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Sources of parthenocarpy for Zucchini breeding: relationship with ethylene
production and sensitivity

Abstract

Parthenocarpy is becoming an essential trait fbisefison greenhouse production of
Zucchini squash. Given that winter conditions prtena reduction in the number of
male flowers and in the activity of pollinatorsetlapplication of synthetic auxins is
currently the most widespread method to induce Bei. We have explored landraces
with elongated fruits from the morphotypes Zucchiregetable Marrow and Cocozelle
from C. pepo, to identify new sources of parthenocarpy for Auecbreeding programs.
From a first screening with 45 landraces and 3 idgbthat are commercialized as
parthenocarpic, genotypes were selected for trepacity to produce parthenocarpic
fruits of marketable size. Eleven landraces, whesteived similar scores to those of the
control hybrids, were selected as parthenocarpiduidher analysis. In the subsequent
screening, the growth rate of unpollinated fruissvstudied in selected parthenocarpic
and non-parthenocarpic cultivars from the firstesaing. Besides the three control
hybrids, the fastest parthenocarpic fruit growtrswigtected in landrac&3pCAL112,
CM-37, E-27, P1261610, andV-185. The source of the parthenocarpy of some of these
landraces differs from that of the hybrids, sincevas not found to be associated with
the conversion of female into bisexual flowers dathwhe so-called syndrome of fruits
with attached flowers, an undesirable associattitr current parthenocarpic hybrids.
Moreover, we have demonstrated that the parthepgpadrthese landraces is correlated
with a downregulation of ethylene production in theollinated fruits during the days
immediately after anthesis. In the non-parthenacaqultivars unpollinated fruits
produced a boost of ethylene at 3 DPA, concompamilith fruit abortion and
senescence, while in parthenocarpic ones the foartsly produced ethylene at 3DPA.
Therefore, ethylene production in ovary/fruits aDBA could be used as a marker to
identify and select parthenocarpy in Zucchini stua$evertheless, earlier evaluations
of ethylene production and sensitivity in vegetatorgans and in male flowers are not

so well correlated with parthenocarpy in the anadyeultivars.

Keywords. Cucurbita pepo, parthenocarpy, andromonoecy, ethylene production,

ethylene sensitivity
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I ntroduction

The genuucurbita is made up of 25 wild and cultivated species drahs the largest
morphological diversity of th€ucurbitaceae family (Decker, 1988)C. pepo is one of
the three most important species of the genusgasds both its worldwide distribution
and its economic value (Nee, 1990). Based on eiffiemolecular studies, the species
has been divided into two subspeci€s: pepo ssp.pepo and C. pepo ssp. ovifera
(Decker, 1988; Wilson et al, 1992; Jobts et al, 8 9¢atzir et al, 2000). Moreover, the
variability in size, shape, color and texture afits has led to the classification Gf
pepo into eight different botanical morphotypes: SagaJlcAcorn, Crookneck and
Straightneck are included in the sppvifera, and Pumpkin, Vegetable Marrow,
Zucchini and Cocozelle in the sg@po (Paris, 1989, Paris et al, 2003; Paris and Janick,
2005). Within the subspecigsepo, Zucchini, Vegetable Marrow and Cocozelle are
grouped together, separate from Pumpkin, basedtimrorphological and molecular
markers (Paris et al, 2003; Ferriol et al, 2003).

C. pepo is a monoecious crop with two or three sexual phad development. In the
first phase only male flowers are produced. Thi®llwed by a phase during which
male and female flowers alternate, and the finalsphconsist only of female flowers
(Pefaranda et al, 2007; Manzano et al, 2010; 20IBjs latter phase restricts
pollination and fruit set, but only occurs in camtaultivars when grown under winter
conditions (Pefiaranda et al, 2007). Since femalenaale sexual organs are separated
in unisexual flowers, fruit set and developmentsiguash requires the activity of
pollinators, a process that is not only restrictedhe six hours that male and female
flowers remain open during the morning (Nepi andifla 1993), but which is also
highly dependent on environmental conditions tHé&tca both the number of female
and male flowers per plant and pollinator actiyien et al, 2002; Loy, 2012). In off-
season greenhouse productions, i.e. under conglitiowhich plants produce a reduced
number of male flowers and the activity of polli is very limited, natural
pollination is difficult, and fruit set is curremtlinduced by synthetic auxins (Sanz,
1995; Wien, 2002). Nevertheless, the demand fottheaand environmentally friendly
fresh products is making parthenocarpy a prior&jt in current breeding programs of

Zucchini.
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Among cucurbits, cucumber was the first specieswimich the introduction of
parthenocarpic cultivars improved off-season prtidacin greenhouses (Sturtevant,
1890), but parthenocarpy has been detected in sfexies of the family, including
melon and squash (Rylski and Aloni, 1990). Theiestrstudies in the parthenocarpy of
C. pepo were made by Durtham (1925), who closed 301 ferflalgers to prevent
pollination, and found no parthenocarpic produciimisquash. The first squash variety
described as parthenocarpic wd®yal Acorn (Nitsch, 1952), although its
parthenocarpic potential was later questioned (i and Reiners, 1999).
Subsequent studies identified a number of cultivaith parthenocarpic potential,
including Dg-4 andPoseidon (Nijs and Balder, 1983); the cultiv&hefini (Robinson,
1993), andWhitaker, whose parthenocarpy appears to be controlled ri®y major
dominant gene (De Menezes et al, 2005). Nijs amdefa(1982), Om and Hong (1989)
and Robinson and Reiners (1999) studied the pavtaepic potential of different.
pepo cultivars, concluding that the highest level oftpanocarpy is found in genotypes
with dark green skin from the morphotype ZucchimdaCocozelle. It appears,
therefore, that cultivars with elongated fruits éhthe highest parthenocarpic fruit
production. Nevertheless, the production of pamticarpic fruits in a given cultivar is
quite dependent on environmental conditions. Itkimwn that winter conditions,
especially low temperatures, are able to promottheaocarpy irC. pepo (Globerson,
1971; Rylski, 1974b; Nijs and Balder, 1983; Rylskid Aloni, 1990; Robinson and
Reiners, 1993; Gomez et al, 2004).

Despite the above studies, to date few Zucchiniasijucultivars are marketed as
parthenocarpic. The previously identified parthempic cultivars, such a$vhitaker
and Chefini, showed no parthenocarpic potential in greenhqu®eluction in the
southeast of Spain (unpublished data). Under thpseific conditions, we found only
three hybrids that are commercialized as parthepacaCavili, Parthenon and Argo.
These hybrids have been subjected to differentuatiahs by our research group since
2004, and they all produce parthenocarpic fruitthaittached flowers, an undesirable
associated trait that results from the delay inumaion and abscission of floral organs
(Pefaranda et al, 2007; Martinez et al, 2013).h&sfituit is not commercialized with
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the flower, its manual abscission causes a wouridhaAlbads to rapid loss of water and
decay during postharvest storageChwvili, parthenocarpic fruits have been found to be
derived not from female flowers but from bisexuakes, which are induced in these
cultivars when greenhouse temperature rises ab0%€ @Martinez et al, 2013). This
type of parthenocarpy has no value for Zucchiniegh®use production, as the
temperature easily exceeds 30 °C not only durimgngpand summer, but also on
occasions in the autumn-winter season. Given thessiderations, it would therefore
be necessary to identify new sources of parthepgcéor Zucchini greenhouse

breeding programs.

Fruit set and subsequent fruit growth is a vitadgghof plant development that is largely
dependent on the biosynthesis and crosstalk obplyiones, such as auxins, GAs and
cytokinins, produced in the pollinated ovaries (@zand Reinecke, 2003; Srivastava
and Handa, 2005; De Jong et al, 2009). To dateehexy the involvement of other
hormones such as ethylene in this developmentakpsohas not been studied in depth.
Our research group has recently found that fruitasel early fruit development of
Zucchini after pollination and fertilization reqeg a low level of ethylene in the
pollinated ovaries for a few days after anthesisl, that the lack of pollination induces a
boost of ethylene in the fruit 3 days after anthesthich is concomitant with fruit
abortion and senescence (Martinez et al, 2013)efdre, although the parthenocarpic
development of the fruit is normally achieved bg ttoordinated action of GAs, auxins
and cytokinins (Srivastava and Handa, 2005; Serearal, 2010), we have recently
demonstrated that the parthenocarpy of the Zucahihivar Cavili is also associated
with a low level of ethylene in the unpollinatediifrfor a few days after anthesis
(Martinez et al, 2013). This reduction in ethylgeduction could be responsible for
the conversion of female into bisexual flowers dhd delay in the maturation and
abscission of floral organs that is normally asste with the parthenocarpy of this
cultivar (Payan et al, 2006; Pefiaranda et al, 2P@ftinez et al, 2013).

In this paper we have not only sought new sourtgmxhenocarpy in squash, but also

determined the correlation between parthenocarpg athylene production and
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sensitivity. Our results indicate the existence aofnegative correlation in squash
between the production of ethylene in the unpadiédaovaries at 3 DPA and the
parthenocarpic development of fruit. Therefore, theduction of ethylene in
unpollinated fruits in the few days after antheswld be used as a physiological

marker for the identification and selection of partocarpy in this vegetable crop.

Materials and M ethods

Plant material and culture conditions

The present study used forty-five cultivarsicurbita pepo from the core collection
of the germplasm bank at the Polytechnic Universityalencia (COMAYV), as well as
certain cultivars from the seed bank of the Uniigrsf Almeria (BSUAL) (Table 1).
All produce fruits of elongated phenotype, beloggito types Zucchini, Vegetable
Marrow and Cocozelle o€. pepo spp. pepo. The evaluated germplasm represents
Spanish landraces from different regions of theifibepeninsula, mainly Valencia and
Andalucia, but also from the Canary Islands. Howefair of the cultivars originated
in Greece, Yugoslavia, Morocco and Turkey (TableThe hybridsArgo, Cavili and

Parthenon were used as positive controls of parthenocarpy.

Evaluations were made in autumn-winter seasons-2008nd spring 2011. On both
occasions, seeds from each cultivar were germinatechursery trays under high
humidity conditions for a period of 15 days, andrthransplanted to soil. Plants were
grown in a greenhouse in Almeria (Spain) followisgandard local commercial

practices for both plant nutrition and pest an@ase control.

Phenotypic evaluation of cultivars

In 2009-2010 we screened 45 traditional cultivaedohging to the morphotypes
Zucchini, Vegetable Marrow and Cocozelle (TablelD) plants of each accession were
classified according to the fruit morphotype, anvéleated for their habit of growth

(bushy or vine), monoecy stability (monoecious artiplly andromonoecious), and for
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the level of parthenocarpy. From this first evaluatwe selected a number of cultivars
that were again evaluated in 2011 for parthenocammnoecy, stability and ethylene
production and sensitivity. Those accessions tegtegated for fruit shape and that
appear include different morphotypes (Table 1),enseparately multiplied for future

evaluations.

We have previously observed that under high tentperaconditions, certain cultivars
of C. pepo show unstable monoecy (or partial andromonoedydyacterized by the
partial conversion of female into bisexual flowavgh differing degrees of stamen
development (Martinez et al, in press). To evaluatmnoecy instability, pistillate
flowers were scored from O to 3 according to thegree of stamen development.
Female flowers with no stamen development wereestcas 0, flowers with primordial
stamens as 1, those with medium-sized stamensrdahdra as 2, and bisexual flowers
with complete stamens and anthers able to prodatlenpwere scored as 3. On the
basis of these bisexuality scores, we defined afroamonoecy index (Al) for each
cultivar, calculated as the average bisexualityresdoom at least 10 plants with a
minimum of 5 pistillate flowers evaluated per plaRlants and genotypes with an Al of
0 to 0.9 were considered to be monoecious, whitsghwith scores of 1 to 3 were
considered unstable for monoecy or partially andnooecious (Martinez et al, in

press).

To evaluate parthenocarpy, plants were grown imearhouse free of pollinators and
other insects, which ensured that all the fruitsemgarthenocarpic. In the first trial,
conducted in autumn-winter 2009-2010 with 10 plaritsach accession, cultivars were
scored from O to 5, according to the number of metide parthenocarpic fruits
produced in 10 days. The score of each cultivar ttwvasnean of three evaluations, and
scoring was as follows: at least 10 marketablddrscored 5, 8 to 10 fruits scored 4, 5
to 7 fruits 3, 2 to 4 fruits scored 2, 1 fruit sed 1 and no fruits scored 0. As a result of
this first trial, different cultivars were selectadd reassessed in 2011. In this second
trial, parthenocarpy was evaluated by measuringlehgth and width of at least 10
parthenocarpic fruits of each cultivar over a tobél 7 days post-anthesis (DPA).
Measurements were taken at anthesis and 3, 5 dEAZ For fruits whose growth
aborted before 7 days, the last measurement betooetion was considered in the

subsequent days. The findings allowed us to deterrthe mean fruit growth rate in
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each cultivar, and to compare the increase inrthieléngth and width between anthesis
and each of the control points (3, 5 and 7 DPAkfach cultivar.

To assess the ethylene sensitivity of each cultd/@male flower buds (1-2 days before
anthesis) were removed from the plant and placefaiss jars with water in a hermetic
50 L container. The floral buds were incubated inppm of ethylene for 2 days, and
the number of hours until abscission was scoreehaich flower up to a total of 3 days
post-treatment. As a control, the same number & fimvers were treated with air and
maintained in the same conditions. The essay waforpeed twice, and ethylene

sensitivity was measured as the percentage of tiedua abscission time caused by the
ethylene treatment.

Ethylene production in vegetative organs was deatexdhin 3 replicates per sample,
each containing at least 10 young leaves of 2-3cmth. Leaves were excised from the
plant and incubated at room temperature for 24 dealed containers in the dark for the
accumulation of ethylene. On the other hand, ettgylproduction in fruits at 3 DPA

was also measured in 3 replicates per cultivat) eaataining three 3 fruits. In this case
3 fruits at the same developmental stage were b#weand enclosed in sealed
containers for 6 h. Ethylene production was deteetiiin each sample 3 times in a
Varian 3900 gas chromatograph apparatus fitted avilame ionization detector (FID),

previously calibrated to determine ethylene proidunct

Statistical analysis

In order to determine differences in fruit devel@mnnand ethylene production and
sensitivity among cultivars, mean and standardreared standard deviations were
calculated. Dependence between variables was dtudieg regression analysis. The
results were evaluated fitting a linear model. ANOVA table tells us whether or not

there is a relationship between variables: F siatissts the null hypothesis, i.e. that the
slope of the regression line is equal to 0 andetli®mo relation between variables. R
value indicates the strength of the relationshipmgnvariables, while model p-value
establishes the significance level of the analysis.analysis were performed with

Statgraphics Plus v 5.1 software.
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Results

Screening for parthenocarpy@ pepo

With the aim of identifying new sources of parthemgy for Zucchini breeding
programs, in this work we have evaluated the padbarpic potential of 45 landraces
of C. pepo ssp.pepo, including 39 from the core collection in the COMAJermplasm
bank at the Polytechnic University of Valencia (i@ret al, 2003; Nuez et al, 2000),
and 6 from the seed bank at the University of Alimg€BSUAL), all collected from
different regions in Spain, but also from Turkeygdslavia, Greece and the north of
Africa (Table 1). Given that Zucchini cultivars hbden reported to have the highest
parthenocarpic potential, most of the cultivarslested were from the morphotype
Zucchini, but cultivars with elongated fruits froime morphotypes Vegetable Marrow
and Cocozelle were also included (Table 1). Titaechini hybrid cultivarsArgo,
Cavili and Parthenon, which are commercialized as parthenocarpic weseduas

positive controls (Table 1).

The first assessment was conducted in autumn-warit2009-2010, under conditions of
low temperature and short photoperiod, i.e. cood#i that favor the growth of
parthenocarpic fruits. From each cultivar 10 plamesre grown in the absence of
pollinators and hormonal treatments, and the padbt@&rpic fruits that reached
marketable size (16 cm in length) in a total ofde&ys were recorded. The test was
repeated three times and the parthenocarpy leveadi variety was scored on a scale
of 1 to 5, depending on the average production afketable parthenocarpic fruits.
Cultivars producing 10 or more such fruits werersedoas 5, while those producing
fewer than 2 marketable fruits during the sameqgaewere scored as 1 (see Materials
and Methods). Three of the commercial hybridsg6, Cavili and Parthenon) and 2
traditional cultivars CpCAL112 andCpCAL110) belonging to the morphotype Zucchini
received scores of over 4 (Table 1). A total of ddtivars that obtained a mean
parthenocarpic of over 2.75 were selected for &rrnalysis. Another 6 cultivars with
a mean score of less than 1.50 were also selesteohdrasting materials.
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The C. pepo cultivars were also classified according to tlggowth habit (vine or bushy
type), sex expression (monoecious or partially amdmoecious), and fruit morphology
(Zucchini, Vegetable Marrow or Cocozelle) (Table Ih)certain cultivars some of these
traits were still segregating, producing plants séndruits were classified in different
morphotypes. In accordance with visual observatam previous evaluations (Ferriol
et al, 2003),AFR-12, A-17, C-1, C-9, V-142, V-171, V-32 were classified as both
Zucchini and Vegetable Marrow/-116 andV-185 produced fruits of the morphotypes
Zucchini and Cocozelle; while cultivaiSA-154 and CpCAL097 produced fruits of
morphotypes Cocozelle and Vegetable Marrow (Tabldrilthese cases, plants from
different morphotypes were reproduced separatefy] the offspring from plants
belonging to the morphotype with the higher productof parthenocarpic fruits,

normally Zucchini, were used for the second evabnat

The second screening was conducted with 20 cudtigatected from the first essay.
This study was performed in the spring season &l 20 environmental conditions that
did not favor the parthenocarpic growth of the tfrand where it could be easier,
therefore, to discriminate between parthenocarpid aon-parthenocarpic cultivars.
Since the number of varieties tested was lower, sivglied the longitudinal and
diametrical growth rate of at least 10 unpollinatedts of each cultivar from anthesis
up to 7 days post-anthesis (DPA), when a pollinatedt has already reached
marketable size. The length and caliber of thetdruiere measured at 0, 3, 5 and 7
DPA. The longitudinal fruit growth patterns in tlifferent cultivars are shown in
Figure 1. The relative growth rates of fruit cafilveere similar to those of fruit length
(data not shown). In many of the cultivars thatevelassified as non-parthenocarpic,
the unpollinated fruit aborted after 3DPA, whileathers the fruit growth rate was so
low that they did not reach marketable size at 7DFAg. 1). Nevertheless, in those
cultivars that were classified as parthenocarphe growth of the fruit increased
progressively throughout the 7 days of study, resrimarketable length before or at 7
DPA (Fig. 1). The evaluation of parthenocarpy bg tiesessment method is much more
accurate than that used in the first trial. In fatsix of the eleven cultivars that were
initially selected as parthenocarpigpCAL110, AFR-12, P1169462, Pascual 40, Greece

6 andCpCAL044, the potential parthenocarpic growth of their tSiproved insufficient
to reach marketable size at 7 DPA (Fig. 1). Thadavars were finally classified as

non-parthenocarpic (Fig. 1).
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Although the most parthenocarpic cultivars alreatipwed a higher ovary size at
anthesis (Fig. 1), marketable fruit size was redahédhe cultivars with the highest fruit

growth rate (Fig. 1). We have compared the incréladeuit length between anthesis

and 3, 5 and 7 DPA (Fig. 2). Results indicate that most parthenocarpic cultivars
grew faster and that the greatest differences lestveeiltivars occur at 5 and 7 DPA
(Fig. 2). Between anthesis and 3 DPA many cultigaieved an increase in fruit length,
but in some growth was arrested after 3DPA, indigathat the increase in length at
3DPA is not a suitable parameter to distinguishwbeh parthenocarpic and non-
parthenocarpic cultivars (Fig. 2). However, if p@&mnocarpic cultivars are those whose
fruits reach marketable size at 7 DPA, the increadauit length between anthesis and
5 DPA or between anthesis and 7 DPA proves to fienple and useful parameter for

the identification of parthenocarpy in a given gigpe (Fig. 2).

Correlation between parthenocarpy and ethyleneystazh and sensitivity

In a previous work the parthenocarpy of ®avili cultivar was found to be associated
with a downregulation of ethylene production angnaling in the unpollinated
ovary/fruit during the days immediately after argise which was concomitant with a
conversion of female into bisexual flowers and twaversion of monoecious into
partially andromonoecious plants (Martinez et 8l13). To extend this study we have
selected six parthenocarpic and six non-parthepacgenotypes from the studiéc
pepo collection, and determined the possible corretatid parthenocarpy with either
the sexual phenotype of the plants or with ethylgneduction and sensitivity in

different organs.

The andromonoecious index (Al) in each cultivarsdsh on the degree of stamen
development in 5 pistillate flowers of at leastdl@nts of each cultivar (see Materials
and Methods section) was not correlated with padbarpy in all the analyzed cultivars
(Fig. 3). In the hybrid<Cavili, Parthenon and Argo, but also in landrac¥-185, the
parthenocarpic development of the fruit was assediaith the development of stamen
in pistillate flowers and with Al higher than 1,tlthis association was not found in the
parthenocarpic landraceBl261610 and CpCAL112 (Fig. 3). The latter cultivars
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therefore represent one or two new sources of @aottarpy to add to current

commercial hybrids of Zucchini.

The profile of ethylene production in pollinateddaimpollinated fruits of each cultivar
differed between parthenocarpic and non-parthepacamaterials. In the non-
parthenocarpic cultivars such @sCAL044, pollination maintained or even reduced the
production of ethylene during the days immediataitygr anthesis, while the lack of
pollination induced a boost in ethylene productaar8 DPA (Fig. 4). However, in the
parthenocarpic cultivars this did not occur, anuyletne production remained at a low
level in both pollinated and unpollinated fruitsgF4). These data indicate that fruit set
and early fruit development are correlated witlow level of ethylene at 3 DPA, while
the induction of ethylene production at 3 DPA appda be a signal that precedes

abortion and senescence of unpollinated fruitsomparthenocarpic cultivars.

We have found a high negative correlation betweamnhpnocarpy, expressed as the
fruit length growth rate of unpollinated fruits dhg the first 7 DPA, and ethylene
production at 3 DPA (Fig. 5). The fruit of partleearpic cultivars produced less than
60 nL ethylene/g FW, whereas the fruit of the nandpenocarpic cultivars produced up
to 180-190 nL/g FW (Fig. 5). Given that this pedkethylene production at 3 DPA is
practically absent in the unpollinated fruits o tharthenocarpic cultivars, the lower
production of ethylene in the parthenocarpic fruitsing the days immediately after
anthesis could be a good marker for the identibcatnd selection of parthenocarpic

genotypes irC. pepo.

Given that the production of ethylene at 3 DPA lata parameter to use as a marker for
selection, we have analyzed whether the produdii@thylene in leaves or the ethylene
sensitivity of male flowers during earlier stagek ptant development were also
correlated with fruit set and development. Figuresitows the data of ethylene
production in young leaves from plants which haetady developed 10 true leaves.
Although some parthenocarpic cultivars suclCasili, CoCAL112 andV-185 showed
reduced ethylene production in leaves, othersAilgo andParthenon produced a high
level of ethylene (Fig. 6), indicating that the wedd level of ethylene in the

unpollinated fruits of parthenocarpic cultivarsnigt maintained in other plant organs,
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but rather is specific to this developmental precd$e production of ethylene in the
leaves of the non-parthenocarpic cultivars was \dverse, ranging from 27 to 151
nL/g FW. Therefore, the production of ethyleneaaves cannot be used as a marker for

the selection of parthenocarpy in squash.

The sensitivity to ethylene in each cultivar wasessed by determining the effect of
external ethylene treatments on the abscissionadinneale flowers. Male flowers at the
same developmental stage of each cultivar weréetteaith air (control) or ethylene for
48 h, and the number of flowers that reached abguoisgas recorded every 12 h for 3
days following the treatment. The sensitivity tbyd¢ne was expressed by comparing
the times at which abscission occurred in ethytesated flowers and in controls of the
same cultivar. The regression analysis (R=-0.680;0113) demonstrated a significant
negative correlation between the level of parthargin each cultivar and sensitivity
to ethylene (Fig. 7), but correlation was not aghhas in the production of ethylene in
fruits at 3DPA. In fact, the parthenocarpic laneésCpCAL112 andV-185, as well as
the parthenocarpic hybrid3avili, Parthenon and Argo, showed a reduced response to
ethylene, with values of below 20%, while the panbcarpic cultivaiP1261610 was
found to be highly sensitive to ethylene (Fig. Moreover, all non-parthenocarpic
cultivars, except AFR-12, showed ethylene sensitivity values of over 25%.
Consequently, although parthenocarpy in squashaappe be correlated with reduced

ethylene sensitivity, this rule does not hold timecertain cultivars.

Discussion

Sources of parthenocarpy for Zucchini breeding o

With a view to searching for new sources of partivanpy that are useful for current
Zucchini breeding programs in off-season greenhpuséduction, we have analyzed 45
accessions with elongated fruits from the coreectibn of the COMAV germplasm
bank at the Polytechnic University of Valencia (fBpaand from the BSUAL at the
University of Almeria (Spain). In concordance wither previous studies (Om and
Hong, 1988; Robinson and Reiners, 1999) under Ymese environmental conditions,
the highest parthenocarpic potential was detectectultivars of the morphotype

Zucchini. In fact, four landraces that showed pamtitarpic potential in the trials of
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both 2009-10 and 201LpCAL112, PI261610, V-185 and E-27, all belonged to the
morphotype Zucchini, and only one of the detectadh@nocarpic cultivarsCM-37,
belonged to the morphotype Vegetable Marrow (Tabded Figs. 1 and 2). Although a
certain level of parthenocarpy had been reportedome cultivars of the Cocozelle
group (Robinson and Reiners, 1999), but we foundewidence to this (Table 1).
Moreover, all the parthenocarpic cultivars detedtedhis paper produced dark green
fruits, with the exception o€Cavili, which is a commercial white-fruited hybrid. Nijs
and Zanten (1982) and Robinson and Reiners (199@nated that Zucchini types with
dark green fruit had the highest level of parthamnpg, although not all dark green
Zucchini cultivars had good parthenocarpic fruit sigher in this work or in previous
studies.

The parthenocarpic cultivars detected in this wamk not all of the same origin. Four
of the identified parthenocarpic cultiva@\-37, P1261610, E-27 andV-185, as well as
six cultivars that have been classified as nonhgadcarpic, had been previously
included in genetic diversity studies of Spanigidiaces of squash (Ferriol et al, 2003;
Formisano et al, 2012). The parthenocarpic acces&i«®7, CM-37, PI261610, V-185

of our study all belong to subspec@po, and were grouped close to each other when
analyzed by SRAP molecular markers (Ferriol e2@0N3). These Spanish accessions
are open pollinated and have been traditionallyetiged by farmers, which would also
explain the diversity of morphotypes detected imsmf the accessions (Ferriol et al,
2003). Based on the study of Formisano et al (2@12as possible to separate two of
the identified parthenocarpic accessioks27 and V-185. While E-27 was grouped
among the traditional cultivars alongside otheshsas the non-parthenocariER-12,
V-185 was clustered in the branch of the commercial i (Formisano et al, 2012).
These data indicate that at least the parthenocafpihese two accessions has a
different origin, providing evidence, therefore, dfvo different sources of
parthenocarpy and genetic variability for currentczhini breeding programs. The
phenotypic analysis carried out in this work al$mwged the existence of different
sources of parthenocarpy among selected squaskvacsilt Thus, parthenocarpic
cultivars can be easily separated according t@ thenoecy stability or andromonoecy
index (Fig. 3). The parthenocarpic fruit growth grtial of the hybridCavili is known

to be associated with a partial conversion of femato bisexual flowers and therefore
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with a conversion of monoecious into partially amdonoecius plants (Martinez et al,
2013). The results presented in Fig. 3 demonstrdgidthe parthenocarpy of the other
two parthenocarpic hybridéyrgo and Parthenon, as well as that of landrasé185, is
related to a high andromonoecious index, i.e. & bmnversion of female into bisexual
flowers. Therefore, the parthenocarpy of the conecraehybrids and/-185 appears to
have the same origin and is associated with andmoewy. In these -cultivars,
parthenocarpic fruit is developed from a bisexlmliér, and their floral organs remain
attached to the fruit even after harvesting. Thiesiégs with attached flowers occur
because of a delay in floral organ maturation dogtigsion, caused by a reduction in
flower ethylene production (Pefiaranda et al, 200artinez et al, 20013). The attached
flower is, however, an undesirable trait for Zucchfruit exportation, since the
senescence of floral organs, or the wound leftr d@fteir manual removal, produce a
rapid decay of the fruit during postharvest stor@i@gyan et al, 2006). Nevertheless, we
have also identified cultivars, such @sCAL112 andPI261610, which are completely
stable for monoecy and showed no conversion of lenmao bisexual flowers, and
consequently produced no fruit with attached flav@fig. 3). These results indicate
that not all sources of parthenocarpydnpepo are dependent on andromonoecy, and
that some of the identified accessions constitete sources of variability for this trait
in Zucchini squash.

Relationship between parthenocarpy and ethylengugtmn and sensitivity

The relationship between ethylene and fruit set hasn studied inArabidopsis
(Carbonell-Bejarano et al, 2011) aRisum sativum (Orzaez and Granell, 1997) by
studying the effects of ethylene inhibitors on tfigriowth. Treatments extended the time
of response to GAs and delayed ovarian senescenbeth species, resulting in an
increase in the final size of the fruit. The etimdaensensitive mutants @rabidopsis
also have a larger window of response to GA thdd type plants (Carbonell-Bejarano
et al, 2011). Furthermore, massive expression aealin tomato have shown a down-
regulation of ethylene biosynthesis and signalingneg after fruit set via
pollination/fertilization or GA treatments (Vriezest al, 2008; Pascual et al, 2009).
Pascual et al (2009) also observed a differenksiptession pattern of ethylene genes in
pat3/pat4 mutants of tomato, suggesting that ethylene régsilearpel development and

parthenocarpic fruit set. I€. pepo, we have recently demonstrated that ethylene is
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directly involved in fruit set, and that the intian of fruit growth in this species
requires low levels of ethylene production and along in the fruit during the days
immediately after anthesis (Martinez et al, 2013)is reduced ethylene production is
associated with partial andromonoecy and parthepgca the unpollinated fruits of
the hybridCavili, but can also be maintained via pollination oriadseatments in non-

parthenocarpic cultivars (Martinez et al, 2013).

In this paper we demonstrate that in the unpokliddtuits of parthenocarpic cultivars
other thanCavili, including the commercial hybriddrgo and Parthenon, and the
landracesCpCAL112, V-185 and P1261610, ethylene is not induced in the days after
anthesis. By contrast, in the unpollinated fruifstiee non-parthenocarpic cultivars,
including CpCAL110, P1169462, CpCA097, AFR-12, CpCAL003 and CpCAL044, the
abortion of fruit growth is coupled with a peak ethylene production at 3 DPA.
Consequently, the regression analysis comparingesté production in fruits at 3 DPA
and the fruit growth rate in 6 non-parthenocarpid & parthenocarpic cultivars Gf
pepo has demonstrated the existence of a negative latore between the two
characteristics (R=-0.799, p-value=0.0018) (Fig. I18) this sense the parthenocarpic
hybrid Cavili is not exceptional, because it is likely that plagthenocarpic development
of the fruit in this species is always accomparbgd reduction of ethylene during the
days immediately after anthesis, while the increafsethylene would be a signal that
triggers fruit abortion and senescence in absehnataral parthenocarpy or pollination.
Therefore, the measurement of ethylene productionthe unpollinated fruits of
Zucchini at 3 DPA could be a suitable marker fog tentification and selection of

parthenocarpic materials in this species.

The level of endogenous ethylene has been alsodfaonbe associated with sex
phenotypes in cucurbit species. Gynoecious lingaabn and cucumber produce more
ethylene than monoecious ones, and the level ofiegth production in monoecious
cucumber lines increases upon transition from theenmo the female phase of
development in both apical shoots (Byers et al,2b9Rudich, 1990; Owens et al,
1980; Yamasaki et al, 2001; Saito et al, 2007) entkaves (Martinez et al, 2008).
Moreover, ethylene production and sensitivity iediengs was found to be correlated
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with sex expression iIC. pepo (Manzano et al, 2011). These data suggest that the
production of ethylene in vegetative organs coull used as a marker for sex
expression in cucurbits. We have analyzed the plasscorrelation between
parthenocarpy and early measurements of ethylenduption and sensitivity in
vegetative organs and in male flowers. We found #thylene production in young
leaves at early stages of plant development wasaro¢lated with parthenocarpic fruit
growth rate in the different cultivars. Ethylenensi@ivity, measured as the ethylene
response to male flower abscission, was signifigacdrrelated with parthenocarpy,
with most parthenocarpic cultivars being less samsito ethylene. Nevertheless, one
parthenocarpic cultivar?(261610) showed the same sensitivity as non-parthenocarpic
ones (Fig. 7), and one non-parthenocarpic culii#&R-12) showed the same ethylene
sensitivity as parthenocarpic ones. On the basithede results we concluded that
neither ethylene production in leaves nor ethylseesitivity in male flowers are
unambiguous parameters to determine the parthgmocaotential of a Zucchini

cultivar.
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Figure legend

Figure 1. Evolution of parthenocarpic fruit length in 20ltotars of C. pepo during the
first 7 days post-anthesis (DPA). The fruit lengtheach control point represents the
mean of at least 10 unpollinated fruits from theeaultivar. The cultivar-specific fruit
growth rates allowed the separation of parthenacampd non-parthenocarpic cultivars
in squash. In the non-parthenocarpic cultivarg fjuowth aborted after 3 DPA, while in
the parthenocarpic cultivars fruits maintained tlggowth and reached marketable size
before or at 7 DPA.

Figure 2. Increase in the mean length of parthenocarpitsfftom anthesis to 3, 5 and
7 DPA in 20 cultivars oC. pepo ssp.pepo. Data indicate the mean of at least 10 fruits

per cultivar.

Figure 3. Regression of Andromonoecy Index (Al) onto patearpic fruit growth
rate during the first 7 DPA in six parthenocarpnci &ix non-parthenocarpic cultivars of
C. pepo. Although the parthenocarpy of the hybridsgo, Cavili and Parthenon is
correlated with Al higher than 1, i.e. a partialngersion of female into bisexual
flowers, the parthenocarpic potential of cultivaBpCAL112 and PI261610 is not
associated with andromonoecy (Al=0). Horizontal &edical bars represent standard
errors for Al or parthenocarpic fruit growth ratespectively.

Figure 4. Evolution of ethylene production in pollinateddamnpollinated ovaries/fruits
of two cultivars ofC. pepo that differ in their parthenocarpic potential. (BpCAL044,
which has been classified as non-parthenocarpid, (&) V-185, which has been
classified as parthenocarpic. Bars represent atdrefrors (n=3). Ethylene production

profiles in other parthenocarpic and non-parthermcaultivars were similar.
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Figure 5. Regression of ethylene production in unpollindieits at 3 DPA onto fruit
length growth rate for the first 7 DPA in six pattocarpic and six non-parthenocarpic
cultivars of C. pepo. The linear regression analysis (R= -0.799, p=D8)0Gndicates a
strong correlation between variables with a sigaifice level of 99%. Horizontal and
vertical bars represent standard error for ethylpregluction and fruit growth rate,

respectively, in each cultivar.

Figure 6. Regression of ethylene production in young leaw&® fruit length growth

rate during the first 7 DPA in six parthenocarpiti &ix non-parthenocarpic cultivars of
C. pepo. The lineal regression analysis (R= -0.420; p=00) ”denotes no correlation
between variables with a level of significance @@ Horizontal and vertical bars
represent standard error for ethylene productiah faunt growth rate, respectively, in

each cultivar.

Figure 7. Regression of ethylene sensitivity (expressedhaspercentage of time at
which the abscission of ethylene treated male ftevi®reduced respect to control non-
treated flowers) onto fruit length growth rate dgrithe first 7 DPA in six
parthenocarpic and six non-parthenocarpic culticdr€. pepo. The lineal regression
analysis (R= -0.699, p=0.0113) indicates a sigaiftccorrelation between the two
variables, with parthenocarpic cultivars showingdueed ethylene sensitivity.
Horizontal and vertical bars represent standardr dor ethylene sensitivity and fruit

growth rate, respectively, in each cultivar.



Table 1. Cultivars ofC. pepo morphotypes Zucchini, Vegetable Marrow and Cocezell

Cultivar Morphtypé Parthenocarpy Growth Sourc@ Selection Country Region
Name score Sex habit in the first of
(Mean+S.D.J  phenotypé screening origin®
ARGO z 4.50+1.00 PA B Yes
CAVILI z 4.75x0.70 PA B Yes
PARTHENON Z 4.40+1.20 PA B Yes
Castilla La
435 z 1.50+1.00 M B COMAV Spain Mancha
Castilla La
942 z 2.25+0.35 M B COMAV Spain Mancha
BLACK
BEAUTY z 2.25+0.50 M B COMAV
C-3 z 2.00£1.00 M B COMAV Spain Catalufia
C-68-1 z 2.33+0.58 M B COMAV Spain Cataluiia
CA-82 z 2.40+1.94 PA B COMAV Spain Canarias
CL-21 z 2.00+0.00 M \% COMAV Spain
Castilla La
CM-39 z 2.00+0.00 M \ COMAV Spain Mancha
Castilla La
CM-47 z 2.00£1.41 M B COMAV Spain Mancha
CpCAL003 4 1.33+0.58 M B BSUAL Yes Spain Andalucia
CpCAL110 z 4.00£1.00 M B BSUAL Yes Spain Andalucia
CpCAL112 4 4.50+0.71 M B BSUAL Yes Spain Andalucia
CpCAL044 z 3.50+1.29 PA B-V BSUAL Yes Spain Valencia
E-27 z 3.331+0.58 M B COMAV Yes Spain Extremadura
GRECIA6 Z 3.00+0.82 M B COMAV Yes Greek Agias Paraskeis
MUC-16 z 1.67+0.58 M B COMAV Spain Murcia
PASCUAL40 Z 3.33+0.58 PA B COMAV Yes Spain Valencia
PASCUAL77 Z 2.33+0.58 PA B COMAV Spain Valencia
P1261610 z 3.00+0.00 M B USDA Yes Spain Castilla Leon
A z 1.00£1.00 PA \% COMAV Yes Spain Cantabria
V-4 z 2.33+0.58 M B COMAV Spain Valencia
V-50 z 2.004£0.00 M B COMAV Spain Valencia
Yugosla
P1379307 z 2.00+0.00 M B USDA via
CL-20 4 1.75+0.50 M \% COMAV Spain Castilla Leon
V-116 Z-CO 2.67%1.15 PA B COMAV Spain Valencia
V-185 Z-CO 3.33+1.15 PA B-V COMAV Yes Spain Valencia
AFR-12 Z-VM 3.00£1.00 PA B COMAV Yes Morocco Khmelat
A-17 Z-VM 2.00+0.00 M \% COMAV Spain Aragén
C-1 Z-VM 2.00+1.41 PA B COMAV Spain Catalufia
C9 Z-VM 2.33+£0.58 PA \% COMAV Spain Cataluiia
V-171 Z-VM 1.25+0.96 PA \Y COMAV Yes Spain Valencia
V-32 Z-VM 2.33+£0.58 M \% COMAV Spain Valencia
CpCAL097 CO-VM 1.00+1.00 PA \Y BSUAL Yes Spain Valencia
V-117 CcoO 2.67+0.57 PA \ COMAV Spain Valencia
CA-154 VM-CO 1.33+1.04 M \ COMAV Yes Spain Canarias




Cultivar Fruit Parthenocarpy Al Growth Sourcé  Selection  Country Region

Name morphtypé  value (MeanzS.DJ  habif of
(Mean+S.Dj origin®

Castilla La
CM-37 VM 2.75+0.50 M B COMAV Yes Spain Mancha
CpCALO005 VM 1.25+0.50 PA \ BSUAL Yes Spain Andalucia
CA-84 VM 2.00+1.00 PA B COMAV Spain Canarias
A-19 VM 2.00+0.00 PA \ COMAV Spain Aragoén
AN-116 VM 2.00+0.00 PA \% COMAV Spain Andalucia
AN-92 VM 2.33+0.57 PA B COMAV Spain Andalucia
C-72B VM 1.67+1.52 M B COMAV Spain Cataluiia
CA-35 VM 1.67+0.58 M B COMAV Spain Canarias
P1169462 VM 3.00+0.82 PA B USDA Yes Turkey  Canakkale
S2 VM 2.25+1.77 M V COMAV Spain Cantabria

"Fruit shape morphotypes: Z: Zucchini, VM: Vege&blarrow, CO: Coccozelle

parthenocarpy scores represent the mean =+ stadelaiation of at least 3 evaluations. Values arerban scores from 0
to 5 of parthenocarpic potential of each cultivssrg Material and Methods). Selected parthenocatfiivars were those
with a mean scores above 2.75. Non parthenocauftivars with mean scores below 1.50 were alsoctedeas negative
control.

3Sex phenotype.PA: Partially andromonoecious, M: démious.

“Growth habit: B: bushy, V: vine

®COMAV: Germoplam Bank at the Polytechnic Universifyvalencia; USDA: United States Department of idgiture;
BSUAL: Seed Bank at the University of Almeria.

®0rigin data obtained from the COMAV (http://www.camupv.es/BancoGermoplasmaUPV/consulta2sesionaitth
USDA/GRIN (http://www.ars-grin.gov/cgi-bin/npgs/hitax_acc.p) germplasm banks and BSUAL.
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