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Abstract Fruit set and fruit development can be limited
due to ineffective pollination in off-season crops of
Cucurbita pepo. To avoid this problem, parthenocarpy,
the natural or artificial fruit development without fertil-
ization, is required. The application of synthetic growth
regulators is a common practice for inducing stimulative
parthenocarpy in zucchini cultivars, but this method
increases production costs and may cause other fruit

defects. The disadvantages associated with this can be
overcome through the use of vegetative parthenocarpic
cultivars, which allow fruit set without any external
stimuli. Three zucchini cultivars have been studied and
differences have been found in parthenocarpic fruit de-
velopment. Ethylene release of unpollinated fruit has
corroborated the parthenocarpic fruit development. Veg-
etative parthenocarpy was observed in the Whitaker
cultivar. Furthermore, the involvement of the auxin
signalling pathway in controlling fruit set and partheno-
carpy have been studied. Transcriptome analysis of
auxin signalling genes, CpARF8, CpIAA9 and CpTIR1,
have shown tissue-specific expression and have re-
vealed a decrease in the expression levels of these genes
in pollinated fruits after the fertilization signal, indicat-
ing their role in the transition from ovary to fruit. Nev-
ertheless, it has also been shown that expression of these
genes can be different between parthenocarpic cultivars.
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Introduction

Cucurbita pepo represents one of the main species of
vegetables crops in terms of human consumption. Zuc-
chini, the most economically valuable morphotype of
this species, is harvested as immature a few days after
fruit set, when the fruit reaches 20 to 25 cm in length
(Paris 2000). Pollination and fruit set trigger fruit devel-
opment, becoming an essential process of crop yield.
Ineffective pollination/fertilization, produced by low or
high temperatures or inadequate humidity, causes fruit
yield decline as a result of a decrease of fruit set (Picken
1984; Nepi and Pacini 1993; Nepi et al. 2010). Vegeta-
tive or stimulative parthenocarpy occurs when the ovary
of a flower develops into a fruit without fertilization
(Durner 2013), and is applied to avoid this problem.
The application of synthetic growth regulators is a com-
mon practice for inducing stimulative parthenocarpy in
zucchini cultivars (Gustafson 1942) and is specially
required to adapt cultivars to winter conditions in green-
houses (off-season crops), when pollinating insects are
less active. This practice increases production costs and
may cause fruit defects (Vivian-Smith and Koltunow
1999; Fu et al. 2008; De Jong et al. 2009a, b). The
drawbacks associated with the application of synthetic
growth regulators can be overcome through the use of
parthenocarpic cultivars as with Cucumis sativus (De
Ponti and Garretsen 1976). However, vegetative parthe-
nocarpy is still of limited use in zucchini, producing low
yields in field crops.

Most genes involved in fruit set have been related to
growth regulators of fruit development as auxins, gib-
berellins and cytokinins (Ozga and Reinecke 2003;
Srivastava and Handa 2005; De Jong et al. 2009a, b).
In addition, molecular biology studies have determined
that parthenocarpy could be controlled by a single gene,
such as a transcriptional factor or receptor of the phyto-
hormone signalling pathways (Goetz et al. 2006, 2007;
Martí et al. 2007; Serrani et al. 2010; Fuentes et al.
2012). This is the case of two important auxin-
responsive gene families such as ARF (Auxin Response
Factor) and Aux/IAA that have been related to the devel-
opment of parthenocarpic fruit in Arabidopsis thaliana
and Solanum lycopersicum (Kumar et al. 2011).

Sequence analyses of the highly conserved domains
of ARFs and Aux/IAA families have shown how small
changes in the protein domains can transform the nor-
mal fruit set into parthenocarpic fruit development. A
typical ARF protein contains a conserved N-terminal

B3-like DNA-binding domain (DBD) that includes an
ARF family-specif ic domain (referred to as
AUX_RESP domain), a variable middle region (MR)
and a C-terminal Aux/IAA domain (CTD). The amino
acid composition of the variable middle region is critical
in determining the function of ARFs (Tiwari et al. 2003,
2004; Guilfoyle and Hagen 2007).MR rich in glutamine
(Q-rich) are activation domains, whereas those rich in
proline, serine and threonine (PST-rich) are repressor
domains (Wu et al. 2014). On the other hand, Aux/
IAA proteins generally have four characteristic do-
mains. Domain I contains a functionally characterized
transcriptional repressor motif while domain II interacts
with a component of the ubiquitin-proteasome protein
degradation pathway, which is essential for auxin sig-
nalling. Domains III and IVact as C-terminal dimeriza-
tion domains, mediating homodimerization and
heterodimerization among Aux/IAA family members
and dimerization with similar domains found in ARFs
(Tiwari et al. 2004; Guilfoyle and Hagen 2012).

Involvement of the auxin signalling pathway in con-
trol l ing frui t ini t iat ion has been studied in
S. lycopersicum and A. thaliana. Two components of
the auxin signalling pathway have been implicated in
repressing fruit set in the absence of fertilization, auxin
response factor 8 (ARF8) and the Aux/IAA protein
IAA9, that can directly block transcription of fruit initi-
ation genes (Vivian-Smith et al. 2001; Wang et al. 2005;
Goetz et al. 2006). After pollination and fertilization,
auxins act binding to their receptor TIR1 (Transport
Inhibitor Response 1) promoting degradation of Aux/
IAA9 via the ubiquitin-proteasome system (Goetz et al.
2007). In the absence of IAA9, ARF8 can stimulate
expression of early response genes, initiating fruit de-
velopment (Goetz et al. 2006). Recessive mutations in
Arabidopsis ARF8 (mutant fwf, fruit without fertiliza-
tion) and introduction of Arabidopsis ARF8 with point
mutations in the ARF8 gene in tomato induced parthe-
nocarpy in these species (Goetz et al. 2006, 2007). On
the other hand, downregulation of the Aux/IAA9 gene
(Wang et al. 2005) or one single-base deletion mutant in
S. lycopersicum (Mazzucato et al. 2015) resulted in
parthenocarpic fruit development. As ARF8 and IAA9
genes, TIR1 has also been involved in fruit development
without pollination/fertilization in C. sativus (Cui et al.
2014) and S. lycopersicum (Ren et al. 2011).

Several research programmes have focused on eval-
uating the parthenocarpic potential of groups of C. pepo
cultivars but not on determination of the function of
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these genes during fruit development in this species
(Durham 1925; Nitsch et al. 1952; Martínez et al.
2014). The first cultivar described as vegetative parthe-
nocarpic was Whitaker, and most recently, three com-
mercialized hybrids cultivars, Cavili, Parthenon and
Argo, have displayed parthenocarpic potential and a
characteristic ethylene profile during early fruit devel-
opment related to parthenocarpic fruit set (Martínez
et al. 2014). However, there are no studies aimed at
identifying how auxins and auxin signalling genes as
ARF8, IAA9 and TIR1 control fruit development in
zucchini. In this work, the significance of these genes
to induce fruit development and parthenocarpy in this
species will be determined by a genomic and
transcriptomic analysis in different zucchini cultivars.
The expected results could be valuable to define the
possibilities of integrating these genes in zucchini breed-
ing programmes assisted by specific molecular tools,
and to elucidate the role of these genes in controlling
fruit set in this species.

Materials and methods

Plants, growing conditions and treatments

Plants of the parthenocarpic Cavili (Numhens® Bayer
CropScience), the parthenocarpic Whitaker (New York
State Agriculture Experiment Station, New York, USA)
and the non-parthenocarpicCucurbita pepo subsp. pepo
L. Zucchini Group ‘MUCU-16’ (Cucurbita core collec-
tion of the Cucurbits Breeding Group from the
COMAV-UPV) were grown under the same conditions
in a greenhouse at the IFAPA research centre in Almeria
(Spain), following standard local commercial practises
for both plant nutrition and pest and disease control.
Three treatments were applied on the three cultivars:
pollination, non-pollination and synthetic auxins. In all
cases, female flowers were protected with paper bags
before anthesis to prevent the transfer of pollen by
insects. Only female flowers were selected for treat-
ments. Paper bags were removed in anthesis early in
the morning and female flowers were self-pollinated by
hand for pollination or treated with 0.5 ml of 0.8% of
synthetic auxins Bfruitone^ (0.45% 1-naphthalene acetic
acid, 1.2% 1-naphthaleneacetamide) for auxin treatment
(Martínez et al. 2013). In non-pollination treatment,
paper bags were removed after anthesis to claim that
ovaries were not pollinated.

Fruit growth parameters and ethylene production

Fruit growth parameters were compared among polli-
nated, non-pollinated and auxin treated ovaries/fruits in
each cultivar. Fruit length, fruit diameter (measured on
apex), placental diameter and pericarp thickness were
measured on twelve ovaries/fruits collected from anthe-
sis to 5 days post anthesis (DPA). To determinate ethyl-
ene production, fruits were harvested at the same DPA,
and ethylene production was measured on four repli-
cates of three ovaries/fruits in each one. For this pur-
pose, three ovaries/fruits at the same developmental
stage were enclosed in sealed containers for 24 h, and
the produced ethylene was determined by gas chroma-
tography. The production of ethylene of each sample
was repeated four times in a VARIAN 3900 gas chro-
matograph equipped with a flame ionization detector
(FID).

Searching for target gene sequences and phylogenetic
analysis

To find the sequences of the genes ARF8, IAA9, TIR1 in
C. pepo, we initially surveyed the Cucurbita pepo
COMAV transcriptome v3 (http://cucurbigene.
net/db/transcriptome_v3/) through Nucleotide BLAST
using the CDS sequences of Arabidopsis, tomato,
cucumber and melon as queries. All sequences
identified in the Cucurbita pepo transcriptome were
used as query in the BLASTN searches against the
NCBI database to verify the Cucurbita pepo CDS for
each gene. The protein sequences were obtained from
Cucurbita pepo COMAV transcriptome v3. All peptide
sequences were used as a query in the BLAST searches
on NCBI’s CDD tool to find their potential functional
domains (Marchler-Bauer et al. 2015). The Pfam 29.0
database was used to confirm the presence of conserved
domains under an E-value level of 1.0 (http://pfam.
sanger.ac.uk/). Multiple sequence alignments were
carried out in Clustal X v2.0 (Larkin et al. 2007).
Pairwise comparisons were made using Geneious R8
v8.0.4 using the protein sequences alignment. A
Neighbour-Joining tree was constructed by using the
algorithm based on the Tamura-Nei model available in
the MEGA 6.0 program (Tamura et al. 2013) with 1000
bootstrap replications to assess the robustness of the
tree. The phylogenetic tree was constructed with the
protein sequences collected from the NCBI database
and CpARF8, CpIAA9 and CpTIR1 peptides.
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Gene expression analysis

Young stems and pericarp of three ovaries/fruits from
pre-anthesis to 7 DPA, were frozen in liquid nitrogen
and stored at −80 °C prior to RNA extraction. To deter-
mine the gene expression in all treatments in the three
cultivars, two replications per sample were performed.
Each replication was the result of an independent ex-
traction of total RNA from the sample.

Total RNA was extracted using the TRIzol® reagent
(Ambion®) according to manufacturer’s instructions.
RNA concentration and purity were determined with a
Nanodrop 200 Spectrophotometer (Eppendorf, Hamburg,
Germany), which calculated absorbance at 260 nm. Only
RNA sampleswith 260/280 ratios between 1.9 and 2.1 and
260/230 ratios of >2.0 were used for cDNA synthesis.
cDNAwas synthesized from 1 μg of total RNA for each
sample using theHigh-Capacity cDNAReverse Transcrip-
tion Kit (Applied Biosystems®) with the use of the ran-
dom primers according to the manufacturer’s instructions.
Prior to cDNA synthesis, genomic DNA was efficiently
removed with DNAse I Amplification Grade
(Invitrogen™). A positive control was included to test
for contaminating genomic DNA. Specific primer pairs
for qPCR amplification of target genes were designed with
PRIMER3 software (Untergasser et al. 2012) using se-
quences references in the Cucurbigene database
(Table 1). qPCR was performed using the LightCycler
system (Lightcycler 1.5, Roche).

All reactions were performed using the SYBR Green
master mix (Roche) following the procedure described
by the manufacturer. PCR conditions were as follows:
pre-incubation at 95 °C for 5 min followed by 40 cycles,
each consisting of 10 s at 95 °C, 10 s at 60 °C and 20 s at
72 °C. Finally, a dissociation analysis of the PCR prod-
ucts was performed by running a gradient from 65 to
95 °C to confirm the presence of a single PCR product.
Two technical replicates were run for each sample, with
a negative control using water as template. Expression
levels of the target genes were calculated using the
advanced relative quantification model with efficiency
correction, multiple reference gene normalization and
the use of error propagation rules (Hellemans et al.
2007). Based on previous results (Obrero et al. 2011),
two genes (CpPP2A and CpEF1α) were selected as
reference genes to normalize. The qPCR product for
each target gene was cloned into the pGEM-T vector
(Promega, Madison, WI, USA), and sequenced (Uni-
versity of Almeria, Spain). The sequence of the ampli-
fication product for each primer pair was compared with
the amplicon selected in the Cucurbigene database
(Table 1) using the BioEdit programme v7.2.5.

Statistical analysis

Simple analysis of variance (ANOVA) at p < 0.05 was
performed by the Statistix v.9 software, and each two
means were compared with the method of Tukey’s

Table 1 List of genes and q-PCR primers used in this paper.
Accession references for CDS and protein sequences of the
ARF8, IAA9 and TIR1 genes in Arabidopsis thaliana, Solanum

lycopersicum, Cucumis sativus, Cucumis melo at the NCBI data-
base are reported. Cucurbita pepo unigenes were available at
http://www.cucurbigene.net

Gene Sequence Reference at NCBI Accession number at Cucurbigene Forward and reverse primers

CDS Protein

AtARF8 AY669790.1 AAT67074.1

SlARF8 EF667342.1 ABS83388.1 CUUC44442_TC11 ACCTTGGAGGCGTTGATATG

CsARF8 XM_011656826.1 XP_011655128.1 GGAAGCCTGCCTGTTGAATA

CmARF8 XM_008464905.1 XP_008463127.1

AtIAA9 U18411.1 AAC49050.1

SlIAA9 JN379437.1 AEX00353.1 CUUC37450_TC05 ATGTCGCAGCAATGTCACTC

CsIAA9 NM00128078.1 NP_001267710.1 TTACGCTCTTCAAATCCCAAA

CmIAA9 XM_008446743.1 XP_008444965.1

AtTIR1 NM_116163.3 NP_567135.1

SlTIR1 GQ370812.1 ACU81102.1 CUUC119169_TC04 GATTCCTGGCAATGGTCACT

CsTIR1 NM_001280617.1 NP_001267546.1 CTGAAGGGTGTCCAAAGCTC

CmTIR1 XM_008453216.1 XP_008451438.1
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honest significance test for fruit growth parameters and
ethylene production. To apply these statistical tech-
niques, the variables were required to follow a normal
distribution. Exploratory data analysis of gene expres-
sion data (multi-dimensional scaling plot, cluster
dendogram and hierarchical clustering) was done with
R 3.2.5 to visualize and summarize the overall quality of
the data and identify general patterns. Prior to this
analysis, data were log transformed.

Results

Differences of early fruit development in zucchini

Fruit development has been evaluated in three cultivars,
a non-parthenocarpic cultivar, MUCU-16, and two par-
thenocarpic cultivars, Cavili and Whitaker. There were
substantial differences in harvested fruits from anthesis
to 5 DPA, comparing pollinated respect to unpollinated
fruit. Morphological and histological changes are clear-
ly differentiated in the non-parthenocarpic cultivar.
Fruits differed in shape and placental tissue, observed
by sectioning the style in both treatments (Fig. 1). Pol-
linated fruit of MUCU-16 showed a cylindrical-
elongated shape with dark green colour skin without
changes in the stylar, similar to the other cultivars

(Fig. 1a). The placental tissue was translucent light
green along those stages, shiny and with small develop-
ing seeds (Fig. 1b). In contrast, unpollinated fruit suf-
fered the aborting process from 3 DPA, characterized by
the flattening of fruit walls and apex deformity (Fig. 1c).
Moreover, placental and mesocarp tissue displayed a
process of senescence that produced dark tissue and
the absence of developing seeds (Fig. 1d).

Fruit growth changed under different treatments. Pol-
linated fruit of the non-parthenocarpic cultivar MUCU-
16 showed an exponential phase of growth from 3 DPA,
with significant differences in fruit length and placental
diameter, in respect to unpollinated and auxin treated
fruit. Unpollinated fruit delayed its growth and did not
reach the exponential phase observed in pollinated fruit
(Fig. 2a). The application of synthetic auxins did not
promote the same effect in fruit growth as pollination in
this cultivar, showing a growth slope similar to
unpollinated, although with slightly significant differ-
ences in the later stages. In consequence, pollinated fruit
reached the commercial size (≥ 20 cm of fruit length) but
auxin treated fruit only reached 15 cm after the same
number of growth days (Fig. 2a).

Changes during the early fruit development were also
observed in the parthenocarpic cultivars. In contrast to
MUCU-16, unpollinated fruit of Cavili rapidly in-
creased in size after 3 DPA, showing no significant

Fig. 1 Morphological changes occurring during early zucchini
fruit development. a Pollinated fruit of the non-parthenocarpic
cultivar MUCU-16 from anthesis until 5 DPA. b Section of the
style of pollinated fruit of the non-parthenocarpic cultivar MUCU-

16 from anthesis until 5DPA. c Unpollinated fruit of the non-
parthenocarpic cultivar MUCU-16 from anthesis until 5 DPA. d
Section of the stylar region of unpollinated fruit of the non-
parthenocarpic cultivar MUCU-16 from anthesis until 5 DPA
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differences in length with pollinated fruit (Fig. 2b). Sur-
prisingly, the application of synthetic auxins did not
produce an intermediate growth between pollination
and non-pollination in fruits of this cultivar. Auxin
treated fruits displayed the lowest length at 4 DPA
(Fig. 2b). Regarding placental diameter, in pollinated
fruit it was higher than in unpollinated and auxin treated
fruit from 3 DPA (Fig. 2b). The absence of positive
growth signals such as pollination or synthetic auxins
did not produce changes in fruit length and placental
diameter in Whitaker. All fruits of this genotype grew
similarly regardless of the treatment applied (Fig. 2c).

The internal development was analysed through fruit
diameter and pericarp thickness (Fig. S1). In the non-
parthenocarpic variety, fruit diameter showed that there
were great differences between treatments at 5 DPA. At
this stage, fruit diameter reached approximately 30 mm
in unpollination treatment, 55 mm in pollination and
34 mm in auxin treatment. In the case of parthenocarpic
cultivars, fruit diameter of Cavili also displayed changes
depending on the treatment applied, showing the highest
value in pollinated fruit. Conversely, fruit diameter of
Whitaker maintained similar growth between treat-
ments, not suffering changes by the application of
auxins or pollination.

Determination of fruit ethylene pattern

Fruit development has been associated with a distinctive
pattern of ethylene release in zucchini (Martínez et al.
2014). In our case, in the non-parthenocarpic cultivar
(Fig. 3a), unpollinated fruit showed a peak in ethylene
production at 3 DPA (7.63 nl/gFW), and production
remained at high levels (4.9 nl/gFW) from this develop-
mental stage with significant differences between treat-
ments. In contrast, a decrease in ethylene production
was observed in pollinated fruit and auxin treated fruit
of this cultivar from 3 DPA. Pollinated fruit showed ten
times less ethylene production with respect to
unpollinated fruit, and the application of synthetic
auxins produced two times less ethylene. The applica-
tion of this phytohormone produced an intermediate
level of ethylene between non-pollinated and pollinated
fruit.

Ethylene production in the parthenocarpic cultivars
remained low during fruit development from 3 DPA in
all treatments (Fig. 3b and c). Levels ranging 0.3–1.5 nl/
gFW were observed in both cultivars. In Cavili, auxin
treated fruit decreased its ethylene production from 1
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Fig. 2 Fruit growth of zucchini fruit. Increase of fruit length and
placental diameter as a function of days post anthesis (DPA) in
unpollinated fruit (UF), pollinated fruit (PF) and auxin treated fruit
(AF) in the cultivars a MUCU-16, b Cavili and c Whitaker. Values
correspond to means (n = 12). Error bars indicate the SE and
asterisks indicate a significant difference from the mean of each
treatment in the same DPA (*P < 0.05)
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DPA, pollinated fruit decreased at 2 DPA, and
unpollinated fruit declined at 3 DPA (Fig. 3b). In
Whitaker, auxin treated fruit decreased its ethylene pro-
duction at 1 DPA and pollinated and unpollinated fruit at
2 DPA. All fruits from these genotypes showed similar
levels of ethylene, without significant differences at 3
DPA regardless of the treatment applied (Fig. 3c).

Identification and sequence analysis of CpARF8,
CpIAA9 and CpTIR1

Extensive searches were carried out in the C. pepo tran-
scriptome (https://cucurbigene.upv.es/), using all
previously reported coding sequences for these genes
inArabidopsis, tomato, cucumber and melon as BLAST
queries (Table 1). The sequence of target genes in zuc-
chini were selected from thirteen sequences forCpARF8
, six sequences for the CpIAA9 gene and four sequences
for CpTIR1 according to their homology with cucumber
and melon in the Cucurbita pepo transcriptome.

To study homology in selected sequences, pairwise
sequence comparisons were carried out. Proteins of the
gene TIR1 showed a high identity level (more than 70%)
with respect to C. pepo, even in phylogenetically distant
species such asArabidopsis thaliana and S. lycopersicum
(Fig. 4a). Homology analysis of CpARF8 protein also
showed high identity between proteins (67–93%), being
Cucurbita spp. proteins were more similar. The most
dissimilar protein between species was IAA9, with a
pairwise homology between species approximately 50–
87% (Fig. 4a). An unrooted tree was constructed from an
alignment of their protein sequences by the N-J method
(Fig. 4b). In order to analyse the phylogenetic relation-
ship between Arabidopsis, tomato (S. lycopersicum L.),
cucumber (C. sativus), melon (Cucumis melo) and zuc-
chini of ARF8, IAA9 and TIR1 genes, the proteins were
clustered into three major groups corresponding to each
gene family. Protein sequences of CpARF8, CpIAA9
and CpTIR1 grouped within a clade that comprises the
protein sequences of C. sativus and C. melo (Fig. 4b).

The sequences obtained were analysed through
NCBI’s CDD tool (Marchler-Bauer et al. 2015), and
the Pfam 29.0 database to check their corresponding
conserved domains. The predicted protein CpARF8
displayed the characteristic domains of the family gene,
the plant-specif ic B3 DNA binding domain
(pfam02362) between 127 and 228 aa, the conserved
region of auxin-responsive transcription factor ARF
(pfam06507) between 260 and 337 aa and Aux/IAA
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Fig. 3 Evolution of ethylene production during early fruit devel-
opment in zucchini fruits. Ethylene production as a function of
days post anthesis (DPA) in unpollinated fruit (UF), pollinated
fruit (PF) and auxin treated fruit (AF) in the cultivars a MUCU-16,
b Cavili and, c Whitaker. Values correspond to means (n = 4).
Error bars indicate the SE and asterisks indicate a significant
difference from the mean of each treatment in the same DPA
(*P < 0.05)
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domain (pfam02309) between 719 and 810 aa. The
middle region (MR) of the CpARF8 comprised the
region between amino acids 338 and 718 and was
characterized by 34 prolines, 50 serines and 45 gluta-
mines. The latter was distributed in glutamine repeats.
On the other hand, analysis of these conserved domains
in the CpIAA9 protein showed the Aux/IAA domain
(pfam02309) between 67 and 345 aa, also observed in
CpARF8. In the conserved domain analysis, CpTIR1

protein showed structural motives leucine rich repeats
and a F-box (pfam12937) between 7 and 44 aa (Fig. 4c).

Expression analysis of CpARF8, CpIAA9 and CpTIR1

Transcript levels ofCpARF8, CpIAA9 andCpTIR1were
measured by qPCR from pre-anthesis to 7 DPA. The
results were averaged between two biological replicates

Fig. 4 Pairwise comparison and phylogenetic tree ofARF8 family
members, IAA9 family members and TIR1 family members. a
Pairwise comparison of the selected sequences in the NCBI data-
base and the protein sequences of Cucurbigenes for each gene
family. b Tree ofARF8 proteins, IAA9 proteins and TIR1 proteins
of Arabidopsis (At) tomato (Sl), cucumber (Cs), melon (Cm) and

zucchini (Cp). The unrooted tree was generated using the Clustal
X v.2.0 program and the N-J method using MEGA 6.0. c Sche-
matic representation of the sequence motifs found within ARF8
family members, IAA9 family members and TIR1 family members
using NCBI’s CDD tool
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and analysed by dimensional scaling plot, cluster
dendogram, and hierarchical clustering (Fig. S2).

CpARF8, CpIAA9 and CpTIR1 were detected in
young leaves, immature ovaries (floral stage of
preanthesis), ovaries (floral stage of anthesis) and during
early fruit development (1 to 7 DPA) in each cultivar.
Transcript levels of CpARF8 and CpIAA9 were lower in
leaves compared to ovary/fruit, in contrast to CpTIR1
that showed higher expression levels in leaf (data not
shown). Both floral stages maintained similar expres-
sion levels that changed after anthesis independent of
the treatment applied (Fig. 5). In the non-parthenocarpic
cultivar MUCU-16 (Fig. 5a), expression levels of these
genes when the fruit was pollinated and throughout its
development, did not exceed the amount of mRNA

found in floral stages. CpARF8 showed similar levels
to floral stages at 1 and 3 DPA, but between 1.6–1.8 fold
lower at 5 and 7 DPA. CpIAA9 also showed a downreg-
ulation of 1.5-fold at 1 DPA, but expression levels were
similar to floral stages from 3DPA. The most significant
changes in gene expression after pollination appeared in
CpTIR1which was downregulated up to 2.1-fold during
fruit development with respect to the anthesis. However,
these genes showed a general increase of transcript
levels in unpollinated and auxin treated fruit of this
cultivar with respect to the pollination treatment, with
a steady accumulation along fruit development.
CpARF8 and CpIAA9 were up-regulated at 5 and 7
DPA, and CpTIR1 displayed an increase of up to two
fold with respect to levels found in pollinated fruit.
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Fig. 5 Relative expression levels of ARF8, IAA9 and TIR1 during
early fruit development in zucchini. Expression was analysed from
pre-anthesis (−1 DPA) until seven days post anthesis (7 DPA) in
unpollinated fruit (UF), pollinated fruit (PF) and auxin treated fruit

(AF) in each cultivar. Expression was normalized with two genes
CpEFα1 and CpPP2A. Normalized values of relative expression
are given as averages of two biological replicates. Bars indicate SE
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Expression profiles of CpARF8, CpIAA9 and
CpTIR1 differed between parthenocarpic cultivars. In
Cavili cultivar (Fig. 5b), CpARF8 expression showed
slight changes along fruit development with respect to
floral stages; meanwhile, CpIAA9 constantly increased
its levels up to four fold, from 3 DPA under the different
treatments. CpTIR1 showed an up-regulation of over
1.3-fold with respect to preanthesis and anthesis, regard-
less of 1 DPA. At this stage, unpollinated fruit showed
an increase of relative RNA expression amount, unob-
served in auxin treated and pollinated fruit. In the
Whitaker cultivar (Fig. 5c), these genes showed similar
expression patterns, regardless of 1 DPA. At this stage,
CpARF8 and CpIAA9 decreased their expression in
pollinated fruit, unobserved in CpTIR1. From 3 to 5
DPA, the three genes displayed a decrease of expression
in unpollinated fruits, a slight increase in auxin treated
fruit and similar expression in pollinated fruit.

Discussion

Analysis of the development changes during fruit
growth in zucchini

In general, fruit set and exponential growth are phases
are clearly essential for early development of all fruits.
The early fruit development is well characterized in
other cucurbitaceous such as cucumber, and comprises
phases of cell division and expansion that occur in the
first days post anthesis in cucumber (Ando et al. 2012).
However, there have been few detailed studies of the
fruit development and these phases in C. pepo, essential
for understanding the aborting process and the parthe-
nocarpic fruit development in this species. In this work,
it has been observed that in the non-parthenocarpic
cultivar MUCU-16, the fruit decreased its growth with-
out pollination or application of synthetic auxins, show-
ing a deformed apex and brown necrotic placental tissue
(Fig. 1). These morphological changes observed were
signs of the aborting process in zucchini. The deforma-
tion of the apex might indicate a mismatch of the phases
of cell division and cell expansion of the fruit walls
(Ando et al. 2012). The senescent placental tissue might
be due to an absence of developing seeds that synthe-
sized high levels of plant growth hormones to induce the
growth (Gillaspy et al. 1993). In contrast, the fruit
received positive signals from pollination that stimulat-
ed its growth (Fig. 2a). Two phases have been

distinguished in the early fruit development in zucchini,
the fertilization phase and the signalling phase. The
phase of fertilization was observed until 2 DPA, when
the fruit grewmore slowly. At this phase, the pollen tube
reached the ovule and the fertilization occurred (Nepi
and Pacini 1993). After this first phase, the signalling
phase started. The fertilized ovules became developing
seeds, which emitted signals that produced the exponen-
tial increase of fruit length and placental tissue (Gillaspy
et al. 1993), as observed in pollinated fruit from 3 DPA
in C. pepo (Fig. 1a).

On the other hand, the application of synthetic auxins
also induced fruit growth in unpollinated fruit of the
non-parthenocarpic cultivar (Fig. 2a) as in other horti-
cultural plants (Serrani et al. 2008), suggesting that these
synthetic hormones could replace the signals provided
by pollination. However, the fruit length reached was
lower than pollinated fruit. This supports the hypothesis
that the addition of synthetic hormones does not initiate
the same processes as natural pollination (Mapelli 1981;
Wang et al. 2005; Vriezen et al. 2008).

Unpollinated fruit of both parthenocarpic cultivars
grew and reached commercial size in the greenhouses.
In Cavili cultivar, fruit growth changed depending on
the treatment (Fig. 2b). Pollinated fruit reached the
highest length and placental diameter in contrast to fruit
treated with synthetic auxins that displayed the lowest
length, also observed in fruits of gynoecious partheno-
carpic cucumber treated with synthetic indole-3-acetic
acid (Hikosaka and Sugiyama 2015). However, mor-
phological changes that occurred during early fruit de-
velopment were not affected by treatment (synthetic
auxins and pollination) in Whitaker (Fig. 2c). This cul-
tivar could be considered vegetative parthenocarpic and
could be used for future genetic studies of parthenocar-
py in zucchini.

Vegetative parthenocarpic fruit development is
correlated with a decrease of ethylene biosynthesis

Ethylene has long been known to be involved in differ-
ent phases of fruit development (Pandolfini 2009). This
hormone plays a key role during fruit set, coordinating
ovary growth and flower abscission after pollination
(Balbi and Lomax 2003; Pandolfini 2009).

Recently, low levels of ethylene biosynthesis from 3
DPAwere associated with parthenocarpic fruit develop-
ment in selected cultivars of zucchini, including Cavili
(Martínez et al. 2014). Whitaker has also displayed this

56 Page 10 of 14 Mol Breeding (2017) 37: 56



particular pattern, but it declines in ethylene biosynthe-
sis from 2 DPA (Figs. 2c and 3). This is similar to the
pattern found in pollinated fruit of non-parthenocarpic
cultivar. Although synthetic auxins or pollination was
applied in fruit at anthesis, ethylene patterns did not
change in these cultivars from 3 DPA. Application of
several phytohormones promotes auxin accumulation in
the ovary that could repress ethylene biosynthesis (Kim
et al. 1992; Martínez et al. 2013). This auxin accumula-
tion had already been associated with parthenocarpy
fruit set in cucumber (Kim et al. 1992), and in a similar
way, parthenocarpy could be produced by an increase in
the internal levels of auxin in the ovary in zucchini.

In contrast to parthenocarpic varieties, unpollinated
fruit of the non-parthenocarpic cultivar MUCU-16
showed high levels of ethylene at 3 DPA that decreases
when the fruit is pollinated or treated with synthetic
auxins (Fig. 3). Ethylene levels in auxin treated fruit
did not decrease as in pollinated fruit suggesting that the
addition of this growth regulator does not produce the
same effect as pollination on the fruit (Mapelli 1981;
Wang et al. 2005; Vriezen et al. 2008). Pollinated fruit
and auxin treated fruit in this cultivar showed reduction
of ethylene peak at 3 DPA similar to parthenocarpic
cultivars, further evidencing that this could be promoted
by the same stimuli, an accumulation of auxins in the
zucchini ovary, preventing significant ethylene increase
found on 3 DPA in unpollinated fruit in this cultivar
(Fig. 3). This accumulation might be caused by non-
senescent and viable ovules found in the fruit that are
required to establish the parthenocarpic response in a
similar way as Arabidopsis, where the number of viable
ovules in the pistil is correlated with the size of parthe-
nocarpic fruit (Carbonell-Bejerano et al. 2011).

Ethylene’s involvement in ovule senescence supports
this previous evidence. Analysis of the expression of
ethylene biosynthesis genes suggests that ethylene is
synthesized in ovules at the onset of ovule senescence
in unfertilised pistils of Arabidopsis (Carbonell-
Bejerano et al. 2011). Probably, ovule senescence found
in unpollinated zucchini fruit (Fig. 1) could induce
ethylene biosynthesis at 3 DPA that would repress fruit
growth.

These findings could demonstrate the antagonist link
between ethylene and auxin during the transition from
ovary to fruit in C. pepo. These important plant growth
regulators have complex interactions in growth and
developmental processes (Muday et al. 2012). Auxin
is known to regulate specific genes involved in ethylene

biosynthesis as ACS genes (Abel and Theologis 1996)
and ethylene influences many features of auxin-
dependent seedling growth in Arabidopsis (Muday
et al. 2012). Additional insights are required to under-
stand the signalling networks that regulate these syner-
gistic and antagonist activities of ethylene and auxin in
controlling tissue-specific growth and developmental
responses. Low transcriptional level of ACS genes has
been found in fruit treated with synthetic auxins in a
non-parthenocarpic cultivar of zucchini (Martínez et al.
2013), more evidence of antagonist crosstalk of these
regulators during fruit development in this species.

The expression of identified auxin signalling genes
regulated the fruit set in Cucurbita pepo

Fruit development is closely related to auxin response
genes as ARFs, Aux/IAAs, and TIRs encoded by
multigene families (De Jong et al. 2009a; Pandolfini
2009; Serrani et al. 2008). The availability of genomic
resources such as ESTs (http://cucurbigene.
net/db/transcriptome_v3/) has provided a new
opportunity to look for the members of these families
in zucchini. Thus far, ARF genes and IAA genes have
been identified in maize, tomato, grape and cucumber
(Kumar et al. 2011; Wan et al. 2014; Wu et al. 2014;
Xing et al. 2011). In zucchini, these genes have not been
identified yet, and their function is unknown. Here,
identification of CpARF8, CpIAA9 and CpTIR1 was
performed in the zucchini coding sequences.

Sequence analysis of the ARF8, IAA9 and TIR1
zucchini proteins indicated that they contained the con-
served domains identified for each protein family, which
were the same found in S. lycopersicum (Kumar et al.
2011, Ren et al. 2011) and C. sativus (Cui et al. 2014,
Wu et al. 2014). Phylogenetic analysis revealed the
close relationship between ARF8 and IAA9 genes
(Fig. 4). These proteins have been previously related
in a complex that represses fruit initiation genes until the
signal of fertilization in Arabidopsis. ARF8 is a repres-
sor of fruit development, because it acts by enhancing
the IAA9 repressive function (Goetz et al. 2006). More-
over, the middle region of CpARF8 showed a similar
percentage of serines, threonines and prolines to other
vegetables species, which seems to confirm the conser-
vation of its function in zucchini.

Expression of CpARF8, CpIAA9 and CpTIR1 varied
considerably between leaves and ovary/fruit in C. pepo.
CpARF8 and CpIAA9 were mostly expressed in
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zucchini ovary implying that they might have important
functions in fruit development, similar to other
Cucurbitaceous (Wu et al. 2014). Since transcript abun-
dance in a particular organ is an important factor in
elucidating the function, CpTIR1 might have more im-
portant functions during the vegetative growth of zuc-
chini plant because it is highly expressed in leaves. This
tissue-specific expression was also observed in diverse
species as C. sativus (Wu et al. 2014; Cui et al. 2014)
and tomato (Kumar et al. 2011), suggesting a higher
conservation of gene function.

Although several studies of genome wide expression
of auxin related genes have recently published in maize,
tomato, grape and cucumber (Kumar et al. 2011; Wan
et al. 2014; Wu et al. 2014; Xing et al. 2011), there are
no studies yet that link their expression during fruit
development to parthenocarpic fruit growth in C. pepo.
In the non-parthenocarpic cultivar, changes observed in
the expression of these genes in pollinated fruit after the
signal of fertilization are consistent with the important
role of CpARF8, CpIAA9 and CpTIR1 in the transition
from ovary to fruit, as occurred in C. sativus (Wu et al.
2014; Cui et al. 2014) and S. lycopersicum (Kumar et al.
2011; Ren et al. 2011). There is a general downregula-
tion of these genes only under pollination treatment,
showing a low quantity of RNA in contrast to
unpollinated and auxin treated fruit. This could weaken
their repressor action and allow fruit development
(Goetz et al. 2007), showing similar regulation as in
tomato, where IAA9 knock-out genotypes and down-
regulation of this gene showed a strong tendency to
develop fruit without pollination (Wang et al. 2005;
Mazzucato et al. 2015). In the absence of pollination
signal, these genes were up-regulated implying that they
might be functioning during the whole development of
this organ, repressing fruit formation (Fig. 5). Moreover,
exogenous auxins and unpollination treatments promot-
ed similar expression patterns, but auxin treated fruit
grew and unpollinated fruit showed the aborting pro-
cess. Differences in the expression patterns between
pollinated fruit and auxin treated fruit corroborate that
the addition of synthetic growth regulators does not
have the same effect as pollination (Vriezen et al.
2008). In this case, gene transcription does not seem to
be regulated by auxin per se (Ulmasov et al. 1999a, b).
These genes were included previously in a proposed
model of fruit development activated in the presence
of the fertilization cue. After pollination and fertilization
occurs, auxin acts binding to its receptor TIR1 that

indirectly regulated ARF8 activity by promoting turn-
over of Aux/IAA9 (Goetz et al. 2007). Our data sug-
gested the presence of this pathway related to the fertil-
ization cue in C. pepo. Fruit growth observed in auxin
treatment could indicate the activation of alternative
pathways, which might imply other members of these
gene families that induce parthenocarpy by exogenous
growth regulators (Kumar et al. 2011; Wu et al. 2014).

In contrast, regulation of fruit development in parthe-
nocarpic cultivars varied considerably. Firstly, pollina-
tion did not promote a clear downregulation of these
genes as in the case of the non-parthenocarpic cultivar.
This treatment maintained and also increased RNA
amount with respect to floral stages, as it is shown
clearly for CpIAA9. These differences observed suggest
an alternative pathway in fruit formation promoted by
pollination in parthenocarpic cultivars. In Cavili, treat-
ments did not vary greatly the effect observed in each
stage of fruit development, increasing expression of
CpIAA9 and, to a lesser extent, the expression of
CpTIR1. CpIAA9 seems to be a key parthenocarpy
related gene in Cavili, as reported in previous studies
carried out in tomato (Wang et al. 2005;Mazzucato et al.
2015). On the other hand, expression of CpARF8 was
maintained in this cultivar. Additionally, it seems that
fruit formation is less dependent on differences in the
regulation of these genes, depending more on the stage
of fruit development. However, gene expression is af-
fected by treatments in Whitaker cultivar. Pollination
treatment presented a fluctuating pattern and was differ-
ent for unpollination and auxin treatments, which
displayed the same pattern. These changes in gene ex-
pression had no effect on fruit development in this
cultivar, in contrast to Cavili cultivar (Figs. 2 and 5),
observed mainly from 3 DPA. These differences in gene
expression during parthenocarpic fruit development be-
tween Whitaker and Cavili relate these genes to the
control of fruit development in Whitaker, which could
promote the vegetative parthenocarpy.

Conclusion

The morphological-histological characterization carried
out initially in zucchini allows distinguishing essential
phases of early fruit development, including an expo-
nential growth phase observed during pollination and
parthenocarpic fruit development. Differences between
both parthenocarpic cultivars analysed give evidence of
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different regulation of fruit formation. In Whitaker cul-
tivar, a more homogenous fruit development was ob-
served independent of the treatment applied, and polli-
nation has no effect on ethylene profile. In contrast, fruit
development changes under the different treatments in
Cavili cultivar, and pollinated and unpollinated fruit
showed different ethylene patterns. This data supports
the vegetative parthenocarpy for Whitaker; meanwhile
the parthenocarpy of Cavili, as other cultivars, is more
dependent of treatments applied (pollination and auxin
treatment).

Transcriptome analyses of CpARF8, CpIAA9 and
CpTIR1 have revealed that they show tissue-specific
expression, maintaining the structure and function
showed in other species. These key auxin signalling
genes showed a specific level of quantified mRNA in
pre-anthesis and anthesis that changed after the fertil-
ization cue, supporting their role in the preparation of
the ovary to become fruit in zucchini. Pollination in
the non-parthenocarpic cultivar MUCU-16 promotes
downregulation of these genes and allows fruit devel-
opment. In contrast, non-pollination and synthetic
auxins promote up-regulation of these genes in this
cultivar, which corroborate that the addition of syn-
thetic growth regulators does not have the same effect
as pollination. On the other hand, differences in ex-
pression data observed between the two parthenocarpic
cultivars showed the complexity of the signalling pro-
cess of fruit formation. The fruit of Cavili show gene
expression more dependent on the stage of develop-
ment. Although further experiments such as the induc-
tion of mutations in CpIAA9 are necessary, previous
(Wang et al. 2005; Mazzucato et al. 2015) and present
data suggest that this gene could be an important key
for studying parthenocarpy. However, Whitaker shows
differences in these patterns in response to different
treatments, suggesting that other complementary path-
ways could regulate fruit formation. All these morpho-
logical, physiological and molecular evidence should
be considered in breeding programmes to develop
future parthenocarpic varieties, one of the main de-
mands of zucchini crops.
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