterns during early tomato fruit development (Fig.  1). 
The levels of tZR, iPR, DZR, and iP were high in ovaries at 
anthesis. Transcript levels of the CK biosynthetic genes SlIPT3, 
SlIPT4, SlLOG6, and SlLOG8 were also high at anthesis, then 
decreased sharply after anthesis (Fig. 2). The transcript level of 
SlCYP735A1 showed a slight increase at anthesis (Fig. 2). These 
results indicate that unpollinated ovaries synthesize CK from 
adenosine phosphates to CK nucleobases. After anthesis, con-
centrations of iP and CK ribosides immediately decreased, prob-
ably because of degradation or conversion to other CK forms. 
Elevated expression of the CKX genes SlCKX1 and SlCKX7 in 
early developing ovaries (Fig. 2) might be involved in the deg-
radation of these CKs.

In contrast to iP and CK ribosides, the levels of tZ and DZ in 
tomato ovaries continued to increase after anthesis, reached max-
ima at 5 DAA, then slowly decreased (Fig. 1). Similarly, transcript 
levels of SlIPT1, SlIPT2, SlCYP735A1, SlCYP735A2, and SlLOG2 
increased after pollination, and moderate to high expression of these 
genes was detected at 1–5 DAA (Fig. 2). Surprisingly, the tran-
script level of SlCYP735A1 at 1 DAA was about 10-times higher 
in ovaries than in roots (Fig. 2, Supplementary Fig. S10), suggest-
ing that CK trans-hydroxylase activity was strongly induced, and 
that tZ-type CK was specifically synthesized in pollinated ovaries. 
Roots are generally thought to be major sites of CK biosynthesis, 
and root-synthesized CKs are thought to act as long-distance sig-
nals (Hirose et al., 2008). The importance of root-synthesized CKs 
in tomato was reported by Ghanem et al. (2011), who showed that 
the root-localized induction of CK biosynthesis improved shoot 
growth and fruit yield in salt-stressed tomato. On the other hand, 
locally synthesized CKs also play important roles in plant devel-
opment, such as promoting axillary bud outgrowth (Tanaka et al., 
2006). The spatial expression patterns of CK metabolic genes in 
ovaries indicated that locally synthesized CKs are important in 
tomato fruit development, as well as root-synthesized CKs.

The expression patterns of tomato TRR genes in developing 
fruits showed that the expression of five TRR genes was high in 
ovaries from –2 to 5 DAA and then slowly decreased (Fig. 2). 
Together with temporal changes in CK contents, these results 
suggest that the CK signal transduction pathway is active during 
pre-anthesis and early post-anthesis stages.

Fluctuations in CK concentrations during fruit develop-
ment were previously observed in wild-type tomato (Solanum 

pimpinellifolium Mill.) by Bohner and Bangerth (1988), using 
radioimmunoassays. They reported that tZ-type CK levels in 
ovaries increased 4 d after pollination and that iP-type CK levels 
were high at anthesis. The results of that study and the present 
study indicate two peaks of CK accumulation during early fruit 
development. The first peak, at anthesis, is not linked to pollin-
ation, because the transcripts of several CK biosynthetic genes 
were upregulated without pollination (Fig.  2). High CK con-
centrations were also observed at anthesis in kiwifruit ovaries, 
with a decrease immediately after anthesis (Lewis et al., 1996). 
It was suggested that, prior to fertilization, factors produced by 
the sporophytic tissue surrounding the developing ovary are 
required to trigger and maintain cell division in the fruit prim-
ordia, until the ovary reaches mature size (Gillaspy et al., 1993). 
Furthermore, Bohner and Bangerth (1988) reported that cell 
division prior to anthesis is critical in determining fruit size in 
wild-type tomato. Therefore, high CK levels might be necessary 
for the growth and/or maintenance of unpollinated ovaries until 
successful pollination, after which the CKs might be inactivated.

The concentrations of CK ribosides (tZR, iPR) in unpollinated 
ovaries were about 10-times those of the corresponding CK bases 
(Fig. 1). Although the binding activity of CK ribosides is lower 
than that of CK bases, CK ribosides have relatively high binding 
activity to some CK receptors, and they are considered to have a 
genuine biological activity (Spíchal et al., 2004). There are three 
CK receptors in Arabidopsis (AHK2, AHK3, and CRE1/AHK4); 
each receptor has specific roles in CK-regulated processes, which 
depend on its ligand preferences and gene expression pattern 
(Stolz et al., 2011). Therefore, it is possible that the high concen-
trations of CK ribosides and their interactions with specific recep-
tors have important roles in the growth of unpollinated ovaries.

The second peak in CK concentrations in developing tomato 
fruit occurred 5 d after anthesis. The peak in tZ content cor-
responded with phase II cell division, suggesting that tZ is 
involved in cell division in ovaries after pollination. An increase 
in CK content after anthesis has also been observed in other plant 
species, including maize, kiwifruit, white lupine, and Helleborus 
niger (Lewis et al., 1996; Emery et al., 2000; Tarkowski et al., 
2006; Brugière et al., 2008; Rijavec et al., 2011). Interestingly, 
iP content in ovaries decreased after anthesis, whereas tZ content 
increased (Fig. 1). SlCYP735As might be key enzymes regulat-
ing these CKs. These results indicate that tZ, but not iP, plays an 
important role in early tomato fruit development after anthesis. 
tZ and iP are known to be the most common active CKs in plants, 
but the physiological role of different side-chain structures 
remains unclear. Further analysis of SlCYP735As will elucidate 
the role of different types of CKs in tomato fruit development.

Relatively high levels of tZR and DZR in tomato ovar-
ies (Fig.  1), and upregulation of several CK metabolic genes 
(Fig. 2), indicated a third peak in CK concentrations at 20 DAA 
or later. Similar peaks were observed in wild-type tomato and 
kiwifruit (Bohner and Bangerth, 1988; Lewis et al., 1996), but 
are not likely to influence cell division.

Effects of CK application

CPPU application to unpollinated Micro-Tom ovaries induced 
parthenocarpic fruit development (Fig.  3A). However, 
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CPPU-treated fruits were consistently smaller than polli-
nated fruits (Fig.  3B), and pericarp cells were also smaller in 
CPPU-treated fruits, although the number of cell layers was 
similar (Fig. 4D, 4E). Thus, CPPU-induced parthenocarpic fruit 
development appeared to be due to the promotion of cell division, 
rather than cell expansion. These findings strongly suggest that 
CKs are involved in cell division during tomato fruit develop-
ment. Serrani et al. (2007a) reported that auxin- or GA-induced 
parthenocarpic tomato fruits had cell sizes equal to or larger than 
those of pollinated fruits. They suggested that auxin was primar-
ily involved in cell division and GA in cell expansion. The small 
size of CPPU-treated fruits, especially in the case of AC fruits, 
might be due to the importance of cell expansion in determining 
final fruit size. Other plant hormones, such as auxins and GAs, 
might be necessary for further fruit development.

Enlargement of calyxes and pedicels was observed in 
CPPU-treated fruits (Fig. 3E) and was due to the promotion of 
both cell division and cell expansion (Fig. 4F–I). Similar mor-
phological changes were reported by Kataoka et al. (1994), who 
observed that a mixture of synthetic auxin and CPPU reduced 
auxin-induced puffiness in tomato fruits and enlarged the size of 
calyxes and pedicels. He and Saedler (2007) found that applica-
tion of BA and GA3 induced enlargement of the calyx (inflated 
calyx syndrome) in Physalis floridana (Solanaceae) and sug-
gested that CK was involved in cell division while GA was 
involved in cell expansion. Therefore, the effect of CPPU on cell 
expansion in tomato calyxes and pedicels might be indirect and 
other plant hormones, such as GA, might be involved.

Significant enlargement of pedicels, which involved abscis-
sion zones, indicated that this area is highly sensitive to CKs. 
Several CK biosynthetic and response genes were specifically 
expressed in fruit abscission zones in Arabidopsis (Miyawaki 
et  al., 2004; Hirose et  al., 2008; Kuroha et  al., 2009). Thus, 
CKs might play roles in growth and/or maintenance of pedi-
cels. Auxin accumulates in pedicels during early tomato fruit 
development and is thought to prevent premature abscission 
of ovaries (Nishio et al., 2010). CK application to developing 
Arabidopsis tissues leads to upregulation of auxin biosynthesis 
(Jones et al., 2010). CKs can also affect auxin distribution via 
regulation of PIN auxin efflux transporters in various plant tis-
sues (Pernisová et al., 2009; Růžička et al., 2009). Thus, one 
possible role of CKs in fruit development is to modulate auxin 
biosynthesis and/or polar auxin transport to prevent abscission 
of ovaries.

Microscopic analysis revealed enlargement of external 
and internal phloem and xylem of pedicels (Fig. 4F, 4G). The 
growth of tomato fruit depends on transport of water, nutri-
ents, and assimilates from other parts of the plant via the xylem 
and phloem of the pedicel (Ho et al., 1987; Van Ieperen et al., 
2003). Furthermore, CKs are central regulators of cambial activ-
ity, which produces xylem and phloem through cell division 
(Matsumoto-Kitano et al., 2008; Nieminen et al., 2008). Thus, 
CKs might play roles in regulation of cambial development of 
pedicel, which influences the transport of water, nutrients, and 
assimilates to fruit.

The application of CKs other than CPPU (tZ, BA, and kinetin) 
to unpollinated tomato ovaries did not induce parthenocarpic fruit 
development under the present experimental conditions. Similar 

results were observed in muskmelon, watermelon, and kiwi-
fruit (Hayata et al., 1995, 2000; Ohara et al., 1997). Phenylurea 
derivatives, such as CPPU and thidiazuron, are known to exhibit 
higher activities than purine CKs (Shudo 1994). Therefore, com-
pared to other CKs, CPPU seems to have much more consistent 
and stronger effect on fruit set and growth in several fruit crops.

In summary, the results of the present study demonstrated that 
CKs are involved in early tomato fruit development (Fig.  5). 
High levels of CKs (CK ribosides and iP) are accumulated in 
ovaries prior to pollination and might be involved in the growth 
of unpollinated ovaries. After pollination, concentrations of 
these CKs decrease, while tZ is increased by the upregula-
tion of CK biosynthetic genes (SlIPT1, SlIPT2, SlCYP735A1, 
SlCYP735A2, and SlLOG2). tZ might be involved in early fruit 
development through promotion of cell division and, based on 
effects of CPPU application, might function as a signal affecting 
fruit set and development. Future studies, such as modification 
of CK contents in ovaries by genetic manipulation and analysis 
of crosstalk with other plant hormones, will be needed to better 
understand the mechanism involving CKs in the regulation of 
fruit development.

Fig. 5.  Proposed model for the roles and regulation of cytokinins 
(CKs) in tomato fruit development. Before pollination, high levels 
of CKs are accumulated in ovaries by the expression of CK 
biosynthetic genes (SlIPT3, SlIPT4, SlLOG6, and SlLOG8). These 
CKs are involved in the growth of unpollinated ovaries, and their 
concentrations are decreased after pollination by the expression of 
SlCKX genes (SlCKX1 and SlCKX7). Concentration of trans-zeatin 
(tZ) is increased after pollination through the upregulation of 
other CK biosynthetic genes (SlIPT1, SlIPT2, SlCYP735A1, 
SlCYP735A2, and SlLOG2). tZ promotes cell division during 
early fruit development. Concentrations of auxin and gibberellin 
(GA) also increase after pollination. These hormones are involved 
in the cell division and expansion, which determine final fruit 
size. CKs also promote the growth of pedicel and influence the 
transport of water, nutrients, and assimilates to fruit. The question 
mark and dotted arrow indicate that CKs might also modulate 
auxin biosynthesis and/or polar auxin transport, which prevent 
abscission of ovaries.
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