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Abstract

Parthenocarpy (fruit set without fertilization) is a much desired trait in sweet pepper
(Capsicum annuum) production as it minimizes yield irregularity, enhances total
yieldandmakes theproduction possible under suboptimal environmental conditions. Beside
this, parthenocarpyimproves the commercial value of the fruitsince parthenocarpic fruits
are convenient for consumption, much wanted for minimal-processed food, and possess
long shelf-life.Parthenocarpy has been widely studied for tomato and Arabidopsis but not for
C. annuum.Physiological and morphological characterization of parthenocarpy in C.
annuum is the main focus of this thesis with emphasis on finding evidence thattomato and
Arabidopsis can be used as model plants to study fruit development in C. annuum.The
series of physiological and morphological changes (i.e. pollen tube growth, vascular
connection between ovule and carpel, cell division and cell expansion in carpel) that occurs
in a post-fertilized ovary ofC. annuumwas similar to that reported in tomato and
Arabidopsis. Similar to these two species, C. annuum showed a hierarchy between auxin
and gibberellinwhere auxin acts upstream of gibberellin in fruit set, most likely by inducing
gibberellin biosynthesis.These findings indicate that fruit set mechanisms in C. annuum are
similar to that reported in tomato and Arabidopsis.Parthenocarpy was evident in most of the
studied genotypes of C. annuum(n=24) suggesting that somedegree of intrinsic
parthenocarpy is already present in C. annuum. External application of auxin and
gibberellin on the stigma of emasculated flowers enhanced parthenocarpic fruit
production.GA3 did not significantly contribute to the final fruit size. GA3 seems to play an
important role in preventing flower and fruit abscission while auxin seems to be important
for both fruit set and fruit development.

Almost all seedless fruits obtained either by only emasculation or emasculation followed by
hormone application showed stronger growth of carpel like structures (CLS) compared to
seeded fruits. Structural analogy of CLS with be/l mutant of Arabidopsis suggests that CLS
are transformed from abnormal ovules.Capsicum genotypes with high parthenocarpic
potential showed a stronger CLS development suggesting a relation between female
sterility and parthenocarpy. The parthenocarpic potential appeared to be controlled by a
single recessive gene. The CLS phenotype and parthenocarpy could not be linked to a
single locus, suggesting that absence of fertilization induces parthenocarpic fruit
development and allows CLS growth, which substitutes developing seeds in promoting fruit
development.This thesis provides insight in the physiology and morphology and genetic
basis of parthenocarpy in C. annuum.

Key words: Parthenocarpy, Capsicum, fruit set, hormones, cell division, cell expansion,
auxin, gibberellin, temperature, carpel-like structures, genotype
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Chapter 1

Introduction

Sweet pepper (Capsicum annuum L.) is an important vegetable crop worldwide. C. annuum
is used as a salad, stuffing, cooked vegetable, pickled or processed and appreciated world
wide for their flavor, aroma, color and as an important source of vitamin C, vitamin A (red
stage), antioxidants, folic acid and fibers (Chakravarty et al., 2009; Frank et al., 2001;
Palada et al., 2006). Major problems experienced by sweet pepper growers are the strong
week-to-week fluctuation/irregularity in yield plus the physiological disorder blossom-end-
rot (BER) (Marcelis and Baan Hofman-Eijer, 1997). Irregular yield is caused by the fact
that the presence of developing fruits induce flower or fruit abortion on the next few nodes
(Marcelis et al., 2004). Incidences of BER are caused by local deficiencies of calcium in
young, rapidly expanding pepper fruit tissues (Bangerth, 1979; Rubio ef al., 2010). Seeds
located in older fruits appear to play a dominant role in competition with flowers or fruits
higher in the plant. Therefore, parthenocarpic fruits obtained by external application of
auxin on the stigma of flowers results in more regular yield, minimizes the incidence of
BER, improves the total yield and makes production possibleunder suboptimal
environmental conditions (Heuvelink and Koérner, 2001). Beside this, parthenocarpy
increase the commercial value of the fruit since parthenocarpic fruits are easy to consume,
much wanted for minimal-processed food, and possess high shelf-life (Gillaspy et al., 1993;
Gonzalez et al., 2004; Habashy et al., 2004). Despite of this, not much attention has been
given to understand parthenocarpy in C. annuum. In this chapter, wesummarize the
overview of various approaches that induce parthenocarpy in various crop species and
possible application of each approach for inducing parthenocarpy in C. annuum is
discussed.

Parthenocarpy

Parthenocarpy (Parthenos, virgin; karpos, fruit) is the natural or artificial induction of fruit
development without pollination and fertilization. For various parthenocarpic plant
varieties, an increased supply of phytohormones to the gynoecium from sources other than
the developing seeds has been reported to be sufficient to induce fruit growth (Abad and
Monteiro, 1989; Garcia-Martinez, 1997; Gillaspy et al., 1993). This observation suggests
that parthenocarpic gene/s might primarily affect the hormone production, transport, and/or
metabolism leading to sensitivity or higher hormone levels in the ovary capable of
promoting fruit growth even in the absence of pollination and fertilization (Vivian-Smith et
al., 2001).

Parthenocarpy, like stenospermocarpy and apomixis are genetically controlled traits, in which
fruit set are uncoupled from the series of events that occurs after pollination and fertilization
(Fig. 1).In stenospermocarpy, though distinct from parthenocarpy, normal pollination and
fertilization do occur and initiate fruit development, but early embryo abortion results in
seedless fruits as recorded in grapes and watermelon (Ledbetter and Ramming, 1989).
Apomixis is embryo and seed development without fertilization and as a result apomictic
species also produce fruit in the absence of fertilization as recorded in citrus, blackberry,
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mangoes and walnut (Hanna and Bashaw, 1987; Koltunow and Grossniklaus, 2003; Nybom,

1986).
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Figure I schematic representation of the developmental differences between fruit obtained by
fertilization, stenospermocarpy, parthenocarpy, and apomixis.

Natural occurring parthenocarpy has been identified as obligate or facultative. Genotypes with
obligate parthenocarpy are unable to produce viable seeds either in the presence or in the
absence of fertile pollen as reported in satsuma mandarin (George et al.,1984). Plants with
this condition are thought to be defective during female gametophyte development and
require manual vegetative propagation. In contrast, facultative parthenocarpic plants produce
seedless fruits only when pollination is prevented by growing conditions (e.g. temperature), or
by manual manipulations (e.g. emasculation) or physiological barriers (e.g. self
incompatibility) (Ho and Hewitt, 1986). Various parthenocarpic mutants of tomato (pat 2, pat
3/4),eggplants, squash, and pineapple are examples of facultative parthenocarpy (George et
al.,1984).

Parthenocarpic fruits obtained either by growing plants at low night temperature or by
emasculating flowers. Parthenocarpic fruit with shiny appearance and fruit weight similar to
seeded fruits are the most desirable one for the commercial purpose. Usually parthenocarpic
fruit production is accompanied with the production of knots (small, misshapen and
undesirable fruits for commercial production) e.g. tomato and C. annuum(Asahiraet al., 1982;
Rylski and Spigelman, 1982; Gorguet et al., 2008). Production of seedless fruits without
knots is a major challenge for breeders. Coupling parthenocarpy with self-incompatibility or
male sterility can help to promote commercial seedless fruit production (Li, 1980; Yamamoto
and Tominaga, 2002;Gorguet et al., 2009).

There are various approaches to obtained parthenocarpy in diverse plant species. Genetic
occurrence of parthenocarpy can be exploited by using classical, molecular or mutation
breeding approaches.Though parthenocarpy has a genetic basis, it can also be induced
artificially in non-parthenocarpic plants by external application of hormones or by altering
the endogenous plant hormone within ovules or carpel tissues (Fig. 2).
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Figure 2Schematic representation of various approaches which influence endogenous level
of plant hormones to induce parthenocarpic fruit set.

Parthenocarpy by breeding

Classical breeding

Classical or conventional breeding has been successfully applied to introduce parthenocarpy
into economically important genotypes. Classical breeding comprises two fundamental steps;
1) generating a breeding population that is segregating for the parthenocarpy trait of one
parental genotype, and ii) selecting individual progeny from the segregating population that
combine parthenocarpy with the desirable traits of the non-parthenocarpic parent. A breeding
population is generated by using two types of crosses: inter- and intra-specific hybridization.
Interspecific hybridization comprises variability in their offspring and is usually accompanied
with sterility or semi sterility which helps in identifying genotypes that arise with strong
parthenocarpic attributes or alleles(Gorguet et al., 2008). Various parthenocarpic lines of
tomatoes have been developed by using interspecific hybridization such as obligate
parthenocarpy in aneuploid tomato developed from a cross between Solanum esculentum
and S. peruvianum(Lesley and Lesley, 1941), IVT-line 1 was developed from a cross
between S. habrochaites and S. lycopersicum(Zijlstra, 1985).

Altered ploidy through interspecific hybridization is a common approach to obtain
parthenocarpic fruits in various crops such as banana, watermelon and citrus (Fortescue and
Turner, 2005). Usually, triploid plants can not pass through meiosis, and are therefore sterile.
Although the mechanisms of fruit initiation in triploid plants are largely unknown, the
observations indicate that sterility is an important condition by which parthenocarpy becomes
expressed. Several examples are given in Table 1 where ploidy alteration by interspecific
hybridization results in parthenocarpic fruit set.
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Table 1. Parthenocarpic fruit set in various species associated with ploidy level

X Species (Chromosome Ploidy
Fruit crops Other changes
no.) no.
Fig-common (Falistocco, 2009) Ficus carica (2n=26) triploid
Fig-sycomore (Condit, 1964) Ficus sycomorus triploid
L Hermaphroditic, increased . .
Grape (Wakana et al., 2007) Vitis vinifera (2n=38) . triploid
berry size
Malus domestica(2n=34,  Aroma, loss of L
Apple (Dermen, 1965) . triploid
51) astringency, sweetness

Pyrus communis ( 2n=34,  Aroma, loss of o
Pear—European (Dermen, 1965) 51) astringency, sweetness triploid

Pyrus pyrifolia, P.
. o Aroma, loss of o
Pear—Asian (Kadota and Niimi, 2004) bretscheiderii . triploid
L astringency, sweetness
P. ussuriensies (2n=34, 51

Citrus (orange, mandarin, lemon,
Nucellar embryony,

lime, pumello,grapefruit) (Habashy et  Citrus spp. (2n=18) triploid

al., 2004; Mackiewicz et al., 1998)

Persimmon Asian (Janick, 2006) Diospyros kaki ( 2n=90) Loss of astringency triploid
) Eriobotrya japonica . C

Loquat (Liang et al., 2007) Increased size triploid

(2n=34, 51)

Pineapple (Collins, 1933b) Ananas comosus (2n=50) triploid

Banana (Fortescue and Turner, 2005)  Musa paradisiaca triploid

Plantain (Fortescue and Turner, Plantago hawaiensis L

triploid
2005) (2n=33)

Tomato (Habashy et al., 2004;
Mackiewicz et al., 1998)
Cucumber (Chen et al., 2003;

Lycopersicum esculentum  Increase dry matter, TSS  triploid

Habashy et al., 2004; Mackiewicz et amphidiploid x diploid triploid
al., 1998)
. Citrullus lanatus (2n=22) .
Watermelon (Kihara, 1951) L . High sugar content, L
diploid male with triploid

] more fruit/plant, thin rind
autotetraploid female

The use of interspecific hybridization to generate de novo parthenocarpy is not successful in
most of the Solanaceae species e.g. tomato, potato and eggplant (Carputo et al., 2000;
Ehlenfeldt and Ortiz, 1995; Hanneman and Peloquin, 1968; Rick, 1945). Crossing between
diploid plant and its colchicine-derived tetraploid prevents triploid progeny to be produced
due to the imbalance of parental ploidy. This condition is known as a "triploid block" which
results in no fruits or some fruits with sterile seeds which is due to the failure of normal
endosperm development (Contolini and Hughes, 1989). Also, interspecific hybridization is
not a successful approach to introduce parthenocarpy in C. annuum. Cross compatibility
among cultivated and some wild species of Capsicum showed that C. annuum has a partial
comparability with C. chinense and C. frutescens.However, thiscompatibility can not be
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utilized for interspecific hybridization because crossing between these species results in
partial sterile seeds, while seeds are required by farmers to grow plants (Fig. 3).

ghinense MIErOCaET

3 T e
sehottimnum pubescens
galapogense

HIGHLY FERTARLE R HIGHLY STERILEF, ————
PARTIALLY FERTILE F| == == KO VIRBLE F| SEED

Figure 3 Cross compatibility of cultivated and some wild species of Capsicum (Lippert et
al., 1966)

Intraspecific hybridization is commonly used to generate new lines and cultivars because they
integrate high variability in their offspring, and this can form the basis of future
selections(Lifschitz et al., 1993). The use of intraspecific hybridization for producing a
facultative parthenocarpic line suitable for a hot and dry climate (normal fruit at moderate
temperature) was first introduced in tomato (Hawthorn, 1937). After that, various other
parthenocarpic lines have been generated by using intraspecific hybridization e.g. Severenien,
Oregon T5-4, Oregon Cherry, Oregon 11, Line 75/79, Line P-26, Line P-31, Line RG and
IVT-line 2 in tomato (Baggett and Frazier, 1978; Philouze Maisonneuve, 1978; Zijlstra,
1985), and ‘AE-P’ lines and ‘Talina2/1’ in eggplant (Kikuchi et al., 2008). These
genotypes were further utilized to generate segregating population and to study the genetics
of parthenocarpy e.g. single (e.g. pat, pat 2) or double (e.g pat3/pat4) recessive
gene/scontrol parthenocarpy in tomato (Gorguet et al., 2008), group of recessive genes
controlled parthenocarpy in eggplant (Tian ef al., 2003). Though use of intraspecific
hybridization for introducing parthenocarpy has not been discuss beforein C. annuum, its
application seems to be promising to understand the genetics behind parthenocarpy.

Classical breeding is relatively inexpensive and technically simple. However, there are
sometimes limitations in the amount of genetic variation available within the crop (the
gene-pool), and the approach requires large populations and multiple generations of
selection to identify parthenocarpic plants that combine the best qualities of both parents.
Moreover, with each cross, usually a large number of genes is transferred that may not be
useful along with the desired ones in the target species (Beaver and Osorno, 2009; Lasley et
al., 1994). For minimizing these limitations as well as for the technical advancement,
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molecular and mutation breeding approacheswere later introduced into the classical
breeding.

Molecular breeding: molecular marker enhancesselection in classical breeding

Molecular breeding has beenintroduced not so long ago into classical breeding
methodologies. The purpose is to maximize the probability of successful allele retention by
reducing the need of a large breeding population and multiple generations of selection
(Huang et al., 2002; Ortiz and Vuylsteke, 1998; Ruttan, 1999). Through Marker Assistance
Selection (MAS), DNA markers detect the presence of allelic variation in genes underlying a
certain trait and thus increase the efficiency and precision in the selection process. For
example, many lines are discarded after MAS early in the breeding program, and this reduces
the total numbers of lines to be screened and thus minimizes space and time constraints.
Replacement of phenotype by markers allows off-season and heterozygote selection possible
and thus makes the overall process more cost-effective by growing many generations per year
(Ribaut and Hoisington, 1998). Integration of MAS with Quantitative Trait Loci (QTL)
analysis has provided more potential for increasing breeding efficiency (Doerge, 2002;
Tanksley et al., 1992). So far, only one parthenocarpy gene, pat, was mapped in tomato
(Beraldi et al. 2004). Recently, four QTLs associated with parthenocarpy were identified
and mapped in tomato (Gorguet et al., 2008). The isolation of these QTLs will enhance not
only our understanding about fruit set in tomato but also open possibilities to develop
seedless fruits in other economically important species like C. annuumbecause of the high
level of similarities within the Solanaceae.

Mutation breeding enhances genetic variability

A major constraint in classical breeding is the lack of natural genetic variation in the gene-
pool, which can be overcome by mutation breeding. A mutation is defined as a heritable
change in sporophytic (i.e. in the somatic cells) or gametophytic tissue (i.e. germ cell line
from where gametes arise) that is not caused by normal genetic recombination or
segregation. Induction and selection of specific mutations can now be achieved (Cooper et
al., 2008), but spontaneous mutations have historically been an important source of genetic
variation.Spontaneous mutationsoccur naturally and are used in classical breeding
approaches. Good examples of this are the parthenocarpic sha-pat mutants in the tomato
line ‘Montfavet 191° (Pecaut and Philouze, 1978). However, when the genetic variation is
limited, mutations have been induced chemically, by radiation treatment, or by DNA
insertion (transposon, T-DNA). Various radiation treatments, such as helium accelerated
ions in tomato (Masuda et al., 2004), soft—-X-ray in watermelon (Sugiyama and Morishita,
2000), gamma and thermal neutron irradiation in grapefruit (Vanamala et al., 2007) and
gamma irradiation in Citrullus lanatus(Sugiyama and Morishita, 2001) and Citrus (Spiegel-
Roy and Vardi, 1989), have been used successfully to generate parthenocarpic mutants. For
chemical mutagenesis two major classes of compounds are available: alkylating agents,
such as ethyl methane sulphonate (EMS), and ethyl ethane sulphonate (EES), and base
analogs, such as 5-bromouracil and 2-aminopurine. EMS is the most common mutagen,as it
is very effective andconvenient. It has been used to generate parthenocarpic mutants of
Arabidopsis (fwf) and tomato (stock 2524: short anther mutant, sha) (Bianchi and Soressi,
1969; Soressi, 1970; Motto et al., 1975; Vivian-Smith et al, 2001). Transposon
mutagenesis has generally been a cis-genesis approach where mutagenesis in the recipient
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plant was induced by crossing with a transposon containing donor plant. The
parthenocarpic mutants of apple have been identified where an already active and
endogenous retro-transposon inserted into the intron region (intron 4 in Rae lime and intron
6 in Spencer seedless and Wellington Bloomless) and resulted in loss of function of
MADS-box transcription factor gene MdPI(Yao et al., 2001). Although mutation breeding
is effective to obtain parthenocarpic fruits, its applicability has been limited in the condition
where parthenocarpy is associated with pleiotropic or unfavorable genetic link
characteristics (Huang et al., 2002; Pandolfini et al., 2002; Yao et al., 2001).

Artificial induction of parthenocarpy

Artificial induction of parthenocarpic fruit set is useful to understand the role of plant
hormones in fruit set and fruit development. Parthenocarpycan be induced artificially in
non-parthenocarpic plants by external application of plant growth regulators or by altering
the endogenous plant hormone levels within ovules or carpel tissues (Fig. 2), as has been
shown in Arabidopsis, tomato, eggplant, watermelon, and citrus (Gillaspy et al., 1993;
Vivian-Smith and Koltunow, 1999; Rotino et al., 1997; Carmi et al., 2003; Mezzetti ef al.,
2004).

External application of plant growth regulators (PGRs)

A very effective way to induce parthenocarpy has been reported by exogenous application
of PGRs to the stigma or the carpels. Auxins (IAA; or it synthetic analogs 2, 4-D and 4-
chloro-IAA, NAA), gibberellins (primarily GA;, GAs;, GA4 and GAyy) and to a lesser
extend cytokinins are known to induce parthenocarpy in several crops (Kojima et al., 2003;
Schwabe and Mills, 1981; Vivian-Smith and Koltunow, 1999). Also brassinosteroids have
been reported to induce parthenocarpic fruits in cucumber, and the obtained fruit sizes are
similar to pollinated fruits (Fu et al., 2008). However, their application in tomato and
Arabidopsis did not result in parthenocarpic fruits (Serrani et al, 2007; Vivian-Smith
unpublished observations). Exogenous application of auxin on the stigma of flowers before
anthesis also resulted in parthenocarpic fruit set in C. annuum (Heuvelink and Komer,
2001), thoughthe underlying basis and relationship with other interacting plant hormones
were not studied in this publication.

Commercial use of PGR has been recognized in various crops. For example, auxin (4-CPA:
4-Chlorophenoxyacetic Acid) application has been used to increase fruit set and -weight in
Pepino (Ercan and Akilli, 1996), GAs has been applied to increase fruit bearing in cherries,
and increases rachis length and berry size in grapes, whereas GA4 has been used to promote
fruit set in apple and pear trees (Ben-Tel, 1990; Facteau et al., 1989). The down side of
these practices is that PGRs can have negative effects on environment and human health
(Osborne and Went, 1953; Pomeroy and Aldrich, 1943).

Molecular or transgenic approach

To overcome the negative effects of the use of PGRs, scientists have developed transgenic
approaches that mimic their exogenous application. Expressionof the auxin biosynthesis
genes iaaM (tryptophan monooxygenase) or iaaH (indoleacetamide hydrolase) from the
Agrobacterium T-DNA under control of an ovule/placenta specific promoter has been
reported to result in fertilizationindependent fruit set in tobacco (Bavrina etal., 1999), egg
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plant (Rotino et al., 1997), tomato (Ficcadenti et al., 1999), cucumber (Yin et al., 2006),
andstrawberry (Mezzetti et al., 2004). Similarly, expression of the Agrobacterium
rhizogenes-derived rolB gene, which confers sensitivity to auxins, under a fruit-specific
promoter has been reported to induces obligate as well as facultative parthenocarpy in
tomato (Carmi et al., 2003). Other approaches have been designed to target the transcription
factors (Aux/IAA and ARF) that are involved in auxin-responsive gene expression.
Expression of the Atarf8-4 mutant allele in tomato has resulted in plants display
parthenocarpic fruit development (Goetz et al.,, 2007). Moreover, parthenocarpic fruit set
has been obtained in tomato by antisense silencing of /A49(Wang et al., 2005).

Success of the transgenic approach to obtained parthenocarpy in C. annuumis dependent
upon an efficient and reliable transformation and regeneration protocol. Many members of
the Solanaceae family are easy with regard to cell culture and regeneration e.g. petunia
(Sitbon et al., 1991), tobacco (Bavrina et al., 1999), egg plant (Rotino et al., 1997), and
tomato (Ficcadenti et al., 1999). In contrast, C. annuum is considered to be recalcitrant to
regeneration due to the formation of sterile buds or shoot-like structures (Agrawal et al.,
1989; Gunay and Rao, 1978; Husain et al., 1999; Wang et al., 1991). Recently, efficient
regenerations have been demonstrated in a wide range of important C. annuum genotypes
(Balazs et al., 2008). This recent established methods for transformation may open
possibilities to obtain a transgenic C. annuum with parthenocarpic trait.

Transgenic parthenocarpic plants which are unable to disseminate by seed dispersion and
crossing with male sterile plants will inhibit the chance of pollen contamination to the
neighbor plant. Moreover, transgenic fruits are apparently similar to seeded fruits in size
and morphological appearancei.e. tomato (Pandolfini et al., 2002). Additionally, reduced
processing costs, increased flavour (high soluble solid, high brix) and increased total yield
has been reported in transgenic parthenocarpic plants compared to non-transgenic plants
(Barg and Salts, 2000; Carmi et al., 2003; Salts et al, 1992). Although a transgenic
approach can provide a valuable means of obtaining parthenocarpic varieties with additional
benefits, difficulties to generate transgenic plants, and fear among the consumers has raised
doubts about its commercial applicability (Acciarri et al., 2002; Donzella et al., 2000;
Ficcadenti et al., 1999; Rotino et al., 1997).

Gap in knowledge

Thoughvarious approaches have been demonstrated to induce parthenocarpy in several crop
species, their applicability in C. annuum is not well studied.None of the breeding
approaches has been introduced to study the detail of parthenocarpy in C. annuum. No
parthenocarpic mutants are identified nor are there any transgenic parthenocarpic plants
generated in C. annuum. The physiology and genetics of parthenocarpic fruit growth in C.
annuum 1is largely unknown. Availability of parthenocarpic mutants in C. annuum would
facilitate extended studies of parthenocarpy to understand various physiological mechanisms
involved in regulating fruit set and fruit growth. Mutagenesis by using reverse genetics is an
effective approach to obtained parthenocarpic mutants. A particular gene’s function can be
determined by studying the phenotypes of individuals containing the alterations in the gene of
interest (Sessions et al., 2002). Few candidate genes are identified in Arabidopsis for
regulating parthenocarpic fruit set (Goetz et al., 2007). These genes can be targeted to be
identified or captured in C. annuum by using the mutagenesis approach only when both
species showed fundamental similarities for their fruit set mechanisms; however, this
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comparison was never studied before. Parthenocarpic fruits can be obtained by growing
plants at low night temperature (Rylski, 1974; Rylski and Spigelman, 1982). However,
genetic variability among the genotypes for parthenocarpic fruit set and the effect of
temperature on fruit size in different genotypes has never studied.Most of the C. annuum
fruit which develop parthenocarpically, showed carpel-like structures (CLS) or internal
proliferation (Cochran, 1934). In other species, such as Arabidopsis,CLS have been
reported as abnormal structures arising from the placenta and have associated parthenocarpy
(Payne et al., 2004). Though co-occurrence of parthenocarpy and CLS phenotype has been
reported, their genetic basis and their interaction with each other are not known. External
application of auxin induces parthenocarpy in C. annuum (Heuvelink and Kdérner, 2001);
however, the effect of gibberellins, and the possible interaction between gibberellins with
auxin, has also never been studied.

Scope and outline of the thesis

Experiments by Heuvelink and Korner (2001) has clearly demonstrates that parthenocarpy
is a much desirable trait in C. annuum production because it can stabilize irregular fruit set.
Physiological and developmental characterization of the parthenocarpic response in C.
annuum is the main focus of this thesis with emphasis to find the evidences thattomato and
Arabidopsis can be used as a model plant to understand the detail of fruit set and fruit
growth in C. annuum.

Fruit-set involves a series of events that is well described in tomato and Arabidopsis but
largely unknown in C. annuum. To check whether early fruit growth in C. annuum is the
same as it is in tomato and Arabidopsis, we carefully described the physiological and
morphological changes (pollen germination and tube growth, vascular development,
endogenous [AA measurement, cell division and cell expansion in the carpel) in a post-
pollinated ovary of C. annuum(Chapter 2). Genetic variations for parthenocarpic fruit set
have been reported in various crops. To check whether C. annuum also exhibit genetic
variation in their germplasm for parthenocarpic fruit set potential, and how the absence of
seeds affects the fruit size in those genotypes, we evaluated genotypes of known
parthenocarpic background in conjunction with a seeded cultivar as a control. This was done
at normal and low night temperaturesto control fertility (Chapter 3). We found that
seedless fruits obtained either by emasculation or by hormone application often contain
CLS. Based on observations of Arabidopsis be/l mutants, where abnormal ovules develop
into CLS, we studied the levels of aberrant Capsicumovules and correlate that with CLS
transformation and parthenocarpic fruit set in Chapter 4. Furthermore, in this chapter we
describe the inheritance of parthenocarpy and CLS and their possible relation with each
other. The role of auxin and gibberellin has been extensively studied in tomato and
Arabidopsis and a model has been proposed to elucidate the role of hormones in fruit set.
The same model for fruit set may or may not be applicable in C. annuum; therefore, detailed
investigation is conducted to understand the role of auxin and gibberellin and their
interaction for regulating fruit set, and their effect on fruit growth(Chapter 5). In Chapter
6, the main achievements and limitations of this study are discussed. Furthermore, the
prospects for obtaining parthenocarpic C. annuum accessions are discussed based on the
results obtained in this thesis.
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Abstract

Fruitset involves a series of physiological and morphological changes, which are already
well described fortomato and Arabidopsis but largely unknown for sweet pepper (Capsicum
annuum). The aim of this paper is to compare mechanisms of fruit set observed in
Arabidopsis and tomato to C. annuum. To do this, we accurately timed the physiological
and morphological changes such as in vivo pollen germination, pollen tube growth, andthe
vascular connection between ovule and carpel. We also measured the endogenous auxin
levels and evaluated the cell division and cell expansion in post-pollinated ovaries. The
majority of pollen tubes arrived at ovules around 20 to 28 hours post pollination, indicating
that most fertilization events occurred during that time. A vascular connection between
ovule and replumwasalso observed in fertilized ovaries that undergo fruit development, and
this connection was absent in non-fertilized ovaries that abort. This directs that vascular
connection between ovule and replum is an early indicator for successful fruit development
after pollination and fertilization. Evaluation of histological changes in the carpel of a
fertilized ovary indicated that increase in cell number and cell expansion is comprised of
early fruit growth. Cell division contributes moreduring early fruit growthwhile cell
expansion continues into the later stages of fruit growth in C. annuum.The simultaneous
occurrence of a peak in auxin concentration and a strong increase in cell diameterin the
carpel of seeded fruits suggests that IAA directly stimulatesthe major increases in cell
diameter at later stages of fruit growth.The series of physiological and morphological
events observed during fruit set in C. annuumare similar to what has been reported for
tomato and Arabidopsis. The results indicate that tomato and Arabidopsis are suitable
model plants to understand details of fruit set mechanisms in C. annuum.

Introduction

Successful completion of pollination and fertilization is essential to trigger fruit set in most
flowering plants (Gillaspy ef al., 1993). Fertilization induces the development of an ovary
into a fruit, while failure of fertilization triggers senescence of floral organs and finally
leads to flower abscission (Nitsch, 1970; Ozga et al., 2002; Talon et al., 1992). Fruit set
involves a coordination between signaling pathways involving auxin, gibberellins, ethylene
and cytokinin (Vriezen et al., 2007). Several independent observations have indicated that
auxin is important for fruit set and development. For example, auxin supplied either
exogenously or ectopic expression of genes encoding enzymes of auxin biosynthesis
induces fruit-set in tomato and Arabidopsis (Spena and Rotino, 2001; Vivian-Smith and
Koltunow, 1999). An important question is how auxin signaling enables the coordinated
developmental change from pistil/gynoecium into fruit. Prior to anthesis, carpel
development is arrested and pollination/fertilization induces processes such as vascular
development and differentiation within the carpel to assist the development of the
pistil/gynoecium into a fruit (Gillaspy et al., 1993). Modulations in the auxin signaling
pathways have been reported to occur within 24 hours post-pollination in tomato, and to
result in developmental changes and changes in carbon partitioning (Vriezen et al., 2007).
In Arabidopsis, pro-vascular strands are observed between fertilized ovule and carpel
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margin to connect within 54 hours post-pollination, while they remain
unconnected/undevoloped in unfertilized ovules(Fuentes and Vivian-Smith, 2009). This
vascular connection has been reported to occur also in the absence of fertilization in the
Arabidopsis parthenocarpic fruit without fertilization (fwflarf8)mutant (Vivian-Smith,
2001). These findings support the idea that auxin signals might transfer from the ovule to
the carpel triggering vascular connection and fruit set.

Sweet or bell pepper (Capsicum annuum) is an important vegetable fruit crop. In C.
annuum, various physiological aspects have been studied including fruit set and flower
abortion. Factors influencing these processes are the plant hormones auxin and ethylene
(Heuvelink and Korner,2001; Huberman et al., 1997, Wien et al., 1989a), assimilate
availability (Marcelis ef al., 2004), assimilate utilization and dominance of competing fruits
(Aloni et al., 1996), reduced metabolic activity due to for example heat stress (Aloni et al.,
1995), and cultivar susceptibility for flower abortion (Turner and Wien, 1994a; Turner and
Wien, 1994b;Wubs et al., 2009). Recently, a review summarized the effect of all these
factors on flower or fruit abortionin C.annuum(Wubs et al., 2009)

However, physiological and morphological changes that occur in a post pollinated ovary to
regulate fruit set are not well studied in C.annuum. The aim of this paper is to investigate
whether mechanisms of fruit set observed in tomato and Arabidopsis are also applicable to
C. annuum. To do this, we accurately timed the physiological and morphological changes
such as in vivo pollen tube germination and pollen tube growth in the ovule vicinity, and
vascular connection between ovule and carpel. To understand the role of auxin in fruit set
and fruit development, endogenous IAA levels were measured in seeded and seedless fruits
obtained from pollinated and emasculated flowers, respectively. To check the contribution
of cell division and cell expansion to fruit growth, we measured fruit diameter, cell
number/number of cell layers or cell diameter in a developing ovary at early (0-72 hours
post pollination) and at later (0-40 days after anthesis) stages of fruit growth. The results
indicate that tomato and Arabidopsis are suitable model plants to understand details of fruit
set mechanisms in C. annuum.

Material and methods

Plant material and growth conditions

Seeds of sweet pepper (Capsicum annuum L.) cultivar ‘Bruinsma Wonder’ were obtained
from Plant Research International (PRI: 2004001). Four weeks after sowing, 20 seedlings
were transplanted into pots of 2 litre size with potting soil and transferred into a climate
room. Nutrient solution (Voogt and Bloemhard, 1993) was supplied regularly. Flower
emasculation (removal of outer floral organs: petals and anthers) was performed 2 days
before the expected date of anthesis to avoid accidental self-pollination. Two experiments
were conducted where the first experiment includes: in vivo pollen tube growth, vascular
development between ovule and carpel, and cell number and cell diameter in the carpel
from 0-72 hours post pollination (HPP). The second experiment includes the measurement
of endogenous IAA levels,number of cell layers and cell diameter in the carpel from 0- 40
days after anthesis (DAA).
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In vivo pollen tube growth, vascular development, mesocarp cell number and cell diameter
Plants were grown in a climate room with a constant temperature of 24°C day/night
temperature. From previous experiments we know that emasculation of flowers in this
growth condition results in flower abortion (unpublished data). Plants were exposed to 16
hours day length (from 08.00 to 24.00) by using high pressure mercury lamps (Philips HPI
400 W) providing a minimum photon flux density of 100 umol m™s™ at plant level. Pots
were arranged on a table of 1.20 meter height and were allowed to grow without any
pruning. At anthesis, all emasculated flowers were hand pollinated by using fresh pollen
from other flowers of the same plant and date and time of the pollination was registered.

To determine the in vivo pollen tube growth, flowers were collected at 0, 2, 4, 6, 8, 10, 12,
14, 15, 20, 28 HPP. For each stage, 5-15 flowers were harvested and fixed immediately in
an acetic acid alcohol (1:3) solution for overnight. Flowers were rinsed three times with
water, replaced with 10% sodium sulphite solution (w/v) and autoclaved at 121°C for 5
minutes. After cooling down, flowers were again rinsed three times with water and finally
replaced with decolorized aniline blue/glycerol (Decolorized aniline blue (DAB): mix 0.2 g
of aniline blue and 4.6 g K;POy,, stored in dark overnight). Flowers were dissected to reveal
the ovary, and observations of pollen tube growth on stigmas, and elongation into the style
were made using an epifluorescence microscope (Leitz, Dialux 20EB). Pollen tubes contain
callose (81-3 glucan) in their wall as well as in callose plugs that segment growing tubes.
Callose plugs were highly fluorescent under the microscope and therefore the presence of
callose plugs was used to locate the pollen tubes in the stylar tissue, placental tissue and
near the ovule micropyle.

To evaluate vascular development in fertilized and unfertilized ovules, ovaries (n=3-5)
obtained after pollination or emasculation were collected at 48 HPP. Same numbers (n=3-5)
of ovaries from both treatments were allowed to grow on the plants to see whether they will
set into fruit or abort. Collected ovaries were cleared by using Hoyers solution (Zhang and
Somerville, 1997: 100g chloral hydrate; 5 ml glycerol; 30 ml H,0). Cleared ovaries were
dissected under a simple microscope and observed under a Zeiss Axioplan 2
fluorescence/DIC microscope.Photographs were taken with a Zeiss AxioCam MRc 5 digital
colour camera. The vascular connectivity was observed also in a hot pepper cultivar
(Capsicum annuum: “Fireflame”; F1 hybrid, De Ruiter Seeds, Netherlands), grown under
the same growth conditions as Bruinsma Wonder. Cv. Fireflame has a simple anatomy than
bell-shaped fruits. Ovules are concentrated along carpel margin that extends down to the
style, which facilitates easy and clear observations of vascular connection compared to
Bruinsma Wonder (ovules are concentrated around a centrally located axile type of
placenta). To evaluate the vascular connection in ovaries that set into fruit without
pollination and fertilization, 0.05% NAA or IAA (dissolved in water and mixed with heated
lanolin (100°C), stirred to a homogeneous paste and cooled to room temperature) were
applied on the stigma of an emasculated flower (n=8-10)at anthesis (day-0) in cv.
Bruinsma Wonder. However, none of the flowers treated with hormones set into fruit.

To evaluate cell division and cell expansion in the carpel, pollinated ovaries (n=3-5) were
harvested at 12, 20, 30, 40, and 72 HPP. Length and diameter of each ovary was measured
using digital vernier calipers. Horizontal and vertical cross sections of the carpel were
mounted, stained with “safranin O” (stock solution: 2.5 g safranin O Certistain ® in 100 ml
of 96% ethanol, working solution: 1:100 dilution in water), and observed under a Zeiss
Axioplan 2 fluorescence/DIC microscope.Photographs were taken with a Zeiss AxioCam
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MRec 5 digital colour camera. Cell diameter, measured by using Image tool version 3.0, was
used as a measure of cell expansion and cell number was used as a measure of cell division.
For each treatment, 20-30 cells were measured from 4-5 sections per fruit. To measure the
diameter of individual cellswe used the same four to six layers in the mesocarp starting
from layer 5 from the exocarp(box: Fig. 3A).From these data we estimated the total number
of cells (Smith, 1950) using the assumption that carpel cell number = (fruit volume-
placental cavity volume)/Average cell volume, where fruit volume was treated as a sphear
and average cell diameter (calculated from the mesocarp) was used to calculate the average
cell volume {47/3 (r)’}.

Endogenous IAA levels and number of cell layers and cell diameter in the carpel

Plants of C. annuum cultivar ‘Bruinsma Wonder’ were grown in a climate room, as described
above, at 20.4/20.2°C day/night temperature. From previous experiments we know that
emasculation of flowers in this growth condition results in parthenocarpic fruit set
(approximately 30%) in cv. BruinsmaWonder (unpublished data). Plants were exposed to
long day (from 06.00 to 22.00) by using fluorescence tubes (Philips TL 5S0W, color 84)
with a light intensity of 200+2 pmol m™ s™'.The terminal flowers were removed from all
plants at anthesis to support vegetative growth. The twin-branch system was applied,
resulting in two stems per plant, with all side shoots restricted to one leaf and flower.
Emasculated flowers were hand pollinated at anthesis (day 0) and ovaries (n=2-3) were
collected at 0, 2, 4, 6, 8, 10, 15, 20, 30 and 40 DAA. The same numbers of ovaries were
collected at the same time (DAA) for pollinated and un-pollinated flowers. After measuring
fresh weight of each ovary, these were used for the measurement of endogenous IAA and for
the evaluation of the number of cell layers and cell diameter in the carpel.

For the measurement of endogenous IAA, carpel and placenta were collected (10-20 mg
fresh weight) from ovaries in 1.5 ml micro centrifuge tubes (Sarstedt) with conical bottom
and stored at -80°C. Endogenous level of IAA was quantified using an isotope dilution
mass spectrometry technique (Edlund ez al, 1995). One to 6 ng [°Ce] IAA (Cambridge
Isotope Laboratories, Woburn, MA) was added to each sample as an internal standard.
Analysis was performed by gas chromatography (GC)-selected reaction monitoring-mass
spectrometry (MS), using a JIMS-SX/SX102A instrument (JEOL, Tokyo).

For the evaluation of number of cell layers and cell diameter, rectangular pieces from the
middle portion of the fruit carpel were cut in a transverse section from each stage except for
0 and 2 DAA where whole fruits were fixed by using paraffin method technique (Bunger-
Kibler and Bangerth, 1983). Horizontal sections of paraftfin-embedded samples were
obtained using a rotary microtome. Transverse sections of 4-6 mm were mounted by aniline
blue staining and observed under a light microscope (Leitz Aristoplan). Photomicrographs
were then obtained using a camera (Nikon digital camera DXM1200) mounted on the
microscope and analyzed by using Image tool (version 3.00). Cell diameter as a measure of
cell expansion was determined by averaging diameter of 10-20 cells from 3-5 sections per
fruit from exocarp, mesocarp (described above, box: Fig. 3A), and endocarp layers. The
number of cell layers was counted in the mesocarp as a measure of cell division.

Statistical Analysis

Cell number and cell diameterat each developmental stage was tested by using one way
ANOVA while IAA level was tested by using two way ANOVA (time as a second factor).
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Mean separation was done by Student’s t-test (LSD) based on the ANOVA mentioned
above. Data processing and statistical tests were carried out with SPSS (Statistical Package
for the Social Sciences) 15.0.

Results

Fertilization induces vascular connection between ovule and replum to initiate fruit set

To establish the approximate time of fertilization, pollen tube growth and their arrival at the
ovule was observed after pollination. Pollen started their germination on the surface of the
stigma already at 2 hours post pollination (HPP). However, none of the pollen tubes
reached the base of the style up-to 8 HPP. Only a few pollen tubes reached the base of the
style at 15 HPP (Fig. 1C), at which time the first pollen tubes were observed in the ovule
vicinity. At 20 and 28 HPP many pollen tubes were observed close to the ovules,
suggesting that the majority of ovules had been fertilized by that time (Fig.1D,E).

Figure 1In-vivo pollen tube growth in a pollinated ovary of Capsicum annuum cultivar
‘Bruinsma Wonder’. A; Pollen germination on the stigma of emasculated flowers at
2 hours post pollination (HPP), B; No pollen tubes in the ovule vicinity at 12 HPP,
C; A few pollen tubes in the ovule vicinity at 15 HPP (arrow head), and D,E; Many
pollen tubes in the ovule vicinity at 20 HPP (D) and 28 HPP (E). The bright spots
are callose plugs, indicating the position of pollen tubes (arrow heads). Scale bar:
100 um (A), 50 um (B-E).

Fertilization induced auxin signals might be transmitted from ovule to the carpel.
Observation of vascular development could be used to infer such signaling, as it has been
reported for Arabidopsis (Vivian-Smith, 2001). To test for the same processess in C.
annuum, cleared fertilized and unfertilized ovules were evaluated under DIC
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microscopy.Fertilized flowers set into fruit while unfertilized flowers aborted. At 48 HPP,
vascular differentiation in fertilized flowers resulted in a vascular element that extends from
the base of the ovule funiculus towards the replum vasculature in Bruinsma Wonder (Fig.
2A) and Fireflame at 48 HPP (Fig. 2C). In contrast, no vascular connection between
funiculus and replum was observed in an unfertilized ovule (Fig. 2B, D-E) and also none of
the unfertilized ovaries set into fruit. These observationssuggest that the vascular
connection is an early indicator for successful fruit set after pollination and fertilization.

fertilized

Figure 2 Vascular development in a fertilized and unfertilized ovule of Capsicum annuum
at 48 hours post pollination. A-B; Vascular connectivity between funiculus and
replum was present in fertilized ovules (A) but absent in unfertilized ovules (arrow
head, B) of cultivar ‘Bruinsma Wonder’. C-E; Vascular connectivity was present in
fertilized ovules (C) but absent in unfertilized ovules (arrow head, D-E) of cultivar
Fireflame. ov: ovule, rv: replum vasculature, fu: funiculus, Scale bar: 100 um (A-
B), 50 um (C-E)

Cell number and cell diameter both contribute to early fruit growth

To know whether early fruit growth is due to cell division or cell expansion or a
combination of both, we carefully recorded the fruit diameter, cell number and cell
diameter in a post-pollinated ovary. The three distinct layers found in carpels of other plant
species i.e. exocarp, mesocarp and endocarp could be clearly distinguished in C. annuum
cv. Bruinsma Wonder. The exocarp being the outermost single cell layer, the mesocarp
being multilayered and comprising vascular bundles, and the endocarp consisting of a
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single layer of giant cells and a layer of small cells (Fig. 3A).In the exocarp and endocarp
mainlyanticlinal cell divisions (perpendicular to the length of an existing cell) were
observed, whereasthe orientation of cell division in the mesocarp was random (Fig. 3A:
arrow). Cells in the exocarp and innermost endocarp remained small because of the cell
division, while the mesocarp and giant-endocarp cells underwent significant cell expansion.
A clear gradient in cell size was observed from exterior to the interior in mesocarp layers
(broken arrow: Fig. 3A). The cells were smaller and flat towards the exterior (close to
exocarp), more rounded and relatively isodiametric in the middle and around the vascular
bundle, and approaching the interior they became larger and elongated (Fig. 3A).
Multilayered mesocarp was used to evaluate the contribution of cell division and cell
expansion in fruit growth. From 12 to 30 HPP no difference in cell diameter (P=0.941), cell
number (P=0.524) and fruit diameter (P=0.125) was observed. A significant increase in the
cell diameter (P<0.001), cell number (P=0.009), and fruit diameter (P=0.009) was observed
between 30 and 40 HPP (Fig. 3B).Between 12 and 72 HPP there was a significant positive
correlation between fruit diameter and cell number (r2=0.99), and between fruit diameter
and cell diameter (r2=0.99) (Fig. 3B), indicating that both cell division and cell expansion
contribute to early fruit growth.The steepness of the curves indicates that cell division
contributed more to increased fruit diameter than cell expansion.

I B
| 40 - 0.04
y=7.06x-3.81 -
1 % M ?=0.99 E
I esocarp c 3
= E
1N é 30 L 0.03 £
1% 2 8
I 3 y=0.002x+ 0.01 -]
?=0.99 g
1
v 20 ‘ ‘ ‘ 0.02
4 45 5 55 6
Fruit diameter (mm)
Giant
Endocarp
Small

Figure 3 Histological observation in a carpel of Capsicum annuum cultivar ‘Bruinsma
Wonder’ at 12, 20, 30, 40 and 72 hours post pollination A; Representative image of
a horizontal cross section of the carpel with indication of an area (box) in which
diameter of cells were measured, three distinct layers i.e. exocarp: single layered,
mesocarp: multilayered, and endocarp: double layered (giant and small). VB:
vascular bundle, Anticlinal cell division in exocarp and endocarp (vertical arrows),
random orientation of cell division in mesocarp (random arrow head). Smaller to
bigger cell size gradient from exterior (above) to interior (below) direction in
mesocarp (broken arrow). Scale bar: 50 um. B: Correlation between fruit diameter
and cell number (closed symbols), and between fruit diameter and average cell
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diameter (open symbols) at 12(V,V), 20(e, 0), 30( A, A), 40(m, 0) and 72(#, 0)
hours post-pollination (n=3-5 ovaries).

Auxin is important in fruit set and fruit growth

To evaluate the role of IAA in fruit set and fruit growth, endogenous IAA levels were
measured in the placenta and carpel of seeded and seedless fruits obtained from pollinated
and emasculated flowers, respectively. The development of both seeded and seedless fruits
comprised an initial phase of slow growth between 0 and 10 days after anthesis (DAA)
followed by a rapid growth (10-40 DAA). The ovary weight in seeded and seedless fruits
was the same at 0 DAA, but increased in seeded fruits at 4 DAA (P<0.001), whereas
seedless fruit weight only significantly increased at 6 DAA (P<0.001) (Fig 4A). At 40
DAA  seedless fruits were more conical in shape while seeded fruits were blocky in shape
and fruit weight of seedless fruits was significantly smaller than seeded fruit (P=0.012).In
the placenta and in the carpel, the IAA level was higher ator around anthesis (0 DAA)
compared to 10-12 DAA in both seeded and seedless fruits.A significant peak of IAA was
observed in the carpel of seeded fruits at 20 DAA (P<0.001), whereas this peak was absent
in seedless fruits (Fig. 4B, C).

200 —e— Poll
A ol 350

Carpel
—e— Poll

—0—Em

280

@
o
L

210 4

nta
75 I
—e— FPoll

=]
S

140

Fruit weight (g)

@

o
L
N
o

70 4

a
S
IAA (pg/mg of fresh weight) (@]

IAA (pg/mg of fresh weight)

o

o
o
4

0

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

Days after anthesis i
Days after anthesis Days after anthesis

Figure 4 A; Fruit weight (g) (inset: fruit weight from 0-6 days after anthesis: DAA) and
endogenous [AA level forCapsicum annuum cultivar ‘Bruinsma Wonder’ in B;
Placenta and C; Carpel at 0, 2, 6, 8, 10, 15, 20, 30 and 40 DAA from seeded (closed
symbols) and seedless (open symbols) fruits obtained from pollinated (Poll) and
emasculated (Em) flowers respectively (n=2-3). Vertical bars represents interaction
LSD(0.05) values.

To investigate the differences between seeded and seedless fruits at the cellular level, cell
division (number of cell layers) and cell expansion (cell diameter) were quantified for both
fruit types. The number of cell layers in the carpel was the same for seeded and seedless
fruits at 0-12 DAA, while this was significantly higher in seeded fruits from 20 DAA
onward, indicatingmore cell divisions in seeded fruits compared to seedless fruits. At 40
DAA, the mesocarp cell diameter was significantly higher in seeded fruits compared to
seedless fruits (P=0.016), while no difference was observed in exocarp (P=0.840), giant
endocarp (P=0.723) and small endocarp (P=0.742). A positive relation between mesocarp
cell diameter and fruit diameter was observed in seeded (r*=0.91) and seedless fruits
(r*=0.87) (Fig. 5C), indicating the contribution of cell expansion to later fruit growth. The
increase in mesocarp cell diameter at 20 DAA coincided withthe peak in IAA levels in the
carpel of seeded fruits (Fig. 5B, 4C), suggesting that IAA stimulates cell expansion to
trigger a major increase in fruit growth.

19



Chapter 2

A 60 B 254 C 80
y=474x-936 pE
o £ T r2=0.87
) £ 60 4
g 40 > =
§ s & y =36.8x - 8.74
$ g £ 40 4 r2=0.91
- 3 :a
.é 2 8 S 20
5 ——Poll fr ®Poll OEm
-4 —O—Em
-0 . ; . 0.0 ‘ : : 0 T T 1
-5 10 25 40 5 10 25 40 0 1 2 3
Days after anthesis Days after anthesis Mesocarp cell diameter(mm)

Figure 5Number of cell layers, cell diameterand fruit diameter in Capsicum annuum
cultivar ‘Bruinsma Wonder’ (n=3-5). A; Average number of cell layers in the
mesocarp, B; Average cell diameter in the mesocarp. C: Relation between fruit
mesocarp cell diameter (mm) and fruit diameter (mm) in seeded (closed symbols)
and seedless fruits (open symbols) obtained from pollinated (Poll) and emasculated
(Em) flowers at respectively 0, 2, 6, 8, 10, 15, 20, 30 and 40 days after anthesis.
Vertical and horizontal bars indicate standard error of mean.

Discussion

Fertilization induces vascular connection between ovule and carpel to initiate fruit set
After pollination, fruit set requires pollen germination and pollen tube growth in the stylar
tissue towards the ovule and into the embryo sac to enable the fusion between male and
female gametes (Dumas and Mogensen, 1993; Mascarenhas, 1993). Our study indicates
that the majority of ovules are fertilized at 20 to 28 HPP at 24°C of constant temperature.
About the same time frame has been reported for fertilization in tomato at 20°Cof constant
temperature(Iwahori, 1966).After successful pollination and fertilization, endogenous TAA
levels are reported to increase in the developing ovary e.g. in cocoa (Baker et al., 1997),
Arabidopsis (Dorcey et al., 2009), melon (Lee et al., 1997), and tomato (Sjut and Bangerth,
1981), suggesting that pollination and fertilization either induces de-novo auxin
biosynthesis or hydrolyses auxin from its conjugates (Lemaire-Chamley et al., 2005). At
the same time, a vascular connection was observed between ovule and carpel in
Arabidopsis (Vivian-Smith, 2001). The importance of auxin transport for vascular
development(Scarpella et al., 2006), suggests that the vascular connection between ovule
and carpel is mediated by transport of ovule generated auxin to the carpel. This process also
seems to occur in C. annuum where fruit set and vascular connection between funiculus
carpel margin/placental tissue was observed in a fertilized ovary. Vascular connection were
absent in unfertilized ovaries. The correlation between vascular development and fruit set
was observed in both a sweet and a hot peppercultivar, i.e. Bruinsma Wonder and
Fireflame, which strongly suggests vascular development as a determinant factor,which
may sustained fruit growth in C. annuumafter pollination and fertilization. Our results are
in agreement with Arabidopsis, where a dependency of fruit development on the vascular
connection between ovule and replum has been demonstrated(Fuentes and Vivian-Smith,
2009). In the Arabidopsisf/wf mutant, the vascular development preceed or is precocious to
parthenocarpic fruit development, whereas in the ant fwf double mutant, deficiencies in
vascular development restricted parthenocarpic fruit development (Vivian-Smith, 2001).
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This fertilization induced vascular biogenesis does not seem to be restricted to the ovule-
carpel junction, but seems also to occur elsewhere in the flower:e.g. vascular biogenesis in
the pedicel has been related with fruit development in citrus (Bustan ez al., 1995), apple
(Drazeta et al., 2004), and Prunus (Else et al., 2004).

An important role for auxin in fruit set has been reported in tomato, Arabidopsis, and egg
plant (Goetz et al., 2006; Martinelli et al, 2009). In C. annuum, we observed a
comparatively high level of TAA at/around anthesis compared to 10-12 DAA in the carpel
and placenta of seeded and seedless fruits (Fig. 4) suggesting a possible role of auxin in
early fruit growth of C. annuum.

Both cell division and cell expansion contribute to early fruit growth in C. annuum

During fruit development in C. annuum, the exocarp and endocarp layers comprise of small
but mitotically active cells, whereas a substantial increment in the cell size was observed in
the mesocarp (Fig. 3A). Anticlinal divisions contribute toincrease in surface area and
periclinal divisions contribute to increase in tissue thickness in Vitis vinifera(Considine and
Knox, 1981). In C. annuum, mesocarp comprises both anticlinal and periclinal types of cell
divisions, which contribute maximum to the fruit growth. The same pattern of cell division
and expansion was reported in tomato and Lagenaria leucantha(Cheniclet etal., 2005;
Joubés and Chevalier, 2000; Varga and Bruinsma, 1976; Yu et al., 2001).Agradient in cell
size was observed in C. annuum mesocarp layers of the expanding ovary (Fig 3A: broken
arrow). Interestingly, in tomato,genes controlling the cell expansion process(T7/P and PRP)
or its regulation (hormone synthesis, signaling,and response) are expressed along a gradient
from the innerpart to the outer part of the fruit, resulting in a gradient in cell size (Lemaire-
Chamley et al., 2005).

Between 30 and 40 HPP the fruit diameter started to increase, and at the same time an
observed increase in the mean cell diameter and increase in mesocarp cell number occurred
(40 HPP), suggesting that early fruit growth is from the coordinated cell division and cell
expansion. Our results are in agreement with Arabidopsis, tomato and pea where a
combination of cell division and cell expansion promotes early carpel growth immediately
after pollination and fertilization (Cheniclet etal., 2005; Miiller, 1961; Nitsch, 1970; Ozga
et al., 2002).

Cell division dominates early fruit growth in C. annuum (Fig. 3B) similar to what has been
reported in tomato, Lagenaria leucantha and mandarin, where early fruit growth is
primarily the result of cell division(Bertin, 2004; Yu et al., 2001; Guardiola and Lazaro,
1987). Cell expansion dominated later fruit growth in C. annuum (Fig. 5B, C)similar to
what has been reported in tomato,cucumber, and pear where after few weeks of early fruit
growth, the cell division ceases and subsequent growth of the fruits is mainly supported by
cell expansion and the formation of intercellular space(Gillaspy et al., 1993; Marcelis and
Baan Hofman-Eijer, 1993; Matsumoto ef al., 2008).

Cell expansion is important for later fruit growth

Fruit growth in C. annuum follows a sigmoid growth pattern: an initial phase with slow
growth, an intermediate phase with high growth, and a last phase or ripening phase with no
further growth (Nielsen et al., 1991). In the same line of agreement, we found a sigmoid
growth pattern though later stage of fruit growth was not included in the measurement (Fig.
4A). At 40 DAA, seedless fruits were smaller than seeded fruits, which seem to be due to
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the limitation of both cell division and cell expansion as number of cell layers and cell
diameter in mesocarp layers were significantly reduced in seedless fruits compared to
seeded fruits (Fig. 5A, B). This result is in the agreement with tomato where fruit size is
determined by both cell number and cell size (Ho, 1996).

It has been suggested thatauxin promotes cell expansionin fruits(Rayle and Cleland, 1992;
Gillaspy et al., 1993). Auxin presumably causes an increase in the extensibility of cell walls
and induces uptake and retention of water and solutes (Masuda, 1969;Cleland, 1995). In
seeded fruits of C. annuum, an increase in IAA level in the carpel and an increase in cell
diameter were observed at 20 DAA (Fig. 4C, 5B). The concurrence of these two events
suggests that [AA triggers a major increase in cell diameter filling the maximum fruit size.
Similar results have been reported in tomato where an increase in auxin level (6-10 days
after anthesis) coincides with the initiation of cell expansion and promotes fruit growth
(Iwahory, 1967; Gillaspy et al., 1993; Mapelli et al., 1978). While in seedless fruit, auxin
peak was absent, growth spurt was delayed and final fruit size was smaller than seeded
fruits. Auxin measurements were performed not at all the developmental stages and we may
have missed increases in IAA level in seedless fruits just before the onset of growth (at or
around 25 DAA).Moreover, we assumed that observed auxin peak might be smaller than
peak observed in seeded fruits, which explain why seedless fruits are smaller than seeded
fruits.

Conclusion

Fruit set and continuous vascular connectionbetween funiculus and replum was observed in
fertilized ovaries while flower abortion and absence of vascular connection was observed in
unfertilized ovaries. These results suggest thatvascular development is an early determinant
of fruit set after pollination and fertilization in C. annuum.Increase in cell number and cell
diameter both contribute to early fruit growth in C. annuumafter pollination and
fertilization. Increase in cell number is more prominent at early stage of fruit growth while
increase in cell diameter is more prominent at later stages of fruit growth. These results are
similar to what has been reported for tomato and Arabidopsis, which suggests that the
available knowledge from tomato and Arabidopsis can be translated to C. annuumto
understand details of fruit set mechanisms in this plant.
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Abstract

Yield irregularity and blossom-end-rot are major problems in sweet pepper production,
which can be reduced by parthenocarpy. However no commercial parthenocarpic cultivars
are available. The purpose of this study was to find parthenocarpic genotype(s) of sweet
pepper with the ability to produce good quality fruits without seeds. Eleven genotypes of
sweet pepper were studied at normal (20/20°C D/N) and at low night temperature (20/10°C
D/N), in two greenhouse compartments from January till May. Fruit length, diameter, fresh
and dry weight and number of seeds per fruit were measured. A higher percentage of
parthenocarpic fruits were observed for all genotypes at low night temperature compared to
normal temperature. Within the genotypes which showed at least 60% parthencarpic fruit
growth at low night temperature, two groups were distinguished, which showed a different
expression of parthenocarpy in response to the environment. In one set of genotypes (Line 1
and Line 3) high expressivity for parthenocarpy was found irrespective of night
temperature. In another set of genotypes (Gen A, Gen B, Gen C, Lamuyo A, Lamuyo B and
Bruinsma Wonder), a high level of parthenocarpy was expressed at low night temperature
only, which may be due to non-viable pollen at low night temperature. Further evaluation
of the latter six genotypes resulted in one genotype (Bruinsma Wonder) for which the
absence of seeds only marginally influenced shape and size of fruits. These selected
genotypes

Introduction

Fruit harvest in sweet pepper shows a cyclic behavior: weeks of high production are
followed by weeks of low production, which leads to irregular labor requirements and
marketing problems. Besides this, high commercial loss has been reported in sweet pepper
due to its susceptibility to blossom-end-rot (BER), a physiological disorder caused by local
deficiency of calcium during the early phase of fruit development (Bangerth, 1979).
Parthenocarpy is a physiological phenomenon where an ovary grows into a fruit without
fertilization (Varoquaux et al., 2000). It has been proposed as a possible solution to reduce
yield flushing and to minimize BER in sweet pepper (Heuvelink and Korner, 2001). These
authors reported that auxin application on unpollinated flowers of sweet pepper resulted in
seedless fruits and a more regular production than in non-treated plants.

Growth regulators inducing parthenocarpy have been reported for a large number of
horticultural species (Schwabe and Mills, 1981). A high percentage of parthenocarpic fruit
set was observed when sweet pepper plants were grown at low night temperature (8- 10°C)
(Cochran, 1936). Low temperature may impair pollen fertility Polowick and Sawhney,
1985) causing hampered seed set (Rylski, 1973) and leading to the production of seedless
fruits. The parthenocarpic fruits obtained either by hormone application or by preventing
fertilization at low night temperature showed a deformed fruit shape (Bosland and Votava,
1999) and a reduced fruit size (Rylski, 1986). Genetically controlled parthenocarpy has
been observed in tomato (Vardy et al., 1989), banana (Qrtiz and Vuylsteke, 1995) and
cucumber (Rudich et al., 1977). A transgenic approach has been successfully applied for
obtaining parthenocarpic fruits in eggplant and tobacco (Rotino et al., 1997). Parthenocarpy
is a highly appreciated trait by consumers and process companies, not only because of easy
processing (e.g. cut slices of sweet pepper) in a growing market (Gonzalez et al., 2004) but
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also because of an improved shelf life, higher sugar and higher soluble solid content in
fruit(Varoquaux et al., 2000). Male sterility can be used for the commercial cultivation of a
parthenocarpic genotype (Shifriss and Eidelman, 1986), but first a sweet pepper genotype
expressing parthenocarpic gene(s) along with marketable fruit appearance should become
available. In this research, selected genotypes of sweet pepper were evaluated at normal and
low night temperature to test their ability to produce parthenocarpic fruits. Seeded and
seedless fruits of these genotypes were compared in order to find genotype(s) where the
absence of seeds hardly influences the commercial quality of the fruits. This selected
genotype(s) can be used as a candidate line in a breeding program for a parthenocarpic
cultivar reducing yield flushing and minimizing the incidence of BER.

Materials and Methods

Seeds of ten genotypes and “Mazurka” (Table 1) as a standard cultivar of sweet
pepper (Capsicum annuum L.) were obtained from commercial breeders and a Chinese
colleague (Xue Linbao, Yangzhou University). These genotypes were expected to have the
capacity to produce seedless fruits at low night temperatures. Seeds were sown on 23™ of
November and seedlings of all genotypes were grown on Rockwool cubes with regular
supply of nutrient solution. The crop was planted on Rockwool slabs (2.5 plants m™) on 23
January 2006 in two compartments of a multispan Venlo-type glasshouse at Unifarm,
Wageningen, The Netherlands and plants were pruned to two main stems. The genotypes
were arranged in a randomized block design in both compartments, which consisted of
three plots of 12 plants per genotype in each block (except Lamuyo B; 2 plots of 6 plants in
each block) and Mazurka was planted in two rows on the borders. From 13™ of February
onwards, two different temperature set points were given: 20/20 °C D/N and 20/10 °C D/N,
however realized low night temperature was not always strict at 10°C. Average realized
temperatures were 21°C and 13°C, for day and night, respectively. Normal night
temperature setpoint of 20°C was realized. All flowers were left to develop until fruit
ripening or natural abortion. Ripe fruits were harvested and their length, diameter
(maximum distance across the shoulders) and fresh weight were measured. Also, an
evaluation was performed for presence of knots: fruits with at least 50% reduction in fresh
weight compared to seeded fruits (average of fresh weight of seeded fruit at 20°C)
(Fig.1).Then fruits were cut transversely and observations were made for carpelloid
structure and number of seeds was counted. Finally, fruits were dried in a ventilated oven
for two hours at 70°C followed by ten hours at 105°C and again two hours at 70°C to obtain
the dry weight of individual fruits. The experiment ended on 31 May 2006.

Results

A higher percentage of parthenocarpic fruits were observed for all genotypes at low night
temperature as compared to normal temperature (Table 1). For Line 1 and Line 3,
percentage of parthenocarpic fruit was high at both low and normal night temperature,
while substantial parthenocarpic fruit growth was observed for Lamuyo A, Lamuyo B, Gen
A, Gen B, Gen C and Bruinsma Wonder only at low night temperature.
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Table 1 Genotypes and their origin, percentage of seedless fruit and fruit with less than five
seeds/fruit observed at low (10°C) and normal (20°C) night temperature. Total
number of fruit used for the measurements ranged between 94-415, except for
Lamuyo B (34-79 fruits).

Genotype Origin zero seeds/fruit (%) <5 seeds/fruit (%)
10°C 20°C 10°C 20°C
Line 3 China 100 73 100 82
Line 1 China 96 49 97 91
Lamuyo A De Ruiter Seeds 78 10 84 16
Lamuyo B De Ruiter Seeds 70 0 89 3
Gen A Vilmorin 64 2 83 6
Gen B Vilmorin 70 10 88 15
Gen C Vilmorin 63 7 83 31
Sirena RZ Rijk Zwaan 51 9 74 12
Bruinsma Wonder PRI (2004001) 66 13 89 24
Orlando De Ruiter Seeds 9 2 22 2
Mazurka Rijk Zwaan 20 5 33 7

Reduction in percentage of carpelloid growth was observed at low night temperature for all
the genotypes except for Sirena RZ, Line 1 and Line 3. For Sirena RZ, observed percentage
of carpelloid growth was low at both temperature regimes, while 80-90% fruits of Line 1
and Line 3 were with carpelloid growth (Table 2; Fig. 2). Percentage of knots was high for
all the genotypes at low night temperature, however the highest percentage was observed
for Sirena RZ (56%) and the lowest for Bruinsma Wonder (9%). For the other genotypes, it
was between 20 and 40%.

Table 2 Percentage of fruits with carpelloid internal growth and average percentage of
knots observed at low (10°C) and normal (20°C) night temperature for 11
genotypes of sweet pepper.

Genotype % Carpelloid % Knots
10°C 20°C 10°C 20°C

Line 1 82 82 42 15
Line 3 83 92 19 4
Lamuyo A 42 80 34 4
Lamuyo B 46 56 26 0
Gen A 35 69 25 1
Gen B 46 49 26 5
Gen C 44 66 41 8
Sirena RZ 32 26 56 9
Bruinsma Wonder 76 91 9 5
Orlando 3 41 23 2
Marzurka 21 27 20 4
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Figure 1 Shape and size of knot fruits compared to the normal fruit for Line 1 (A) and
Line 3 (B). average length and diameter for normal fruits were 42 x 67 and 45 x
75 mm for Line 1 and Line 3 respectively and average length and diameter for
knots were 18 x 32 and 13x 24 mm for Line 1 and Line 3 respectively (arrow
head). Carpelloid growth observed in most of the parthenocarpic fruits of
genotype Line 1 (C) and Line 3 (D)

Table 3 Genotypes which expressed substantial parthenocarpy at low night temperature
were evaluated along with control cultivar for length (L) and length/diameter
ratio (L/D) of seedless and seeded fruit at low night temperature (10°C).

Genotypes Seedless Seeded
L(mm) L/D L(mm) L/D
Lamuyo A 82 1.12 100 1.32
Lamuyo B 84 1.11 112 1.63
Gen A 81 1.17 98 1.32
Gen B 97 1.16 126 1.61
Gen C 55 0.70 67 0.86
Bruinsma Wonder 75 0.91 87 1.14
Marzurka 64 0.91 71 0.94

Five genotypes (Lamuyo A, Gen A, Gen C, Bruinsma Wonder and Mazurka)
showed only a small difference in length/diameter ratio between seedless and seeded fruit at
low night temperature (Table 3). Fresh weight of seedless and seeded fruit was the same for
Bruinsma Wonder and almost the same for Gen C. Dry weight was the same for seedless
and seeded fruit of Lamuyo B and Gen C and almost the same for Lamuyo A, Gen A and
Bruinsma Wonder at low night temperature (Table 4).

Discussion

Expression of parthenocarpic fruit growth clearly showed genotypic variation. It
was high for Line 1 and Line 3, suggesting the presence of parthenocarpic gene(s)
expressed irrespective of night temperature. Most of the parthenocarpic fruit of Line 1 and
Line 3 showed carpelloid growth inside the fruit: an internal growth abnormality also
reported inArabidopsis thaliana by Vivian-Smith et al. (1999). These authors presumed that
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Table 4 Average fresh weight (g) and dry weight (g) of seeded fruit (S) and ratio of fresh
weight and dry weight between seedless and seeded fruit (SL/S) at low night
temperature (10°C), for genotypes which showed substantial parthenocarpy at
low night temperature and control cultivar Mazurka.

Genotypes Fresh weight (g/fruit)  Dry weight (g/fruit)

S SL/S S SL/S
Lamuyo A 158 0.80 12 0.92
Lamuyo B 159 0.86 11 1.00
Gen A 153 0.74 12 0.92
Gen B 214 0.86 16 0.75
Gen C 133 0.92 11 1.00
Bruinsma Wonder 136 1.00 12 0.92
Mazurka 141 0.76 11 0.82

vascular strands, which are a good marker of auxin-induced fruit development,
automatically joins and forms in such cases where the ovule is homeotically converted into
a carpel-like structure. However, it is not yet clear whether carpelloid growth is a linked
trait or a pleiotropic effect of parthenocarpic gene(s) or that some other physiological or
molecular change leads to this malformation. A high percentage of knots or pseudo-fruits
was found for all genotypes, except for Bruisma Wonder, at low night temperature (Table
2), where most likely the non-viability of pollen increased the percentage of unfertilized
fruit. It has been reported that unfertilized fruit has poor sink strength (Nielsen et al., 1991)
and deformed fruit shape (Rylski, 1973; Bosland and Votava, 1999) as compared to
fertilized ones. This agrees with the high percentage of knots at low night temperature. Also
Rylski (1986) reported that seedless fruits produced at low night temperature reached only
half to one fourth of the weight of the corresponding fertilized ones.

Parthenocarpic fruit growth observed particularly in Gen A, Gen B, Gen C, Lamuyo
A, Lamuyo B and Bruinsma Wonder at low night temperature (Table 1) is may be due to
non viable pollen as reported by Rylski (1986). These genotypes were further evaluated and
showed that absence of seeds has minimal effect on marketability (size and weight) of
fruits. Lamuyo A, Gen A, Gen C and Bruinsma Wonder showed only a small difference
and Mazurka showed no difference in size between seeded and seedless fruit (Table 3) and
only a marginal difference for fresh weight between seeded and seedless fruit was observed
for Bruinsma Wonder and Gen C at low night temperature (Table 4). These results confirm
the findings of Picken (1984) that seeds are one of the factors for determining the shape and
size of fruit but not the only one.

High expressivity of parthenocarpy was observed for Line 1 and Line 3; however,
carpelloid growth appeared in these lines as a linked trait or pleiotropic effect of
parthenocarpic gene(s) or as a result of some physiological or molecular changes. Bruinsma
Wonder showed low percentage of knots and also minor differences in fruit weight and
shape between seedless and seeded fruits at low night temperature. Therefore Bruinsma
Wonder is candidate genotypes for further research and is proposed to be used in a breeding
program for introgression and modulation of parthenocarpy in existing commercial pepper
cultivars.
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Abstract

Parthenocarpy, or fruit set without fertilization, is a desirable trait inCapsicum
annuumproduction because it can provide an enhanced fruit quality trait and stabilize
irregular fruit set. We found that many C. annuumgenotypes already show a certain level of
parthenocarpy, and that the seedless fruits obtained from these genotypes often contain
carpelloid structures (CLS). In this paper we study the levels of aberrant ovules and
correlate CLS transformation with parthenocarpic fruit set. C.annuum gynoecia have an
axial placenta where ovules develop in a gradient from top to bottom. The majority of the
ovules were unitegmic and anatropous. However, we observed some abnormal ovules,
abundant at the top and base of the placenta, with altered integument growth. As CLS arose
from the placenta, abnormal ovule primordia transformed into CLS in analogy to the
Arabidopsisbell mutant. Fruit weight was positively correlated with seed number, but in the
absence of seeds, fruit weight proportionally increased with the CLS mass. Capsicum
genotypes with high parthenocarpic potential showed synergistic CLS development though
CLS were ubiquitously present at lower numbers in fruits of most genotypes. The
parthenocarpic potential appeared to be controlled by a single recessive gene, but it was not
linked to a mutation in CaARF8. Our results suggest that in most C. annuumgenotypes, the
absence of fertilization induces parthenocarpic fruit development and allows CLS growth,
which can also substitute for developing seeds in promoting fruit development.

Introduction

Pollination and fertilization are required in most flowering plants to initiate the transition
from a fully receptive flower to undergo fruit development. After fertilization the ovules
develop into seeds and the surrounding carpels develop into the fruit, while in the absence
of fertilization the ovules degenerate and the surrounding carpels stop growing (Fuentes
and Vivian-Smith, 2009). The initiation of fruit set can be uncoupled from the fertilization
trigger, and this result in the development of seedless or parthenocarpic fruits. This can be
achieved by ectopic application or artificial overproduction of plant hormones (Fuentes and
Vivian-Smith, 2009), or by mutating specific genes or altering their expression. In
Arabidopsis, the fruit without fertilization (fwf) mutant that develops parthenocarpic fruit
(Vivian-Smith et al., 2001) has a lesion in the AUXIN RESPONSIVE FACTOR 8 (ARFS)
gene (Goetz et al., 2006).Expression of an aberrant form of ArabidopsisARFS conferred
parthenocarpy in Arabidopsis and tomato, indicating ARFS§ as an important regulator in the
control of fruit set (Goetz et al., 2007). Mapping of a parthenocarpic QTL in tomato further
supports a role for ARFS in fruit set (Gorguet et al., 2008).

Ovules are complex structures that are found in all seed bearing plants. The ovule
primordium develops both the protective integuments and the megagametophyte. Double
fertilization of the egg cell and central cell occurs later in the mature ovule, and it is
considered as a primary site from where fruit set is triggered (Berger et al., 2008; Fuentes
an d Vivian-Smith, 2009). After fertilization, the integuments grow and expand to
accommodate the developing endosperm, but they apparently have a role in coordinating
the growth of both fruit and seeds(Fuentes and Vivian-Smith, 2009). Various Arabidopsis
mutants have been identified where ovules show disrupted integument growth, such as
aintegumenta (ant; lack inner and outer integuments), aberrant testa shape (ats; contains

30



Parthenocarpic potential in Capsicum.....

single integument), inner no outer (ino; outer integument elongates opposite to the ovule
primordium), short integumentsl (sinl; both integuments are short), BELL (bell),and
apetala? (ap2)(Rayet al., 1994;Lang et al., 1994; Leon-Kloosterziel et al., 1994; Modrusan
et al.,, 1994; Elliott et al., 1996; Baker et al., 1997). In the latter two loss-of-function
mutants ovule integuments are converted into carpelloid structures (CLS) (Rayet al.,
1994;Modrusan et al., 1994; Pinyopich et al., 2003). Interestingly, two of these mutants
have been reported to affect parthenocarpic fruit development of the Arabidopsis fwf
mutant. Firstly, the ats-1/kan4-1 loss-of-function mutantion enhances the fwf
parthenocarpic phenotype, suggesting that modification of ovule integument structure
influences parthenocarpic fruit growth (Vivian-Smith et al.,, 2001). Secondly,
parthenocarpic fruit development was also enhanced in the bell fwf-1 double mutant, and at
the same time a higher frequency of CLS was observed compared to the bell single mutant
(Vivian-Smith, 2001). This suggests that on the one hand CLS enhance parthenocarpic fruit
development, and that on the other hand CLS development is enhanced in the absence of
seed set (Vivian-Smith, 2001).

Parthenocarpy is a desired trait in Capsicum annuum, sometimes also known as sweet
pepper, as it is expected to minimize the yield fluctuation and to enhance the total fruit
production (Heuvelink and Koérner, 2001). Research into the developmental and genetic
basis for parthenocarpy in C. annuum is limited. Several C. annuum genotypes have been
identified that show tendenciesfor facultative parthenocarpic fruit development (Tiwari et
al., 2007). Seedless fruit from these facultative genotypes display a high frequency of CLS
development at low night temperatures (Tiwari et al., 2007). To understand the relationship
between parthenocarpy and CLS, we investigated ovule development and the occurrence of
abnormal ovules in C. annuum genotypes possessing a range of high (Chinese Line 3),
moderate (Bruinsma Wonder) and low (Orlando) potential for parthenocarpic fruit set. Our
results show that parthenocarpy in C. annuum can promote carpelloid ovule proliferation
and the appropriate genetic background enhancesthe transformation of ovules which can
further stimulate seedless fruit growth. Five selected genotypes that differed most in their
parthenocarpic fruit development and CLS growth were evaluated to identify a possible
correlation between these two traits. Through genetic analysis with crosses between Line 3
and contrasting parents we linked the parthenocarpic potential of this genotype to a single
recessive gene. Sequence analysis showed that the parthenocarpic potential already present
in C. annuum genotypes is not caused by a mutation inCa4RFS.

Materials and Methods

Greenhouse conditions

The genotypes and greenhouse conditions used in different experiments are summarized in
supplementary Table S1. In all the experiments, seeds were transferredon rockwool cubes
with regular supply of nutrient solution (Voogt and Bloemhard, 1983). Seedlings were
transplanted on rockwool slabs at a density of 2.5 plants m™ in a compartment of a
multispan Venlo-type glasshouse or in an air conditioned glasshouse, Wageningen, The
Netherlands. Supplemental lighting by high pressure sodium lamps (Philips, SON-T, 600
W) for 16 hours (from 06.00 to 22.00) provided a minimum photon flux density of 125
umol m?s” at the crop level. The terminal flower was removed from all plants at anthesis
to support vegetative growth.
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Occurrence of parthenocarpy among C. annuum genotypes

C. annuum(Table, 1) genotypes were selected on the basis of their blocky appearance and
seed number (supplementary table S1: Exp 1). In total, 70-150 emasculations were
performed in each genotype using 10 plants per genotype and fruit set was evaluated when
fruits were ripe.

Genotype effect on number and weight of carpelloid structures

Five genotypes: Parco, California Wonder 100 (CW), Riesen v. Californien (RVC),
Bruinsma Wonder (BW), and Line 3 were arranged in one row of 8 plantsat two
temperatures (20/18°C, 16/14°C D/N) (supplementary table S1: Exp 2). Two treatments
(induced pollination or prevent-pollination) were completely randomized within the row.
Induced pollination was done by vibrating the stem two times per week. Prevent-pollination
was done by applying lanolin paste on the stigma of the flowers (Wien and Zhang, 1991).
In genotypes Parco, RVC, CW and Line 3, flowers were given the treatments till three
fruits per plant were obtained. In genotype BW, two flowers (one on main branch and one
on a side branch) were treated at each of 20 nodes. Mature red fruit were harvested and
their length, diameter and fruit fresh weights were recorded. Those seedless fruits that
reached minimum of 50% of the weight of seeded fruit were considered as parthenocarpic
and were used in our analysis while remaining were considered as knots. The number of
seeds and number of Carpelloid structures (CLS) was counted in each fruit and each CLS
was weighted.

Ovule development in C. annuum

Line 3 and BW were inbred lines with high and medium potential to set parthenocarpic
fruits (Tiwari et al., 2007) while Orlando (OR) was a fourth-generation inbred line
developed from Orlando-F; (De Ruiter seeds) (supplementary table S1: Exp 3).Flowers
were collected at 3-4 days before balloon stage. Pericarp was removed and morphological
analysis of ovule development was conducted in the laboratory by using a field-emission
cryo-scanning electron microscopy (SEM) (Jeol 6300F), equipped with an Oxford CT
1500HF cyro system (Nijsse et al., 2004).

Correlation of abnormal ovule development with reduced seed set and enhanced
development of carpelloid structures

Two set of experiments were conducted(supplementary table S1: Exp 4). In first
experiment, genotypes Line 3 and OR were used to evaluate the occurrence of CLS.Flowers
were tagged at 2 days before anthesis and allowed to pollinate naturally. Developing
ovaries were harvested at 2 days of interval, dissected and evaluated for the presence of
CLS by visual inspection. With the same set of genotypes, percentage of aberrant ovules
and number of seeds was evaluated. Flowers (n=6) were collected randomly at or around
the anthesis stage.After removing the carpel, ovules were scraped smoothly in a water
medium on a clean slide and the frequency of abnormal ovules was observed under optical
microscope (Leitz Aristoplan).Seedset was counted when fruits reached the maturity (red)
in both genotypes.In second experiment, genotypes Line 3 and BW were used. To evaluate
the female fertility, plants were grown at day/night temperature of 14/16°C (low), 18.20°C
(normal) and 22/24°C (high) and pollination was induced by vibrating the main stem two
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times per week. Number of seeds was counted when fruits reached the maturity (red) in
both genotypes.

Pollen viability and germination

Pollen grains of BW were collected from normal temperature (20/20°C day/night) and low
night temperature (20/10°C day/night) in morning time (9.00-10.00 PM) (supplementary
table S1: Exp 5). To test the pollen viability,hydrated pollens were dissolved in FDA
solution(Heslop-Harrison and Heslop-Harrison, 1970) and scored under fluorescence
microscope. Pollen which fluoresced brightly under fluorescence was scored as viable.For
pollen germination, the hanging drop technique was employed following published
procedures (Deng and Harbaugh, 2004)with some modifications. A liquid medium
containing0.25 mM MES (pH5.9 KOH), 15% (w/v) PEG 4000, 2% (w/v) sucrose, 700 ppm
Ca(NO3),, 100 ppm H3BO3, 200 ppm MgSO4, 100 pm KNO;) was used.Germination was
considered only when germinating tube was larger or equal to the size of the
pollen.Viability and germination percentages were determined, using 10-12 replicates of
about 20-40selected grains.

Relation between parthenocarpy and carpelloid structures

Genotype BW with moderate potential for parthenocarpy was used in the experiment
(supplementary table S1: Exp 6). To obtain seeded fruits, flowers were tagged at anthesis
and allowed to pollinate naturally. To obtained seedless fruit, flowers were emasculated
two days before the expected date of anthesis and stigmas were cover with the lanolin paste
or lanolin paste containing 0.05% 1-Naphthaleneacetic acid (NAA) or Gibberellic acid
(GA3)(Wien and Zhang, 1991). Fifteen plants per treatment were used. On each plant, two
flowers (one on main branch and one on a side branch) were treated at each of 20 nodes.
All the fruits were harvested at mature red stage and their length, diameter and fruit fresh
weights were recorded. Criteria to define parthenocarpic fruit and knot were the same as
mentioned earlier (Exp.2). The number of seeds and number of CLS was counted in each
fruit and each CLS was weighted.

Inheritance of parthenocarpy and its relation with carpelloid structures

In order to understand the genetics of parthenocarpy and a possible association with CLS,
genetics of both traits were evaluated in cross progenies of Line 3 (supplementary table S1:
Exp 7). Line 3 was used as a parthenocarpic parent (Pp) and Lamuyo B, ORF2#1, and
Parco as non-parthenocarpic parents (Pn). F2 progenies were obtained for all three crosses,
and also a backcross with Line 3 in the cross with Lamuyo B. The flowers (15-20) were
emasculated prior to anthesis and tagged. All the fruits were harvested at the mature red
stage. Length, diameter and fruit fresh weights were recorded for individual fruits. In each
fruit, CLS were counted and the CLS mass was weighed. All three crossing population
were evaluated and mono- or digenic-models were tested to understand the genetics behind
parthenocarpy and CLS growth.

Sequence analysis of CaARF$8

Young leaf material from Line 3, BW and OR (supplemental table S1: Exp 8)was collected
for DNA extraction. Primers for PCR amplification were designed against the pepper,
tomato or potatoARF8 EST sequences available from the Sol Genomics Network (SGN),
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http://solgenomics.net/ (supplemental table S2). SEFA PCR was used to amplify non
transcribed regions. PCR products were cleaned with the Invitek MSB® Spin PCRapace.
120ng of PCR product per reaction was sent with the appropriate sequencing primer (12
pmol) to ServiceXS, Leiden, The Netherlands. Resulting chromatograms were manually
trimmed and checked for calling errors. Contigs were build by using Contig Express of the
Invitrogen Vector NTI suite Version 10.

Statistical analysis

Experiments and their statistical treatment are listed in supplementary Table S1. For
experiment 3 and 4, one way analysis of variance (ANOVA) was used, and treatment
effects were tested at 5% probability level using F-test. For experiment 5, effect of each
treatment on each genotype at each temperature was tested separately by using one way
analysis of variance (ANOVA). Mean separation was done by student’s t-test. Data
processing and statistical tests were carried out with SPSS 15.0. The inheritance of
parthenocarpy was tested by using chi square distribution with 1 degree of freedom at 0.05
level of significance to test the null hypothesis that parthenocarpy was controlled by a
single recessive gene. The CLS inheritance was tested using a chi square distribution, with
different mono- or digenic models.

Results

Parthenocarpy is widely present in Capsicum annuum L. genotypes

To test whether parthenocarpy is widely present in C. annuum, twelve genotypes which had
not been evaluated for their parthenocarpic potential were tested by emasculating flowers
(Table 1). We included Bruinsma Wonder (BW), which was already known for its
moderate levels for parthenocarpy (Tiwari et al., 2007). All genotypes except Parco set
seedless fruit after emasculation, indicating a wide occurrence of parthenocarpy in C.
annuumgenotypes (Table 1). Additionally, CLS were reported in most parthenocarpic fruit
from the C. annuumgenotypes studied (Tiwari et al., 2007), and here we investigate the
origin and effect of these structures on fruit initiation.

Table 1 Parthenocarpic potential in thirteen genotypes of Capsicum annuum. The accession
numbers are from the Center of Genetic Resources, the Netherlands (CGN), The
number of emasculated flowers is indicated. The percentage of flowers that set
parthenocarpic fruit was categorized in three levels (>30%, 1-30% and 0%)

Genotype Accession Number of Parthenocarpy fruit set (%)
Number emasculated >30%  1-30% 0%
flowers

Yellow Belle CGN22851 78 V

Neusiedler Ideal; Stamm S CGN21562 66 \

Spartan Emerald CGN16846 137 \

Wino Treib OEZ CGN23270 110 V

Florida Resistant Giant CGN16841 75 \

California Wonder 300 CGN19189 141 \

Sweet boy CGN23823 58 \
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Emerald Giant CGN21493 73 \
Keystone Resistant Giant CGN23222 82 \
Green King CGN22122 69 V
Bruinsma Wonder CGN19226 88 \
Parco CGN23821 149 N
Riesen v.Kalifornien CGN22163 79 \

De Ruiter N
Lamuyo B* Seeds

De Ruiter v
Orlando* Seeds

*referred from (Tiwari et al., 2007)

Number and weight of carpelloid structures is influenced by genotype

To study whether a positive relation between CLS development and parthenocarpy occurs
in most of the genotypes of C. annuum, we tested five different genotypes, each showing a
different potential for parthenocarpic fruit set, at two different temperatures: 20/18°C D/N
as a normal temperature with 16/14°C D/N as a low temperature. Previous analysis showed
that parthenocarpy is enhanced when plants are grown at low temperature (Tiwari et al.,
2007). Pollen viability and pollen germination were significantly reduced at low
temperature (P<0.001) compared to normal temperature (Figure S2), suggesting that the
reduced fertility might enhance the occurrence of parthenocarpy. For non-pollinated
flowers (pollination was prevented by applying lanolin paste on the stigma), only those
seedless fruits that reached at least 50% of the weight of seeded fruits (i.e. only fruits of at
least 76 g) were considered as true parthenocarpic fruit and met the criteria for our analysis,
while remaining fruits were considered as knots(Tiwari et al., 2007). Knots are seedless
fruit-like organs characterized by small size and a pale color(Gorguet et al., 2008).

At normal temperature parthenocarpic fruit set and CLS growth were clearly genotype
dependent (Fig. 1), and we observed a strong positive correlation between CLS weight and
number and the percentage of parthenocarpic fruit produced. The CLS weight was
significantly higher in non-pollinated flowers (Fig. 1A, B). After preventing pollination,
Line 3 showed the highest parthenocarpy (89% of fruits were seedless, excluding knots),
and produced the highest number (10 +1.16) and weight (17 £2.6 g) of CLS per fruit. In
contrast, Parco showed lowest parthenocarpy (56%) with the lowest number and weight of
CLS per fruit (1.6 £0.37 and 2.8 £0.7 g, respectively; Fig. 1A-B). Also after hand
pollination and a positive relation between CLS production and seedlessness was observed
(Fig. 1C-D).

Evaluation of the same five genotypes at a low temperature regime showed increased levels
of parthenocarpy and decreased CLS growth; however, the correlation between
parthenocarpy and CLS was still observed. After preventing pollination, Line 3 showed
highest parthenocarpy (88%) with high number (4+1.1) and weight (11+2.2 g) of CLS, in
contrast to Parco where the lowest parthenocarpy (71%) was observed together with a low
number (140.44) and weight (2+1.15 g) of CLS (Fig. 1E-F). A positive correlation between
the presence ofnaturally occurring parthenocarpicfruit and CLS was also observed in
pollinated flowers (Fig. 1G-H). In conclusion, under different temperature conditions and
after treatments of both pollinationand where pollination was prevented a positive

35



Chapter 4

correlation was observed between the percentage of parthenocarpic fruits and both number

and weight of CLS.
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Figure 1.Genotype-specific evaluation of the percentage of seedless fruits and carpel like
structure (CLS) development. A-H: Correlation between the percentage of seedless
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fruit (only those fruits were counted that reached at least 50% of the weight of
seeded fruits) and the mean CLS number (unfilled symbol) and weight (g) (filled
symbol) per fruit in the genotypes Parco (n=18-24) (m,0), California Wonder (n=18-
24) (#,0), Riesen v. Californien (n=18-24) (A ,A), Bruinsma Wonder (n=92-146)
(®,0), and Line 3 (n=18-24) (¥, V), at normal 20/18°C D/N (A-D) and low 16/14°C
D/N (E-H) temperatures following hand pollination (Poll; C,D,G,H), or prevention
of pollination by applying lanolin paste on the stigma at anthesis (Prevent-Poll;
A,B,E,F). The regression lines are based on the means of the five Capsicum annuum
genotypes.

The occurrence of abnormal ovule development in C. annuum

To study the basis of both parthenocarpic and CLS proliferation we checked for deviations
in ovule development in specific Capsicum genotypes. C. annuum has an axillar placenta,
where ovules develop in a gradient from top to bottom as shown in genotype OR, BW, and
Line 3 (Fig. 2A-C). Normally the ovule primordium initiates as finger-like protrusion from
the placental tissue, which differentiates over time into three main proximal-distal
elements: respectively the funiculus, the chalaza and the distally-located nucellus. The
funiculus is a small stalk-like structure that connects the ovule to the placenta. The chalaza
is characterized by the presence of a single integument (unitegmic), which gradually covers
the nucellus leaving an opening at the micropylar end. At anthesis, the micropylar end
orients towards the placenta resulting in an anatropous ovule (Fig. 2D-F).

Figure 2. Cryo-scanning electron microscopy images of ovule development in Capsicum
annuum. A-C, Comparison of genotypes Orlando (A), Bruinsma Wonder (B), and
Line 3 (C) grown at 20/18°C D/N. Gradient of ovule development from top to
bottom (arrow head; small circle: undeveloped ovules) Bar = 1 mm. D,E, Ovule
primordia (op) initiated from the placenta (arrows), and differentiated in nucellus
(nu), chalaza (ch) and funiculus (fu), integument development (E) and development
of the micropyle (F). F, Single integument (unitegmic) ovules with micropylar end
(mi) situated near the base of the funiculus and oriented towards the placenta
(anatropous). Bar = 100 pum.
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Capsicum annuumgenotypes Orlando (OR), BW, and Line 3 all contained abnormal ovules,
which were most abundant at the top and base of the placenta. Ovule abnormalities were
detected after integument growth was initiated. Various types of integument abnormalities
were observed. For example integument development expanded transversally or
longitudinally to form CLS (Fig. 3A, B). In some cases the funiculus continued to grow and
the nucellus expanded, forming excessively long ovules in which the integument failed to
cover the nucellus (Fig. 3B). In other cases the integument failed to cover the nucellus, as
the integument-like structure did not proliferate from the distal but rather from the more
proximal end (Fig. 3C). Ovule primordia were also observed to be transformed into
amorphic or staminoid tissues (Fig. 3D). Others lost the normal anatropus development and
took on a “hairdryer” phenotype, reminiscent of the superman phenotype (Gaiser et al.,
1995; Fig. 3E) or only differentiated into a funiculus lacking distal elements (Fig. 3F).

—

—

Laarm 16 aMm

Figure3. Cryo-scanning electron microscopy images showing abnormal ovule development
as observed in Capsicum annuum genotypes Orlando, Bruinsma Wonder and Line 3
grown at 20/18°C D/N. A-F, Abnormalities detected in the three genotypes were
excessive integument growth (A), or CLS proliferation of integuments and or the
incomplete coverage of the nucellus (B), integuments failing to cover the nucellus
(C). In some, ovule structures the integuments partially recurved (D) or were absent
(E). Some ovule primordia lacked chalaza and nucellus specification (F). Bar =
100 pm.

Abnormal ovule development correlates with reduced seed set and enhanced development
of carpelloid structures

To test the effect of aberrant ovule development on seed set and CLS growth, we quantified
the number of aberrant ovules in genotypes Line 3 and OR by evaluating six gynoecia per
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genotype and 20-30 ovules per gynoecium, and we quantified the seed number by
evaluating fruits in Line 3 (n=5) and OR (n=55). The percentage of aberrant ovules was
significantly higher in Line 3 compared to OR (14% versus 6%, P=0.001), while the
number of seeds was lower in Line 3 compared to OR (21 versus 79, P=0.040) (Fig. 4A).
CLS growth was first observed within a week after anthesis in Line 3, and after 2 weeks in
OR, suggesting a precociousness in growth and development in Line 3.

To evaluate a possible role of reduced female fertility as a cause of reduced seed set in Line
3, we quantified the number of seeds in Line 3 and BW at low, normal and high night
temperature. Pollination was done by vibrating the main shoot two times per week.
Previously, 20°C was reported as an optimum temperature for flowering and fruit setin C.
annuum, and a temperature below 16°C was reported to increase the percentage of seedless
fruit (Rylski and Halevy, 1972; Pressman et al., 1998). Therefore we contrasted 20/18°C
D/N with 16/14°C D/N as a low temperature and 24/22°C as a high temperature. The
number of seeds was always lower in Line 3 compared to BW at low (0 versus 34+1.5),
normal (18+2.8 versus 5445.1) and high temperature (44+2.8 versus 101+5.5) (Fig. 4B).
Thus, in Line 3 the high number of abnormal ovules correlated with a precocious
occurrence of CLS and a lower seedset, suggesting that the ovule semi-sterility might also
be in part related to the parthenocarpic potential in Line 3.

In all three tested genotypes (OR, BW and Line 3), CLS were observed as internal green
abnormal structures arising from the placenta. The CLS had an extrusive growth from the
placenta (Fig. 4C-F), and varied in size and phenotype from small to big, and from mildly
(Fig. 4D) to severely deformed (Fig. 4E), respectively. Most of the time the CLS remained
green even after ripening of the fruits and stayed firmly attached to the placenta. Only
occasionally, red colored CLS were observed in a ripe fruit. The size and weight of CLS
increased with time and in some fruits the carpel margin boundaries were split as CLS
continued to grow outside the fruit (Fig. 4F).

Correlation between CLS, seed number and parthenocarpic fruit size and the effect of
phytohormones

We used the genotype BW that has moderate parthenocarpic potential (Tiwari et al., 2007),
to test the relationship between CLS growth and seed set, and the effect of phytohormone
application on CLS proliferation. In seeded fruits a positive correlation was observed
between fruit fresh weight and seed number up to about 100 seeds (Fig. 5A). For
emasculated flowers, only those fruits that reached at least 50% of the weight of seeded
fruits were considered as parthenocarpic fruit and were used the analysis. Emasculated
flowers treated with or without hormones (NAA, GA;), resulted in seedless fruits. More
than 90% of both seeded and seedless fruits showed CLS on their placenta. The average
number of CLS was the same in seeded and seedless fruits (P=0.382), but the average
weight of CLS was significantly higher in parthenocarpic fruits (P<0.001) (Fig. 5B). Again,
with various treatments a positive correlation between seedless fruit (%) and CLS weight
was observed (Fig. 5B). Seedless fruit weight, excluding CLS structures,also increased
proportionally with the internal CLS mass (Fig. 5C-E), indicating a strong synergistic effect
between the presence of CLS structures and seedless fruit growth.
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Figure 4. Genotype-dependent seed set and aberrant ovule frequencies, and phenotypes of
carpelloid structures in Capsicum annuum. A: percentage of aberrant ovules (6
gynoecia per genotype), and average seed number in genotypes Line 3 (n=5) and
Orlando (n=55), B: Average seed number in genotype Line 3 (n= 18 at low and
normal, and 269 at high temperature) and Bruinsma Wonder (BW, n=146 at low, 92
at normal and 167 at high temperature) grown at day/night temperature of 16/14°C
(low), 20/18°C (medium) and 22/20°C (high). Data are expressed as mean =+
standard error of the mean. C-F: structure and position of CLS in fruits. CLS
developing at the basal placental position in seeded fruits (C), or in seedless fruits
showing minor (D) or strong (E) CLS growth, or extreme CLS growth resulting in a
split at the fruit valve (F). Scale bars: 1cm.
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Figure 5 Relationship between fruit weight, seed set and CLS development in Capsicum
annuum genotype ‘Bruinsma Wonder’. A: A positive correlation between fruit
weight (in grams) and seed number up to about 100 seeds (n=101). B: positive
correlation between percentage of seedless fruit and CLS weight (closed
symbols, solid line, R?>=0.99) but not with CLS number (open symbols, dashed
line, R?=0.17). Fruits obtained from untreated flowers (¢, ), emasculated
flowers (@, 0), or emasculated flowers that were treated with NAA (m, 0) or GA;
(A, A). C-E: Positive correlation between fruit weight (excluding CLS weight)
and CLS weight in fruits obtained from C: emasculated (n=57), D: NAA treated
(n=84), or E: GA; treated (n=139) flowers. Only fruits of at least 76 g were
considered as parthenocarpic and were used for our analysis.

Inheritance of parthenocarpy and the relationship with CLS

To study the genetic basis and inheritance of the parthenocarpic potential in C. annuum, the
parthenocarpic genotype Line 3 was crossed with the non-parthenocarpic parents Lamuyo
B, ORF,#1 (a male sterile plant selected from an F, population) and Parco. Since Line 3 is a
small fruited genotype (Supplemental Fig. S1; with an average fruit weight of 121 g ) and
Lamuyo B is a large fruited genotype (average weight of 208 g for seeded fruit; Tiwari et
al., 2007), fruit size traits segregated independently upon crossing. This precludedfruit size
as the sole criterion to distinguish fruit from knots as discussed earlier. Instead, we took the
appearance of fruit as the criterion to distinguish true seedless fruit of small size from
knots. Supplemental Fig. S1 shows the shiny appearanceof normal fruit versus the dull
appearance of knots. In the F, analysis, a plant was considered parthenocarpic when
emasculated flowers all produced seedless fruits showing a shiny appearance. In all three F,
populations parthenocarpic plants were observed in 1:3 ratios. Furthermore when the F; of
Line 3 x Lamuyo B was backcrossed with Line 3, parthenocarpy was observed in a 1:1
ratio. This data supports that parthenocarpy present in Line 3 is controlled by a single
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recessive gene (Table 2).The same F, plants were evaluated for the occurrence of CLS. We
used two different criteria to distinguish CLS from non CLS plants: (i) a less stringent one
where plants were scored as having the CLS trait if all the true seedless fruits contained at
least one CLS; plants with no seedless fruits were excluded from the analysis; and (ii) a
more stringent one by which plants were scored as having the CLS trait if more than 75%
of all the true seedless fruits contained at least one CLS; plants with less than 2 seedless
fruits were excluded from the analysis. However, taking either criterion into consideration,
no mono- or digenic-models fitted an observed CLS/non CLS segregation.

Table 2. F, population analysis for parthenocarpy in crosses of Line 3 x Lamuyo B, Line 3
x OR F,#l and Line 3 x Parco, tested by chi-square distribution assuming
monogenic recessive inheritance. (O: observed, E: expected, P: probability)

Crossing Generation  Expected Total Parthenocarpic
ratio 0 E X? P
Line 3 x Lamuyo B F2 1:3 42 10 10.5 0.03 0.86
F1 x Line 3 1:1 41 20 20.5 0.02 0.88
Line 3 x OR F»#1 F2 1:3 62 17 15.5 0.19 0.66
Line 3 x Parco F2 1:3 24 5 6 0.22 0.64

Ninety-four percent of the fruits of Line 3 and 40% of OR F,#1 contained CLS. Both the
average number (P<0.001) and the weight (P=0.011) of CLS per seedless fruit was higher
in Line 3 than in OR F,#1 at 21/19°C D/N temperature. This agrees with the results

described above that genotypes with a higher potential for parthenocarpy produced more
CLS.

Parthenocarpic potential in C. annuum is not caused by a mutation in CaARF§8

Similar to tomato and Arabidopsis, a mutation in the ARFS8 gene might lead to
parthenocarpic phenotypes in Line 3. Sequence analysis was performed for 7508bp of
CaARF8(-1816 in the promoter to the 3°’UTR) in Line 3, BW and OR (supplemental Fig.
S2). No differences in the sequence of this gene was observed between the three genotypes
(Supplemental Fig. 2, 3), indicating that the parthenocarpy is not caused by mutations in the
coding region ofCaARFS.

Discussion

Most C. annuum genotypes have parthenocarpic potential
As an initial step in our attempt to establish parthenocarpy in C. annuum, we tested several
genotypes for their potential to set seedless fruits following emasculation. In line with our
previous findings (Tiwari et al., 2007), most C. annuum genotypes developed seedless fruits
following emasculation (Table 1), suggesting that somedegree of intrinsic parthenocarpy is
already present in these genotypes. Genetic variation for the strength of parthenocarpic fruit
development was observed, which may occur due to genotypic differences in endogenous
auxin and/or gibberellins contents in the ovaries or placenta. Genotypes with high potential
for parthenocarpy could contain higher levels of hormones compared to those with
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lesserpotential (Fos et al., 2003). Intriguingly, however, we also observed that the genotype
with the highest parthenocarpic potential (i.e. Line 3) showed reduced female fertility and
seed set, and developed significantly more aberrant ovules as compared to the genotype for
which no seedless fruit development was observed (OR). Pollination at different
temperatures could not rescuecomplete seedset in Line 3 compared to BW, supporting the
hypothesis that reduced female fertility is associated with enhanced parthenocarpy in Line 3.
This hypothesis is corroborated by our previous observation that the expression of
parthenocarpy was most prominent in Line 3 (100%) and Lamuyo B (70%) at low night
temperature, which leads to further reductions in male fertility (Figure S2), while this was
reduced in Line 3 (73%) and not detectable in Lamuyo B (0%) at normal night temperature
(Tiwari et al., 2007).Mazzucato and coworkers (1998)also reported reduced fertility
fromaberrant ovules and aberrant anther development as perhaps an associated or causal
phenotype with parthenocarpy in the tomatopat mutant (pat allele). Precocious CLS growth
was observed in Line 3 compared to OR, suggesting that Line 3 contains traitsleading to
precocious parthenocarpic and CLS transformation well before fertilization. Similar to this,
Mapelli and coworkers (1979)and Vivian-Smith and coworkers(2001)reported that
parthenocarpic fruit development is characterized by autonomous and precocious onset of
ovary development.

Number and CLS mass is influenced by genotype

CLS development was observed in all C. annuum genotypes tested, which is in agreement
with Lippert and coworkers (1966)who reported that CLS are evident in a wide range of
Capsicum varieties, but are most commonly observedproliferating in bell or blocky type
accessions where there is an axial placenta. We found that the number and weight of CLS
was genotype dependent (Fig. 1A-H). Interestingly, also for the Arabidopsisbell mutant the
severity of CLS is ecotype dependent (Modrusan et al., 1994).

CLS proliferation is most prominent in genotypes that possess a high potential for
parthenocarpic fruit set (i.e. Line 3), suggesting that both traits synergistically interact
withoneanother. Previous observations in tomato, where the down regulation of 7M29
(SEPALLATA homolog) transcription factor resulted in similar synergistic phenotypes of
carpelloid tissue proliferation and parthenocarpy. Likewise thedrabidopsis knuckles mutant
that was defective in the MAC12.2 gene, developed reiterating carpelloid tissue from ovule
primordial and triggered parthenocarpy(Ampomah-Dwamena et al., 2002; Payne et al.,
2004). In both mutants CLS developed ontogenically from the placental tissue. The co-
occurrence of CLS and parthenocarpy points to a possible regulatory link between both
traits (Payne et al., 2004).

In most flowering plants,flowers consist of sepals(first whorl), petals(second whorl),
stamens(third whorl), and pistils(fourth whorl) (Immink et al., 2010). In the
Arabidopsisfwf-1/arf8-4 mutant, the third whorl organs have an inhibitory effect on
parthenocarpic silique development, (Vivian-Smith et al., 2001). In the male sterile
popl/cer6-1 background, thefwf-1/arf8-4 parthenocarpy mutation only induces strong
silique growth when the stamens are removed. This need of emasculation is negated when
thepop 1/cer6-1-fwf-1/arf8-4 double mutant is combined with theats-I/kan4- Imutant,which
has a lesion in ovule integument development (Vivian-Smith et al., 2001). This suggests
that the inhibitory signal derived from the stamens, in the third whorl, acts through the
ovule integument (fourth whorl) to retard parthenocarpic silique development infwf-1/arfs-
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4 (Vivian-Smith et al., 2001).In C. annuum, we observed parthenocarpic fruit set was
enhanced by CLS development, which potentially is governed partially by third whorl
identity regulators. These observations suggest that the third and fourth whorl prevent fruit
initiation possibly by a shared pathway, and might explain why emasculation or CLS
development can stimulate fruit set in the absence of fertilization.

Inheritance of parthenocarpy and relation between parthenocarpy and CLS

The expression of parthenocarpy in the C. annuum genotype Line 3 is facultative, producing
seeded and/or seedless fruits depending on growth conditions and some semi-sterility. We
studied the inheritance of parthenocarpy in Line 3 at normal temperatures by using
emasculation, and found that the parthenocarpic potential in Line 3 is linked to a single
recessive gene (Table 2). Recessive mutations inducing facultative parthenocarpy have been
reported before in tomato,citrus and Arabidopsis(Yamamoto et al., 1995; Gorguet et al.,
2008; Vivian-Smith et al., 2001). Mutations in ArabidopsisARFS gene can provide
parthenocarpy), but it can also be obtained when defective forms of ARF§ are expressed in
Arabidopsis and tomato (Goetz et al., 2007). In C. annuumno changes in the Ca4RF8coding
sequence were detected in different C. annuum genotypes, excluding that the occurrence of
parthenocarpy is caused by a mutation in this gene.

In our F; analysis no simple inheritance pattern was observed for CLS growth, and no genetic
relation could be observed between CLS and parthenocarpy. The main reason for this is that
all parental genotypes used in the three crosses showed at least some degree of CLS
development (92% fruits with CLS in Line 3, 56% in Lamuyo B, 46% in OR:Tiwari et al.,
2007) . In order to study CLS inheritance, a parental genotype completely devoid of CLS
growth would be desirable.The ubiquitous nature of CLS, but synergistic interaction with
parthenocarpy, suggests a non-mendelian form of inheritance. Perhaps this is already fixed,
but it has an incomplete penetrance or CLS growth may be a result of certain pleiotropic
effects associated with parthenocarpy.

Abnormal ovule development and reduced seed set, enhanced CLS development and
parthenocarpic fruit size

C. annuum has an axillar placenta where ovules develop in a gradient from top to bottom.
The majority of the ovules are anatropous and unitegmic, as is characteristic for the
Solanaceae family (McAbee et al., 2005). Deviations in normal ovule development were
observed mainly at the top and base of the placenta (Fig. 2), which might be due to
abnormal integument growth. A similar pattern of deviations was reported in Arabidopsis
and petunia where abnormal integument growth resulted in an abnormal ovule mainly at the
top and the base of the placenta (Palser et al., 1989; Angenent et al., 1995).Stunted
integuments in some Solanaceae may have a genetic basis since Angenent and coworkers
(1995) suggested that reduced resource availability may lead to the aberrant ovule growth.
The genotype Line 3 contained a high fraction of aberrant ovules and also contained high
CLS growth compared to OR. Although our data can not exclude that some CLS arise as de
novo structures directly from the placenta, the majority result from homeotic ovule
primordia conversions. CLS are generally observed as internal green abnormal structures
arising from the placenta, e.g. in Arabidopsis and Capsicum(Murthy and Murthy, 1962a;
Payne et al., 2004). The CLS in Capsicum have a placental origin and somewhat resemble a
normal ovule with an abnormal uninucleate embryo sac (Cochran, 1934b). Furthermore,
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Cochran showed that CLS histologically resemble carpel tissue. Altogether these results
strongly suggest that CLS are the result of aberrant ovule development.

An inverse relation between the percentage of aberrant ovules and seed number was
observed when comparing the genotypes Line 3 and OR (Fig. 4A), suggesting that fertility
is reduced in Line 3. This might explain why induced pollination even at normal and high
night temperature did not improve the seed set in Line 3 compared to BW (Fig. 4B).
Moreover it may be the reason why the parthenocarpic potential is higher in Line 3 as
compared to other genotypes. Reduced fertility might allow more time for the expression of
the parthenocarpic potential.

In general, fruit weight was positively correlated with seed number, and in the absence of
seeds fruit weight proportionally increased with the CLS mass (Fig. SA-F). This suggests
that CLS growth imitates the growth signals that normally occur only after pollination and
fertilization, and that CLS support fruit growth by mimicking the role of developing seeds.
In the absence of fertilization, CLS can utilize all the available assimilates and thus grow
prominently. These observations explain a likely relation between CLS, seeds and fruit
growth.

Conclusion

Based on our findings we postulate a model indicating the role of fertility, aberrant ovules
and CLS growth in parthenocarpic fruit set and development (Fig. 6). CLS development
positively reinforces fruit growth, particularly in genotypes showing parthenocarpic
potential. Abnormal ovules may convert into CLS, however, growth of CLS only becomes
prominent in the absence of fertilization. In agreement with this model, the Line 3 genotype
showed reduced fertility and developed more CLS. Upon fertilization, normal seed
development prevailsand at the same time induces fruit set and development, possibly
suppressing CLS proliferation. Facultative parthenocarpy is widely present in C. annuum
genotypes, and the absence of fertilization allows the parthenocarpic potential to be
expressed, and at the same time induces CLS development, possibly following
homeotictransformation of abnormal ovules.CLS development supports parthenocarpic
fruit growth by increasing the fruit’s sink strength in a similar way as seeds do in seeded
fruits.
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seeded fruit growth

Fertilization T No-fertilization
Ovule primordia development
Genotype effect <
% Genotype effect
a2
o)
normal ovule . abnormal ovule o
: 2
l ..... i : &
o A v S
seed initiation ——  CLS development ® £ restriction of further
_— k)
= carpel development
<
+ =W
v v

seedless fruit growth floral abscission

Figure 6.The proposed model indicating the role of carpelloid structures (CLS) in
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parthenocarpic fruit development. Genotypes have genetic potential for
parthenocarpic fruit set, which becomes only expressed in the absence of
fertilization. Abnormal ovules may convert into CLS, however, CLS growth only
becomes synergistically connected with fruit initiation in the absence of
fertilization/seed initiation. The CLS mimic the role of seeds and support
parthenocarpic fruit growth. (solid lines represent our experimental findings and
dashed lines represent likely routes).
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Supplemental data files
Supplemental Figure S1

A

Figure S1.Fruit characteristics used in the segregation analysis. A-B:Fruit shape and size of
genotype Line 3, C-E:seedless fruit of shiny appearance and pointy bottom (C), and
large depression on bottom (D), and small size (E); F- H:small size knots of partial
dull appearance (F), big(G), and small (H) knots of fully dull appearance; I: seeded
fruit. Plants were grown at 21/19°C D/N temperature. Scale bars: 1cm (A-I).

Supplemental Figure S2
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Figure S2.Pollen viability and germination for genotypes Bruinsma Wonder and Lamuyo B
grown at normal (20/20°C) and low (20/10°C) day/night temperature.Different
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Supplemental Figure S3.Capsicum annuumARF8genomic sequence in genotypes Line 3,
Orlando and Bruinsma Wonder. Exons are marked green, dark grey or light gray,
depending on their correspondence to our cDNA clone, the Arabidopsis coding sequence or
a Solgene EST, respectively, the translation start is marked yellow the miRNA167 binding

letters above the bars represent different classes that are significantly different

according to the LSD-test (P = 0.05). n=5-7 replicates.

site is marked blue.

1 GACACAGAGT TAGAATTTTC ATCAACGGGA TTTAAAACTA AACATATARA CTATCCGAAG GCAGTGACTT GAGTCARAAT TTTCATTGAC GAGCTTTACA
101 AGTARATATA CARACTAGTC GARCAGAGTT CAACATTTAC TATATCTACA TARRAATATT TCTGATCATA TARAMATAGC ATAATTTTCT GATGAACGAG
201 QTTTGCATAA ACCCTTCAAT TCRATATGAT TGCCATTGTC CGAAGAAGAT TCAACATCTA TTATACCATA TARAAATAAT ACTATAATTT TTTATCGAAC
301 AARATTTGAC CCTCTTATCC AARGATQGCT TTECTCCTGC ATAGGAGTAC ACTATCTTAT TETCCTAACT AATAGTCGTA GAACTACTCA TGTAATTTCT
401 TATTCTTC@T CTCTTCTTAC TTTCCATTAT TETQTGTTTC GATAACTACT CCTTTCCAAA TAATATCGCA TTTAAATCAT GAAATATCTC ACCTTATCCC
501 QCCARACTAC CCCACACAGC TTTTAACATA ATAACCTCTC CTCTCTCTCT @TCTCTGTAC ACACACTCTT CTCTCTCTCT TTATGCTTCT TGTTTECTGA
601 TTCTCTTTCT ACTGCTACCA GOTCTAGCTT GETCGGETET GCTATAMAAA TAGRAARAGA CCACTTTCTC TCTCTCTCTT TCARAAGCCT CTTCATAGAC
701  AGTEATTGCC TARGTCTAAA AARAAAARAL GATTTTTCTT GAGCTTAACT TAGCTACAAT CTTTACATAT TCAAGCAAAR AAAACAAATG GGTAGTGCTC
801 AGAATTTCAT AGTACCCCTC AARATTTGAT CTTTTTTGGE TTTCTTGATT GGTTTTGTGT GTTAAGAACT TCAGGTTACC CCACAAAATT TGATCTCTTT
501 TTGETTTCTT GATGTCTTTT GTGTGTTAAG AACTTAAGGE TACCCCACAA AATTTGATCT TTTTTTGGTT TCTTGATGTG TTTTAAGTGT CAAGAACTTA
1001 AGGGETACCCT TCAAAATTTT TTTCTTGTGA TGTTTTTTGT GTTTTGGGGT TGTCAAGAAT TTAGGETTCC TTTCARAATT TGATCTTTTT TGCTAGETTT
1101 TGCTACAATC TTAGATATTA AGCTAMAACA AGAMAAGGAT AGTGCTCAAA AGTTGATCTT TTTGTGTTTT TGGTETTGTT AAGAATTTCA GGGTGACCTT
1201 CAAAATTTGA TCTTTTTAGC TEQTTTGTGT TTTGEGCTTEG TTGAATTTTA GGATACACTT CAAAATTGGA TCTTTTTGTE TTGTTTTGAT GTTTTTTTCE
1301 TETTEEGCTT GTTAAATCTA AGGETACTCT TAAAAATTTG ATCTTTTTTT TTTTTTGTTE TTGGATTTTG TETTTTGGEE TTGCTAAGAR TTTCAGGGTA
1401 CACTTCAAGA TTTGATCTTT TTQTETTTCT TTGCTGETTT TTETGTTTTE GGCTTCCTAA GAGTTTCACT GTTCACTTCA AAACTTGEAT CTTTTTGTET
1501 GTTTETGATE CTTTCETETT TTGGECCTTE TTAATGCAGE TCTTGGAGAA AGATAAGTGT TGTGAATTAG GTTGAATTCT TGAGGTTTTT GATGTGCACA
1601 AGCTGAAATT AAGAATCTTT TTTTGCTTAG GGCAGGCETC GACTGGGGAC GEATTCACEE CTTTTAGAGA AGATECCCTT GAAATGGGGT ATATTATTAA
1771 GOATARGAGT GATGAATGGS TGTAATACHENAGASTTTGA ARTGGGTTTE GAGAGTITEA IATANTCATA P TAAGGaT G TTAGATA TATATAGATA

+2 M K L s T S G I G Q a T N E
1801 |CANGEATTJRAANNT AT NG CT I TCANCIATOABGANTT) GOTCABCNARIGEARTENACC TATCTTCTAC TTCTCTTCTC TTATACTTTT TTCTTCCTTT
1501 CCAT@TTTTG GCTTTTTTTA TATCACTGTC ACTGTCTTTA TATCTGCATA TTTTGCTTTC TTCTGACTAA TATTTATTCT TATGCTTTGT CTCTAACGAA
+2 G E K K L N S E L W H A C
2001 TAAAACAGAG TATTTTAAGT ATTGCTGATG GATTCTTTAT TTGGTTGTGC ATTTTCAAAG)GAGAGANGARNGTGTTTANNT)TCAGANTTAT)GECATGOTTE|
+2 C A G P L v C L P T v G =5 R vov oY F Poa G H 5 E Q
2101 GTCTTTC TCAAATTAAC CACATTTCTG

VoA A T N

2201 TTTTTGTTCA TTAAATTGTT AACTAATTGT TGAGGOCATG AATTAGTTAG TTGCOTGATAG TTCCTATTGS AATTGAGTCT CACHTTGCGGCANCANCTIR|

+3

-N K E v 0O A H I P N Y P N L P P Q L 1 Cc Q L H N voT M H
'TAAAGAAGTC GATGCICATA TACCAAATTA CCCGARCTTG CCACCACAGY TGATCTGICA ACTCCACAAT GICACAATGC ATSTIAGITS TTTSTITATY

2301
+3 A D v E T D E
2401 TTCEATGITT TCTTGTGGAT TATTGATGTG TAAGTTGTAA ATATACGCTT ATGAGGGAAT GACGGATTTC TGGCATTTCA CEGAGARGTT)GAAAGGGATE|
+3 E VY A a M T L a P L T P
2501 |BSTATATGC)TCANATOACA) TTECAACCOTITARCTEORCT ATTTCACGAA TGATTCTGTC TTAAGCTATC ATGACTTGCT TATTTACTTA TTACCCOATA
+1 Q E Q K D T Y L P vV E L G P =1 R Q P
2601 CTTTGTGTGA ATTGGGTEAC AARATGTTGT GTTTCATTTT CACEAAGANCHARRAGGATACIATATOTTCCT)GTTCASTTEaIETATTOCTAG)CABGCABET]
+1 T N ¥ F [+ K T L T A s c T 35 T H G <] F 5 ¥ P R R A A E K Vv F P P L
+2 D F s Q T P
2801 TOATAACTGA TCCACTATCT COTATTTTCA TGCCACTCTG CTGCTCAGCC TCATGTTATT CTCATTTTCT TCTCTCCCTC ACHATDTCTCIACAGACHGEA|
+2 P [+ a E L I A R D L H D 1 E w K F R H F R
2901 cocA AGCTTTGEAR ACTCCTTTCT ATCCTATCTE
3001 TTGATTTACA CCATGTTAAC TGTATTTGGC TTTAATCTAA CAGCTGATAE TTGTTCAAGT TTGAACAAAA AATAGATTTA GACACCCGAT TCAAAAAAAA
3101 AAGGTACCGE TTCCAAAAAA TAGATTTACA CACACATAGA TATCTGTCAT COTTTCACAA TATTCTAATT TAATCCTCTT TAGTTCTTGE TTGTTTACAG
3201 TCCTTGAGAT TTTAGCTAAT TGCTTCACTT GAATGTACTG TAACGACACG AATGATATCG ACACTAGAGA GAATCTTATA AAGTATTTTT TTTCTTTTTC
3301 TTCTTTGAAT CAACTGGACT GOAAGAAAAG AGTAAAAAGA AGCAGCATAG TGGCTGGTGT ATTGGGCTGA TGTTTTGTCT TCTGTACTCC CCTTCACTGT
3401 AATATCCTTA TGAAAATTGT TGTGTCAATA CCGTATGATG TTTATTCCTG CACATCTTAA TATTTGTTTT AAAGGAGGAT CATGCTTAAA AAGGATTCAC
3501 ACAAAGTATT GCATGTTTAC TGTOTTOGAR GTTACTAATC GTATAAGTTG CTGCAAATGG ACTGGAAATT AARACTTCTC ACATTGGCAC TGCTCATGCG
3601 TAATTTGAAG CCATGCTAAT GGTGTATTAG TAATTCTGG ATTAGTTATG CTTGGACTAC TTCTTATTCA CTGTTTTGTT TGGTGCATTA ATGATAGCTT
3701 CGTCTITACC CATGCTTATC CATGTATTAA TAATAGCCTA TATATTGTTA ATACCATGAT TTGCTATGTA TTAGTTATAC ACCCTATAAT ACTGAATAGG
3801 CCAGTAGCGT GTATAAGTAA TACATGTATT ACTCATACAT AAGCTTAAAA TCATACCAAR CAAACGATTA AATAATACCA TGACTAATTC ATGTATTACA
3901 TTGTCAATCT AATACATCCT ACCAAACGAC TCCTAACTAG TATGTTTCAT TCCITCCCTT GOTACTGTAT OTAATATTCA AATAAGGTGT ATGTGAAATG
1001 CCATTCTCAM CTTTGATGAC AACAAAAAGC CTGCTATTTA AATGCAGACA COGTAAGAGS CTGGACTGCT ATCCACCTAG TAGTTTCTAA CAGTGTACCA
1101 CTTGACCTCG AGCATTTGTT CGTTATAAAA AGAAAAABAT GTCATTCAGE TTTGTGTGTT CATCTCTATA TTAATCAGAC TTCACATTTT ATGGATGTGT
1201 CAATCAAGAC ATCCACTTCG TAGCTTAGCT GTCTTGTTAA COTTTCTTGA AACTAATAGT CCTTTTGCAT CTTAATTATG TGCGCGAGCT GTTACCTTAA
4301 GTTCCTGAAA ATGETTACTG GGATTTTTTA TGATCCTTTA GTTGAAGGTT GGATTGGGCA CAATTGARAT CTTGCAGGAT TAGAGTTGTG ATTATAATTG
1401 TGAAGOATTA ACAATCTGTT ATGTTTAATA GAGTTGTTAT TCAGTGGGCC ATCCATGATA TGOTATAGAA GTTATCTCTT CTTTTTTACG TAAATGTGAA
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4501 ATTCATGTTG GATTTAAGGT CTCTATCTGE GTTTGGEACT GATAATATGA GCGAGCTCAG ACAGCTCEAG CEGEATTTEC ACCACTGCTT CAAAATTAAT
4501 TGTTTAATTT ATCTGAATTC TTGGTACATG TAAATGGTGC ATGEATTTTT TTAGTCCTCA GACTTATGCT ATAGTTTTTC GACATCCAAA CAMAGACAAA
4701 TATAGTTCAG AATICTTGGC GATGAGCTCT TAACATCTCA TTCCCTTAAC CTATTAT@GE GCTCITTCTT GTGTCATCCT AATCCTGTTG CCTTGATETG
4801 GCACTGTCCT TCTTACCATA ACTTGTTTGT TGACTGATAT GCTGGATATA CTAGTGATTC CTGATGTCCC TTGGAAGCAT GGAAATAATG CATATAAAAT
+3 G Q P K R H L L T T G w s W F v s A K-
4501 TAACTAATEC TGAACATGTT CATATTTTTC TGTCTATCCA ToCASGACAB)CCTANGCRGEJATCTTCTOACHBACEOACTAE)NETETE T TaRTTAGTGecA]
+ KR L \i A G D S v L F W
s001 |AADAGTTOTTNGCT GOAAATTICEATTCRT TTNCATITAATAC TTTTACCCTT TTTAATCAAC ATATCTTAGT AATTTACACT GTTGGAATTG CAACTAACCA
+1 N E K N Q L L L G | R R A T R P
5101 TGCTATTCCT TCOAGCTTTC TCTCAAATAQ TCTTTTATTC TTTCCTOTCA cclANGAGANJRMATONGGET)GTIITEE0ANITICeTcETGoNANcTEaNcEs|
+1 a T v M P 35 5 v | S 3 L = M H | (<] L L A A A A H A A A T N 3 C F T V
5201 |CAAACTGTCA TGCCATCATC TGTTATTTCT AGCGACAGCA TQCATATTGE ATTACTTGCT GCTGOTGCTC ATGCTGCCGC TACCAATAGC TGTTTCACTG
= R
4 v F F N P R -
5301 |FETBCTTTARNGOGARGATGC TGCTGAACGA TCGTCTGCTC CTTGCATTTT TGITTAGTCT TATATTATTT CTGCTATTTG AACTAATGCT TCTCTCATCH]
+2 R A 58 P § E F v P L E K Y K A VoW H T R V 5 v G M R F R M L F E-
+2 ET E E S 5 vV R
5501 |ACTEANGAR) TOARGTGTTGNGNACCTACGE AAGTATTTGA TCTTGCATCT CATCCTTGTT TTCCITGCAG TTACGGGTTC TTCAATCTCT CTACTATAGA
+1 R Y 1] G T T
5601 CAAGTTCATA GATCATCGAA ATCCGAATTG GCAAATTCTG TGTTAGETTT CTCTTCTTAC ATATGTAGCT CATACTTTTC NOATAGATGONGCAGANTTAG|

T G | G D L o P Vv R w A N s H W R s Vv K
GT ARATGTATTT TAGCTGTCAT AATTTTTACT TTTTAGCATT

5801 TTTATGTAAG CTATTCTCAT TCTTTTGCAG CTCTCGATTG CTTATGTCTT TCTACTGCTT TTGCTTTTTT TTTTITTTAA ARTCTTGTAG AAGARAGATG
5501 TACATTCTGT TTTAGATCCC AGTTAGATTT TCTTCTATTG CTTACTGCAA ARATATACCT AAGCTTTTCT ACATTGCTAT GCTACTTCGC ACCCCACCTT
5001 TTTCTCTCTC TTTCTTGCAC GTGGAAGCAC GATATATCTC CAAATTGATA CCTCTTTITC TTTTCCTGAG TCAATTICCT CAATATAGAA ATACGCCTAA
5101 GCTTTTCTAC ACTGCTACAC TACTAAGATG ATCCTTGCTT ATAATGTTAT ARTCCTTGTT ARATACTTGE ACCCTTOACH GTGTTTCCTG CTCGCGTTTC
5201 ACCCAACCTA TGAACCCCAT GGGCTGTAAG TGTACTTCCC CATAAGAATS ATGGCATACT TGCATTGGTA CTCATGGTTC CTTTGCTGGC AAAGATTGTT
5301 TGCATGCGTT GTTGTCARAT TAGGAAGACT ATGCTTACCT ATCAGCTATT CAAATGCATA CTTTTAATAG TTTAGGTGCC AAAGTGATTC GAGTTTATGT
6401 CACATICTAA AARATCTCCA AGATTCTTTA CTATGTCAAG TTGTTTCCCC ACAAGOTTGT CTATCTTTGG TGCAATGTAC ATTATCATAT TGAATTTGCT
5501 TGTCTCAGAG GTCAGAACTC ACGTAGCAAA TGCAGRAATC AAACTATCTT GCTTTACTTA ABACTATTCG CAAGCARATT ACAAGTTTAA GGATTTTACG
+3 v G w D E S T A G
6501 ATTTTTATAT GTTCGTAACC AGTTATTCTA TGTTCACAGA TATCTATTTA CAAAAGAAAT TTTACGAAAT TTCACHUTGGNGTGGOATGAN)TCANGGGEAG)
+3 G E R [*] P R v S L W E E P L T T F P M Y P S L F P L R L K R P W Y
§701  GTGAGAGGCA ACCTAGAGTT TCACTATGGG AGATAGAGCC GTTGACTACT TPTCCAATGT ATCCATCTTI GITCCCICTT AGGCTAABAC GGCCTTOGTA
+3 ¥ P G s s s F Q
5201 |TCCAGOATCRTCATOTEREGNAR CCTATTOT ACACTCAATC TTATGCTATT AGCAAAGTCA AACTCTAAAA TCCTCAGATT TCCTTGTATT CCCTCCOTTT
5501 CGATTIGTTT GTTTCGGTTT GACTAGGCAA GGAGTTTAAC AAAGTAAAAT AGCGCTTTCA ATCTTGTGT TTTAAATTAA AGATATGTAG AATGTACCAR
7001 ATTGTCCTTT ARACOTGCTG TGTGGARAGT TGAAATTAAG GACTTGCCGA ARACCARACA GACATTTCTT TTAAACTAAA AGGAGGTAA GACARACAAR
7101 TTGAAACGCA GOGAGTATTA TTTATTGAGA AAAATGGAAA TTTCTGTTGT CATTCAGATG GCCCTTATAA GAGGOGAAAA ACCTTICTIT AGCAGCATCA
+3 D N 5 s E A L N-
7201 TTTATTCATT ATTTGGACTT TCAGCTTATT TGTGTICCCE CCGGTCTATT ATGAATATTT GCCTITAGCT TTTTcCAGRTMANTTCTAGTGNMNGCTCTTAN
+3 NG M A W oL R G E S G E Q G P H L M N L [+] 5 F <] G M L P W oM Q a R V¥
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-5 6 L L L P T T ¥V § N VoA T T S | o A D M s T 1 P L G T S G F a M S-

+3

9101
+3 -S L Y G v v a [} 3 s o L L H N V G Q v ] A Q T A T R T F v K
4201 | TCTGTATGGT TATGTGCAAG ATTCTTCTGA CTTGTTGCAT AATGTAGGAC AAGTTGATGC ACAAACTGCG ACCCGTACAT TTGTCAAGET GUTAGTICTG
+1 v Y K 5 G 5V
8301 TTGTCTAGET TATGCATTTC ATTGTTGTTT TCTTGCATAT TACAATGATA TGGATAAAGC TGTTTTTTTI TTTTCTCCAC BTTTAGNAATJCAseaTcoes
+1 -V G R 3 L o 1 T R F N 3 Y H E L R a E L [c] a M F G E G F L E N P a
+1 R 5 G w Q L v F v o R E M D W L L L G D D P oW E
9601 CTTTTCOACT CTGCTCCAAG TTTTTGCAAR TATGATGOAA CGAACAACTT ATGCTTTAAC TCCTTGTACT ACTCACAGGE TCOTCGGATE TTTGGTAGCE
9701 CTAGCTGCTC ATATATCAAT CCTAGTACCT CTGTCTGATA GAGTTCAATT TTCAAGAGAT GTTTTITTTTT CCATCTTCCA CTCACAGTTA TTTTCTTITTC
9801 TCOACTTGCT TTGAAATGCT TCTCCTTGAC TCGAGAQTTT ATCTOAAACA GCCTCTCTAC CTCTGARACA GCCTCTCTAC CTTCCAACCT AAGQGOTAAC
9901 CGAAGETCTGC GTACACACTA TCCTTCCCAG GCCCCACTTT TQGE@ATTACA CTCGQTCTAT TGTTGECTTT TTACCATTTT TTGTTCAAAC CAAGACGTTE
+2 A F W N N VoW Y 1 K 1 L 5 P E o v aQ K L G-
9001 TATTAATTTT CCCCATTICT GGCATGGTAR TTTTCAGCHGHADETGTCIHNT) IACATE TG0 NCATCALILIT)TCTIICABOT) GAGGATOTEE)AGANACTAGE|
+2 -G K E E v E -3 L M R G A L E R M k3 N N N 5 A D G R D F 1 5 <] L P k3 I
9101
+2 G 5 L E ¥
9201 |EEATCACTRGIABTAGT ACTICTIATCATCaNTTCaATANACIAAGTAATTEENANGTGH CCTT CCCATAAACT COUATATCTC AACGTTCAGA CCTTATTTCC
2301 CEECTTCTTT TAGCCTTTGA
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Supplemental Table S1.The set of genotypes, their parthenocarpic fruit set potential, their origin, temperature set point and realized

temperatures, cultivation method (one or two branch pattern system), and start month and end of the experiments

Genotypes Parthenocarpic  Origin Temperature °C (D/N) Branch Experiments
potential (realized)/ Glasshouse pattern (start-end)

compartment

Exp. 1: Occurrence of parthenocarpy among C. annuum genotypes

Yellow Belle, Neusiedler Ideal; Stamm S, Spartan Emerald, Wino Treib OEZ, Florida Resistant unknown Centre for Genetic 20/20 (22.6/20.5)/ 2 Jan-May

Giant, California Wonder 300, Sweet boy, Emerald Giant, Keystone Resistant Giant, Green King, Resources, Netherlands — multispan venlo-type (2008)

Bruinsma Wonder, Parco, Riesen v.Kalifornien

Exp. 2: Number and weight of carpel-like structures is influenced by genotypes

Orlando Low Centre for Genetic 20/18 (20.5/18.6) 2 March-July

Parco Low Resources, Netherlands 16/14 (17.2/14.5)/ 1 (2009)

California Wonder 100 (CW) Low air-condition 1

Riesen v. Californien (RVC) Medium 1

Bruinsma Wonder Medium 2

Line 3 High 1

Exp. 3: Ovule development in C. annuum

Orlando (OR) Low* De Ruiter seeds 20/18 (20.5/18.6)/ air- 2 March-July

Bruinsma Wonder (BW) Medium* Plant Research condition 2 (2009)

International: 2004001
Line 3 High* Xue Lin Bao Yangzhou 1
University, China

Exp. 4: Correlation of abnormal ovule development with reduced seed set and enhanced development of carpel-like structures

Line 3, Orlando High, Low 21/19 (22.5/20.0)/ 2 Sep-Jan (2009-
multispan venlo-type 2010)

Line 3, Bruinsma Wonder High, Medium 16/14 (17.2/14.5) 20/18 2 March-July
(20.5/18.6) 24/22 (2009)

(24.6/22.6)/ air-condition
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Exp.5:Pollen viability and germination

Bruinsma Wonder, Lamuyo B 20/10 (20.5/10.4) 20/20 2 Sep-Dec(2006)
(20.4/20.3) Climate room

Exp. 6:Relation between parthenocarpy and carpel-like structures

Bruinsma Wonder Medium 20/20 (20.6/20.5)/ air- 2 Oct-Jan
condition (2008-2009)

Exp. 7: Inheritance of parthenocarpy and its relation with carpel-like structures

ORF2#1 (OR-MS) Zero De Ruiter Seeds 21/19 (22.5/20.0)/ 2 Sep-Jan

Lamuyo B Low multispan venlo-type 2 (2009-2010)

Parco Low 2

Line 3 High 2

Exp 8: Sequence analysis of ARF'8 genes

Line 3 Medium 24°C constant Multi- 2008-2009

BwW Zero Climate cell branch

Orlando (F2 generation: ORF2) Zero

*referred from (Tiwari et al., 2007)
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Supplemental Table S2.Primer sequences used to amplify Capsicum annuum CaARF8and

CaBELI gene sequences.

Primer Sequence

CA_SGN-U205478 -87F TTAGGGTTTGAATTGGGTTTTG
CaARF8 RP#1-5'UTR (U98922) TCATGGGAAGCAGAGTTGGA
CABWS int#1 GAGTTGGGTATTCCTAGCAGGC
CABWS int#11 GAGTTGGAGCCCGTATTCAA

CaBws8 int#14

CaBw8 int#21

CaBw8 int#23

CABwS int#27

CABwS int#29

CABwS int#31

CABwS int#6 5' to miR167 F
CABwS int#7 5' to miR167 F
CABWS int#9 1528g F
ARF8 SEFA Seq 1

ARF8 SEFA Seq 5

SIARF8 SP 1-1 R

GTGTCAATCAAGGCATCCACT
TGAGAGGGGAAAGTGGTGAG
TCAACTGTGGTGGCAAGTTC
CGTGAGTTCTGACCTCTGAGACAAGC
GGCTGGAGTGTGTTTGTTAGTGC
CCATGCCATTCCATTAAGAGCTTCAC
GGGCTTCTCCTCCCGACA
CAAATCAGGGTCCGTTGG
AGCAGGATAGTGGCTGGTGT
CGAAGGCAGTGGCTTGAGTC
CAGGTCTAGCTTGGTCGGGTG

CACTGTGACCCTGAGGAAAGTAAACCACTCGACTCCCTAC
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Abstract

A hierarchical scheme for the central role of the plant hormones auxin and gibberellins in
fruit set and development has been established for the model plants Arabidopsis and
tomato. In the fruit crop Capsicum annuum, the importance of auxin as an early signal in
fruit set has also been recognized, however, the effect of gibberellins and their interaction
with auxin has not yet been studied. The aim of this paper is to determine the role of
gibberellinand the hierarchy between auxin and gibberellin.We applied gibberellin (GA3)
alone or in combination with auxin or with the gibberellin biosynthesis inhibitor
paclobutrazol (PCB) on stigmas of emasculated flowers. GAj; application enhanced
parthenocarpic fruit set, whereas application of PCB reduced fruit set. The effect of PCB
treatment could be counteracted by co-application of GAjz but not by auxin These results
indicate that in C. annuum, like in Arabidopsis and tomato, auxin is the major inducer of
fruit set that acts in part by inducing gibberellin biosynthesis. Interestingly, GA3; does not
significantly contribute to the final fruit size, and instead it seems to play an important role
in preventing flower and fruit abscission, a major determinant of production loss in C.
annuum. At the same time GAj; together with auxin seems to balance cell division and cell
expansion during fruit growth. In addition, we may have identified a parallel pathway that
contributes to the C. annuum fruit size involving a fertilization-induced invertase activity
that seems to be required to elevate the hexose levels during the rapid growth phase of the
fruit.

Introduction

Fruit set and fruit development is a genetically controlled developmental program existing
in most flowering plants (Gillaspy et al., 1993). Usually the trigger of fruit set dependson
the successful completion of pollination and fertilization, indicating the importance of
pollination/fertilization and seed-derived signalsin fruitsetand subsequent development
(Fuentes and Vivian-Smith, 2009). Fruit development is important for plant reproduction, as
it provides a suitable environment forseed maturation and seed dispersal. Though seeds are
important for plant reproduction, in most economically important fruit crops, e.g. citrus,
grape, melon and pineapple, they are considered as a nuisance, as they decrease productivity
and need to be removed during processing or before consumption (Gillaspy et al,
1993).Fruit set without fertilization or parthenocarpy provides a solution to these problems
(Gillaspy et al., 1993).An important additional advantage of parthenocarpic plants is that
they show fruit set and fruit development under environmental conditions that are
unfavourable for successful pollination and fertilization(Gorguet et al., 2008). For several
fruit crops, parthenocarpy has been obtained by breeding methods that have relied on
mutagenesis (e.g. tomato) or alteration of the ploidy level (e.g. banana and watermelon)
(Spena and Rotino, 2001). However, for many other crops genetic parthenocarpy is not
available yet. In some species such as tomato and eggplant, external application of plant
growth regulators has been proven to be effective for seedless fruit production in the
absence of fertilization (Gillaspy et al., 1993).

Auxin and gibberellins are two classes of plant hormones that are most frequently used to
obtain parthenocarpic fruits (Dorcey et al., 2009;Gillaspy et al, 1993;Heuvelink and
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Korner, 2001; Ozga and Reinecke, 2003; Serrani et al., 2008; Vivian-Smith and Koltunow,
1999). External application of auxin (Alabadi et al., 1996; Koshioka et al., 1994; Ramin,
2003; Serrani et al., 2007) and ectopic expression of genes encoding enzymes of auxin
biosynthesis (Pandolfini et al., 2002) induce fruit-set in tomato. Similar to auxin, external
application of gibberellin induces fruit-set in several species (Dorcey et al., 2009; Fos et al.,
2000; Fos et al., 2001; George et al., 1984; Serrani et al., 2007).The application of both
hormones on emasculated flowers at the optimal concentration can promote fruit
development to the extent observed in seeded fruits e.g. tomato, pea (Ozga and Reinecke,
2003; Serrani et al., 2008; van Huizen et al., 1996).

Several studies indicate that auxin and gibberellin application induces different changes in
morphology, histology and sugar metabolism during fruit development. For example, in
tomato auxin-induced fruits are bigger than GAs-induced fruits, whereas in Arabidopsis the
reverse is true (Serrani et al., 2007; Vivian-Smith and Koltunow, 1999). Auxin stimulates
cell division in tomato and cell expansion in Arabidopsis, while gibberellins stimulate cell
expansion in tomato and cell division in Arabidopsis(Bunger-Kibler and Bangerth, 1983;
Serrani et al., 2007; Vivian-Smith and Koltunow, 1999). Enhancement of sugar
accumulation at the site of hormone application is correlated with fruit growth in a number
of species (Beny et al., 1986; Daie, 1987; Stutte and Gage, 1990). For example, post-bloom
application of GAj; increases seedless grape berry size by increasing invertase enzyme
activity and the hexose content compared to untreated fruits (Perez et al., 2000)

A hierarchical scheme for the role of auxin and gibberellin in fruit set has been established
for the model plants Arabidopsis and tomato, where auxin signals are mediated in part
through the downstream gibberellin pathway (Dorcey ef al., 2009; Serrani et al., 2008). The
importance of IAA in parthenocarpic fruit set has been recognized in the vegetable crop
sweet pepper(Capsicum annuum)(Heuvelink and Korner, 2001). However, the effect of
gibberellins on parthenocarpy induction and the interaction between auxin and gibberellin
has not yet been studied in C. annuum. To improve our understanding of the hormonal
control of fruit set and development in C. annuum,we studied the hierarchy between auxin
and GAj; in fruit set, and determined their effect on cell division, cell expansion, sugar
concentration and sugar metabolism.

Materials and methods

Plant materials and growth conditions

Seeds of sweet-pepper (Capsicum annuum L.) cultivar ‘Bruinsma Wonder’ were obtained
from Plant Research International in Wageningen (PRI: 2004001), and of cultivar ‘Riesen
v.Californien’from ‘The Centre for Genetic Resources’, Wageningen, The Netherlands.
Previous experiments have shown that both cultivars have a medium potential for
parthenocarpic fruit set (unpublished data). Four weeks after sowing, seedlings were
transplanted on rock-wool cubes with a regular supply of nutrient solution. Four weeks after
transplantation, plants were transferred on Rockwool slabs at a density of 2.5 plants m™ in a
compartment of a multispan Venlo-type glasshouse in Wageningen, The Netherlands
(latitude 52° N). Nutrient solution was prepared according to Voogt and Bloemhard (1993)
and was supplied by trickle irrigation. Supplemental lighting by high pressure sodium lamps
(Philips, SON-T, 600 W) for 16 hours (from 06.00 to 22.00) provided a minimum photon
flux density of 125 pumol m?s” at the crop level. The terminal flower was removed from all
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plants at anthesis to support vegetative growth. The twin-branch system was applied,
resulting in two stems per plant, with all side shoots restricted to a single leaf and flower.

Hormone application

Flowers were emasculated (removal of petals and anthers) 2 days before expected date of
anthesis to avoid self pollination. The stigma of an emasculated flower was covered with
lanolin paste at anthesis (day-0), mixed with water (1:1) without (control) or with 0.05%
hormone (dissolved in water and mixed with heated lanolin (100°C), stirred to a
homogeneous paste and cooled to room temperature) by using a spatula. Seeded fruits were
obtained by natural pollination of non-emasculated flowers. Treatments (natural pollination:
Poll, emasculation: Em, Indole-3-Acetic Acid: IAA, Naphthalene Acetic Acid: NAA,
Gibberellin: GAj, and Paclobutrazol: PCB) either alone or in combinations were applied to
two flowers at each node (one flower on main branch and one flower on side branch) on
both branches.

For cultivar Bruinsma Wonder, 6 plants per treatment were used, and flowers up-to 10-15
nodes were treated in two experiments.For the first experiment, the number of treated
flowers were n=110 for Poll, n=80 for Em, n=74 for Em+IAA, n=84 for Em+GAj;, n=70 for
Em+ (IAA+GA;) For the second experiment,the number of treated flowers were n=30 for
Em, n=11 for Em+IAA, n=12 for Em+GAj;, n=43 for Em+PCB, n=52 for Em+PCB+IAA
and n=48 for Em+PCB+GA;.Temperature set point was 20/20°C while realized temperature
was 22.4/20.7°C D/N. The treatments started in March and experiment ended in June.

For cultivar Riesen v.Californien, six plants were used for each treatment in two
experiments. For the first experiment, flowers were treated until six fruits per plant were
obtained. The remaining flowers were removed. Fruits were set at 1%, 2" or 3™ and some-
times up-to 4™ node positions. Treatments were: Poll, Em, Em+IAA, Em+NAA, Em+GA;,
Em+ (IAA+GA;), Em+ (NAA+GA3). After harvesting of these fruits, new flowers on the
same plants were used to test the effect of the gibberellins biosynthesis inhibitor (PCB).
Lanolin paste containing PCB was applied on the stigma of emasculated flowers either
alone or in combinations of hormones: Em+PCB(n=15), Em+PCB+NAA(n=13),
Em+PCB+GA;3(n=15). GAs was applied on flowers that were earlier (1-2 days) treated with
Em+PCB+NAA (n=11). Fruits were harvested at 4-5 weeks after treatment and fruit set was
calculated. Temperature set point was 20/20°C while realized temperature was 22.3/21.2°C
D/N. The treatments started in September and experiments ended in December.

Fruits were harvested from both cultivars (i.e. Bruinsma Wonder, Riesen v.Californien)
when they were completely red and their length, diameter, and fresh weight were measured.
Fruits with a fresh weight less than 50% of the average weight of fruits obtained after
natural pollination were considered as knots and the remaining fruits were considered as
normal fruits. In all experiments, knots were included only for the determination of fruit set
and excluded for all other measurements i.e. fruit weight, percentage fruit with carpel-like
structures (CLS). Number of days required from anthesis till fruit maturity was calculated in
all fruits of cv. Riesen v.Californien.

Measurement of cell division and cell expansion, and sugar concentration and invertase
enzyme activity
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Plants of C. annuum cultivar ‘Bruinsma Wonder’were grown between December and July, as
described above, in an air conditioned greenhouse at 20.4/20.2°C day/night temperature. Five
plants were used per treatment and only one flower per node was given the treatment: Poll,
Em, Em+IAA, Em+GAj;, Em+ (IAA+GA3), and Em+ (IAA+GA3). Fruits were harvested at
5, 20 and 60 days after anthesis (DAA) with 3-5 fruits for each stage and for each treatment.
Length, diameter and fresh weight were measured. The same fruits were used for the
evaluation of number of cell layers and cell diameter in the carpel (only at 60 DAA), and for
the measurement of sugar (glucose, fructose and sucrose) concentrations and invertase
enzyme activity.

To evaluate cell division and cell expansion, horizontal cross sections of the carpel were
mounted, stained with “safranin O” (stock solution: 2.5 g safranin O Certistain ® in 100 ml
of 96% ethanol, working solution: 1:100 dilution in water), and observed under a Zeiss
Axioplan 2 fluorescence/DIC microscope.Photographs were taken with a Zeiss AxioCam
MRec 5 digital colour camera. Cell diameter was measured using Image tool version 3.0. For
each treatment, 20-30 cells were observed from 4-5 sections per fruit. The number of cell
layers was counted in mesocarp layers as a measure of cell division. Cells diameter was
measured in the mesocarp area, 5-6 layers below exocarp as a measure of cell expansion.
The remaining carpel was freeze dried by using ‘Edwards Modulyo EF4-174 Freeze Dryer’.
Freeze dried samples were divided into two parts where one part was used to evaluate the
sugar concentration (glucose, fructose and sucrose) and the other part was used to measure
soluble and insoluble invertase enzyme activity by using the methods described by Helder and
Vreugdenhil (1999).

Statistical Analysis

The effect of auxin (IAA, NAA), GA;, and PCB on fruit set and fruit size was tested in a
one way ANOVA. GAj; treatment and emasculation were excluded from this ANOVA due
to the large variation as a result of their small sample size only in cv. Riesen v.Californien.
Mean separation was done by Student’s t-test (LSD) based on the ANOVA mentioned
above. Change in the number of cell layers/cell diameter or sugar concentration/ invertase
enzyme activity was also tested in a one way ANOVA. Data processing and statistical tests
were carried out with SPSS (Statistical Package for the Social Sciences) 15.0.

Results

Capsicum annuum fruit set is induced by auxin and requires downstream gibberellin
biosynthesis

To study the hierarchical order of the action of auxin and gibberellin in fruit set in C.
annuum, auxin (IAA) and the gibberellin (GA3) were applied separately or in combination
on stigmas of emasculated flowers of cultivar ‘Bruinsma Wonder’. Under our growth
conditions, following emasculation,already 34% of the flowers in this cultivar developed
into fruits, of which one third remained too small to be considered as normal fruits (below
50% of the weight of seeded fruits) and were called knots. Hormone application enhanced
fruit set, and this effect was stronger for GA3 (60%) and IAA+GA; (63%) application than
for IAA application (46%) (Fig.1A). The percentage of knots was reduced by application of
IAA but not by application of GA3 and IAA+GAj; compared to only emasculation (Fig. 1A).
Fruits of Bruinsma Wonder often contained internal out-growths that partially or fully
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occupied the fruit cavity andwere named carpel-like structures (CLS), as these out-growths
most likely resultedfrom homeotic conversion of aberrant ovules, (Fig. 2B-E). The CLS
development was clearly inhibited in the presence of seeds, as the number of CLS-
containing fruits increased from 40% in seeded fruits to 75% in seedless fruits. The average
weight of parthenocarpic fruits (excluding knots) obtained either by emasculation or by
application of auxin and GAj; on emasculated flowers (149g + 5.8 for IAA, 123g + 3.9 for
GA;, 137g + 3.8 for IJAA+GA;) was smaller than that of seeded fruits (167g + 5.2, P<0.001;
Fig. 1F). Fruits obtained after GAsapplication were significantly smaller than auxin-induced
fruits (P<0.001). Simultaneous application of auxin and gibberellin did not increase the fruit
weight more than TAA (P=0.056)(Fig. 1F). These results indicate that IAA enhances both
fruit set and fruit weight and reduces the number of knots, whereas GAj3 enhances fruit set
but results in smaller fruit size at maturity.
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Figure 1 The effect of auxin and GAj on seedless fruit set and development and carpel-like
structures (CLS) in Capsicum annuum cultivar ‘Bruinsma Wonder’. A;
Percentage of fruit set including percentage of knots. B-E; Structure and position
of CLS in seedless fruit with minor (B), medium (C) and strong (D) growth, and
in seeded fruits at the base of placenta (E), Scale bar: 1cm for B-E. F; Average
weight (g) of fruits obtained from untreated (Poll; n=26) or emasculated flowers
(Em; n=83), or from emasculated flowers that were treated with IAA (n=34), GA;
(n=50),IAA+GA; (n=44). G; Percentage of fruit set and fruit weight in fruits
obtained after emasculation (Em, n=12) or after emasculation followed by IAA
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(n=4), GAs (n=5), paclobutrazol (PCB) (n=3), PCB+GA3 (n=19) or PCB+IAA
(n=5) application. Different letters above the bars represent different classes that
are significantly different according to Student’s t-test (P < 0.05). Fruits with a
fresh weight less than 50% of the mean weight of natural pollinated fruits were
considered knots. Knots are included for the measurement of fruit set and
excluded for other measurements.

To test whether auxin-induced fruit set is dependent on de novo gibberellin biosynthesis,
like it is in Arabidopsis and tomato, we applied auxin and gibberellin in combination with
the gibberellin biosynthesis inhibitor paclobutrazol (PCB). PCB application alone reduced
fruit set from 30% to 7%. Fruit set was improved to 88% when PCB was applied in
combination with GAs, but not when applied in combination with TAA (12%) (Fig. 1G).
These results indicate that auxin-induced fruit set is mediated by the induction of gibberellin
biosynthesis. The fruit weight after IAA and GAj; application was in accordance with the
previous observation (Fig. 1F) where GAs-induced fruits were smaller than [AA-induced
fruits. The fruit weight obtained after PCB treatment was comparable to that obtained after
emasculation or emasculation followed by IAA treatment. These observations lead to a
model where auxin acts upstream of gibberellin in fruit set, most likely by inducing
gibberellin biosynthesis, and is important for full fruit development (reduced number of
knots), while GAs is required for fruit set by reducing flower abscission. As such, it is
difficult to conclude that GAj3 reduces fruit size, as the smaller fruit size might be caused by
the increased number of fruits per plant.

GA; enhanced fruit set results in smaller fruits due to reduced growth rate

We subsequently analysed whether our observations in cv. Bruinsma Wonder could be
reproduced in genotype Riesen v.Californien. In addition, to check whether reduced fruit
weight after GAj application was caused by the higher number of fruits per plant or by their
reduced capacity to attract assimilates, only six fruits were allowed to set per plant by
removing the subsequent flowers.Like with Bruinsma Wonder (Fig.1), emasculation in
Riesen v.Californienresulted in fruit set (41%) and hormone application enhanced the
percentage of fruit set, where the effect of GAs was higher (87%) than IAA (57%). GA;
application increased the percentage of knots (73%), whereas this was reduced after NAA
(21%) and TAA (22%) application compared to emasculation only (Fig. 2A). More than
50% of seeded and seedless fruits contained CLS. The placental origin of CLS and the
variability in their size was the same as observed for Bruinsma Wonder (Fig. 1B-E). The
average weight of parthenocarpic fruits was less than that of seeded fruits (P<0.001) (Fig.
2B). NAA- and [IAA-induced fruits were comparable in weight (Fig. 2B), but fruit set after
NAA application was higher than after IAA (Fig. 2A). Application of GAj resulted in fruit
size smaller than TAA- or NAA-induced fruits (P=0.036) and comparable to those obtained
from untreated emasculated flowers. Simultaneous application of IAA and GAj; resulted in
fruits with a similar weight as IAA-induced fruits (P=0.252) (Fig. 2B). No difference in
growth period (number of days required from anthesis till fruit maturity) was observed
between GAsz-induced and auxin-induced fruits or between GAjs-induced and
pollination/fertilization-induced fruits (Fig. 2C). As the fruit load per plant was kept
constant (n=6), the competition between the fruits would be lessthan in Bruinsma Wonder
(Fig. 1) where all flowers up-to 10-15 nodes were treated. This suggests that smaller fruit

61



Chapter 5

size after GAs; application occurs because of reduced growth rate and not because of
competition between fruits.

To test whether the hierarchy between auxin and gibberellin is also the same as observed in
cv. Bruinsma Wonder, we applied auxin and gibberellin in combination with the gibberellin
biosynthesis inhibitor PCB. PCB application alone reduced fruit set from 47% to 7%. The
fruit set was improved to 91% when PCB was applied in combination with GA3; but not
when applied in combination with NAA (10%). Application of GA3 on NAA and PCB-
treated flowers resulted in increased fruit set (91%) (Fig. 2D). These results confirm our
previous observation in Bruinsma Wonder that auxin can initiate fruit set, result in full fruit
development, and strongly suggest that auxin-induced gibberellin biosynthesis is required
for fruit set.
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Figure 2Evaluation of fruit set and fruit development in Capsicum annuum cultivar ‘Riesen
v.Californien’ under constant fruit load conditions. A; Percentage of fruit set
including percentage of knots. Fruits which obtained fresh weight less than 50%
of the average weight of natural pollinated fruits were considered as knots. Knots
are included for the measurement of fruit set and excluded for other
measurements. B; Average fruit weight (g) obtained after pollination and
fertilization (Poll; n=17), emasculation (Em; n=11), or emasculation followed by
IAA (n=21), NAA (n=23), GA; (n=8),JAA+GA;3 (n=21),or NAA+GA; (n=27)
application.Six plants with six fruit per plant were used for each treatment. C;
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Growth period (from anthesis till ripening) for all the fruits obtained from
different treatment (same as Fig 2B). D; Percentage of fruit set after application of
paclobutrazol (PCB) on stigmas of emasculated flowers, either alone (n=15) or in
combination with NAA (n=13), GA3 (n=15), or NAA+GA; (n=11). Different
letters above the bars represent different classes that are significantly different
according to the LSD-test (P=0.05).

GA; stimulates cell division and auxin stimulates cell expansion during fruit growth

To clarify the effect of GA; and auxin on cell division and cell expansion, we compared the
histology of seeded and seedless fruit of cv. Bruinsma Wonder at 60 DAA. The carpel
section showed a single layer of exocarp cells, multiple layers of mesocarp cells and two
layers of (giant and small) endocarp cells (Fig. 3A). The number of cell layers in the
mesocarp was used as a measure of cell division (Fig 3A: broken arrow). The average
number of cell layers in the mesocarp was 22 (£0.6) in fruits obtained after emasculation
and 27 (£0.4) in fruits obtained after pollination. The number of cell layers in GAsz-induced
fruits (26+0.4) was not different from fruits obtained after pollination (P=0.313), whereas
[IAA-induced fruits (23+0.8; P=0.012) developed significantly less cell layers (Fig. 3B).
Because a gradient in cell size was observed from the exterior to the interior of the
mesocarp, we used the same four to six layers (starting from layer 5 from the exocarp) to
measure the diameter of individual cells (Fig. 3A, box; Fig. 3C, arrow). The mean cell
diameter was the same in fruits obtained after pollination or IAA application (P=0.585),
while this was significantly smaller in fruits obtained after GA; (P=0.001) application (Fig.
3B). The simultaneous application of IAA and GA; resulted in a cell diameterintermediate
of auxin and gibberellin. These data indicate that during fruit growth auxin stimulates cell
expansion, whereas GAj; rather enhances cell division. This together with the observation
that auxin-induced fruits in general are bigger than GAs-induced fruits suggest that cell
expansion is an important determinant of the final fruit size in C. annuum.

Hexose content during the exponential growth phase as a possible determinant of fruit
weight

To test whether the smaller size of seedless fruits could be correlated with a lower hexose
content or invertase activity, we measured the glucose, fructose and sucrose concentrations
and the acid invertase enzyme activity in seeded and seedless fruits (Em, Em+IAA,
Em+GAj;, Em+tIAA+GA3) at 5, 20 and 60 DAA forcv. Bruinsma Wonder. The criteria for
the selection of sugars and enzyme activity were based on the finding by Nielsen et al.,
(1991)that acid invertase enzyme activity is important at early and late stages of fruit
development, and glucose, fructose and sucrose are major carbohydrates in seeded fruits of
C. annuum.
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Figure 3 Analysis of cell division and -expansion in mesocarp layers from fruits
Capsicum annuum cultivar ‘Bruinsma Wonder’ at 60 days after anthesis. A, A
representative image of a horizontal cross section of the carpel with the
indication of an area (box) from where diameter of cells were measured and
differentiation of layers into exocarp (outer single layer), mesocarp
(multilayered) and endocarp (two layered). VB = vascular bundle. B, Average
number of cell layers and average cell diameter from fruit obtained after
pollination (Poll), emasculation (Em), and emasculation followed by IAA, GA;
or IAA+GA; application (n=3-5). Different letters above the bars represent
different classes that are significantly different according to the LSD-test
(P=0.05). C-G; Detail of a horizontal cross sections of the mesocarp in mature
fruits, showing parts of the region where cell size was measured in transverse
direction (arrow). Fruits were obtained from pollinated (C), or emasculated
flowers (D) or from emasculated flowers treated with IAA (E), GA;3 (F), or
TAA+GA; (G). Scale bars: 50 pm (A) or 20 um (C-G).

Differences in fruit weight were already visible at 5 DAA, where pollinated and auxin
treated flowers resulted in the same fruit weight, while flowers treated with GAj resulted in
a reduced fruit weight compared to seeded fruits (P=0.010). As observed earlier in Fig. 1
and 2, fruits obtained after pollination at 20 DAA were bigger than fruits obtained after
emasculation or after emasculation followed by IAA or GA; or IAA+GA; treatment
(P<0.001). TAA and IAA+GA; application resulted in fruits of similar weight (P=0.633),
whereas GAj application resulted in the smallest fruit size (P=0.029). Similar differences in
fruit weight were observed at 60 DAA (Fig. 4A).

In all fruits, the hexose concentration increased (up to 9-fold) whereas the sucrose
concentration decreased (up to 4-fold) in the period between 5 and 20 DAA. At 5 DAA the
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glucose and fructose concentrations did not differ significantly (P=0.289), but at 20 DAA
the fructose concentration was significantly lower than the glucose concentration (P<0.001)
(Fig. 4B, C). Interestingly, at 20 DAA both the glucose and fructose concentrations were
higher in seeded fruits compared to most seedless fruits (glucose: emasculated: P=0.002,
IAA: P=0.009, IAA+GA;: P=0.014), except for the glucose concentration in GAsz-induced
fruits (P=0.213) (Fig. 4B, C). At this time, the total hexose concentration was also higher in
seeded fruits (P=0.005) compared to seedless fruits. A positive relation between fruit fresh
weight and hexose content was observed at 20 DAA (r°=0.82) for all treatments (Fig. 4E),
suggesting hexose as a possible determinant for fruit weight. In the nearly mature fruits at
60 DAA, glucose and fructose were the dominant carbohydrates stored in the fruit
representing more than 80% of the total soluble sugar (Fig. 4B, C). Now the glucose
concentration was clearly higher in seedless fruits compared to seeded fruits (P=0.001) (Fig.
4B), while no clear difference was observed for the fructose and sucrose concentration (Fig.
4C-D).

The soluble invertase enzyme activity decreased while fruit fresh weight increased at
between 5 and 20 DAA. The enzyme activity was slightly higher at 60 DAA compared to
20 DAA in GAj; and TAA+GA; induced fruits, and this increase in activity was also
reflected in an increase in glucose and fructose levels, indicating that hexose accumulation
at maturity is due to increase soluble invertase enzyme activity (Fig. 4F). Higher insoluble
invertase enzyme activity was observed in seeded fruits compared to seedless fruits at 5
DAA (P=0.021) (Fig. 4G). A clear positive relationship was observed between insoluble
invertase enzyme activity at 5 DAA and hexose concentration at 20 DAA (Fig. 4H),
suggesting an important role for this enzyme activity and the resulting increase in hexose
concentration in seeded fruit growth. The stronger reduction in hexose levels in seeded
fruits at 60 DAA can be attributed to dilution by stronger growth, or to the fact that in
seeded fruits these assimilates accumulate in the seeds, which are not included in the tissue
samples for these measurements.

Discussion

To test the role ofgibberellinin fruit set and to investigate the hierarchy between auxin and
gibberellin we studied the effect of GA3 (the most commonly used gibberellin) and auxin
(IAA, NAA) on fruit set and fruit growth in C. annuum cv. Bruinsma Wonder and Riesen
v.Californien. External application of GAj3 and auxin on the stigma of emasculated flowers
enhanced parthenocarpic fruit set compared to only emasculation, indicating that these
phytohormones can trigger fruit set. However, application of these two hormones could not
reproduce the exact fruit size and shape as observed following fertilization. This suggests
that either seeds have other roles in stimulating fruit size besides being a source of
gibberellin and auxin (Gillaspy ef al., 1993; Mapelli et al., 1978; Sjut and Bangerth, 1982),
or perhaps the method of ectopic application may never be sufficient to reproduce the
normal endogenous signalying pathways that trigger fruit initiation and development. The
majority of seedless fruits showed CLS development, suggesting that the absence of
fertilization stimulates CLS development. This observation is in line with previous reports
(Tiwari et al., 2007) where CLS were prominent in seedless fruits, while less or no CLS
were reported in seeded fruits.
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annuum cultivar ‘Bruinsma Wonder’ at 5, 20 and 60 days after anthesis (DAA), A;
Fresh weight (g) of fruits obtained after pollination (Poll), emasculation (Em), or

66



Auxin-induced parthenocarpic fruit.....

emasculation followed by GAj; IAA or IAA+GA; treatment. B-D; Sugar
concentration expressed as pg per mg dry weight in fruits obtained after different
treatments for glucose (B), fructose (C) and sucrose (D). E; A positive relation
between fruit fresh weight (g) and hexose concentration at 20 DAA. F;G, Soluble
(F) and insoluble (G) invertase enzyme activities expressed as pmol g per dry weight
per hour. H; A positive relation between insoluble invertase enzyme activity at 5
DAA and the total hexose concentration at 20 DAA. For B-H use legends as in A.
Vertical bars represent SEM (n=3-5).

Auxin-induced parthenocarpic fruit set requires downstream gibberellin biosynthesis to
reduce abscission

The TAA- or NAA-induced fruits were comparable in size, but NAA induced fruit set was
higher, which could be due to its longer lasting effect (more stable synthetic hormone)
compared to IAA (unstable natural hormone) (Paciorek er al., 2005; Staswick, 2009). In
contrast to Arabidopsis (Vivian-Smith and Koltunow, 1999), but similar to tomato (Serrani
et al., 2007), we found that fruits obtained after GAj3 application were smaller than fruits
obtained after auxin application. This smaller size is a consequence of a reduced growth
rate, as the time required from anthesis until mature ripe fruit did not differ between GAj3
and auxin-induced fruits (Fig. 2C). A likely reason for smaller fruit size after GAj;
application compared to auxin application is that gibberellin alone does not whereas auxin
does trigger the first steps of fruit initiation, and that at the same time auxin stimulates
gibberellin biosynthesis, as has been observed in tomato through the transcriptional
activation of G4 20-oxidases(Marti et al., 2007; Olimpieri et al., 2007; Serrani et al., 2007).
Fruit set was reduced by simultaneous application of gibberellin biosynthesis inhibitor
paclobutrazol (PCB) both in cv. Bruinsma Wonder and Riesen v.Californien (Fig. 1G, 2D).
Subsequent application of gibberellin could overcome the inhibitory effect of PCB and
resulted in normal fruit set. These experiments nicely demonstrated that also in C. annuum
auxin acts upstream of gibberellin biosynthesis during fruit initiation. These observations are
in agreement with both tomato and Arabidopsis where fruit set in auxin-induced fruits
requiresdownstream gibberellin signalling(De Jong et al., 2009; Frigerio et al., 2006; Serrani
et al., 2007, Serrani et al., 2008; Vivian-Smith and Koltunow, 1999).

Gibberellin had no additional effect on fruit growth, as treatment with GAjz alone did not
increase fruit size compared to emasculation only, and since combined treatment with auxin
and GA; did not result in bigger fruits as compared to auxin treatment alone (Fig. 1F, 2C).
This result is in contrast to Arabidopsis, tomato and pea where simultaneous application of
gibberellin and auxin resulted in fruit size larger than auxin-induced fruits, and more similar
to fruit induced by pollination and fertilization(Bunger-Kibler and Bangerth, 1983; Serrani et
al., 2007; van Huizen ef al., 1996; Vivian-Smith ef al., 2001). A likely mechanism by which
GA; enhances fruit set in C. annuum is by preventing floweror fruit abscission, as in C.
annuum this process is easily induced by environmental and growth conditions (Pressman et
al., 1998). Gibberellins are well-recognized as antagonists of abscisic acid in the control of
fruit growth in citrus (Mahouachi et al., 2005). By contrasting ABA, gibberellin-treated
ovaries might stay longer on the plant and thus have a higher chance that the fruit
development program is initiated. For many of such ovaries, however, the auxin levels are
not sufficiently induced to trigger full fruit development, and thus these ovaries result in
knots.In tomato these knots are also known as misshapen fruits, pseudo-fruits, puffs or nuts
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(Carmi et al., 2003; Serrani et al., 2007). GAs-induced fruits in tomato show poorly
developed locular tissue that lacks jelly inside the cavity. Although these fruits have not
been named as knots, their characteristics do not support them as being normal fruit (Serrani
et al., 2007).

GA; stimulates cell division and auxin stimulates cell expansion during fruit growth

The coordinated action of auxin and gibberellin is required for normal fruit development in
tomato (Bunger-Kibler and Bangerth, 1983), blueberry (Cano-Medrano and Darnell, 1997),
citrus (Guardiola et al., 1993; Vercher and Carbonell, 1991), rape (Srinivasan and Morgan,
1996), watermelon (Sedgley et al., 1977), pea (Vercher et al, 1987),and
Arabidopsis(Vivian-Smith and Koltunow, 1999). Our results show that this is also the case
for C. annuum, as GAjis required for fruit set and stimulates mesocarp cell division and
auxin stimulates mesocarp cell expansion, whereas application of both hormones or
fertilization stimulates both cell division and cell expansion (Fig 3B). These observations
are similar to Arabidopsis (Vivian-Smith and Koltunow, 1999), but in contrast to tomato
where GAsstimulates mesocarp cell expansion and auxin stimulates mesocarp cell
division(Bunger-Kibler and Bangerth, 1983; Serrani et al., 2008). Although both hormones
are required for normal fruit development, fruit weight obtained after simultaneous
application of auxin and gibberellin were not similar to fruits obtained after fertilization
(Fig. 1F, 2B), suggesting that not only hormones but also other factors might be involved in
regulating the final fruit size.

Hexose content during the exponential growth phase as a likely determinant of fruit weight
Hexose accumulation at the early stage of rapid fruit growth has been shown to enhance the
final fruit size in tomato and grapes (Ho, 1984; Perez et al., 2000).Also in C. annuum
hexose was observed as a major accumulating sugar both in seeded and seedless fruits at 60
DAA (Fig. 4B, C) (Nielsen et al, 1991), similar to seeded fruits of red fruited tomato (S.
lycopersicum, S. chmielewskii, S. pimpinellifolium), where mature fruits accumulate glucose
and fructose as a main carbohydrates(Kortstee et al., 2007).In seeded fruitsat 20 DAA the
hexose concentrations peak, whereas this peak was reduced in seedless fruits, which might
reduce fruit growth and result in smaller size of seedless fruits compared to seeded fruits.
Invertase enzyme activity is responsible for the cleavage of sucrose into hexose. During
fruit development the soluble invertase enzyme activity was highest at 5 DAA, decreased at
20 DAA, and then was elevated again at 60 DAA; we did not observe a difference between
seeded and seedless fruits.However, as measurements were performed only at three
developmental stages (5, 20, 60 DAA), we may have missed increases in invertase activity
in seeded fruits just before the onset of growth. Strikingly, the high soluble invertase
activity at 5 DAAwas followed by an increase in glucose and fructose levels at 20 DAA,
suggesting that hexose accumulation at maturity might be due to high soluble invertase
enzyme activity at the start of fruit development. These results are similar to what has been
previously reported for seeded fruits of C. annuum and also for red fruited tomato, where an
increase in hexose concentration was in accordance with acid invertase activity (Kortstee et
al., 2007; Nielsen et al., 1991). The higher hexose levels in seeded fruits compared to
seedless fruits at 20 DAA is not related to their difference in soluble invertase enzyme
activity. Insoluble invertase enzyme activity was higher in seeded fruits compared to
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seedless fruits at 5 DAA and this might results in the higher hexose levels at 20 DAA (Fig.
4H).

Conclusion

Our results clearly demonstrate that external application of auxin (IAA, NAA) and GAj3 on
stigmas of emasculated flowers enhances parthenocarpic fruit set compared to fruits
obtained after emasculation. The hierarchy between auxin and gibberellin in fruit set in C.
annuumappears similar to that reported in Arabidopsis and tomato where GA; biosynthesis
acts downstream of auxin. In C. annuum, GA; seems to have an essential role in promoting
fruit set while auxin seems to be important for both fruit set and fruit development.
Application of auxin or GAj; resulted in fruit size smaller than seeded fruits, which is due to
a reduced cell division or cell expansion, respectively. Simultaneous application of auxin
and gibberellin could also not reproduce the exact fruit size and shape of seeded fruits,
suggesting that seeds have other roles in stimulating fruit size besides being a source of
auxin and gibberellin. Our data suggest that fertilization triggers other auxin- and
gibberellin-independent pathways, such as early insoluble invertase activity thatmight be
required to elevate the hexose levels during the rapid growth phase leading to larger fruit
size of seeded fruit than seedless fruit.
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Chapter 6

Introduction

The aim of this thesis has been to investigate the physiological and developmental changes
that occur during parthenocarpic fruit set in sweet pepper (Capsicumannuum)and providing an
analysis as to whether C. annuum can be comparatively used as a model with those developed
already for tomato and Arabidopsis fruit development..From a literature survey, we know
thatparthenocarpy has been studied in a wide range of plant species including the model plant
Arabidopsisand the fruit crop tomatobecause of its agronomical and commercial benefits. This
trait is desirable also for C. annuum production because it minimizes yield fluctuation and
enhances total yield. Beside this,parthenocarpyfruits are easy to consume, much wanted for
minimal-processed food (cut slices of fruit), and have a high shelf-life (Gonzalez et al., 2004).
Despite of this need, parthenocarpyhas beenlargely unstudied in C.annuum.Nobreeding
approach has been successfullyapplied to obtain parthenocarpic cultivars inC.annuum.
Likewiseinter- or intra-specific hybridization has also never been used to introduce
parthenocarpy intoC. annuum. Parthenocarpic mutants have not yet been described nor any
transgenic parthenocarpic plants generated in C. annuum.We do not know whether,
physiological and molecular mechanisms which regulate fruit set in C. annuum are the same as
those reported for the model plant Arabidopsis and tomato. Low night temperature induces
parthenocarpy in C. annuum, however, differences among genotypes for their parthenocarpic
fruit set potential and the effect of temperature on fruit size is also not studied in different C.
annuum genotypes. Though co-occurrence of parthenocarpy and carpel-like structures (CLS)
phenotype has been reported, their genetic basis and their synergistic interaction have not been
reported until now. External application of auxin induces parthenocarpy in C. annuum,
however, the role of gibberellin and the hierarchy between auxin and gibberellin was not
known until results from this thesis came to light.

In this thesis, we investigated the physiological and morphological changes that occur in a post
pollinated ovary to understand the mechanism of fruit set. Then, we evaluated the genetic
variation among the C.annuum genotypes for their parthenocarpic fruit set potential.
Furthermore, parthenocarpic genotypes were evaluated at low night temperature for their fruit
size. The morphological and genetical basis of parthenocarpy and CLS was investigated and
hormonal regulation of fruit set was studied.

Fruit set mechanisms are conserved among C. annuum, tomato and
Arabidopsis

Plant hormones play a central role in inducing fruit set leading to both seeded and seedless
fruits (Garcia-Martinez and Hedden, 1997; Gillaspy et al., 1993). Fruit set in seeded fruits of
Arabidopsis and tomato follows a series of events including pollen germination, pollen tube
growth, transmission of growth signal from ovule to carpel and initiation of cell division and
cell expansion leading to fruit growth (Abad, Monteiro, 1989; Garcia-Martinez, 1997; Gillaspy
et al., 1993; Gillaspy ef al., 1993;Vivian-Smith, 2001; Fig. 1). In C. annuum, the combination
of cell division and cell expansion contributes to early fruit growth where cell division was
prominent during the early stage and cell expansion was prominent during the later stage of
fruit growth. A hierarchy between auxin and gibberellin was observed for fruit set where auxin
signals are mediated through gibberellin pathways (Chapter 2, and 5). These observations in C.
annuum are similar to that reported in tomato and Arabidopsis (Abad, Monteiro, 1989; Garcia-
Martinez, 1997; Gillaspy et al., 1993;Dorcey et al., 2009; Goetz, 2006; Vivian-Smith ef al.,
2001; Dorcey et al., 2009; Goetz et al., 2007; Serrani et al., 2008), which indicates a
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conservation of fruit set mechanism among these species. In this scenario, the molecular,
genetic and physiological observations in tomato and Arabidopsis can used as future
framework to relate to what happen in Capsicumduring fruit set and fruit development.

Emasculation or
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Figure 1 Model indicating a series of events that occurs after pollination and fertilization in
Capsicum annuum similar to that already described tomato and Arabidopsis.
Fertilization stimulates endogenous auxin synthesis or auxin de-conjugation (in the
ovule), which in turn induces auxin responsive genes. Transport of auxin from ovules
to carpel mediates vascular connection between ovule and carpel, and induces cell
division and cell expansion in different layers of the carpel (in combination with other
hormones) resulting in an increase in fruit diameter (early fruit growth). (Vertical
arrows in exocarp and endocarp layers represent anticlinal division and random arrows
in mesocarp represent random orientation of cell division). Autonomous accumulation
of endogenous plant hormones might trigger fruit set even in the absence of pollination
and fertilization (i.e. when either performed by emasculation or by growing plants at
low night temperature), following the same series of physiological events that occurs
after fertilization.

However, beside these similarities, there are differences for example mature fruits of C.
annuum obtained after auxin and gibberellin applications are morphologically similar to
tomato and histologicaly similar to Arabidopsis (Chapter 5). These differences might be
because of the involvement of various factors such as environmental conditions, genotypic
constitution, epistatic and pleiotropic influences of genes that regulate the optimal
performance of hormones and subsequently affect the normal fruit growth (Duca, 2003). Also
possible that ectopic phytohormone might not trigger all the same processes that occur after
pollination/fertilization due to difference in their transport, application and concentration.

73



Chapter 6

Intrinsic parthenocarpic potential inCapsicum annuum

Usually, absence of fertilization leads to ovule degeneration and abscission of the surrounding
carpels (Bertin, 1995). However, we found fruit set in most of the studied C.annuum
genotypes after preventing the pollination and fertilization, which might be because of their
genetic potential for parthenocarpic fruit set (Chapter 3, Chapter 4). C. annuum is one of the
most domesticated species in the world(Pickersgill, 1997) and has been under intense selection
and domestication for thousands of years. Certain traits might have already under selection and
narrowed the variability, consequently resulting in presence of parthenocarpy among C.
annuum genotypes that we observed in chapter 3.

Emasculation or growing plants at low night temperature are two effective means to prevent
pollination and fertilization in C. annuum. Emasculation or removal of outer floral organs is a
common practice to assess the parthenocarpic fruit set potential, which has also been applied
in tomato and Arabidopsis (Philouze and Maisonneuve, 1978a; Vivian-Smith, 2001; Vivian-
Smith, Koltunow, 1999). Parthenocarpic fruits can be obtained either by increasing the
concentration of phytohormones or the alteration of phytohormones signalling in fruits by
other means than seed development (Abad, and Monteiro, 1989; Garcia-Martinez and Hedden,
1997; Gillaspy et al., 1993). This implies that emasculation not only assures the failure of
pollination and fertilization but will probably influence the endogenous plant hormone level
and signalling. Outer whorl organs might have an inhibitory effect on fruit set as reported in
the fruit without fertilization (fwf) mutant of Arabidopsis where physical removal of floral
organs surrounding the carpel resulted in stronger parthenocarpic fruit set (Vivian-Smith et al.,
2001). Genes that express or regulate the signaling from outer whorl organs to the carpel
development are not yet identified, and it would be interesting to explore these in future
because this will help to understand the inter-floral communication and their possible
involvement in fruit set.

Low night temperature-induced parthenocarpic fruits are most likely due to poor pollination
and fertilization as temperature affects the release of pollen, pollen viability, or pollen tube
growth (in- vitro and in- vivo)(Iwahori, 1966; Rylski et al., 1994; Charles and Harris, 1972;
Rudich et al., 1977; Maestro and Alvarez, 1988)e.g. in tomato and C. annuum (Bianchi, 1969;
Tiwari, 2007; Chapter 4).Thus, autonomous accumulation of plant hormones after preventing
pollination and fertilization leads to parthenocarpic fruit set and might follow the same series
of physiological and morphological changes that occurs after pollination and fertilization (Fig.

).

Auxin is a main signal for initiation of fruit development while gibberellins
are mainly involved in fruit set

Both auxin and gibberellins were found to be effective in enhancing parthenocarpic fruit set in
C. annuum, similar to what has been reported in various crops of commercially grown fruits
(Martinelli et al., 2009; Park, 2010; Pharis and King, 1985). Simultaneous application of both
hormones resulted in fruit weight smaller than seeded fruits suggesting that seeds are needed
for full fruit development because seeds have also other roles in stimulating fruit size besides
being a source of gibberellin and auxin (Gillaspy et al., 1993; Mapelli et al., 1978; Sjut and
Bangerth, 1982).
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Auxin is an effective hormone to induce fruit set and fruit size

Early fruit growth is more due to cell division than cell expansion (Chapter 2) and the role of
GA; is also recognized for stimulating cell division (Chapter 5) suggesting the importance of
gibberellin in fruit set. Importance of auxin has been recognized in early and later stage of fruit
growth (Chapter 2, Chapter 5). External application of auxin results in higher fruit set and
larger fruit size (Chapter 5) suggesting that molecular insertion of genes that induce
endogenous level of auxin couldalso is used to obtain parthenocarpic fruits in C. annuum. The
molecular insertion of auxin biosynthesis gene (e.g. iaaM) influences the endogenous level of
auxin and results in parthenocarpic fruit set e.g. in strawberry, grape, tomato and eggplant
(Ficcadenti et al., 1999; Rotino et al., 1997). Fruits obtained by using transgenic approach are
apparently similar to seeded fruit in size and morphological appearance i.e. tomato (Pandolfini
et al., 2002). The transgenic approach to obtained parthenocarpic plant in C. annuum is not
successful yet because of the difficulties to regenerate the transformed C. annuum. Recently,
stable transformation and efficient regeneration has been demonstrated in a wide range of
important C.annuum genotypes (Balazs et al., 2008), which could help to obtain a transgenic
parthenocarpic C.annuum in the future.

Hormone-induced parthenocarpic fruits reduce yield fluctuation

Auxin-induced parthenocarpic fruits resulted in more regular fruit set compared to the
natural pollinated fruits (Heuvelink, Korner, 2001). Similar to this, we found regular fruit
set in auxin and gibberellin-induced fruits compared to seeded fruits (unpublished data).
Introduction of the parthenocarpy trait would alter dominance and assimilate partitioning in
favor of developing fruit because fruits with no seeds have no inhibitory effect on set and
growth of later developing fruits (Marcelis, HofmanEijer, 1997). There is good evidence
that translocation of auxin down the pedicel prevents the formation of an abscission layer
and therefore abscission is prevented (Jinu, 2009). Under stress conditions, ethylene is
generated, which both reduces the polar auxin transport down the pedicel, and causes the
formation of the abscission layer (Wien, Zhang, 1991). However, it is not clear whether this
model also applies to the abortion of flowers/fruits as a result of competing earlier-formed
fruits on the plant.High expression of genes comprise both ethylene biosynthesis genes and
ethylene signal transduction pathway has been reported from the transcriptome analysis of
tomato ovaries (Pascual et al., 2009), suggesting a possible positive reinforcement role of
ethylene in fruit set. It would be interesting to investigate how auxin interacts with ethylene
to regulate fruit set and to validate this model under different conditions i.e. fruit load,
stress condition.

Hormonal responses influenced by the environmental condition

External application of hormones on the stigma of emasculated flowers resulted in
parthenocarpic fruit set only when light intensity was sufficient and temperature was
moderate. Hormone treated flowers aborted when light intensity was low and temperature was
suboptimal for fruit set (Chapter 2, Chapter 5), which suggests a strong interactive relationship
with the ability to attract assimilates or perhaps determine a sufficient sink threshold. Also,
(Osborne and Went, 1953) reported NAA induced parthenocarpic fruit set under moderate
temperature and high light intensity, whereas NAA treated flowers aborted under high
day/night temperature and low light intensity. This observation suggests a possible interaction
between the environmental conditions and hormonal response for regulating fruit set.

75



Chapter 6

Fruit set was high at low night temperature; however, the majority of fruits were small,
misshapen and with an elongated or pointed blossom endin C. annuum (Rylski, Spigelman,
1982). The highest fruit set was also obtained when gibberellins were applied on the stigma of
flowers compared to pollinated or auxin treated flowers, however, the majority of fruits were
knots (small and dull colour; Chapter 5), citrus(pointed stylar ends, big shoulders, thick rind,
less juice and dull colour) (Coggins et al., 1960), tomato (poorly developed locular tissue with
undeveloped jelly inside the cavity) (Serrani et al., 2007). Flower morphology and fruit
development in response to low night temperature and gibberellin application was similar in C.
annuum (Sawhney and Mills, 1983b; Chapter 3, Chapter 5). GAj3 actsantagonistically to ABA
e.g. in citrus and tomato (Mahouachi et al., 2005; Nebenfuhr, 2000; White et al., 2000), and
ABA content is known to reduce at low night temperature (Singh and Sawhney, 1998),
supporting the idea that low night temperature increases the endogenous level of gibberellin to
induce fruit set.

Carpelloid structures (CLS) are an unnecessarytrait but they enhance
parthenocarpic fruit growth

Origin and nature of CLS

CLS are a widely present trait in C. annuum genotypes; however, abundant CLS growth was
only evident in seedless fruits obtained either by emasculation or by hormone application.
When all the flowers up-to 10-15 nodes were treated with auxin or gibberellins, no difference
in CLS weight was observed between both treatments (Chapter 4); however, when only six
fruits per plant were obtained, CLS growth was stronger only in gibberellin-induced fruits.
This result suggests that inter-fruit competition might be involved in regulating the CLS
development. Enhanced CLS growth in gibberellin-induced fruits indicates the need of cell
division for CLS proliferation.CLS in C. annuumappear to be transformed from abnormal
ovules in analogy with what occurs in the Arabidopsis be/l-1 mutant (Brambilla et al., 2007;
Reiser et al., 1995; Western, Haughn, 1999). Therefore, like seeds, CLS might create sink
strength by producing high levels of plant hormones. Various types of ovule defects were
found in parthenocarpic fruits of C. annuum and Arabidopsis be/l mutant suggesting that
structure of the ovule is an important factor in enabling parthenocarpic fruit development in
both crop species. The Arabidopsis bell and knuckles mutants the length of parthenocarpic
fruits is correlated with the total number of CLS produced in the carpel (Vivian-Smith, 2001).
Similarly, C. annuum showed a positive correlation between fruit weight (excluding CLS) and
CLS weight. This strongly suggests a possible relation between parthenocarpy and CLS
development (Chapter 4).

Genetics of CLS

C. annuum germplasm showed a genetic variation for CLS growth, however, no genotype was
found without CLS (Chapter 4). Genetic analysis showed no simple Mendelian inheritance for
CLS development; however, the role of epigenetic (inherited changesin phenotype caused by
mechanisms other than changes in the underlying DNA sequence) and Quantitative Trait Loci
(a single phenotypic trait that is determined by many genes or in a quantitative manner) can
not be ruled out. Perhaps, parthenocarpy and CLS are not genetically linked (Chapter 4),
which suggests that seedless fruits of C. annuum without CLS can be obtained in future by
using appropriate breeding techniques.
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Breeding aspect of parthenocarpy

Even though the parthenocarpy trait is widely present in C. annuum genotypes, evaluation of
this trait is difficult because screening is hampered by the difficulty to evaluate the plant for
such a trait. Plants grown at low night temperature or flowers emasculated or treated with
hormones not only resulted in parthenocarpic fruits, but also set many knots. These types of
fruits were undesirable for the commercial production (Chapters 3, 4 and 5). The same
problem has been experienced in tomato breeding where knots are described as a seedless fruit
like organ characterized by dull appearance (Gorguet et al., 2008).A selection criterion to
distinguish true fruits from knots is crucial for the success of a breeding program in C.
annuum. Therefore, to be accurate in phenotyping, we considered a very strict and defined
criterion for knotsand parthenocarpic fruits.Knots were defined as those seedless fruits which
were small in size, irregular in shape, dull in appearance and obtained fruit weight below 50%
of the average weight of seeded fruits while remaining fruits were considered as
parthenocarpic fruits. In a segregating population, where parents having different fruits size
were crossed for example Chinese Line 3, which is asmall fruited genotype with an average
fruit weight of 121 g was crossed with Lamuyo B, which is a large fruited genotype with an
average weight of 208 g for seeded fruit at normal temperature (Chapter 3).In this scenario,
seedless fruits of small size can be a parthenocarpic fruit and a seedless fruits of larger size can
be a knot depending upon parental combination. Therefore, the criterion of fruit weight was not
included to distinguish parthenocarpic fruits from knots.

Among all tested genotypes, Chinese Line 3 possesses the highest potential for parthenocarpic
fruit set (Chapter 3). Despite the difficulty of producing seed and the drawback of the smaller
fruit size, the higher fruit set make Chinese Line 3 of considerable practical interest.
Parthenocarpy in Chinese Line 3 is controlled by a single recessive gene (Chapter 4). This
finding will provide an opportunity to understand the physiological and molecular aspects of
parthenocarpy in C. annuum. Follow-up research using Chinese Line 3 can now be directed at
the characterizing, mapping and eventually cloning the parthenocarpic gene. This would allow
future breeding to improve the fruit size and introduce parthenocarpy.

Parthenocarpic expression is accompanied by male or female sterility

We hypothesized that precocious ovary development in facultative parthenocarpic genotypes
of C. annuum is due to genetic stimuli, however, parthenocarpy can be expressed only when it
is combined with aberrations in male or female fertility (Chapter 5). The occurrence of
parthenocarpy together with male or female sterility has been reported in several
parthenocarpic mutants/plants, e.g. the pat mutant of tomato showed parthenocarpy as well as
aberrant anthers and CLS bearing external ovules. Antisense down-regulation of the7M$§
MADS-box gene in this mutant caused deformation of the pistil and complete male and female
sterility besides an extremely high incidence of parthenocarpy (Lifschitz et al., 1993). A high
level of parthenocarpy was observed in Chinese Line 3 and also additional hand pollination
did not increase the number of seeds in Line 3, suggesting that parthenocarpy in this genotype
is accompanied by a large degree of female sterility in agreement with a higher number of
abnormal ovules (Chapter 3, 4).

Combining male sterility with parthenocarpy

Various factors such as high or low temperature, day length, plant growth regulators, low
humidity or solar UV light have reported reduced gametophytic fertility in diverse plant
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species (Aylor, 2003; Ohnishi et al., 2010; Wang et al., 2004) E.g. reduced pollen viability at
low and high night temperature has been reported in C. annuum and tomato(Aloni et al., 2001;
Erickson and Markhart, 2002; Shaked et al., 2004; Chapter 4), use of plant growth regulators
such as Maleic hydrazide has been reported as a chemical emasculating agent in eggplant and
coriander (Kalidasu et al., 2009; Sidhu et al., 2005).

Delayed anther dehiscence can also be an effective alternative to avoid the chance of
pollination and fertilization because the pollen is released after the pistil/stigma is receptive to
pollen. Specific hormones such as jasmonic acid and ethylene can be applied effectively on the
stigma to reduce or delay or diminish the fertility of anthers without having abnormal growth
phenotypes (Huang et al., 2003; Rieu et al., 2003).Cytoplasmic Male Sterile lines (CMS) or
functional sterility can also be combined with parthenocarpy to obtain commercial seedless
fruit production in C. annuum.

Conclusion

The physiological and morphological changes that occur during fruit set and fruit growth of C.
annuum was similar to that has been reported in tomato and Arabidopsis. This indicates a
possibility to use Arabidopsis as a model plant to study molecular, physiological and
developmental aspects of fruit development in C. annuum and vice versa. Emasculation or low
night temperature results in parthenocarpic fruits; however, fruit set percentage was enhanced
by external application of auxin and gibberellins.Co-occurrence of parthenocarpy and
carpelloid structures(CLS) indicates a synergistic relation between them. Parthenocarpyis
controlled by a single recessive gene but CLS phenotype could not be linked to a single locus.
Our results clearly indicate that CLS proliferation becomes prominent in the absence of
fertilization and CLS mimic the role of seeds and support parthenocarpic fruit growth.This
thesis provides insight in the physiology and genetic basis of parthenocarpy in C. annuum.

78



References

References

Abad M, Monteiro AA. 1989. The use of auxins for the production of greenhouse tomatoes
in mild-winter conditions - a review.Scientia Horticulturae 38: 167-192.

Acciarri N, Restaino F, Vitelli G, Perrone D, Zottini M, Pandolfini T, Spena A, Rotino GL
2002. Genetically modified parthenocarpic eggplants: improved fruit productivity
under both greenhouse and open field cultivation. BMC Biotechnol 2: 4.

Agrawal S, Chandra N, Kothari SL. 1989. Plant-regeneration in tissue-cultures of pepper
(Capsicum-annuum-L cv. Mathania). Plant Cell Tissue and Organ Culture 16: 47-
55.

Alabadi D, Aguero MS, PerezAmador MA, Carbonell J. 1996. Arginase, arginine
decarboxylase, ornithine decarboxylase and polyamines in tomato ovaries-changes
in unpollinated ovaries and parthenocarpic fruits induced by auxin or gibberellin.
Plant Physiology 112: 1237-1244.

Aloni B, Karni L, Rylski I. 1995. Inhibition of heat-induced pepper (Capsicum annuum)
flower abscission and induction of fruit malformation by silver thiosulfate. Journal
of Horticultural Science 70: 215-220.

Aloni B, Karni L, Zaidman Z, Schaffer AA. 1996. Changes of carbohydrates in pepper
(Capsicum annuum L.) flowers in relation to their abscission under different
shading regimes. Annals of Botany 78: 163-168.

Ampomah-Dwamena C, Morris BA, Sutherland P, Veit B, Yao JL. 2002. Down-regulation
of TM29, a tomato SEPALLATA homolog, causes parthenocarpic fruit development
and floral reversion. Plant Physiology 130: 605-617.

Angenent GC, Franken J, Busscher M, van Dijken A, van Went JL, Dons HIM, van Tunen
AJ. 1995. A novel class of MADS-box genes is involved in ovule development in
petunia. Plant Cell 7: 1569-1582.

Asahira T, Hosoki T, Shinya K. 1982. Regulation of low temperature-induced
malformation of tomato fruit by plant growth regulators. Journal of the Japan
Society for Horticultural Science 50: 468-474.

Baggett JR, Frazier WA. 1978. Oregon T5-4 Parthenocarpic Tomato Line. Hortscience 13:
599-599.

Baker RP, Hasenstein KH, Zavada MS. 1997. Hormonal changes after compatible and
incompatible pollination in Theobroma cacao L. Hortscience 32: 1231-1234.

Baker SC, Robinson-Beers K, Villanueva JM, Gaiser JC, Gasser CS. 1997.Interactions
among genes regulating ovule development in Arabidopsis thaliana. Genetics 145:
1109-1124.

Balazs E, Bukovinszki A, Csanyi M, Csillery G, Diveki Z, Nagy I, Mityko J, Salanki K,
Mihalka V. 2008. Evaluation of a wide range of pepper genotypes for regeneration
and transformation with an Agrobacterium tumefaciens shooter strain. South
African Journal of Botany 74: 720-725.

79



References

Bangerth F. 1979. Calcium-related physiological disorders of plants. Annual Review of
Phytopathology 17: 97-122.

Barg R, Salts Y. 2000. Method for the induction of genetic parthenocarpy in plants.US
Patent 6: 114-602.

Bavrina TV, Lozhnikova VN, Machackova I, Gryanko TI. 1999. Tobacco transformants to
study the role of phytohormones in flowering and seed formation. Russian Journal
of Plant Physiology 46: 189-193.

Beaver JS, Osorno JM. 2009. Achievements and limitations of contemporary common bean
breeding using conventional and molecular approaches. Euphytica 168: 145-175.

Ben-Tel Y. 1990. Effect of gibberellin treatments on ripening and berry drop from
thompson seedless grapes. American Journal of Enology and Viticulture 41: 142-
146.

Beny A, Daie J, Wyse RE. 1986. Enhancement of ['4C] sucrose export from source leaves
of Viciafaba by gibberellic acid. Plant Physiology 82: 962-966.

Beraldi D, Picarella ME, Soressi GP, Mazzucato A. 2004. Fine mapping of the
Parthenocarpic fruit (pat) mutation in tomato. Theoretical and Applied Genetics
108: 209-216.

Berger F, Hamamura Y, Ingouff M, Higashiyama T. 2008.Double fertilization-caught in the
act. Trends in plant science 13: 437-443.

Bertin N. 2004. Analysis of the tomato fruit growth response to temperature and plant fruit
load in relation to cell division, cell expansion and DNA endoreduplication Annals
of Botany 95: 439-447.

Bianchi A, Soressi GP. 1969. Mutanti di pomodoro artificialmente indotti suscettibili di
utilizzazione nel miglioramento genetico. Sementi Elette XV 3: 2-6.

Bosland, P.W. and Votava, E. J. 1999. Peppers: vegetable and spice capsicums. In: Crop
Production Science in Horticulture vol. 12, Wallingford, Oxon: CABI Publishing.

Bunger-Kibler S, Bangerth F. 1983. Relationship between cell-number, cell-size and fruit
size of seeded fruits of tomato (Lycopersicon-esculentum Mill), and those induced
parthenocarpically by the application of plant-growth regulators. Plant Growth
Regulation 1: 143-154.

Bustan A, Erner Y, Goldschmidt EE. 1995. Interactions between developing citrus-fruits
and their supportive vascular system. Annals of Botany 76: 657-666.

Cano-Medrano R, Darnell RL. 1997. Sucrose metabolism and fruit growth in
parthenocarpic vs seeded blueberry (Vaccinium ashei) fruits. Physiologia Plantarum
99: 439-446.

Carmi N, Salts Y, Dedicova B, Shabtai S, Barg R. 2003. Induction of parthenocarpy in
tomato via specific expression of the rolB gene in the ovary.Planta 217: 726-735.

Carmi N, Salts Y, Dedicova B, Shabtai S, Barg R. 2003. Induction of parthenocarpy in
tomato via specific expression of the 7ol/B gene in the ovary. Planta 217: 726-735.

Carputo D, Barone A, Frusciante L. 2000. 2n gametes in the potato: essential ingredients
for breeding and germplasm transfer. Theoretical and Applied Genetics 101: 805-
813.

Chakravarty A, Bhattacharya A, Mazumdar D, Pal S. 2009. Study on antioxidants in chilli
(Capsicum annuum Var. Longum). Annals of Nutrition and Metabolism 55: 651-
651.

80



References

Chen JF, Luo XD, Staub JE, Jahn MM, Qian CT, Zhuang FY, Ren G. 2003. An allotriploid
derived from a amphidiploid x diploid mating in Cucumis - 1: Production,
micropropagation and verification. Euphytica 131: 235-241.

Cheniclet C, Rong WY, Causse M, Frangne N, Bolling L, Carde JP, Renaudin JP. 2005.
Cell expansion and endoreduplication show a large genetic variability in pericarp
and contribute strongly to tomato fruit growth. Plant Physiology 139: 1984-1994.

Cleland RE. 1995. Auxin and cell elongation. In: PJ Davies ed. Plant Hormones:
Physiology, Biochemistry and Molecular Biology. Kluwer Academic Publishers,
Dordrecht, The Netherlands, 214-227.

Cochran HL. 1934b. Abnormalities in the flower and fruit of Capsicum frutescens. Journal
of Agricultural Research 48: 737-749.

Cochran, H.L. 1936. Some factors influencing growth and fruit setting in the pepper
(Capsicum annuum L.). Cornell Agriculture Experimental Station 190: 1-39.

Collins JL. 1933b. Morphological and cytological characteristic of triploid pineapple.
Cytologia 4: 248-256.

Cooper JL, Till BJ, Laport RG, Darlow MC, Kleffner JM, Jamai A, El-Mellouki T, Liu S,
Ritchie R, Nielsen N, Bilyeu KD, Meksem K, Comai L, Henikoff S. 2008.
TILLING to detect induced mutations in soybean. BMC Plant Biology 8: 9.

Condit I. 1964. Cytological studies in the genus Ficus. III. Chromosome numbers in sixty-
two species. Madrofio. 17: 153-155.

Considine JA, Knox RB. 1981. Tissue origins, cell lineages and patterns of cell division in
the developing dermal system of the fruit of Vitis vinifera L. Planta 151: 403-412.

Contolini CS, Hughes KW 1989. Reciprocal differences in intraspecific crosses of tobacco
result from embryo death. American Journal of Botany 76: 6-13.

Daie J. 1987. Bioregulator enhancement of sink activity in sugar beet. Plant Growth
Regulation 5: 219-228.

De Jong M, Mariani C, Vriezen WH. 2009. The role of auxin and gibberellin in tomato fruit
set. Journal of Experimental Botany 69: 1523-1532.

Deng Z, Harbaugh B. 2004.Technique for in vitro pollen germination and short term pollen
storage in Caladium. HortScience 39: 365-367.

Dermen H. 1965. Colchiploidy and histological imbalance in triploid apple and pear.
American Journal of Botany 52: 353-360.

Doerge RW. 2002. Mapping and analysis of quantitative trait loci in experimental
populations. Nature Reviews Genetics 3: 43-52.

Donzella G, Spena A, Rotino GL. 2000. Transgenic parthenocarpic eggplants: superior
germplasm for increased winter production. Molecular Breeding 6: 79-86.

Dorcey E, Urbez C, Blazquez MA, Carbonell J, Perez-Amador MA. 2009. Fertilization-
dependent auxin response in ovules triggers fruit development through the
modulation of gibberellin metabolism in Arabidopsis. Plant Journal 58: 318-332.

Drazeta L, Lang A, Cappellini C, Hall AJ, Volz RK, Jameson PE. 2004. Vessel
differentiation in the pedicel of apple and the effects of auxin transport inhibition.
Physiologia Plantarum 120: 162-170.

Dumas C, Mogensen HL. 1993. Gametes and fertilization - maize as a model system for
experimental embryogenesis in flowering plants. Plant Cell 5: 1337-1348.

81



References

Edlund A, Eklof S, Sundberg B, Moritz T, Sandberg G. 1995. A microscale technique for
gas-chromatography mass-spectrometry measurements of picogram amounts of
indole-3-acetic-acid in plant-tissues. Plant Physiology 108: 1043-1047.

Ehlenfeldt MK, Ortiz R. 1995. Evidence on the nature and origins of endosperm dosage
requirements in Solanum and Other Angiosperm Genera. Sexual Plant Reproduction
8: 189-196.

Elliott RC, Betzner AS, Huttner E, Oakes MP, Tucker WQJ, Gerentes D, Perez P, Smyth
DR. 1996.AINTEGUMENTA, an APETALA2-like gene of Arabidopsis with
pleiotropic roles in ovule development and floral organ growth. Plant Cell 8: 155-
168.

Else MA, Stankiewicz-Davies AP, Crisp CM, Atkinson CJ. 2004. The role of polar auxin
transport through pedicels of Prunus avium L. in relation to fruit development and
retention. Journal of Experimental Botany 55: 2099-2109.

Ercan N, Akilli M. 1996. Reasons for parthenocarpy and the effects of various hormone
treatments on fruit set in the pepino (Solanum muricatum Ait.). Scientia
Horticulturae 66: 141-147.

Facteau TJ, Rowe KE, Chestnut NE. 1989. Flowering in sweet cherry in response to
application of gibberellic acid. Scientia Horticulturae 38: 239-245.

Falistocco E. 2009. Presence of triploid cytotypes in the common fig (Ficus carica
L.).Genome 52: 919-925.

Ficcadenti N, Sestili S, Pandolfini T, Cirillo C, Rotino GL, Spena A. 1999. Genetic
engineering of parthenocarpic fruit development in tomato. Molecular Breeding 5:
463-470.

Fortescue JA, Turner DW. 2005. The anatomy of ovule ontogeny of banana, plantain and
enset (Musaceae). Scientia Horticulturae 104: 479-492.

Fos M, Nuez F, Garcia-Martinez JL. 2000. The gene pat-2, which induces natural
parthenocarpy, alters the gibberellin content in un-pollinated tomato ovaries. Plant
Physiology 122: 471-479.

Fos M, Proano K, Alabadi D, Nuez F, Carbonell J, Garcia-Martinez JL. 2003. Polyamine
metabolism is altered in un-pollinated parthenocarpic pat-2 tomato ovaries. Plant
Physiology 131: 359-366.

Fos M, Proano K, Nuez F, Garcia-Martinez JL. 2001. Role of gibberellins in parthenocarpic
fruit development induced by the genetic system pat-3/pat-4 in tomato. Physiologia
Plantarum 111: 545-550.

Frank CA, Nelson RG, Simonne EH, Behe BK, Simonne AH. 2001. Consumer preferences
for color, price, and vitamin C content of bell peppers. Hortscience 36: 795-800.

Frigerio M, Alabadi D, Perez-Gomez J, Garcia-Carcel L, Phillips AL, Hedden P, Blazquez
MA. 2006. Transcriptional regulation of gibberellin metabolism genes by auxin
signaling in Arabidopsis. Plant Physiology 142: 553-563.

Fu FQ, Mao WH, Shi K, Zhou YH, Asami T, Yu JQ. 2008. A role of brassinosteroids in
early fruit development in cucumber. Journal of Experimental Botany 59: 2299-
2308.

Fuentes S, Vivian-Smith A. 2009. Fertilization and fruit initiation. In: L Ostergaard, ed,
Fruit development and seed dispersal, Norwich, UK, Wiley Publishers, 38: 107-171.

82



References

Gaiser JC, Robinson-Beers K, Gasser CS. 1995. The Arabidopsis SUPERMAN gene
mediates asymmetric growth of the outer integument of ovules. The Plant cell 7:
333-345.

Garcia-Martinez JL, Hedden P. 1997. Gibberellins and fruit development. In: FA Tomas-
Barberan and RJ Robins ed. Phytochemistry of Fruit and Vegetables. Oxford:
Clarendon Press

George W, Scott J, Spilttstoesser W. 1984. Parthenocarpy in tomato. Horticultural Reviews
6: 65-84.

Gillaspy G, Bendavid H, Gruissem W. 1993. Fruits - A developmental perspective. Plant
Cell 5: 1439-1451.

Goetz M, Hooper LC, Johnson SD, Rodrigues JCM, Vivian-Smith A, Koltunow AM. 2007.
Expression of aberrant forms of AUXIN RESPONSE FACTORS stimulates
parthenocarpy in Arabidopsis and tomato. Plant Physiology 145: 351-366.

Goetz M, Vivian-Smith A, Johnson SD, Koltunow AM. 2006. AUXIN RESPONSE
FACTORS is a negative regulator of fruit initiation in Arabidopsis. Plant Cell 18:
1873-1886.

Gonzalez AGA, Ayala ZJF, Ruiz CS, Acedo FE and Diaz CME. 2004. Effect of
temperature and modified atmosphere packaging on overall quality of fresh-cut bell
peppers. Lebensmittelwissenschaft und Technologie-Food Science and Technology
37: 817-826.

Gorguet B, Eggink PM, Ocana J, Tiwari A, Schipper D, Finkers R, Visser RGF, van
Heusden AW. 2008. Mapping and characterization of novel parthenocarpy QTLs in
tomato. Theoretical and Applied Genetics 116: 755-767.

Gorguet B, Schipper D, van Lammeren A, Visser RGF, van Heusden AW. 2009. ps-2, the
gene responsible for functional sterility in tomato, due to non-dehiscent anthers, is
the result of a mutation in a novel polygalacturonase gene. Theoretical and Applied
Genetics 118: 1199-1209.

Griffiths J, Murase K, Rieu I, Zentella R, Zhang ZL, Powers SJ, Gong F, Phillips AL,
Hedden P, Sun TP, Thomas SG. 2006. Genetic characterization and functional
analysis of the GID1 gibberellin receptors in Arabidopsis. Plant Cell 18: 3399-3414.

Guardiola J, Barres MT, Albert C, Garcia-Luis A. 1993. Effect of exogenous growth
regulators on fruit development in Citrus unshiu. Annals of Botany 71: 169-176.

Guardiola JL, Lazaro E. 1987. The effect of synthetic auxins on fruit growth and
anatomical development in 'Satsuma’ Mandarin. Scientia Horticulturae 31: 119-130.

Gunay S, Rao RS. 1978. In-vitro plant regeneration from hypocotyl and cotyledon explants
of red pepper (Capsicum). Plant Science Letters 11: 365-372.

Habashy AA, Testa G, Mosconi P, Caccia R, Mazzucato A, Santange-Lo E, Soressi GP.
2004. Parthenocarpy restores fruitfulness in sterile triploid (3x) tomatoes artificially
obtained by crossing 4x x 2x somaclones. Journal of Horticultural Science &
Biotechnology 79: 322-328.

Hanna WW, Bashaw EC 1987. Apomixis: Its identification and use in plant breeding. Crop
Science 27: 1136-1139.

Hanneman RE, Peloquin SJ. 1968. Ploidy Levels of progeny from diploid-tetraploid crosses
in potato. American Potato Journal 45: 255-&.

Hawthorn LR. 1937. Seedlessness in tomatoes. Science 85: 199.

83



References

Helder J, Vreugdenhil D. 1999. Carbohydrate metabolism in tuberizing stolon tips of the
strictly short-day dependent potato species, Solanum demissum Lindl. Plant
Biology 1: 372-378.

Heslop-Harrison J, Heslop-Harrison Y. 1970. Evalution of pollen viability by enzymatically
induced fluorescence. Intra cellular hydrolysis of fluorescein diacetatae. Stain
Technology 45: 115-120.

Heuvelink E, Kérner O. 2001. Parthenocarpic fruit growth reduces yield fluctuation and
blossom-end rot in sweet pepper. Annals of Botany 88: 69-74.

Ho LC, Hewitt JD. 1986. Fruit development. In: Atherton JG Rudich J ed. The Tomato
Crop.A Scientific Basis for Improvement.Chapman & Hall, London.201-240.

Ho LC. 1984. Partitioning of assimilates in fruiting tomato plants. Plant Growth Regulation
2: 277-285.

Ho LC. 1996. The mechanism of assimilate partitioning and carbohydrate
compartmentation in fruit in relation to the quality and yield of tomato. Journal of
Experimental Botany 47: 1239-1243.

Huang JK, Pray C, Rozelle S. 2002. Enhancing the crops to feed the poor. Nature 418: 678-
684.

Huberman M, Riov J, Aloni B, Goren R. 1997. Role of ethylene biosynthesis and auxin
content and transport in high temperature-induced abscission of pepper reproductive
organs. Journal of Plant Growth Regulation 16: 129-135.

Husain S, Jain A, Kothari SL. 1999. Phenylacetic acid improves bud elongation and in vitro
plant regeneration efficiency in Capsicum annuum L. Plant Cell Reports 19: 64-68.

Immink RGH, Kaufmann K, Angenent GC. 2010. The 'ABC' of MADS domain protein
behaviour and interactions. Seminars in Cell and Developmental Biology 21: 87-93.

Iwahori S. 1966. High temperature injuries in tomato. V. Fertilization and development of
embryo with special reference to the abnormalities caused by high temperature.
Journal of the Japanese Society for Horticultural Science 35: 55-62.

Iwahory S. 1967. Auxin of tomato fruit at different stages of its development with a special
reference to high temperature injuries. Plant and Cell Physiology 8: 15-22.

Janick J. 2006. Genetic alteration associated with fruit domestication. Acta Horticulturae
750: 27-35.

Joubes J, Chevalier C. 2000. Endoreduplication in higher plants. Plant Molecular Biology
43: 735-745.

Kadota M, Niimi Y. 2004. Production of triploid plants of Japanese pear (Pyrus pyrifolia
Nakai) by anther culture. Euphytica 138: 141-147.

Kalidasu G, Sarada C, Reddy PV, Reddy TV. 2009. Use of male gametocide: An
alternative to cumbersome emasculation in coriander (Coriandrum sativum L.).
Journal of Horticulture and Forestry 1: 126-132.

Kihara H. 1951. Triploid watermelons. American Society for Horticultural Science 58: 217-
230.

Kikuchi K HI, Matsuo S, Fukuda M, Saito T. 2008. Stability of fruit set of newly selected
parthenocarpic eggplant lines. Scientia Horticulturae 115: 111-116.

Kojima K, Tamura Y, Nakano M, Han DS, Niimi Y. 2003. Distribution of indole-acetic
acid, gibberellin and cytokinins in apoplast and symplast of parthenocarpic tomato
fruits. Plant Growth Regulation 41: 99-104.

84



References

Koltunow AM, Grossniklaus U. 2003. Apomixis: a developmental perspective. Annual
Review of Plant Biology. 54: 547-574.

Kortstee AJ, Appeldoorn NJG, Oortwijn MEP, Visser RGF. 2007. Differences in regulation
of carbohydrate metabolism during early fruit development between domesticated
tomato and two wild relatives. Planta 226: 929-939.

Koshioka M, Nishijima T, Yamazaki H, Liu Y, Nonaka M, Mander LN. 1994. Analysis of
gibberellins in growing fruits of Lycopersicon-esculentum after pollination or
treatment with 4-chlorophenoxyacetic acid. Journal of Horticultural Science 69:
171-179.

Lang JD, Ray S, Ray A. 1994.Sinl, a mutation affecting female fertility in Arabidopsis,
interacts with Modl, its recessive modifier. Genetics 137: 1101-1110.

Lasley BL, Loskutoff NM, Anderson GB. 1994. The limitation of conventional breeding
programs and the need and promise of assisted reproduction in nondomestic species.
Theriogenology 41: 119-132.

Ledbetter CA, Ramming DW. 1989. Seedlessness in grapes. Horticultural Reviews 11: 159-
184.

Lee TH, Kato T, Kanayama Y, Ohno H, Takeno K, Yamaki S. 1997. The role of indole-3-
acetic acid and acid invertase in the development of melon (Cucumis melo L cv
Prince) fruit. Journal of the Japanese Society for Horticultural Science 65: 723-729.

Lemaire-Chamley M, Petit J, Garcia V, Just D, Baldet P, Germain V, Fagard M, Mouassite
M, Cheniclet C, Rothan C. 2005. Changes in transcriptional profiles are associated
with early fruit tissue specialization in tomato. Plant Physiology 139: 750-769.

Leon-Kloosterziel KM, Keijzer CJ, Koornneef M. 1994.A seed shape mutant of
Arabidopsis that is affected in integument development. Plant Cell 6: 385-392.

Lesley JA, Lesley MM. 1941. Parthenocarpy in a tomato deficient for a part of a
chromosome and its aneuploid progeny. Genetics 26: 374-386.

Li SJ. 1980. Self-incompatibility in Matou wentan (Citrus-Grandis (L) Osb). Hortscience
15: 298-300.

Liang GL, Wang WX, Xiang SQ, Guo QG, Li XL. 2007. Genomic in situ hybridization
(GISH) of natural triploid loquat seedlings. Acta Horticulturae 750: 97-100.

Lifschitz E, Brodai L, Hareven D, Hurwitz C, Prihadash A, Pnueli L, Samach A, Zamir D
1993. Molecular mapping of flower development in tomato. In: Yoder J ed. In
Molecular Biology of Tomato. Lancaster PA, USA: Technomic Publishing Co. Inc.

Lippert LF, Smith PG, Bergh BO. 1966. Cytogenetics of vegetable crops: garden pepper
Capsicum Sp. Botanical Review 32: 24-55

Mackiewicz HO, Malepszy S, Sarreb DA, Narkiewicz M. 1998. Triploids in cucumber: II.
Characterization of embryo rescue plants.Gartenbauwissenschaft 63: 125-129.

Mahouachi J, Gomez-Cadenas A, Primo-Millo E, Talon M. 2005.Antagonistic changes
between abscisic acid and gibberellins in citrus fruits subjected to a series of
different water conditions. Journal of Plant Growth Regulation 24: 179-187.

Mapelli S, Badino M, Soressi GP. 1979. Effect of GAs on flowering and fruit set in a
mutant of tomato. Hort Science 14: 736-737.

Mapelli S, Frova C, Torti G, Soressi GP. 1978. Relationship between set, development and
activities of growth regulators in tomato fruits. Plant and Cell Physiology 19: 1281-
1288.

85



References

Marcelis LFM, Baan Hofman-Eijer LR. 1993. Cell-division and expansion in the cucumber
fruit. Journal of Horticultural Science 68: 665-671.

Marcelis LFM, Baan Hofman-Eijer LR. 1997. Effects of seed number on competition and
dominance among fruits in Capsicum annuum L. Annals of Botany 79: 687-693.

Marcelis LFM, Heuvelink E, Baan Hofman-Eijer LR, Den Bakker J, Xue LB. 2004. Flower
and fruit abortion in sweet pepper in relation to source and sink strength. Journal of
Experimental Botany 55: 2261-2268.

Marti C, Orzaez D, Ellul P, Moreno V, Carbonell J, Granell A. 2007. Silencing of DELLA
induces facultative parthenocarpy in tomato fruits. Plant Journal 52: 865-876.
Martinelli F, Uratsu SL, Reagan RL, Chen Y, Tricoli D, Fiehn O, Rocke DM, Gasser CS,
Dandekar AM. 2009. Gene regulation in parthenocarpic tomato fruit. Journal of

Experimental Botany 60: 3873-3890.

Mascarenhas JP. 1993. Molecular mechanisms of pollen-tube growth and differentiation.
Plant Cell 5: 1303-1314.

Masuda M, Agong SG, Tanaka A, Shikazono N, Hase Y. 2004. Mutation spectrum of
tomato induced by seed radiation with carbon and helium ion beams. Acta
Horticulturae 637: 257-262.

Masuda Y. 1969. Auxin-induced expansion in relation to cell wall extensibility. Plant and
Cell Physiology 10: 1-9.

Matsumoto K, Chun JP, Nakata N, Tamura F. 2008. Rapid mesocarp cell elongation
enhances gumming syndrome in japanese apricot (Prunus mume sieb. Et zucc.)
fruit. Journal of Food Quality 31: 205-215.

Mazzucato A, Taddei AR, Soressi GP. 1998. The parthenocarpic fruit (paf) mutant of
tomato (Lycopersicon esculentum Mill.) sets seedless fruits and has aberrant anther
and ovule development. Development 125: 107-114.

McAbee JM, Kuzoff RK, Gasser CS. 2005. Mechanisms of derived unitegmy among
impatiens species. Plant Cell 17: 1674-1684.

Mezzetti B, Landi L, Pandolfini T, Spena A. 2004. The defH9-iaaM auxin-synthesizing
gene increases plant fecundity and fruit production in strawberry and raspberry.
BMC Biotechnology 4: 4.

Modrusan Z, Reiser L, Feldmann KA, Fischer RL, Haughn GW. 1994. Homeotic
transformation of ovules into carpel-like structures in Arabidopsis. Plant Cell 6:
333-349.

Murthy NSR, Murthy B (1962a) Inheritance studies on chilli (Capsicum annuum). Andhra
Agr Jour 9: 140-144

Nielsen TM, Skjaerback HC, Karlsen P. 1991. Carbohydrate metabolism during fruit
development in sweet pepper (Capsicum annuum). Physiologia Plantarum 82: 311-
319.

Nijsse J, Walther P, Hoekstra FA. 2004. Cold-induced imbibition damage of lettuce
embryos: a study using cryo-scanning electron microscopy. Seed Science Research
14: 117-126.

Nitsch JP. 1970. The biochemistry of fruits and their products Vol 2. Academic Press,
London.

Nybom H. 1986. Pollen stainability variation in the apomictic blackberry, Rubus-nessensis
(Rosaceae). Nordic Journal of Botany 6: 295-300.

86



References

Olimpieri I, Siligato F, Caccia R, Mariotti L, Ceccarelli N, Soressi GP, Mazzucato A. 2007.
Tomato fruit set driven by pollination or by the parthenocarpic fruit allele are
mediated by transcriptionally regulated gibberellin biosynthesis. Planta 226: 877-
888.

Ortiz R, Vuylsteke D. 1998. Quantitative variation and phenotypic correlations in banana
and plantain. Scientia Horticulturae 72: 239-253.

Osborne D, Went FW. 1953. Factors influencing parthenocarpy and normal fruit-set in
tomatoes. Botanical Gazette 114: 312-322.

Ozga JA, Reinecke DM. 2003. Hormonal interactions in fruit development. Journal of Plant
Growth Regulation 22: 73-81.

Ozga JA, van Huizen R, Reinecke DM. 2002. Hormone and seed-specific regulation of pea
fruit growth. Plant Physiology 128: 1379-1389.

Paciorek T, Zazimalova E, Ruthardt N, Petrasek J, Stierhof YD, Kleine-Vehn J, Morris DA,
Emans N, Jurgens G, Geldner N, Friml J. 2005. Auxin inhibits endocytosis and
promotes its own efflux from cells. Nature 435: 1251-1256.

Palada MC, Kalb TJ, Lumpkin TA. 2006. The role of AVRDC-The world vegetable center
in enhancing and promoting vegetable production in the tropics. Hortscience 41:
556-560.

Palser BF, Rouse JL, Williams EG. 1989. Coordinated timetables for megagametophyte
development and pollen-tube growth in Rhododendron nuttallii from anthesis to
early post fertilization. American Journal of Botany 76: 1167-1202.

Pandolfini T, Rotino GL, Camerini S, Defez R, Spena A. 2002. Optimization of transgene
action at post-transcriptional level: high quality parthenocarpic fruits in industrial
tomatoes. BMC Biotechnology 2: 1.

Pascual L, Blanca JM, Caiizares J, Nuez F. 2009. Transcriptomic analysis of tomato carpel
development reveals alterations in ethylene and gibberellin synthesis during
pat3/pat4 parthenocarpic fruit set. BMC Plant Biology 9: 1-18.

Payne T, Johnson SD, Koltunow AM. 2004. KNUCKLES (KNU) encodes a C2H2 zinc-
finger protein that regulates development of basal pattern elements of the
Arabidopsis gynoecium. Development 131: 3737-3749.

Pecaut P, Philouze J 1978. A sha pat line obtained by natural mutation. Tomato Genetics
Cooperative Reports 28: 12.

Perez F, Viani C, Retamales J. 2000. Bioactive gibberellins in seeded and seedless grapes:
Identification and changes in content during berry development. American Journal
of Enology and Viticulture 51: 315-318.

Philouze J, Maisonneuve B. 1978. Heredity of the natural ability to set parthenocarpic fruits
in the soviet variety Severianin. Tomato Genetics Cooperative Reports 28: 12-13.

Picken, A.J.F. 1984. Review of pollination and fruit set in the tomato (Lycopersicon
esculentum Mill.). J. Hort. Sci. 59: 1-13.

Pinyopich A, Ditta GS, Savidge B, Liljegren SJ, Baumann E, Wisman E, Yanofsky MF.
2003. Assessing the redundancy of MADS-box genes during carpel and ovule
development. Nature 424: 85-88.

Polowick, PL, Sawhney, VK. 1985. Temperature effects on male fertility and flower and
fruit development in Capsicum annuum L. Scientia Horticulturae 25: 117-27.
Pomeroy CS, Aldrich WW. 1943. Set of citrus fruits in relation to applications of certain
growth substances. American Society for Horticultural Science 42: 146-148.

87



References

Pressman E, Moshkovitch H, Rosenfeld K, Shaked R, Gamliel B, Aloni B. 1998. Influence
of low night temperatures on sweet pepper flower quality and the effect of repeated
pollinations, with viable pollen, on fruit setting. Journal of Horticultural Science &
Biotechnology 73: 131-136.

Qrtiz, R. and Vuylsteke, D. 1995. Effect of parthenocarpy gene P1 and ploidy in bunch and
fruit traits of plantain and banana hybrid. Heredity 75: 460-465.

Ramin AA. 2003. Effects of auxin application on fruit formation in tomato growing under
stress temperatures in the field. Journal of Horticultural Science & Biotechnology
78: 706-710.

Ray A, Robinsonbeers K, Ray S, Baker SC, Lang JD, Preuss D, Milligan SB, Gasser CS.
1994. Arabidopsis floral homeotic gene Bell (Bell) controls ovule development
through negative regulation of AGAMOUS gene (AG). PNAS USA 91: 5761-5765.

Rayle DL, Cleland RE. 1992. The acid growth theory of auxin-induced cell elongation is
alive and well. Plant Physiology 99: 1271-1274.

Ribaut J, Hoisington D. 1998. Marker-assisted selection: new tools and strategies. Trends in
Plant Science 3: 236-239.

Rick CM. 1945. A survey of cytogenetic causes of unfruitfulness in the tomato.Genetics 30:
300-300.

Rotino GL, Perri E, Zottini M, Sommer H, Spena A. 1997. Genetic engineering of
parthenocarpic plants.Nature Biotechnology 15: 1398-1401.

Rubio JS, Garcia-Sanchez F, Flores P, Navarro JM, Martinez V. 2010. Yield and fruit
quality of sweet pepper in response to fertilization with Ca*" and K'. Spanish
Journal of Agricultural Research 8: 170-177.

Rudich J, Baker LR, Sell, HM. 1977. Parthenocarpy in Cucumis sativus L. as affected by
genetic parthenocarpy, thermo-photoperiod, and femaleness.Journal of the
American Society for Horticultural Science 102: 225-228.

Ruttan VW. 1999. The transition to agricultural sustainability. Proceedings of the National
Academy of Sciences of the United States of America 96: 5960-5967.

Rylski I, Halevy AH. 1972. Optimal environment for set and development of sweet pepper
fruit. Acta Horticulturae 42: 55-62

Rylski I, Spigelman M. 1982.Effects of different diurnal temperature combinations on fruit-
set of sweet Pepper. Scientia Horticulturae 17: 101-106.

Rylski, 1. 1973. Effect of night temperature on shape and size of sweet pepper (Capsicum
annuum L.) J. Amer. Soc. Hort. Sci. 98: 149-152.

Rylski I. 1974. Fruit set and development of several vegetable crops grown under low
temperature conditions. Proc. XIXth International Horticultural Congress Poland.
III: 375-385.

Rylski, 1. 1986. Pepper (Capsicum). In: CRC handbook of fruit set and development.
(Monselise, S.P.,Ed.). CRC Press, Boca Raton, F1, USA, 341-53.

Salts Y, Kenigsbuch D, Wachs R, Gruissem W, Barg R. 1992. DNA-sequence of the
tomato fruit expressed proline-rich protein gene 7prp-FI reveals an intron within
the 3 un-translated transcript. Plant Molecular Biology 18: 407-409.

Scarpella E, Marcos D, Friml J, Berleth T. 2006. Control of leaf vascular patterning by
polar auxin transport. Genes and Development 20: 1015-1027.

Schwabe WW, Mills JJ. 1981. Hormones and parthenocarpic fruit set: a literature survey.
Horticultural Abstracts 51: 661-698.

88



References

Sedgley M, Newbury HJ, Possingham JV. 1977. Early fruit development in the
watermelon: anatomical comparison of pollinated, auxin-induced parthenocarpic
and un-pollinated fruits. Annals of Botany 41: 1345-1355.

Serrani JC, Sanjuan R, Ruiz-Rivero O, Fos M, Garcia-Martinez JL. 2007. Gibberellin
regulation of fruit set and growth in tomato. Plant Physiology 145: 922-934.

Serrani JC, Ruiz-Rivero O, Fos M, Garcia-Martinez JL. 2008. Auxin-induced fruit-set in
tomato is mediated in part by gibberellins. The Plant Journal 56: 922-934.

Sessions A, Burke E, Presting G, Aux G, McElver J, Patton D, Dietrich B, Ho P, Bacwaden
J, Ko C. 2002. A high-throughput Arabidopsis reverse genetics system. Plant Cell
14: 2985-2994.

Shiftiss, C. and Eidelman, E. 1986.An approach to parthenocarpy in peppers. Hort. Sci. 21:
1458-1459.

Sidhu SA, Bala SS, Beherab TK, Rani M 2005. An outlook in hybrid eggplant breeding
Journal of New Seeds 6: 15-29.

Sitbon F, Sundberg B, Olsson O, Sandberg G. 1991. Free and conjugated indoleacetic-acid
(IAA) contents in transgenic tobacco plants expressing the iaaM and iaaH 1AA
biosynthesis genes from Agrobacterium-Tumefaciens. Plant Physiology 95: 480-
485.

Sjut V, Bangerth F. 1981. Effect of pollination or treatment with growth-regulators on
levels of extractable hormones in tomato ovaries and young fruits. Physiologia
Plantarum 53: 76-78.

Sjut V, Bangerth F. 1982. Induced parthenocarpy: A way of changing the levels of
endogenous hormones in tomato fruits (Lycopersicon esculentum Mill.): 1.
extractable hormones. Plant Growth Regulation 1: 243-251.

Smith WH. 1950. Cell-multiplication and cell-enlargement in the development of the flesh
of the apple fruit. Annals of Botany 14: 23-38.

Soressi GP. 1970. Tomato mutants following EMS seed treatments. Tomato Genetics
Cooperative Reports: 20: 59.

Spena A, Rotino GL. 2001. Parthenocarpy: state of the art. In: Bhojwani SS and Soh WY
ed. In Current Trends in the Embryology of Angiosperms Kluwer Academic
Publishers.The Netherlands.435-450.

Spiegel-Roy P, Vardi A. 1989. Induced mutation in citrus. Proceedings of the 6th
International Congress of SABRAO, Tsukuba,Japan: 773.

Srinivasan A, Morgan DG. 1996. Growth and development of the pod wall in spring rape
(Brassica napus) as related to the presence of seeds and exogenous phytohormones.
The Journal of Agricultural Science 127: 487-500.

Staswick PE. 2009. The tryptophan conjugates of jasmonic and indole-3-acetic acids are
endogenous auxin inhibitors. Plant Physiology 150: 1310-1321.

Stutte G, Gage J. 1990. Gibberellin inhibits fruit abscission following seed abortion in
peach. Journal of the American Society for Horticultural Science 115: 107-110.

Sugiyama K, Morishita M. 2000. Production of seedless watermelon using soft-X-
irradiated pollen. Scientia Horticulturae 84: 255-264.

Sugiyama K, Morishita M. 2001. A new method for producing diploid seedless
watermelon. ISHS Acta Horticulturae588: II International Symposium on Cucurbits.

Talon M, Zacarias L, Primomillo E. 1992. Gibberellins and parthenocarpic ability in
developing ovaries of seedless mandarins. Plant Physiology 99: 1575-1581.

89



References

Tanksley SD, Ganal MW, Prince JP, Devicente MC, Bonierbale MW, Broun P, Fulton TM,
Giovannoni JJ, Grandillo S, Martin GB, Messeguer R, Miller JC, Miller L, Paterson
AH, Pineda O, Roder MS, Wing RA, Wu W, Young ND. 1992. High-density
molecular linkage maps of the tomato and potato genomes. Genetics 132: 1141-
1160.

Tian SB, Liu FZ, Wang YQ, Luo ZY, Chen YK, Liu JS, Lian Y 2003. Genetic analysis of
parthenocarpy in eggplant. Acta Phytopathologica Sinica 30: 413-416.

Tiwari A, Dassen H, Heuvelink E. 2007. Selection of sweet pepper (Capsicum annuum L.)
genotypes for parthenocarpic fruit growth. Acta Horticulturae 761: 135-140.

Turner AD, Wien HC. 1994a. Dry matter assimilation and partitioning in pepper cultivars
differing in susceptibility to stress-induced bud and flower abscission. Annals of
Botany 73: 617-622.

Turner AD, Wien HC. 1994b. Photosynthesis, dark respiration and bud sugar
concentrations in pepper cultivars differing in susceptibility to stress-induced bud
abscission. Annals of Botany 73: 623-628.

Van Huizen R, Ozga JA, Reinecke DM. 1996. Influence of auxin and gibberellin on in
vivo protein synthesis during early pea fruit growth. Plant Physiology 112: 53-59.

Vanamala J, Cobb G, Loaiza J, Yoo K, Pike LM, Patil BS. 2007. Ionizing radiation and
marketing simulation on bioactive compounds and quality of grapefruit (Citrus
paradisic.v. Rio Red). Food Chemistry 105: 1404-1411.

Vardy E, Lapushner D, Genizi A, Hewitt J. 1989. Genetics of parthenocarpy in tomato
under a low temperature regime: 1. Line RP75/59.Euphytica 41: 1-8.

Varga A, Bruinsma J. 1976. Roles of seeds and auxins in tomato fruit growth. Zeitschrift
fur Pflanzenphysiol 80: 95-104.

Varoquaux F, Blanvillain R, Delseny M, Gallois P. 2000. Less is better: new approaches
for seedless fruit production. Trends in Biotechnology 18: 233-242.

Vercher Y, Carbonell J. 1991. Changes in the structure of ovary tissues and in the ultra
structure of mesocarp cells during ovary senescence or fruit development induced
by plant growth substances in Pisum sativum. Physiologia Plantarum 81: 518-526.

Vercher Y, Molowny A, Carbonell J. 1987. Gibberellic acid effects of the ultra-structure of
endocarp cells of un-pollinated ovaries of Pisum sativum. Physiologia Plantarum
71:302-308.

Vivian-Smith A, Koltunow AM. 1999. Genetic analysis of growth-regulator-induced
parthenocarpy in Arabidopsis. Plant Physiology 121: 437-451.

Vivian-Smith A, Luo M, Chaudhury A, Koltunow AM. 2001. Fruit development is actively
restricted in the absence of fertilization in Arabidopsis. Development 128: 2321-
2331.

Vivian-Smith A. 2001. The molecular basis for the initiation of fruit development and
parthenocarpy. PhD dissertation (Adelaide, Australia: University of Adelaide).

Voogt W, Bloemhard C. 1993. Voedingsoplossingen voor de teelt van paprika in steenwol
en bij hergebruik van drainwater (5th revised edition). Research station for
floriculture and glass-house vegetables. In Voedingsoplossingen in de glastuinbouw
13, Naaldwijk, The Netherlands.

Vriezen WH, Feron R, Maretto F, Keijman J, Mariani C. 2007. Changes in tomato ovary
transcriptome demonstrate complex hormonal regulation of fruit set. New
Phytologist 177: 60-76.

90



References

Wakana A, Sarikhani H, Hanada N, Fukudome I, Kajiwara K, Yasukochi K, Hiramatsu M,
Sakai K. 2007. Characteristics of seedless berries of triploid hybrid grapes
(Vitisvinifera complex) derived from eighteen crosses. Journal of the Faculty of
Agriculture Kyushu University 52: 337-344.

Wang H, Jones B, Li ZG, Frasse P, Delalande C, Regad F, Chaabouni S, Latche A, Pech
JC, Bouzayen M. 2005. The tomato Aux/IAA transcription factor IAA9 is involved
in fruit development and leaf morphogenesis. Plant Cell 17: 2676-2692.

Wang JG, Wang DX, Reiser M. 1991. Beam emittance measurement by the pepper-pot
method. Nuclear Instruments & Methods in Physics Research Section a-
Accelerators Spectrometers Detectors and Associated Equipment 307: 190-194.

Wien HC, Tripp KE, Hernandez-Armenta R, Turner AD. 1989a. Abscission of reproductive
structures in pepper: causes, mechanisms and control. In: Green SK ed. Tomato and
pepper production in the tropics. Taipei, Taiwan, R.O.C: Asian Vegetable Research
and Development Center, 150-165.

Wien HC, Zhang Y. 1991.Prevention of flower abscission in bell pepper.Journal of the
American Society for Horticultural Science 116: 516-519.

Wubs AM, Heuvelink E, Marcelis LFM. 2009. Abortion of reproductive organs in sweet
pepper (Capsicum annuum L.): a review. Journal of Horticultural Science &
Biotechnology 84: 467-475.

Wubs AM, Ma Y, Heuvelink E, Marcelis LFM. 2009. Genetic differences in fruit-set
patterns are determined by differences in fruit sink strength and a source: sink
threshold for fruit set. Annals of Botany 104: 957-964.

Yamamoto M, Matsumoto R, Yamada Y. 1995. Relationship between sterility and
seedlessness in citrus.Journal of the Japanese Society for Horticultural Science 64:
23-29.

Yamamoto M, Tominaga S. 2002. Relationship between seedlessness of Keraji (Citrus
keraji hort. ex Tanaka) and female sterility and self-incompatibility. Journal of the
Japanese Society for Horticultural Science 71: 183-186.

Yao JL, Dong YH, Morris BAM. 2001. Parthenocarpic apple fruit production conferred by
transposon insertion mutations in a MADS-box transcription factor. Proceedings of
the National Academy of Sciences of the United States of America 98: 1306-1311.

Yin ZM, Malinowski R, Ziolkowska A, Sommer H, Plader W, Malepszy S. 2006. The
DefH9-iaaM-containing construct efficiently induces parthenocarpy in cucumber.
Cellular & Molecular Biology Letters 11: 279-290.

Yu J, Li Y, Qian YR, Zhu ZJ. 2001. Cell division and cell enlargement in fruit of
Lagenaria leucantha as influenced by pollination and plant growth substances.
Plant Growth Regulation 33: 117-122.

Zhang JZ, Somerville CR. 1997. Suspensor-derived polyembryony caused by altered
expression of valyl-tRNA synthetase in the twn2 mutant of Arabidopsis.
Proceedings of the National Academy of Sciences of the United States of America
94: 7349-7355.

Zijlstra S. 1985. Parthenocarpie in tomaat; twee nieuwe lijnen uit soortkruising.
Zaadbelangen 4: 92-94.

91



92



Summary

Summary

Problems in fruit set and retention are a major cause of yield irregularity insweet pepper
(Capsicum annuum) production.Yield fluctuationi.e. the alternation of weeks with large
numbers of ripe fruits with weeks with almost no ripe fruits, causes major yield losses. The
fluctuating yield pattern for C. annuum is hardly influenced by planting date or other
cultivation measures. Therefore all growers are in roughly the same phase and prices are low
in high yield periods, and high in low yield periods. Yield fluctuations also result in strong
fluctuations in labour demand in the greenhouses. Parthenocarpic fruit set has been reported
as a possible solution to minimize this yield fluctuation. However, parthenocarpy has not
been studied extensively in C. annuum. This project aims at physiological and morphological
characterization of parthenocarpic fruit set in C. annuumand finding evidence that tomato
and Arabidopsis can be used as model plants to study fruit development in C. annuum.

In Chapter 1, a literature review showed that parthenocarpic fruit setin various crops can be
obtained by genetic alterations or artificial induction. Genetic alteration includes classical,
molecular or mutation breeding approaches which result in a heritable change in the
genotypic constitution to induce parthenocarpy. Artificial induction of parthenocarpy in non-
parthenocarpic plants includes external application of plant growth regulators or alteration of
the endogenous plant hormone levels within ovules or carpel tissues. Artificial induction is a
useful tool to understand the role of plant hormones in fruit set and fruit development.Details
of various approaches were summarized and the oppertunities each approach offers to
obtained parthenocarpy in C. annuum is discussed in Chapter 1.

In Chapter 2, we investigate whether mechanisms of fruit set reported in Arabidopsis and
tomato also occur in C. annuum. To do this, we accurately timed the physiological and
morphological changesthat occur in a post-pollinated ovary. Results suggest vascular
connection between ovule and replum as an early indicator for successful fruit development
after fertilization.Cell division was moredominant during early fruit growth, whereas cell
expansion was continued to the later stages of fruit growth in C. annuum. The importance of
auxin has been recognized at early and later stages of fruit growth. The series of
physiological events observed during fruit development in C. annuum is similar to what has
been reported for tomato and Arabidopsis, suggesting a conservation in fruit set mechanisms
between these three species (Chapter 2).

Usually absence of fertilization induces flower abortion; however, in most of the studied
genotypes of C. annuum, some fruit set was observed even after preventing fertilization
(Chapter 3, 4).To evaluate how the absence of seeds influences the fruit size in different
genotypes, various C. annuum genotypes which were known for their parthenocarpic
potential were evaluated at low night temperature as well as normal night
temperaturetogether with standard genotypes as controls (i.e. Mazurka).Parthenocarpic fruits
were defined as those seedless fruits which were shiny in appearance and obtained fruit
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weight above 50% of the average weight of seeded fruits while remaining fruits were
considered as knots. Most of the C. annuum genotypes showed facultative parthenocarpy,
which is the most suitable form of parthenocarpy for practical use in breeding programs. In
this form of parthenocarpy the ovary, if fertilized, will develop into a seeded fruit and, if not
fertilized, will develop into a seedless fruit. The fraction of parthenocarpic fruits was higher
at low night temperature due to non-viable pollen. Substantial reduction in fruit weight was
observed for seedless fruits in all the tested genotypes except for ‘Bruinsma Wonder’where
only 10% reduction in weight was observed for seedless fruit compared to seeded fruits
(Chapter 3).

Furthermore, to check the presence of parthenocarpy within the C. annuum germ-plasm
randomly selected genotypes (n=11) were grown at normal temperature and their
parthenocarpic fruit set potential was evaluated by emasculating flowers. Parthenocarpy was
evident in most of the genotypes suggesting that somedegree of intrinsic parthenocarpy is
already present in C. annuum(Chapter 4).

Despite this wide occurrence of parthenocarpy in C. annuum, the genetic basis for this
desirable trait has not been studied. Though expression of parthenocarpy was genotype and
environment dependent, we could study the inheritance of parthenocarpy by taking a
criterion that a plant was considered parthenocarpic when all seedless fruits resulting from
emasculated flowers showed a shiny appearance. Other criteria of fruit weight could not be
considered because segregating population that was used in the experiment was generated by
crossing parents of having different fruits size. Fruit size segregates upon crossing and
results in small, medium or large in size depending upon parental combination. In this
scenario, a small size fruit can be a true fruit and a larger fruit can be a knot. Therefore, fruit
appearance was the only used criteria to distinguish true parthenocarpic fruits from knots.
Screening results showed that parthenocarpy was controlled by a single recessive gene
(Chapter 4).

Though emasculation resulted in parthenocarpic fruit set, the percentage of fruit set was
enhanced when emasculated flowers were treated with hormones (i.e. auxin: IAA, NAA, and
gibberellin: GA3)(Chapter 5).Auxin acts upstream of gibberellin in fruit set, most likely by
inducing gibberellin biosynthesis, and is important for full fruit development (reduced
number of knots), while GA; 1is required for fruit set by reducing flower
abscission.Application of auxin and GAj; resulted in fruit size smaller than seeded fruits,
which is due to the limitation of cell division and cell expansion, respectively. At the cellular
level fruits obtained after pollination and fertilization were very similar to fruits obtained
after simultaneous application of auxin and gibberellin. This suggests that the action of both
hormones tightly balancing cell division and cell expansionis required for normal fruit
development in C. annuum.However, fruit size obtained after simultaneous application of
auxin and gibberellincould not reproduce the exact fruit size and shape as observed
following pollination and fertilization, suggesting that seeds have also other roles in
stimulating fruit size besides being a source of gibberellin and auxin. In addition, we may
have identified a parallel pathway involving a fertilization-induced invertase activity that
seems to be required to elevate the hexose levels during the rapid growth phase andthat
contributes to the C. annuum fruit size(Chapter 5).

The majority of seedless fruits obtained either by emasculation or hormone application on
the emasculated flowers contained stronger growth of CLS compared to seeded fruits
(Chapter 4).The structural analogy of CLS with be/l mutant of Arabidopsis suggested that
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Summary

CLS are transformed from abnormal ovules. Our results clearly showed that CLS is a
genotype dependent trait; however, growth of CLS becomes stronger only in the absence of
fertilization, indicating fertility as an important determinant of CLS development.Upon
fertilization, normal seed development prevails, which suppresses CLS growth, and at the
same time induces fruit set and development.CLS development supports parthenocarpic fruit
growth by increasing the fruit’s sink strength in a similar way as seeds do in seeded fruits. A
positive correlation between parthenocarpy and CLS growth was observed in Chapter
4.Assuming that parthenocarpy and CLS might be linked traits, we studied the inheritance of
CLS using the same segregating population which was used to study the inheritance of
parthenocarpy.From the obtained data, we find neither a simple Mendelian segregation for
the CLS development, nor a genetic association between CLS and parthenocarpy. We
assume that CLS might be a pleiotropic effect of parthenocarpy. However, involvement
ofepistasis or incomplete penetrance or other more complex genetics can not be excluded
(Chapter 4).

Finally,in Chapter 6, the main achievements and limitations of this study are discussed.
Furthermore, the prospects for obtaining high yielding parthenocarpic cultivars inC. annuum
are discussed on the basis of the present results. Also, suggestions for future research are
presented.
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Samenvatting

Samenvatting

Problemen met vruchtzetting en vruchtretentie zijn de belangrijkste oorzaak van een
onregelmatig oogstpatroon bij paprika (Capsicum annuum). Fluctuaties in opbrengst, dat wil
zeggen de afwisseling van weken met veel rijpe vruchten met weken met bijna geen rijpe
vruchten, zorgen voor grote verliezen in financiéle opbrengst. Het tijdstip van planten of
andere teeltmaatregelen hebben nauwelijks invloed op het fluctuerende oogstverloop van C.
annuum. Daarom zitten de gewassen van alle telers in ongeveer dezelfde fase en zijn de
prijzen laag in perioden met veel oogst, en hoog in perioden met weinig oogst.
Oogstfluctuaties resulteren ook in sterke fluctuaties in arbeidsbehoefte in de kassen.
Parthenocarpe vruchtzetting is beschreven als een mogelijke oplossing om deze
oogstfluctuaties te minimaliseren. Echter, in C. annuum is parthenocarpie niet uitgebreid
bestudeerd. Dit project heeft als doel om fysiologische en morfologische aspecten van
parthenocarpe vruchtzetting in C. annuum te karakteriseren en aan te tonen dat tomaat en
Arabidopsis als modelplant gebruikt kunnen worden om vruchtontwikkeling in C. annuum te
bestuderen.

Hoofdstuk 1, is een literatuuroverzicht van het verkrijgen van parthenocarpe vruchtzetting
in diverse gewassen door genetische aanpassingen of door kunstmatige inductie. Onder de
genetische mogelijkheden vallen klassieke, moleculaire en mutatieveredeling. Deze
methoden resulteren in een vererfbare verandering in de genetische samenstelling,
dieparthenocarpe vruchtzetting mogelijk maakt. Kunstmatige inductie van parthenocarpie in
niet-parthenocarpe planten kan door externe toediening van plantengroeiregulatoren of door
verandering van de endogene plantenhormoonniveaus in de eicellen of het vruchtblad
(carpel). Kunstmatige inductie biedt mogelijkheden om de rol van plantenhormonen in
vruchtzetting en —ontwikkeling te bestuderen en te begrijpen. Detailinformatie over de
diverse technieken zijn samengevat en de mogelijkheden die elke techniek biedt om tot
parthenocarpe vruchtzetting in C. annuum te komen worden bediscussieerd in Hoofdstuk 1.
In Hoofdstuk 2wordt het onderzoek beschreven naar de overeenkomsten en verschillen in
vruchtzettingsmechanisme tussen C. annuum en Arabidopsis en tomaat. De fysiologische en
morfologische veranderingen die plaatsvinden in een eicel vanaf bestuiving zijn nauwkeurig
bestudeerd. De resultaten duiden erop dat een vasculaire verbinding tussen de eicel en het
replum een vroege indicator is voor succesvolle vruchtontwikkeling na bevruchting.
Celdeling is het belangrijkst tijdens de vroege groei van de vrucht, terwijl celstrekking
vooral in de latere stadia van de groei van de C. annuum vrucht een grote rol speelt. Het
belang van auxine is vastgesteld in zowel vroege als late stadia in de vruchtgroei. De
opeenvolging van fysiologische gebeurtenissen die tijdens de vruchtontwikkeling in C.
annuum waargenomen zijn, is vergelijkbaar met wat er voor tomaat en Arabidopsis
gerapporteerd is. Dit duidt erop dat de vruchtzettingsmechanismen tussen deze drie soorten
geconserveerd zijn.
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Normaal gesproken zal in afwezigheid van bevruchting de bloem verwelken en van de
plant afvallen; echter in de meeste van de bestudeerde C. annuum genotypes kon enige
vruchtzetting worden waargenomen, zelfs na verhindering van bevruchting door
bijvoorbeeld emasculatie (Hoofdstuk 3, 4). Om te bestuderen hoe de afwezigheid van zaden
de vruchtgrootte in de verschillende genotypes beinvloedt, zijn diverse C. annuum
genotypes waarvan de potentie tot parthenocarpe vruchtzetting bekend was, geévalueerd bij
zowel lage nachttemperatuur als normale nachttemperatuur met standaardrassen (bijv.
Mazurka) als controle. Parthenocarpe vruchten zijn gedefini€erd als zaadloze, glimmende
vruchten die een vruchtgewicht van meer dan 50% van het gemiddelde gewicht van vruchten
met zaden hebben, terwijl overige vruchten als knopen beschouwd worden. De meeste C.
annuum genotypes vertoonden een facultatieve parthenocarpie, welke de meest bruikbare
vorm van parthenocarpie voor veredelingsprogramma's is. In deze vorm van parthenocarpie
zal de eicel, indien bevrucht, zorgen voor de ontwikkeling van een vrucht met zaden en,
indien de eicel niet bevrucht wordt, ontwikkelt zich een zaadloze vrucht. De fractie
parthenocarpe vruchten was hoger bij lage nachttemperaturen vanwege niet-levensvatbaar
stuifmeel. Substanti€le reductie in het vruchtgewicht van zaadloze vruchten werd in alle
geteste genotypes waargenomen, behalve in ‘Bruinsma Wonder’. In dat ras waren zaadloze
vruchten slechts 10% lichter dan vruchten met zaden (Hoofdstuk 3).

Vervolgens zijn, om de aanwezigheid van parthenocarpie binnen het C. annuum germplasm
te onderzoeken,elf willekeurig geselecteerde genotypes geteeld bij normale temperatuur en
is de potentie voor parthenocarpie bepaald door emasculatie van bloemen. Parthenocarpe
vruchtzetting kwam voor bij de meeste genotypes, wat suggereert dat een zekere mate van
intrinsieke parthenocarpie reeds aanwezig is in C. annuum (Hoofdstuk 4).

Ondanks het wijdverspreid voorkomen van parthenocarpie in C. annuum is de genetische
basis voor deze gewenste eigenschap niet bestudeerd. Hoewel expressie van parthenocarpie
afhankelijk is van het genotype en de omgeving, konden we de overerving van
parthenocarpie bestuderen door een criterium te hanteren waarbij een plant parthenocarp
beschouwd werd als alle zaadloze vruchten die voortkwamen uit ge€émasculeerde bloemen
een glimmend uiterlijk hadden. Andere criteria zoals vruchtgewicht konden niet
meegenomen worden vanwege de uitsplitsende populatie die in het experiment gebruikt
werd, gegenereerd door ouders met verschillende vruchtgroottes te kruisen. Vruchtgrootte
splitst uit bij kruisingen en resulteert in kleine, gewone en grote vruchten athankelijk van de
oudercombinaties. In dit scenario kan een kleine vrucht een echte vrucht zijn en een grotere
vrucht kan een knoop zijn. Daarom is alleen het uiterlijk van de vrucht als criterium
genomen om echte parthenocarpe vruchten van knopen te onderscheiden. Resultaten van
deze screening lieten zien dat parthenocarpie in C. annuum gereguleerd wordt door een enkel
recessief gen (Hoofdstuk 4).

Hoewel emasculatie resulteerde in parthenocarpe vruchtzetting, werd het percentage
vruchtzetting versterkt als ge€masculeerde bloemen werden behandeld met hormonen (bijv.
auxine: TAA, NAA en gibberelline: GAj;) (Hoofdstuk 5). Auxine werkt upstream van
gibberelline bij vruchtzetting, waarschijnlijk door de gibberelline biosynthese te induceren,
en is belangrijk voor volledige vruchtontwikkeling (gereduceerd aantal knopen), terwijl GAs
nodig is voor vruchtzetting door abscissie van bloemen tegen te gaan. Toediening van auxine
en GAj; resulteerde in een vruchtgrootte kleiner dan vruchten met zaden, welke wordt
veroorzaakt door zowel minder celdeling als minder celstrekking. Op cellulair niveau waren
vruchten die verkregen werden na bestuiving en bevruchting vrijwel gelijk aan vruchten die
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verkregen werden door gelijktijdige toediening van auxine en gibberelline. Dit suggereert dat
de werking van beide hormonen die een strikte balans tussen celdeling en celstrekking
handhaven nodig is voor normale vruchtontwikkeling in C. annuum. Het feit datvruchten
verkregen na gelijktijdige toediening van auxine en gibberelline kleiner blijven dan vruchten
ontstaan na bestuiving en bevruchting, duidt erop dat zaden ook andere rollen vervullen bij
het stimuleren van vruchtgrootte naast het zijn van een bron van gibberelline en auxine.
Daarnaast hebben we waarschijnlijk een parallelle pathway geidentificeerd, die betrokken is
bij een bevruchtingsgeinduceerde invertase activiteit die nodig lijkt te zijn om hexose
niveaus te verhogen tijdens de snelle groeifase en die bijdraagt aan de C. annuum
vruchtgrootte.

Het merendeel van de zaadloze vruchten verkregen door emasculatie of hormoontoediening
aan geémasculeerde bloemen bevatte sterk uitgegroeide carpelloide structuren (CLS); dit in
tegenstelling tot zaadhoudende vruchten (Hoofdstuk 4). De structurele analogie met CLS in
de bell mutant van Arabidopsis suggereert dat CLS ook in C. annuum zijn getransformeerd
vanuit abnormale eicellen. Onze resultaten laten zien dat het optreden van CLS een
genotype-afhankelijke eigenschap is. De uitgroei van CLS wordt alleen sterker in de
afwezigheid van bevruchting, dit geeft aan dat vruchtbaarheid een belangrijke determinant
van CLS ontwikkeling is. Na bevruchting zal normale zaadontwikkeling de overhand
hebben, welke CLS groei onderdrukt, en gelijktijdig vruchtzetting en -ontwikkeling
induceert. CLS ontwikkeling ondersteunt parthenocarpe vruchtgroei door de “sink strength”
van een vrucht te vergroten op een vergelijkbare manier zoals zaden dit doen in vruchten met
zaden. Parthenocarpie en CLS groei vertoonden en positieve correlatie. |[Er vanuit gaande dat
parthenocarpie en CLS gekoppelde eigenschappen kunnenzijn, bestudeerden we de
overerving van CLS door gebruik te maken van dezelfde uitsplitsende populatie welke
gebruikt was om de overerving van parthenocarpie te bestuderen. De resultaten duidden
echter noch op een eenvoudige Mendeliaanse uitsplitsing voor CLS ontwikkeling, noch op
een genetische associatie tussen CLS en parthenocarpie. We nemen aan dat CLS een
pleiotropisch effect van parthenocarpie kan zijn. Echter, betrokkenheid bij epistasie of niet-
volledige penetratie of andere complexere genetica kan niet uitgesloten worden.

Tot slotte worden in Hoofdstuk 6 de belangrijkste behaalde resultaten en beperkingen van
dit onderzoek bediscussi€erd. Daarnaast worden de vooruitzichten voor het verkrijgen van
een parthenocarpe C. annuum cultivar met hoge opbrengst op basis van de gepresenteerde
resultaten besproken. Tevens worden suggesties voor tockomstig onderzoek gepresenteerd..
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