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Parthenocarpy in a broad sense includes those processes thaallow the production of
seedless fruits. Such fruits are favorable to growers, beagse they are set independently
of successful pollination, and to processors and consumershecause they are easier to
deal with and to eat. Seedless fruits however represent a blogical paradox because they
do not contribute to offspring production. In this work, theoccurrence of parthenocarpy
in Angiosperms was investigated by conducting a bibliogralpic survey. We distinguished
monospermic (single seeded) from plurispermic (multiseed) species and wild from
cultivated taxa. Out of 96 seedless taxa, 66% belonged to plispermic species.
Of these, cultivated species were represented six times higer than wild species,
suggesting a selective pressure for parthenocarpy during @mestication and breeding.
In monospermic taxa, wild and cultivated species were sindlly represented. The
occurrence of parthenocarpy in wild species suggests that sedlessness may have an
adaptive role. In monospermic species, seedless fruits arproposed to reduce seed
predation through deceptive mechanisms. In plurispermicréiit species, parthenocarpy
may exert an adaptive advantage under suboptimal pollinath regimes, when too
few embryos are formed to support fruit growth. In this situon, parthenocarpy
offers the opportunity to accomplish the production and dipersal of few seeds, thus
representing a selective advantage. Approximately 20 sooes of seedlessness have
been described in tomato. Excluding the EMS induced mutatio parthenocarpic fruit
(pat), the parthenocarpic phenotype always emerged in bipareat populations derived
from wide crosses between cultivated tomato and wild relaties. Following a theory
postulated for apomictic species, we argument that wide hyhdization could also be the
force driving parthenocarpy, following the disruption of ynchrony in time and space of
reproductive developmental events, from sporogenesis tor@iit development. The high
occurrence of polyploidy among parthenocarpic species suported this suggestion.
Other commonalities between apomixis and parthenocarpy eerged from genetic and
molecular studies of the two phenomena. Such insights may iprove the understanding
of the mechanisms underlying these two reproductive variaa of great importance to
modern breeding.
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Picarella and Mazzucato Inventory of Parthenocarpy in Angiosperms

INTRODUCTION with the gametophytic development (diplospory). In all cases,
apomixis opens the possibility for cloning genotypes by seed. By

“That some plants produce fruits without seeds is a factonsequence, harnessing apomixis is an exciting perspeotive f

observed and recorded by the ancients, according to Stamtev pjant breeders and e orts to decipher its genetic control have

in 1890" is the introductory statement reported in Gustafson peen strongly pursued in the last decadeértini et al., 201)

comprehensive work regarding the subject of parthenocarpy |n this work, we present a bibliographic investigation

(Gustafson, 1942 The reasons for such an interest are soorpf the occurrence of seedlessness within owering plants

after explained “because seedless fruits were thought tetherb and review hypothesis into the possible “adaptive” roles for

and also because many varieties are self-sterile, netiegsitee  parthenocarpy. To follow a case study, the inventory of

planting of more than one variety in an orchard to insure athe sources of parthenocarpy reported in tomato indicated

pro table crop” (Gustafson, 1942 that wide hybridization is involved in the majority of lines
The production of seedless fruits (apireny or parthenocarpghowing seedlessness in this species. Parallelisms witlestudi

sensu latphas attracted since long time the farmers, becausgn apomicts o ered novel cues into the mechanisms controlling

they are set independently of successful pollination. Irparthenocarpy in angiosperms.

addition, seedless fruits are favorable to processors,gbein

their manipulation easier, and to consumers, being more

pleasant to eat. Seedless fruits can occur when the ovarlogeve N\ETHODS

directly without fertilization (parthenocarpysensu stricoor

when pollination and fertilization trigger ovary developmen Search of species where the occurrence of parthenocarpy has
but the ovule/lembryo aborts without producing mature seetheen described was carried out through the available titeea
(stenospermocarpy). The term parthenocarpy is hereby used ithe main bibliographic source was the comprehensive report by
its broad sense to indicate both forms of apireny. Partheqmca  Gustafson (1942hat was combined with other publications. For
is generally driven by genetic factors; nonetheless, sesiss each species, the phylogenetic position was listed, according to
can be also induced with the application of various hOmeﬂe$he Owering p|ant classi cation of the Angiosperm Phy|ogeny
to young in orescences Nitsch, 1952; Schwabe and Mills, Group Ill (APG III, 2009. The ovules/ovary (seeds/fruit) ratio
198). Sources of genetic parthenocarpy are either obligatgas considered to distinguish the species in seed categories
or facultative. In sexually propagated species, parthenocarpi& “monospermic” (a single seed per fruit) and “plurispermic”
genotypes should be facultative in order to be multipliedmore-than-one-seed per fruit). In addition, species were
in conditions where the trait expressivity is lower. Dierént  distinguished according to their occurrence as wild or ivaited,
obligate parthenocarpy can be adopted in vegetatively propagatgéid among the latter between fruit and non-fruit crops (specie
crops Gorguet et al., 2005From the adaptive point of view, predominantly grown for the consumption of vegetative parts
the production of seedless fruits is an intriguing phenomenongr for ornamental means). Finally, parthenocarpic species
because empty fruits are costly to the mother plant and do nofvere classied according to their life form, fruit type, sex
contribute to the production of o spring. When seed set fails, distribution and occurrence of polyploidy. Di erences betwee
the abscission of the ower is the standard pathway to avol th distribution of diploid and polyploid species within classes of
waste of resources in growing structures not ful lling aloigical ~ seed category, life form, sex distribution and status as erop
purpose. The occurrence and permanence of parthenocarpy iRild were estimated by 2-test of 2 2 or 2 3 contingency
plant populations is largely the e ect of human selection thatgples.
harnessed seedlessness as a commodity in fruit ck@psuaux The inventory of the sources of parthenocarpy described
etal., 2000 However, parthenocarpic genotypes are also foungh tomato was carried out using a similar procedure. A
in wild SpeCieS orin Crops were the main prOdUCt is not the fruit rst Screening was based on the most Comprehensive reviews
(non-fruit crops), indicating the possibility of adaptive ss  (Philouze, 1983; George et al., 1984; Lukyanenko, )] %@
underlying empty fruit formation in higher plants. further details were found in additional publications, néetters

In parallel with parthenocarpy that involves carpel gnd bulletins.
development independent of pollination, the term  Tocompare gene expression patterns, genes involved in fruit
parthenogenesis is used to indicate the development of aetin tomato were selected from the analysis reported ompéte
embryo in absence of male contribution. ParthenOQEHESiﬁ]utant (Ruiu et a|.l 201}5 We addressed those genes that are up-
is part of the process called apomixis, a modied moderegulated after anthesis in the WT but not in the mutant (reéel
of reproduction resulting in seed production by asexuako as Pollination-dependent, PD group fuiu et al., 201pand
means (agamospermyiNogler, 198). Seeds of apomictic those that are up-regulated after anthesis in the mutant kntt n
origin replicate the exact genome of the mother plantin the WT (referred to as Fruit growth-related, FG group). PD
as they result from the parthenogenetic development Oind FG gene lists have been used to retrieve gene expression
unreduced (apomeiotic) egg cells. In gametophytic apomixist anthesis and few days after in cultivated tomaBolanum
the apomeiotic egg cell is di erentiated within an unreducedjycopersicuni., formerly Lycopersicon esculentuldiller; cv
female gametophyte developing when a somatic nucellar calg2) and inS. pimpinellifoliuni. (formerlyL. pimpinellifolium
acquires the developmental program of a megaspore (apospomyiiller) using the Tomato Expression Atlas (TEA) at the
or when the meiocyte bypasses meiosis and proceeds direc{iy| Genomics Network website (sgn, https://solgenomics.net
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Shinozaki et al., 20)8Comparable data were available for tissueevent in species having monospermic fruitSigure 3, Roth,
speci ¢ analysis on pericarp, placenta and septum. The rati@977. In addition, parthenocarpy was observed mostly among
of expression after anthesis and at anthesis was calculattd adicot taxa in both the wild and cultivated categorisifle S).
expressed as logFC. Genes showing no expression after anth&slyploidy occurred with high frequency among parthenocarpic
in TEA databases were discarded from the analysis, whereggecies. The wide occurrence of parthenocarpy in fruit-crops
genes showing no expression before anthesis were assigned ({5%) is likely the result of a selective pressure for seedlsss
arbitrary value of 0.01 in order to allow a logFC value to beduring their domestication and breeding. Reasons for such a
calculated. For the two groups of genes and the three tisthees, selection can be several: parthenocarpy (i) releases fruit se
correlation coe cient between the logFC in Chico Ill and M82 from environmental constraints, (i) may be advantageous fo
and between Chico Il an&. pimpinellifoliumwere calculated fruit processing, (iii) may improve fruit quality, or (iv) siply
using SAS software package (SA3niversity Edition). represents a feature appreciated by consumers. Selectedesarieti
of watermelons, grapesiitrus, pineapples and bananas are
clear examples of fruit-crops where seedlessness is frequent

RESULTS AND DISCUSSION (Varoquaux etal., 2000
Distribution of Parthenocarpy in Flowering
Plants The Mission of a Seedless Fruit: An

After our search, parthenocarpy was reported in 96 Angiosperridaptive Role of Parthenocarpy
taxa, 60 of which were listed in thé(istafson, 1942and the If parthenocarpy in fruit crops evidently bene ted of human
others were integrated from more recent sourc&able S).  selection, the production of seedless fruits in wild or nouif
Exactly one third of the species was classi ed as monosperm@op species Table S1 Figures 1E,f} represents an apparent
and the rest as plurispermicTéble S). The most represented biological paradox because they do not directly contribute to
taxonomic group was th&osidag(49.8%,Figure 1A), with a  the production of o spring. The persistence of parthenocarpy
higher contribution ofAnacardiaceaandRutaceaéeight species in such species suggests the possibility of adaptive reasons fo
each),Rosaceagsix species), antMoraceagfour species). The retaining empty fruits. In monospermic plants, such a role has
Asteridaecontributed 13.8% of the species, with the strongoeen based on di erent mechanisms by which parthenocarpic
prevalence of Solanaceae (nine species). Monocots were disots would reduce seed predation. In this sense, a functiona
presentin the list (11.69%jgure 1A). Notably, 17.9% of the listed role of seedless fruits has been proposed for wild parsnip
species belonged to Basal Eudicots, where the Cucurbitaeeae (Pastinaca sativd..; Figure 3A), where their occurrence has
prevalent (four specie3able S). been related to a defensive value against the parsnip websvorm
About one half of the parthenocarpic species were tree¢Zangerl et al., 1991 Given a choice between parthenocarpic
the rest were equally distributed as annuals herbs, perenniahd normal fruits, the webworm prefers seedless fruits beeau
herbs and shrubs Rigure 1B). More than one half of the of the lower concentration of the deterrent furanocoumarin
species were hermaphrodite, whereas about 40% showedth&y contain. In terebinthRistacia terebinthus.), parthenocarpy
form of sex separation Figure 10. Among species with appears to reduce seed predation because predators cannot
monospermic fruits, the majority had a drupe as fruit type;discriminate between seeded and seedless (deceptives), fasit
among the plurispermics the most common fruit was the berryovaries are not yet enlarged at the time of oviposition; the
(Figure 1D). In monospermics, about 38% of species werdarvae soon die because in the parthenocarpic fruits there is
wild and 50% were fruit-cropsHgure 1B. In plurispermic  no endosperm available for feedingréveset, 1993 A similar
species, fruit-crops were predominant (71%), but still abouhypothesis has been extended Rgstacia lentiscuk. (Verdu
8% were wild and 21% were species cultivated, but not faind Garcia-Fayos, 199@&nd Bursera morelensis. (Ramos-
products of the reproductive systerkigure 1F. About half of Ordofiez et al., 2008and even to explain the occurrence of
the parthenocarpic species (52.1%) were polyploid or showesmpty seeds in the gymnosperduniperus osteosperr(ieorr.)
instances of polyploidy or evidence of hybrid origifaple S).  Little (Fuentes and Schupp, 1998
This frequency was signicantly higher ¢ D 13.1, P The reason given for an adaptive role of parthenocarpy in
0.01) than the general incidence of polyploidy in angiospermsonospermic species more di cultly applies to plurispermic
(34.5%,Wood et al., 200p Considering the above describedtaxa, where still wild species and non-fruit crops with
classi cation of parthenocarpic species, polyploidy was unigvenparthenocarpic fruits have been reported. It is thought thahfga
distributed between monospermics and plurispermics, with dave evolved owers with a great number of ovules as a response
higher frequency in plurispermic speciésdure 2A). Di erently ~ to habitats where pollination is more uncertaitvgrdu and
diploid and polyploid species were evenly found among classéxarcia-Fayos, 1998n these cases, a plant with many ovules per
related to life form, to sex distribution or to the status addyw  ower often experiences a very variable seed/ovule rétiord,
non-fruit and fruit crops figures 2B-D. 1999. It is well-known that seeds supply the ovary with the
The survey conrmed the previous observation thathormones necessary for triggering fruit set and development
parthenocarpy is taxonomically widespread, being “no{Sotelo-Silveira et al., 20)t4n fact, fruits grow more in portions
uncommon” (Gustafson, 19492in species producing fruits were seeds are developinGréne, 196yt Dierences in the
with several to many seeds while representing a less frequemimber of seeds per fruit alter the cost of the fruit for the meth
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FIGURE 1 | Distribution of species reported in literature for the occauwence of parthenocarpy (1D95). Taxa are grouped according to the phylogenetic grougA), life
form (B), sex distribution(C), and fruit type (D). Distribution of monospermic (E), n D 32] and of plurispermic [F), n D 63] species according to the status as wild,

non-fruit crops and fruit crops.

A B
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FIGURE 2 | Relationship between parthenocarpy and polyploidy. Disitoution of diploid (D) and polypoid (P) parthenocarpic spees in relation with(A) the seed
category (Mo, monospermic; Pl, plurispermic)(B) the life form (He, annual and perennial herbs; Sh, shrubs;, Trees), (C) the distribution of sexes (Di, dioecious; M,
monoecious; H, hermafrodite) andD) the status as fruit crop (FC), non-fruit crop (NFC), or wildpecies (W). ** indicate distributions signi cantly differg for P 0.01
after$2-testof 2 2o0r2 3 contingency tables.
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FIGURE 3 | Examples of seeded and seedless fruits in parthenocarpic gzies. (A) Pastinaca sativa(courtesy of M.R. Berenbaum)(B) Bursera aptera(courtesy of
M.F. Ramos Ordofiez)(C) Elaeis oleifergcourtesy of E. Barcelos)(D) Annona squamosa(from Lora et al., 2011), (E) Actinidia argutacv Issai (courtesy of |. Kataoka),
(F) Cucumis sativus(courtesy of M. J. Diez)(G) Citrus clementine(courtesy of C. Mesejo)(H) Musa acuminata banksia(from Sardos et al., 2016), (I) Solanum
muricatum (courtesy of J. Prohens)(L) Solanum lycopersicum(seeded andpat-2 fruits in the genetic background of cv Super Marmande, authcs' archive).

plant: plants invest fewer resources per seed in multi-seedeghvironmental constrains and to provide quality traits such
fruits than in few-seeded fruitsQbeso, 2002 Accordingly, as higher soluble solids and ascorbic acid contéfgyre 3L;

as a strategy to optimize resources, mother plants avoid th@orguet et al., 20Q5Mazzucato and Picarella, unpublished
development of plurispermic fruits with few seedsieso, 2002  results).

In the case of low pollination rates, the few seeds set are Although recent reviews have generally focussed on
presumable not enough to support fruit growth, thus causingdescribing reverse genetics experimerimrguet et al., 2005;
abscission. Under these circumstances, parthenocarpic tiggaci Shinozaki and Ezura, 2016; Joldersma and Liu, R0ih8the
could o er the opportunity to accomplish fruit development and past inventories have been compiled that provide information
the production and dispersal of the few seeds that otherwisen the origin and use of parthenocarpic accessions obtained by
would be lost. The high incidence of parthenocarpy in planthwit mutagenesis and conventional breedifinlouze, 1983; George
separate sexesifures 3E,f, that experience low pollination etal., 1984; Lukyanenko, 1991

rates more often than hermaphrodites, supports this suggestio  With possibly the only exception of thearthenocarpic

In this scenario, genes for (facultative) parthenocarpy mevi fruit (pat) mutant obtained by EMS treatmenB{anchi and

an adaptive advantage which would lead to a boost of seegbressi, 1969 all the parthenocarpic lines described were
development-related hormones (auxin and gibberellins) andlerived from crosses involving the cultivated tomato and
the chance to produce few seeds for the next generatiodi erent relative species Table ). pat-2 one of the best

In a parallel example, it was demonstrated that reducedtudied locus for parthenocarpy in tomato, was rst described
reproductive output resulting from early owering oers an by Dovedar (1973, cited byhilouze, 19883in the progeny
advantage in the adaptation of invasive weeds to highesf a cross involvingS. habrochaitesS. Knapp & D. M.

latitudes Kralemann et al., 20)8 Spooner (formerlyLycopersicon hirsutunbunal). pat-k was

. . retrieved in the progeny of a cross involvimgat-2, although
Inventory of Parthenocarpic Sources in it segregated as an independent loclisk{sawa et al., 20).7
Tomato Two parthenocarpic lines obtained in The Netherland§|étra,

The tomato is an important vegetable crop worldwide and al985 were subsequently classied in theat series; IVT-1
model for the study of fruit set and developmenEcplad, was related to a digenic controp#t-8pat-9, whereas IVT-
2007. Harnessing parthenocarpy in this species has been was referred to apat-5 (Gorguet et al., 2008 Both these
an important breeding objective to uncouple fruit set fromlines were derived from crosses with dierent wild species
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TABLE 1 | Sources of genetic parthenocarpy in tomato described in thditerature (species are reported with taxonomic names added after Peralta et al., 2009.

Line name Mutation/s Cultivated parent Wild/wide-related p arent References

Stock 2524 pat Cv Ventura 2 Bianchi and Soressi, 1969

Severianin pat-2 Byzon S. habrochaites Dovedar, 1973 (cited byPhilouze, 1983
(Philouze and Maisonneuve, 1973

Kyo-temari pat-k Severianin b Takisawa et al., 2017

RP 75-59 pat-3/pat-4 Atom Bubjekosoka® Reimann-Philipp, 1968 (cited byPhilouze,
1983)

IVT-2 pat-5 S. lycopersicum S. peruvianum Zijlstra, 1985

IL5-1 pat-6/pat-7 S. lycopersicum S. habrochaites Gorguet et al., 2008

IVT-1 pat-8/pat-9 S. lycopersicum S. habrochaites Zijlstra, 1985; Gorguet et al., 2008

- - Bonny best Large cherry Hawthorn, 1937

Pridneprovskij - S. lycopersicum S. lycopersicurwar. cerasiforme Kraevoj, 1949 (cited byPhilouze, 1983

- - S. lycopersicum S. peruvianum Lesley and Lesley, 1953

P1190256 - New Caledonia S. lycopersicumvar. cerasiforme Johnson and Hall, 1954

Hybrids n. 1641,1154
Lyconorma, Lycoprea

Oregon cherry
Oregon T 5-4

Oregon 11, Gold Nugget

S. lycopersicum
Priora

Farthest North
Farthest North
S. lycopersicum

Cyphomandraspp
Heinemanns Jubilaufh

S. habrochaites, L. pimpinkfiolium

S. habrochaites

S. pimpinellifolia, S. habrochaites

Luneva, 1957 (cited byPhilouze, 1983

Reimann-Philipp, 1977 personal
communication (cited byPhilouze, 1983

Baggett and Frazier, 1978a
Baggett and Frazier, 1978b
Baggett and Frazier, 1982

- - S. lycopersicum S. neorickii Philouze, unpublished (cited byPhilouze, 1983
P26, P31 - S. lycopersicum S. pennellii Stoeva et al., 1985 (cited byl ukyanenko, 1991)
Carobeta - S. lycopersicum S. pimpinellifolium Georgiev and Mikhailov, 1985

RG - S. lycopersicum S. cheesmania&ar. minor Mikhailov and Georgiev, 1987 (cited by

Lukyanenko, 1991

aNot determined, not applicable.

bDerived from a cross between a variant from “Severianin” and aom-parthenocarpic cultivar.
CClassi ed in the IPK seedbank (http://www.ipk-gatersleben.de/genbank/) a a L. esculentum Mill. convar. parvibaccatum Lehm. var. cerasiforen(Dunal) Alef.
dClassi ed in the IPK genebank as L. esculentum Mill. convar. frigibsum Lehm. var. pygmaeum Lehm.

(Table 7). Also IL5-1 pat-6 pat-7) was obtained after a cross with relative of Carobeta, a variety carrying the introgression
of the B allele responsible for the orange fruit color due
The same involvement of wide crosses is found in theo high content of b-carotene Georgiev and Mikhailov,
pedigree of those sources of parthenocarpy that were ndt985.

S. habrochaitg&orguet et al., 2008

genetically characterized. A contribution fro®. lycopersicum
var. cerasiforme(formerly L. esculentunmvar. cerasiforme)is

Facultative parthenocarpy was also found after more distant
crosses of the cultivated tomato witB. cheesmaniaf..

traced in the rst report of parthenocarpic fruits in tomato Riley) Fosberg (formerly.. cheesmaniaé. Riley; Mikhailov
(Hawthorn, 193), in the Ukrainian selection Pridneprovskij and Georgiev, 1987, cited byukyanenko, 1991 S. neorickii

(Kraevoj, 1949, cited bighilouze, 1983 in P1190256 {ohnson

D.M. Spooner et al. (formerly. parvi orum C.M. Rick et al,;

and Hall, 195), and possibly in the pedigree of the varietiesPhilouze, 1983 S. pennelliiCorrell [formerly L. pennellii

Lyconorma and Lycoprea whit the parental
Heineméanns Jubileum (Reimann-Philipp,

accessioffCorrel) D'Arcy; Stoeva et al., 1985, citedlhykyanenko, 1991
1977 persona$. sitiend.M. Johnst. [formerlyL. sitiens(l.M. Johnst.) J.M.H.

communication cited byPhilouze, 198 In addition, line RP  Shaw; R. Chetelat, personal communicatio8], peruvianum
75-59 derived from a cross between Atom and Bubjekosokd,. [formerly L. peruvianum(L.) Miller; (Lesley and Lesley,
British and Russian cultivars, respectively, was charaetériz 1953] and Cyphomandraspp. (Luneva, 1957 cited IBhilouze,

as pat-Ipat-4 (Reimann-Philipp, 1968, cited byrhilouze, 1983.

1983. Bubjekosoko is a cherry tomato typé&lg¢hmoud and

The association of parthenocarpy and wide hybridizations

El-Eslamboly, 2004 classied in the IPK seedbank (http:// was rst addressed biesley and Lesley (1953yho attributed

www.ipk-gatersleben.de/genbank/) as La esculentumMill.
convar. parvibaccatumbLehm. var. cerasiforme(Dunal) Alef

taxon.

S. pimpinellifoliumand S. habrochaitds their pedigree Baggett

the phenotype to an “exceptional combination of genes
coming from the two species that involved an excessive

production of auxin.” After that, this association was memied
Several parthenocarpic selections obtained in Oregon hagPhilouze, 1983; Ho and Hewitt, 1986but no specic

and Frazier, 1978a,b, 1982S. pimpinellifoliumwas also a proposed.

hypothesis as to the mechanism of this observation was
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Wide Hybridization as a Force Driving
Departures From Normal Sexual Plant

similar “no-gene” (that means “no-mutation”) genetic b&si
also for parthenocarpy. When di erent genomes are “colliding”
Reproduction (sensuCarman, 200} after interspeci ¢ or intraspeci ¢ wide

As all developmental processes, sexual plant reproduction iscgo_tsses{, modi catlonb of de\ielopmentfal prolg;ams _contlrolltll:gt
complex pathway depending on external and internal stimulianc;rul st? mayt_olctcur y cilver applnr? ot regu adort);] S|gr&a_s tﬁ
regulated by multi-dimensional checkpoints and interango may be spatia-temporally asynchronous and thus drive the
However, early studies underlined the modular and hierarahi developmgnt of the ovary independently of _fert|||zat|or_1. SU.C
structure of reproductive development algorithms in plantsa mO(_jl cation can e"e'_”t“a”y become xed in populations 'f.
(Haig, 1990). This suggestion was developed by modern syntheti%d"flp_tIVe advgntages_ W.'th the new developmental_ program exist
biologists that support the awareness that cells and orgasm asitis found in apqmlcnc plapts and.parthenocgrplc crops.
organized as a hierarchical combination of functional mtegu From an evolut|onar_y pomt_of_ VIEW, gene |nte_ract|ons are
(Benner and Sismour, 205Following the extensive amount postulated to be functional within species, but incompatible

of data produced by high-throughput sequencing methods, th r deleterious in hybridsNluller, 194). Hybrid lethality may

modular organization of cellular systems has emerged add Iet erefore function as a driver of seed abortion that can lead

to the notion that they could be treated similarly to traditial stenospermpca:p);. Hé)\ivever, rleumttcatlon ?f d|verge_nt g_els:sm ¢
engineering systems (electrical or mechanical). It seberefore may more Simply leac to novel patterns of expression in targe

possible to use novel combinations of existing modules toeahi le?xCI rirslgigr?neg(rzleo;i(IaSr;?:?nne“rfo(\z/g?r:iiilsjeressuelté?gi tm grltgt'g:g
new functions in a given organism in a predictable wayineron P ' 9 9, NG P y
etal., 201} of transposable element€¢mai et al., 2000 That these events

First inventories of species showing agamospermic behavidl®Y Ieafd_ o |m_prow|ad ttnelss_, IS w(;tr|1_|es,fsbed by t;g i)c;mc;nt? n trr]]yb“d
revealed that apomixis occurs almost exclusively in taxgzgtmdo |fnva5|vg tp ?n SEIQ ar ar:j. ¢ ub %uﬁrb.t t]) “n y T
characterized by hybrid origin and polyploidg¢ker and Jerling, a Itltj1 €o apo”?'c_s 0 cg o_nlzz |_'|S ur c?l 2; (|)a s (‘gepiiaa
1999. Following this evidenceCarman (1997)elaborated the parthenogenesisGosendai ang rorand, ) .
“duplicate-gene asynchrony hypothesis’ for the geneticrzsif _ Related, sexually compatlble species, may present di erent
apomixis. The theory, also known as “no-gene theory.” postslat time spans for reprodugtlve Qevglopmental modyles .s.u.ch as
that modular sets of genes inherited from di erent species ma)gevelopment of sporangia, melosis, gametogengss, _fetrqhza
manifest asynchronous expression in terms of heterochitynic and fruit set. A hybrid between these ta_txa could_mherlt diete
(wrong expression or asynchrony in time) and/or heterotoyici Z?::&Zsh t::a}; rknnao);vr?otthat;ea Ss);)r:accr;r(?llléte(if agser:gstihseasg\:i\?etz
wrong expression in space) and as such explain modi cations 2 - o )

( g exp pace) P xclusively after pollination/fertilization\{riezen et al., 2008;

of the reproductive system like apospory, diplospory, an(ﬁuiu etal., 201Ritis also recognized that fruit set may be driven

apomixis as a wholeQarman, 199) Thus, apomixis and by fertilization-independent pathw tivation of dow
related reproductive variations would result from developrad y fertiization-independent pathways, activation ot do e
cgenes or removal of repressors driven by mutations or hormone

rograms that are ectopically and/or prematurely express
prog pica’ly P y exp treatments Pascual et al., 2009; Wang et al., 2009; Ruan et al.,

due to the misregulation of duplicate genes in polyploids . . . -
. . 2019. In this scenario, the e ect of asynchrony in hybrid gene
mesopolyploids, or paleopolyploid§érman, 199y . r . . 2. .
Accordingly with Carman's hypothesis, the so called “stage%é?;f:?g:tri‘li;%ﬁnbsagrtiizlpﬁcgduce fruit set positive signals
f evolution” of ixi in with k facultati i ) . : .
of evolution” of apomixis begin with weak facultative express This hypothesis is supported by a number of observations that

that has been consolidated by mutations. This is corroteatat h df wudi i th in t "
by the fact that “tendencies toward apomixis” are common in ave emergec from studies on genetic parthenocarpy in tomato

natural and synthetic polyploidg\cker and Jerling, 1992; Osborn as detailed below.
et al., 2008 Interestingly, according to the “fading borders
model,” gradual heterotopic variation in the level of express
of oral organ identity genes resulted in the evolution ofral
organ morphology across diversi cation of angiosperms, from
the basalmost to the more evolved lineadgesl((s et al., 2007

(1) An oligogenic control of the trait has been reported in a
number of casep@t-3 pat-4 pat-6'pat-7,and othersTable 1).
Also in the pat-2 mutant, although the phenotype has been
shown to depend on a single mutated gefeifome et al.,
2019, its penetrance is dependent on the presence of the

Experimental evidence of the “no-gene” theory has recently
emerged from analysis of transcriptomes in apomicts. The
occurrence of heterochronic gene expression, compared t@sex

minor modi er gene mp (Vardy et al., 198P This indicates
that the trait is often the result of a combination of more tha
one genetic determinant.

types, has been experimentally displayed in the diplosporous (2) Parthenocarpy may occur in association with abnormal

Tripsacum dactyloide@d..) L. (Grimanelli et al., 2003; Bradley
etal., 200yandBoechera retrofrac{@raham) A. Léve & D. Léve
(Sharbel et al., 20).0

Parthenocarpy as a Consequence of Wide
Hybridization

Examining the common origin from interspecic crosses
in tomato sources for parthenocarpy leads to postulate a

development of male or female oral organs. Defects in early
ovule development have been associated with parthenocarpy
in the variety Pridneprovskij (Ludnikova, 1970, cited by
Philouze, 198Band in the pat (Mazzucato et al., 199@&nd
pat-k (Takisawa et al., 20} fmutants in tomato and in pepper
parthenocarpic linesTiwari et al., 201). This indicates that

in speci ¢ cases parthenocarpy occurs as a downstream or
combined e ect of alterations that are expressed early to
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interspeci c crosses as in pummel@.(grandisx C. paradisi
and other Citrus hybrids (Soost and Cameron, 1985; Vardi
etal., 2008

All these observations support the idea that the expression
of parthenocarpy in many tomato lines is the consequence
of particular combinations of (sets of) genes involved in
reproduction, more than that of a single gene that underwent
spontaneous or induced mutation. This possibility is supported
by the high occurrence of polyploidy among parthenocarpic
species that has been described and discussed befgued 2).

Transcriptomics of Tomato Fruit Set
Supports the Hybrid Origin of

Parthenocarpy

A number of studies have focussed on the transcriptomic
description of pollination-dependent and pollination-
independent fruit set in tomato, comparing systems where
parthenocarpy was driven by hormone treatmentri€zen

et al.,, 2008; Tang et al., 2Q;L®xpression of inductive genes
(Martinelli et al., 2009; Molesini et al., 2006r silencing of
repressors \(Vang et al., 2009; Mounet et al., 201%enetic
parthenocarpy has been investigated at the transcriptomic
level only in thepat3pat4 (Pascual et al., 20p@and in the pat
(Ruiu et al., 201pmutants, but the former was the only system
analyzed where seedlessness was obtained after hybridizatio
In this study, the authors concluded that the stage of anthes
was the most di erent between the wild-type and that3pat4
parthenocarpic line and the key point at which many genes are
di erentially expressed. However, normal and parthenocarpic
fruit set were transcriptionally similar, without drastibanges in

FIGURE 4 | Correlation coef cients between expression of fruit set-riated
genes in cultivated and wild forms of tomato. logFC of the exggssion few
days after anthesis and at anthesis of genes up-regulated bpollination (PD

group) and early fruit growth (FG group) in cv Chico Il ovari¢guiu et al., gene expression between the two genotypes¢ual et al., 2009
2015) and in M82 andsS. pimpinellifoliumpericarp, placenta and septum Thus, transcriptomic analysis of fruit set pat3dpat4 suggested
(Tomato Expression Atlas at the Sol Genomics Network webgt sgn, https:// the importance of di erential gene expression in time, aIthbug

solgenomics.netShinozaki et al., 2019. this study could not explicitly conclude that heterochrajc

was the driving force of the entire process.

Transcriptomic studies at the fruit set stage have also
module organ development and identity. Ultimately suchbeen carried out in tomato wild relativesPdttison et al.,
alterations may a ect later processes like ovary growth. 2015; Dai et al., 20).7However, due to the lack of parallel
(3) Often, strong parthenocarpy arose from parents withousstudies, the available databases o er scarce possibilityeioate
or just with weak tendencies to seedlessness. In Polandeterochronicity in gene expression between wild and cat&d
the cross of two Canadian varieties, “Early North” (withforms. To get insights into the degree of correlation of gene
limited parthenocarpic attitude) and “Beaverlodge 6703%expression in cultivated and wild forms, genes involved uitfr
(with no parthenocarpy), resulted in tomato lines with setwere selected from the analysis onghemutant (Ruiu et al.,
strong parthenocarpic capacity in conditions unfavorable ta2015 addressing those transcripts that are up-regulated after
fertilization (Kubicki and Michalska, 1978 anthesis in the WT but not in the mutant (Pollination-dependent
(4) Evidence of parthenocarpy often appears in the segregatigenes, PD group) and those that are up-regulated after arsthesi
of Fp hybrids (G.P. Soressi, personal communication) thatn the mutant but not in the WT (Fruit growth genes, FG group).
are obtained from crosses between distantly related geesty For all these genes, the logFC between anthesis and 4/5 D®A wa
including conspicuous introgressions of wild germpladrm(  calculated from expression data retrieved in the TEA databas
etal., 201 in M82 andS. pimpinellifoliumyespectively and separately for
(5) Finally, in species other than tomato genomicdierentovary tissues (pericarp, placenta, septum).
perturbations such as changes in ploidy have been reported The correlations found between the two cultivated forms
as the basis for parthenocarpy; the link between triploidy andChico Il and M82) ranged from 0.22 to 0.45, being more
parthenocarpy is established (and exploited) in species likdi erentiated among tissues in the PD than in the FG gene
watermelon and banan&(hara, 1951; Ortiz and Vuylsteke, group (Figure 4). All the correlations between Chico Il and
1995; Varoquaux et al., 200@ften, triploidy is achieved by S. pimpinellifoliumshowed lower values, with a decrement that
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ranged between 30 and 74% in the PD group and between 39 aatleles (appleyao et al., 200lor epialleles (oil palmOng-

66% in the FG gene grougrigure 4). Making allowance of the Abdullah et al., 2010650f B-class MADS box genes have been
di erences in the experimental systems compared, this analysghown to cause parthenocarpy and defects in their expression
provided an indirect indication that speci ¢ sets of genes areshowed interference with fruit set in grapevirfesfnandez et al.,

di erentially activated at the fruit set interface betweartvated 2013.

and wild tomato.

Further Commonalities Between Apomixis CONCLUSIONS

and Parthenocarpy The inventory of angiosperm species showing parthenocarpic
A similar mechanistic basis for apomixis and parthenocarpy mapehavior and of the sources of parthenocarpy in the speci c case
also be deduced by the fact that the two phenomena seldom occaf tomato o ered novel insights into the role that autonomous
in the same taxon, as reported in bircBqgdanov and Stukov, ovary development may have played in natural evolution and
1979, in subtropical species of the Asteracedés(pachowski in the man-driven activity of selection and breeding. Tharsk
et al., 200% in Citrus (Vardi et al., 200Band in Musa(Okoro  of novel parthenocarpic species, novel spontaneous and induced
etal., 201 mutants as well as novel genes involved in the phenomenon will
Koltunow et al. (2002freated apomixis and parthenocarpy give support to the models proposed and new insights into the
as phenomena with possible common bases by highlighting @ontrol of ovary development in angiosperms. In parallel with
number of commonalities between the two processes. Firsy, th apomixis, such insights will pave the way to new opportunities
both derive from the disruption of molecular mechanisms thatto harness a modi cation of the reproductive system in tomato
prevent the development of a oral organ (ovule and carpeland in other fruit crops that is of great interest to modern
respectively) in the absence of fertilization. As such, thel® breeding.
becomes a fundamental structure in the molecular signaling
underlying these mechanisms. Moreover, the two processes gfg JTHOR CONTRIBUTIONS
stochastic and both characterized by facultativeness nla&kes
possible the coexistence of modi ed and normal processeswith AM and MP contributed conception and design of the study. MP
the same individuali{oltunow et al., 200R organized the database and wrote the rst draft of the manipsc
A further common element is the involvement of B-classAM wrote sections of the manuscript. All authors contributied
MADS-box homeaotic transcription factors in both apomixis and manuscript revision, read and approved the submitted version.
parthenocarpy. The fact is paradoxical since, according to the
ABC model for oral organ formation, B-class genes are tyfjca ACKNOWLEDGMENTS
expressed in the second and third oral whorl and contribute
to the identity and development of petals and stamen&igel  We warmly thank G. P. Soressi for having inspired research on
and Meyerowitz, 1994 However, several authors reported theparthenocarpy at the Tuscia University and developed materials
expression oSIDEF[the tomato ortholog oDEFICIENSDEF)  used herein. E. Barcelos, M. Berenbaum, C. Gasser, and th& PNA
in Antirrhinum majusand of APETALA3(AP3J) in Arabidopsis Editorial O ce, M. J. Diez, |. Kataoka, C. Mesejo, J. Prohens, M.
thaliand] in the fourth oral whorl (Mazzucato et al., 2008; Tang F. Ramos Ordofiez, J. Sardos and the Plos ONE Editorial O ce
et al., 201} In the aposporous apomidtieracium piloselloides are acknowledged for use of photographic materialEddeis
Vill., the ovule presents a downregulation DEFH in a broad oleifera Pastinaca sativa, Annona squamo€aicumis sativys
zone of the chalaza that coincides with the region wher@ctinidia arguta Citrus clementineSolanum muricatunrBursera
aposporous initials di erentiate; such a downregulation ist no aptera,and Musa acuminaterespectively. Esther van der Knaap
seen in sexual ovules(ierin et al., 20001n parallel, di erential s deeply acknowledged for critical reading and discussiothe
expression ofDEF homologs have been reported in ovariesmanuscript.
showing wild-type or parthenocarpic behavior. In toma8DEF
shows a peak of expression in ovaries at anthesis, that cesICiiSUPPLEMENTARY MATERIAL
with the signal that arrests ovary growtli{ezen et al., 2008;
Wang et al., 2009 such an accumulation is absent in ovariesThe Supplementary Material for this article can be found
that develop autonomously in theat mutant (Miazzucato et al., online at: https://www.frontiersin.org/articles/10.38#ls.2018.
2008; Ruiu et al., 20).9n parallel with these ndings, mutated 01997/full#supplementary-material
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