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Abstract

Fruit breeding is mainly based on both conventional (hybridization, mutation and
selection) or biotechnological methods (somatic hybridization, genetic transformation
and haploid production). The genetic improvementughothe conventional methods is
limited by many factors such as fruit trees long juvenile period, high heterozygosity,
large size and sexual incompatibility. Haploids and doubled haploids, obtained through
gametic embryogenesis have a potential use in ¢neps genetic improvement. The
change of the microspores fate from the normal gametopytic pathway towards the
sporophytic induction is affected by numerous factors. Genotype, medium composition
and stress were considered the most important factors edquarswitch the pollen
embryogenic development.

During this doctoral course, researches have been carried out on gametic embryogenesis
in different fruit crops via anther and isolated microspore culture. Particularly, for the
first time, embryos were ohbted by isolated microspore culture techniqueCitrus

spp Morover, somatic embryogenesis callus and regeneration of plantlets were
achieved via anther culture blood sweet oranges§;. sinensid.. Osbeck, cvs. Moro,
Tarocco Meli, Tarocco TDV and TarazcS. Alfio, homozygous callus, embryos and
plantlets were instead obtained fraditrus clementinaHort. ex Tan. cvs. Hernandina

and CorsicaThese results represent an advancement of plant breeding and propagation
techniques irCitrus spp

Research has beealso carried out oDlea europaeal. gametic embryogenesis,
multicellular structures have been obtained from anther and isolated microspore culture,
as the first step towards haploid olive embryos production.

Furthermore, a preliminary experiment hasmecarried out on of several hazelnut
(Corylus avellanal.) cultivars to obtain regeneration through anther and isolated

microspore culture.

Key words: anther cultureCitrus; fruit trees breeding; hazelnut; homozygsity; isolated
microspore culture; ole; pretreatments; pollen embryogenesis; somatic

embryogenesis.



FIRST PART

1- Introduction

Genetic improvement in fruit crops, carried out by conventional methods is time
consuming and limited by many factorsnther and isolated microspore culture are
efficient biotechnological methods used to produce haploid and double haploid plants in
fruit trees breeding. To switch microspore development towards the sporophytic
embryogenesis pathway it is necessary to take into account many factors such as
genotypephysiological state of donor plants, microspore developmental stage, medium
composition, physical and chemical stress, pretreatment and environmental condition
used forin vitro culture. Particularly, stress pteeatments are considered to be an
importantfactor in inducing embryogenesis in microspores and they have been found
necessary for triggering pollen embryogenesis. In fact, commonly without stress,
microspores follow their normal gametophytic pathway to form pollen grains (Touraev
et al., 1997). $ess can be applied through the growing conditions, provided to the
donor plants, as pretreatment to the floral buds or to the isolated microspores, or during
the culture. Actually, all aspects of tive vitro culture protocol could be classified as
streses (Ferrie and Caswell 2010).

Investigations have been conducted to obtain regeneration through anther and isolated
microspore culture techniques, studying and testing the response of microspores to
different stress treatments applied before and durieguhure.

Although isolated microspore culture technique is considered the most effective system
for studying the microspores induction and embryogenesis, in many species anther
culture has proven to be more effective than isolated microspore for prgchaploids

and doubled haploid. This could be due to the effect of anther wall tissues on
embryogenesis.

Studies have been carried out through years 2011, 2012 and 2013 to improve both
anther and isolated microspore culture techniques, investigatingreditffactors
affecting microspore embryogenesis.

Particularly, in 2011, the effect of two thermal shocks applied tontiwro cultured
anthers of sixCitrus cultivars four blood sweet orange€. sinensid.. Osbeck, cvs.
TaroccoMeli, Tarocco TDV, Taocco S. Alfio, Moroand two clementines Citrus

clementinaHort. ex Tan. cvsCorsica and Hernandina) was investigat&dmatic



embryogenesis callus and regeneration of plantlets fobmod sweet orange€.
sinensi&. Osbeck, cvs. Moro, Tarocddeli, Taracco TDV and Tarocco S. Alfisvere
achieved, homozygous callus, embryos and plantlets were obtained Gitous
clementina Hort. ex Tan. cvs. Hernandina and Corsitese results represent
advancement in plant breeding and propagation techniq@&sus p.

In the same yearanther cultureof the following five olive cultivars, Biancolilla
Napolitana Cerasiola Sciacca, Galatina, Nocellara del Bela®l Verdello have been
carried out.Moreover,in four olive cultivars (Biancolilla Napolitana, Nocelladsel
Belice, Tonda Iblea and Verdelldhe isolated microspore cultungas performed
observing their developmet (the number of microspores uninucleated with no
development, binucleated, trinucleated, multinucleated and forming calli) by
fluorescence micsxope (Zeiss, Axiophot, Germany).

In the second year (20123 ,six months training stage has been carried out &e¢h&o

de Investigaciones Bioldgicas (CIB), of the CSIC (Consejo Superior de Investigaciones
Cientifica) in Madrid, Spain, on different Icebiology methodologiesto monitor
isolated microspore and anther cultures of different oliveGitrds spp cultivars have
been studied. Particularly, including fixation and embedding techniques fatro
samples to investigate structural preservatiny microscopical analysis, learning
different protocols (resin sertin sectioning and different staining methods for
specific cellular components, microscopical analysis by various methods: phase
contrast, bright field and epifluorescence; digital imagquisition in a CCD camera,
and image processing by appropriate softwares; a short experience on spectral confocal
laser scanning microscopes: Leica SP2 and SP5) have been focused.

In the same year, studies on previous cultures have been carriedbetltating and

mo ni t or i-diagnidibo2-pherdylindole (DAPI) staining and observations through
afluorescence microscope (Zeiss, Axiophot, Germanyh@®Citrus and olive cultures.

In 2013, anther and isolated microspore cultiv@ge been performed the following

six different hazelnut(Corylus avellana cultivars: Tonda Romanayleraviglia De
Bolwiller, Imperatrice Eugenia, Carrello, Nostrana and Gentile Roffleaanthers
responseof two thermal shocks anthe microspores responge four thermalshocks

and two media werebserved.

In the same year (2013he anther andmicrospore response to five different growth

regulators combinationsadded to the P induction medium (Germana’ et al., 1997;



Germanaand Chiancone 2003) were studieddnsinenss L. Osbeck, cvéoro andin

Citrus clementindlort. ex TancvsNules and MAR.

For the first time, embryos were obtained from isolated microspore culture technique in
Citrus spp

In Olea europaeal., multicellular structures have been obtained from an#ret
isolated microspore culture, as first step towards haploid olive embryos production.

In hazelnut Corylus avelland..) for the first time, an experiment has been carried out
to obtain regeneration through anther and isolated microsptiteed testng different

temperature stresses applied to the explants.



2-Status of art of research on gametic embryogenesis

2.1 Cbjectives of breeding programs in fruit trees

Plant breeding has a significant potential in increasing crop production to meet the
need of an evegrowing world population, improving food quality to ensure a long and
healthy life and address the problems of global warming and environment pollution,
together with the challenges of developing novel sources of biof@elsn@na2011a).

A greateffort is needed to develop and modify some aspects of current plant breeding to
be more effective in iproving fruit crops. Fruit trebreeding is based on conventional
(hybridization, mutation and selection) or biotechnological methods (somatic
hybridization, genetic transformatiphaploid productionetc..). In fruit trees, as well

as in most woody plants, genetic improvement by conventional methods is time
consuming and limited by many factoBiotechnologiesanprovide powerful tools for

plant breeding. The main goals of fruit breeding programs are to obtain new varieties
with a shorter juvenile nefruiting period, an increased yield, a longer ripening season,
regular bearing, seedlessness and improved external and internal quality of ghe fruit
Another important aim in fruit tree improvement research is to make available new
scions and rootstocks selected for resistance or tolerance to biotic and abiotic stresses
(Germandal997, 2006).

2.2 The importance of haploids (Hs) and doubled haploidDHs) in plant breeding
Haploid plantgHs) are sporophytewith the gametichromosome number (n instead of
2n). When spontaneous induced chromosome duplication of a haploid occiins,
resulting plant is called doubled haploid (DAhe interespf breedersn haploids and
doubled haploidsmainly relies in the possibility to obtaihomozygosityin woody
plants, generally characterized by a long reproductive cycle, a high degree of
heterozygosity, large size, and, sometimeg,selfincompatibility (Gemana 2006,
2011a).

Haploid plants arouse interest in the fields of genetic and developmental studies, as well
asof plant breedingThe importance ofiaploids in plant breeding and genetic research
was immediately recognize@vhenthe first natural haploidvas discoveredn Datura
stramoniumand in Nicotiana spp. by Bergner as reported byBlakeslee and Belling
(1924) and by Kostoff (1929).



Haploid technology is important for its potential use in mutation research, selection,
genetic analysis, transformatioand in the production of homozygous cultivars
(Germana2010; 2011a)Moreover haploid lines can be used as parents in protoplast
fusion with diploid plants in order to obtain triploids, which are particularly important
since they are seedless.

Moreover, DHs have featured strongly in basic and applied genetic studies of crop
plants and have an important role in the development and exploitation of structured
mutant p@ulations for forward and reverse genetics (reviewed by Forster and Thomas
2005). DHs arelso very useful for genome mapping, providing reliable information on
the location of major genes.

The first DH crop plant released was the cv. Maris Haplona of rapBsassica napus
(Thompson 1972), followed by the cv. cultivar Mingo in barldgrdeum wlgare in

1980. Later, haploids were reported in a range of species.

Many reviews have been make available, focusing on methods used for haploid and
doubled haploid productioas well as on the importance of Hs and DHs for plant
breeding (Dunwell 2010; Zing et al., 1990; Andersen 200#¢.). Moreover, extensive
efforts have been made to obtain haploids from several hundreds of species (Magoon
and Khanna 1963Maluszynski et al., 2003; Palmer et al., 280%u et al, 2007;
Germanal997; 2006; 2014,b).

The release ohew fruit trees cultivars throughH technology is much more difficult

and more time requiring3erman&009). In nany fruit trees, such as apple, papaya and
peach,H and DHs have been obtained, but it takessiderable time to characterize
them Poder and Scorzd 995 Yahata et al., 200Rimberiaet al., 2007).

RegardingH and DHsproduction inCitrus and their relativesanther culture is the most
employed methods to recover hapkidilternative methods can be: selecti of
seedlings (Eseand Soost 1972; Toolapong et al., 1998)situ parthenogenesis (the
production of an embryo from an egg cell without the participation of the male gamete)
induced by irradiated pollen followed Iy vitro culture of embryogOllitrault et al.,
1996); in situ (Oiyama and Kobayashi, 1998y in vitro (Gemana and Chiancone
2001) parthenogenesis induced by pollBom a triploid plant, followed by in vitro
culture of embryos. Irradiation or triploidy do not hinder pollen germination, but
prevent pollen fdilization, stimulating the development of haploid embryoids from

ovules.



Although a lot of research has been carried ougametic embryogenesis (Germana
1997 2011ap), not much of it has been successfulCitrus, the first haploid seedlings
were obtied by the application of gamma raysGiirus natsudaida{Karasawal971)
after that, many studies have been carried out on gametic embryogenesis to obtaining
haploid and doubled haploid plants thgh anther and isolated microspore culture but
not muchof it has been succeeded. Only heterozygous plantlets have been obtained by
anther culture irC. aurantium(Hidaka et al., 198 Germanaunpublished)C. sinensis
(Hidaka 1984, C. aurantifolia(Chaturvedi and Sharni985),C. madurensigLing et

al., 198), C. reticulata(Germana et al., 1994Poncirustrifoliata (Deng et al., 1992)
and C. sinensis (Cardoso et al.unpublishedl Haploid plantlets have been recovered
from Poncirustrifoliata L. Raf. (Hidaka et al.1979) andC. madurensisour. (Chen et
al., 1980),0ne doubled haploid plantlet has been obtained from the hybrid No.d.4 of
ichangensisx C. reticulata (Deng et al.,, 1992); haploid plantlets and highly
embryogenic haploid calli d. clementinaHort. ex Tan. (Germana et al. X92000a,
Germana and Chiancone 2003); hapldidt albino embryoids of Mapo tangef®.
deliciosax C. paradisi (Germana and Reforgiath997); haploid and diploid calli,
embryoids and leafy structures but no green plants.dimonL. Burm. (Germana et
al., 1991) haplad embryoids ofClausenaexcavata (Froelicher and Ollitraul2000)
have been also achieved. Also regeneration of triploydis vitro anther and isolated
microspore culture are very important @itrus spp because of their seedlessness
(Kobayashi et al.1997; Ollitrault el al., 1996).

In many fruit trees and other plant species, considerable researches have been carried
out to obtain haploids and doubled haploids through gametic embryogentsi
example in:Olea europaea(Bueno et al., 2004, 2005, 2006&plis et al., 2008;
Chiancone et al., 2013Prunus armeniacgPeixe etal., 2004; Germana et al., 2010)
Eriobotrya japonica(Germana et al., 2006; Padoan et al.,120Malus domesticaFei
and Xue 1981; Xue and Niu 1984; Zarsky et B986; Hofer andHanke 1990 Zhang
and Lespinasse 109Verdoodt et al. 1998; Hofer 199, 2003) Phoenix dactylifera
(Chaibi et al., 2002Chen et al., 1980)Prunus persicalL. (Michellon et al., 1974;
Seirlis et al., 1979 Musa balbisiang/Assani et al., 2003 Carica papayal. (Litz and
Conover 1978; Tsay and Su 1985; Rimbeira et al., 2@0%)onasquamosd.. (Nair et

al., 1983),Gingko biloba(Laurain et al. 1993)Feijoa sellowianaBerg(Canhoto and
Cruz 1993),Coffea arabica(Ascanio and Asdrubal 1994Ryrus pyrifdia Nakai
(Kadota and Niimi 2004)Poinciana regia(Bajaj and Dhanju 1983)Cocos nucifera

10



(ThanhTuyen and De Guzman 198%&)uercus petraeandFagus silvatica(Jorgensen
1988). Aesculus carnegRadojevic et al., 1989)Hevea brasiliensigChen 1990),
Populus spp (Baldursson et al., 1993Quercus sube(Bueno et al., 1997)Clausena
excavatgFroelicher and Ollitrault 2000).

2.3 Microspore embryogenesis via anther culture technique

More than 50 years ag@&Guha and Maheshwafil964) discovered that antiseof
Datura spp.containing immature pollen grains (microsmrandin vitro culturedat
specific conditionscould develop into haploid embryoéfter this discovery, many
experiments have been carried ouséd upefficient andreplicable protocols fmusedon
obtairing haploids through anther culturdGermana201la, 2011p. Also isolated
microsporesat the right developmental stagafter suitablepretreatments and at
appropriateculture conditionsmay change theiusual gametophytipathwaytowards
pollenmaturation to develophaploidembryoids or emtyogenic callus

Through anther culture technique, it is posstbleecover also diploid embryoidShey

can originate from the micspores laterduplicatng their chromosomal numbeandso

they arehomozygous, or they may come from the somatic tissue of the anther, so they
are heterozygous as the mother plant (Cardoso etnglublishe)l Those somatic calli

and plants have high value in fruit trees breeding, since they can be used for protoplast
fusion, genetic transformation iorvitro germplasm storage

Anther culture technique has been employed to recover haploids in many fruit crops,
among which citrugind stone fruits (@ang et al., 1990Regarding apple, for example,

the induction of embiygenesis from cultured anthessstill low and highly genotype
dependent (Hofer 1995De Witte et al.,1999. Haploid plantlets and highly
embryogenic haploid calli o€itrus spp (Germana et gl.19%; 2000a, Germana and
Chiancone 2002003 Germana etlg 2005) Prunusarmeniaca(Germana et al., 2010)
Eriobotrya japonica(Germana et al., 2006; Padoan et al., 120have been also
obtained

Generallyin fruit treeanther culture technique, flower bua® collectedrom the trees
cultivated in the field Wwen the microsporeare at around the uninucleated stage of
development.

The stage of pollen development is commonly determined by staining one or more
anthers peibud size by acetocarmine or by DAPI4 &diamiéino2-phenylindole)

After a pretreatmentand surface sterilization, the anthers are aseptically and carefully

11



dissected and placed into the medium. The sterilization is usually performed by
immersion for 32 minutes in 70% (v/v) ethyl alcohol followed by immersion in sodium
hypochlorite solutionabout 0.5% active chlorine in water) for-16 minutes. Before
removing the petals by a small forceps, the floral buds are washed two or three times
with sterile distilled water.

Some morphological and chemical changes indicate the starting of the gpiegs
process. The microspore enlarges significantly, the nucleus is placed in the cell center,
the cytoplasm clears and the large vacuole breaks apart into smaller fragments (Touraev
et al.,, 2001). These rearrangements provide, in the induced microspomany
species, a stdike morphology, that is considered a transient early morphological
marker of embryogenic commitment (Indrianto et al., 2001; Maraschin et al., 2005).
After that, microspores symmetric division occurred, as the first morphological
evidence of the embryogenic pathway (Zaki and Dicknson, 1991), then microspore
continue its division patterns towards multicellular structued embryos formation.
Otherwise, during the gametophytic pathway, microspores divided and differentiated

into generative and vegetative nuclei different in size and shape.

2.4 Microspore embryogenesis via isolated microspore technique

A decade latemfter thediscoveryby Guha ad Maheshwari1964) Nitsch (1974)
culturedNicotianamicrospores naturally releasedé m ant her ti ssue (0s
culture) Only in 1982, Lichter mechanically isolated microspores fidrassicabuds

prior to culturing them, paving the way for further and numerous studiegsasaspore
culture. In fact, many studies hav been carri@ out to developprotocols for the
different species and increasing the frequency of embryogenesis via isolated microspore
culture.

While in anther culture, the whole immature anthersraxétro cultured, in microspore
culture, the immature male gameta® isolatedbefore theculture, removing somatic
anther tissue by different methods.

Although anther culture is often the method of choice for doubled haploid production in
many crops, because of its higher efficiency and advantageous simpBeitynéna
20113, the technique of the isolated microspore culture provides a better way of
investigating the cellular, physiological, biochemical, and molecular processes involved
in pollen embryogenesis (Nitsch 1977; Reinert and Bajaj 1@véh if it requires étter

equipment and more skills than anther cultdoes Moreover, isolated microspore

12



culture avoids the regeneration of diploid embryos and plants from somatic anther tissue
(Ferrie and Caswell 201German&®011a, 2011p

Essentially, the steps involden an isolated microspore culture protocol are: growing
donor plants, harvesting floral organs, isolating microspores, culturing and inducing
microspores, regenerating embryos, and doubling the chromosome number (Ferrie and
Caswell2010.

The differencesdetween anther and isolated microspore culture could be due to the
effect of anther wall tissues on embryogenetsie anther wall may negatively impact

the microspores, or may produce diploid somatic callus and subsequently embryos.
Anther culture is exemely timeconsuming more than isolated microspore culture; the
isolated microspore culture system allows for better nutrient availability to the
developing microspores and provides a superior method for tracking and studying
microspore maturation and emb development(Ferrie and Caswell2010. In
microspore culture, the immature male gametes are isolated prior to culture, removing
somatic anther tissue by different methods. Although anther culture is often the method
of choice for doubled haploid prodien in many crops, because of its higher efficiency
and advantageous simplicityzérmana2010, 2011a), the technique of the isolated
microspore culture provides a better way of investigating the cellular, physiological,
biochemical, and molecular processavolved in pollen embryogenesis (Nitsch 1977;
Renert and Bajaj 197,/¢ven if it requires better equipment and more skills than it does
in anther culture. Moreover, isolated microspore culture avoid the regeneration of
diploid embryos and plants fromrsatic anther tissue.

Embryogenesis via isolated microsporeaifected by numerous factorsemptype,
pretreatment, microspore developmental stage, donor plant physiological state and
growth condition, stress treatments, culture media, condition of itionb&s the first

step in any isolated microspore protocol, identifying the correct flower bud and anther
size with microspores in optimal developmental stage prowadeeryimportanteffect

in embryogenesignduni-nucleate to early binucleate stagee usuallyselected DAPI

( 4 &djami@ino2-phenylindole) andicetocarmine are the stains most commonly used
for determining the developmental stage of the microspore (Fan et &), 198

For many speciesusually flower buds or anthewrwe pretreated, faced in nutrient
solution, media, water, or inducer chemicals and kept for up to several weeks prior to

microspore isolatioifFerrie and Caswe010. Most temperature pretreatments are at 4

13



T 10°C, but short heat shockrmditions of 33°C for 48 72 hcan also be used (Liu et

al., 2002).

The most effective technique used to isolate the microspomnesnyfruit trees crops
involves mechanically crushing the surfesterilized buds to release the microgsor
from the anthers by aterilized blender, thefiltering the microspores to remove
somatic anther wall and bud tissue from the microspores. The microspores are
subsequenthseparatedy centrifugation. Percoll gradients (Fan et al.,, 1987; Joersbo
Brunstedt 1990), maltose density ghants (Kasha et al 2001), sucrose gradients
(Maraschin et al., 2003nd nannitol gradients have been used to separate the somatic
tissues andto obtain clean isolated microspore culrésermanaet al., 2010;
Chiancone et al., 2013)

High practical skills is required fasbtaining a clean microspore cultusnd somatic
tissues like anther wall, flaments and somatic hairs must be separated from the
microspores (lgbal and Wijesekara, 2007) Compositaespecies Helianthus annuus

L. (sunflower), multicellular somatic haiwere difficult to eliminate during microspore
isolation: the hairs were highly reactive and produced catijiliringthe use of percoll
gradients (Coumans and Zhong 1995) or Mannitol gradigbésnfanaet al., 2010;
Chiancone et al., 2013) to piyrthe microspore preparations.

A suitable culture medium containing all macro and mrutrients, vitamins, a
carbohydrate source and all other required compsmapending on the genotype and
culture must be provided to the isolated microsgote obtainig embryogenesis
(Germanal997; Germanaand Chiancone 2003). Antibiotics such as cefotaxime can
also be added to the medium if contamination is a problem (Lantos et al., 2006).
Although isolated microspore culture is an efficient protocol to producing hayoog

line for plant breeding programs, only a few reports of progress in fruit (Bgysnana
2006, 2011) Recently, many studies have been carried outmfmove the haploidy
protocols(Hofer 20(%; Bueno et al., 2005, 2006; Ferrie and Caswell 2@E&mand,

2009, 2010, 2011; Chiancone et al., 2013)

2.5 Factors affectingin vitro pollen embryogenesis

2.5.1 Genotype

Genotype, developmental stage, and culture conditna the most important factors
affecting the microspore developmental f4teS e ¢sumarro and Nuez 2008&,b).

Becawse the induction rate of microspor@spends on the genotype (Vasil 1980), it is
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necessary to know the optimal conditions to turn the development of pollen towards the
sporophytic pathway and to avoid embryo abort{®ermana2007). The effect of
genotype on the success of the gametic embryogenesis is appeared cl€&étrysjn
where homozygous regeneratigve beerproducedin different cultivars of the one
speciesC. clementinaalthough research on anther cultofenumerous genotypes has
beencarried out(Germanal991, 1992, 1997, 2000a, 2003, 2005, 2@Bémanaand
Chiancone 2003).

2.5.2 Donor plant

To obtaina successful microspores embryogenpsei€ess, it is necessary to colléoe
flowers from healthy, drtilized, regularlyirrigated and pedree donor plantgFerrie

and Caswell 2010

The donor plantds growth condition and ph
the microspores embryogenesiad influencetriggering it towards the sporophytic
pahway (Wang et al., 2000Diseases or stress applied to the donor plants can reduce
the response to the pollen embryogengdiéang et al., 2000). Also the other
environmental conditions around the donor plamnbger light, temperature, humidjty
etc..) have a marked effect on the microspore embryogenesis. For example, donor
plants of wheat and barley grown during OctdébBercember provided an excellent
microspore responseg (Swapamd Datta2005). In the rice crop, plants grown during

the dry season praded the best microspore response under optimized conditions of a
phytotron with controlled light, temperature, and humidity, which enable plants to
maintain a healthy growth with disease and pest free stattsbaccoPDunwell (1981)
indicated that bottphotoperiod and light intensity affected the yield of microspore
embryos and plantlets. The frequency of pollen grains is also increased by other
conditions (short days, low temperatures) that are unfavorable for plant growth
(HeberleBors andReinert 198 1HeberleBors 1985%.

Although the physiological state of the donor plant can dramatically affect the response
of the anthers to thén vitro culture, this parameter has been investigated only in
herbaceous plantdue to the difficulties involved with detmining it in woody plants.

In fact, the growth condition and physiological status of donor plants cannot be
standardized in the anther culture of perennial plantsvated in operair and affected

by climatic (temperature, photoperiod and light intgfscultural (pruning, irrigation,

fertilization, etc.) and pedological conditions (especially during flower induction and
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differentiaton). This can explain why the response to the culture of woody plant anthers
is very season dependent even when theegarotocols are applieGérmang010).

2.5.3 Pollen development stage

The induction rate of the pollen embryogenesis via anther and isolated microspore
culture isstronglyinfluenced by the pollen developmental stage. Microspores between
the uninucleatand early binucleate stage (the stage around the first pollen mdosis)
themost responsivéRaghavan 198@echan and Keller 1988mykal200Q Telmer et

al., 1993; Touraev et al., 1996b; Gonzalelendi et al., 1995 and 198@#). In
Nicotiana tabacm Touraev et al. (1996a) reported thabicellular pollen stages the

best responding when starvation is used as pretreatMéren heat shock is applied
instead, younger uninucleate microspore can be employed.

The stage of pollen development is comnyodetermined by staining one or more
anthers per budize by acetocarmine or by DAPI staininyarious researchers have
observedin many genera thamnicrosporesat different developmental stagesin be
found within a single anther and between differenthans of the samedwer bud
(Hidaka et al., 1979, 198; Chén85).

Generally, the stage around the first pollen mitosis is the best respobeldagise after
that the pollen grainsstart to accumulate storage reserves, they usually lose their
embryogeniccapacity and follow the gametophytic developmental pathway (Heberle
Bors 19&; Raghavan 1990). Without stress treatmemisrospores follow their normal
gametophytic pathway to form pollen grains (Touraev et al., 1997). HKfgstress
treatment, the miosporesarenot able to followtheir gametophytic pathway and they
start to follow the sporophytic pathway atodorm embryoqZaki and Dickinson 1990;
Sharma and Bhojwani 1985; Telmer et al., 1992)

2.5.4Pre-treatment

Stress treatments are considetednduce embryogenesis in microspores and without
stress, microspores follow their normal gametophytic pathway to form pollen grains
(Touraev et al., 1996, 199FHu and Kasha 1999Ftressalso plays an important role in

the development of the embryos angreen seedlings and consequeittiynproves the
yield of green plants regeneration (Kasha et al., 2001; Li and Devaux 2008i). be
applied through the growing conditioapplied tothe donor plantspr aspretreatmers

to the floral buds orto theisolatedanther ormicrosporesput also during theurface
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sterilization andwvith theculture conditions. In fact, all aspects of the microspore culture
protocol could be classified as stresses (Ferrie and Caswell 2010).

Thermal shockare considered to béhe most effective treatmento induce pollen
embryogenic development. In several plastsgsh asCitrus, cold treatment is the most
mainly used on pollen embryogenesis.

First studieon the effect of cold treatment on pollen gametic embryogenesis weee d

on Datura innoxia(Nitch and Norrel 1973) anthter on tobaccoQuckan and Hebere

Bors 1976; Heberl®ors and Reinert 198Rashid and Reinert 1983).

Cold pretreatmentapplied to flowers has been reported to reprogram the gametophytic
pathway in mangpecies. In citrus anther culture, different cold pretreatment have been
used starting form two hours (Starrantino 1986), overnight (Geraci and Starrantino
1990), four daysGermanaet al., 1991, 1994), one week up to three weeks (Deng et al.,
1992; Germana 1997, 2003, 2005, 2006). Also in other fruit crops and woody plant
specieslike olive Olea europaea(Bueno et al., 2006Chiancone et al., 201,3apple
Malus sp. (Hofer 2003, 2004) oaRuercus spp(Bueno et al., 2000, 2003; Rawmur et

al., 2004), angoplarPopulus nigra(Andersen 2003; Deutsch et al., 200d9ld pre
treatments have been usdal cereals and legumeasany studies have been carried out

to discovering the effect of cold treatment on pollen embryogerdssin Fabaceae
(Zagorska andimitrov 1995; Croser et al., 2004)) Brassica(Telmer et al., 1993;
Custers et al., 1994; Binarova et al., 1997; Touraev et al., 1997; Indrianto et al., 1999;
Smykal and Pechan 2000), in rye (Immonen and Anttila 2000; Immonen and Fenhola
Roininen 2003)j n t r i t i ¢ a l-JarzifasnidPsnidka k997e Marcmiak et al.,
1998; Gonzalez and Jouve 2000; Immonen and Robinson 2000; Tuvesson et al., 2003;
Wndzony etin latley (Olseéh A¥B3, ¥iauddin et al., 1990; Scott and Lyne
1994; SalmenkalliMarttila et al., 1995pnd inwheat (Gustafson et al., 1995; Ingram

et al. 2000; Redha et al., 2000

In contrast, m Solanum melongenk., Rotino (1996) reported that high temperature
showed a higher efficiency on the embryogenesis more than cold tneéafrhe same
results have been obtained also Brassica oleraceaand in a number of related
Brassica species(Duijs et al., 1992; Sato et al., 2002; Ferrie 20@8)well as in
Solanum chacoeng€appadocia et al., 1984).

In addition tothe thermal treatnmds, there are various stress treatmeapplied to
enhanc pollen embryogenes@istuéet al. (2006) reported that anthers greated in

0.7 M mannitol for 5 days improved gme plants regeneratiohabbaniet al. (2007)
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showed that a prreatment consting in a combined mannitol 0.3 M and cold for 7
days had a strong effect on the number of embryos producezhdhe regeneration of

green plantsHeat shock combined with starvation (Touraev et al., 1996) or with cold
and emotic starvation combaud with thermal treatmentsesulted usefuto reprogram

the gametophytic pathwayHoekstra et al., 1997; Hu and Kasha 1997; Caredda et al.,
2000; Kasha et al., 2001; Li and Devaux 2001; Wojnarowiez et al., 2002; Jacquard et
al., 2003; Davies 2003)Other protools include treatments with oligosaccharides
(Penhuizic et al., 2001), afriiicrotubular drugs such as colchicine (Smykal and Pechan
2000), ethanol, gamma irradiation (Pechan and Keller 1989), and some other chemicals
(Liu et al., 2002a, 2002b).

2.5.5 Micospore density

Microspore culture density ia very important factor affecting pollen embryogenesis.
This parameter has been investigated and determined in woody planits @achy
herbaceous plantin fruit trees,Germand1996) resusperd citrus microspores using
a density ranging from 1 x 1@ 10 microspore per ml, in olive Bue{@8006); Soliset
al. (2008) agusted the obtained microsporeliet to 1 x 18 microspore per ml.
Germanéet al. (2010, 2013) and Chiancone e{2013) used 1 x fomicrospore per ml
as a culture density for different olive, loquat a@drus cultivars. Other isolated
microspore culrre densitiehave been studied and reported for differeretcigs: 10"
microspores/ml, 2 x fiml, 3i 4 x 10/ml, 8 x 1&/ml and 10 x 18ml (Ziauddin et al.,
1990; Olsen 1991; Hoekstra et al., 1993; Gustafson et al., 1995; Prem et al., 2012).

2.5.6 Medium composition

The effect of medium composition on pollen embryogendsave been widely
investigated andhe diverse genotypes show very diffint requirements Usually,
nutritional requirements of isolated microspore cularemuch complicated than those

of anther culture (Reinert and Bajaj 1977; Bajaj 1990).

Different carbon sources and plant growth regulators requirenagatmecessaryo
induce pollen derived plant formatioB€¢rmanal997). The most commonly used basal
media for anther and isolated microspore culture are N6 medium (Chu 1978), modified
MS medium (Murashige and Skoog 19G2&N (Nitsch and Nitsch 1969). The nutrient
mediumnot only provides nutrition to the microspores but also directs the pathway of

embryo development.
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Carbohydrate source is essential for embryo production in anther and isolated
microspore culture because of their osmotic propentiese culture mediagther than

to be aenergy sourcep build structures and material.

Sucrose is the most common carbon source used in anther culture of citrus and their
relatives, at 5% concentration (Hidaka et al., 19792,1@&®raci and Starrantino 1990;
Froelicher and @itrault 2000). The influencef differentcarbohydrate has been tested

on anther culture of. clementinandC. reticulata(Germanéet al., 1994). Sucrodat

5%) was found to be the best carbon source, in comparison to glucose in anther culture
of two clementine and two mandarin cultiva@dgrmanéet al., 1994)In media used for

pollen embryogenesisa many cerealssucrosas addedn the range of 2% to 3% and
maltose in the ranges from 6% to 9% (Orshinsky et al., 1990; Otani and Shimada 1993;
Karsaiet al., 1994; Bishnoi et al., 2000; Barnabas, 2003; Pauk et al., 2003; Tuvesson et
al., 2003; Wedsony 2003). Fructose and glucose have both been shown to barynhibit

to pollen embryogenesis Petuniaanther culture (Raquin 198 Lactose at 18 g/l and
galactose at 9 g/l are regularly used in clementine anther cu@Barenan&003).

The supplement of other substances, such as growth regulators, casine, proline,
glutamine, biotin, coconut water, polyamin@As), anti oxidant activated cltaal and
antibiotics to the culture media hagen found toncrease the number of polleerived
embryos in many species. The presence of growth regulators (auxins, cytokinines) is
crucial for microsporaerived embryo production in the majority of mplaspecies
(Maheswari et al., 1982). The type and the concentration of auxins seem to determine
the pathway of microspore development (Ball et al., 199@ny studies have been
focused on growth regulatocombinationson anther culture and isolated microspore
culture inCitrus sppand many other fruit crops. (Starrantino 1986), studying the effect
of different auxine and cytokinin commiation on citrus anther cultur&ermanget al.,

(1991, 1994pbtained embryonic structures frdin sinensiandC. paradisi andtested

the effect of numerous combination of KIN, NAA and ZEA @itrus spp.Foundng

thatthe best combination was 0.02 mg/l NAA + 0.5 mg/l ZEA + 0.5 mg/l Kin in anther
culture medium ofC. clementinaand C. reticulata Regardingcereals, the effect of
growth regulators, such as IAA, NAA, BAfdded to the induction media alone or in
combination at various concentratiomss testedn maize (Scott and Lyne 1994,
Davies 2003; Caredda et al., 2000; Jacquard et al., 2003) and in barly (Scott and Lyne
1994; Davies 208 Caredda etla 2000; Jacquard et al., 2003n anther culture of
wheat, triticale and rye, 2B and kinetin are used in the induction media and NAA
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with kinetin in stimulate regeneration (Otani and Shimada 18@8lha et al., 2000;
Pauk et al., 2003)

Other addition, such as activated charcowhs also tested in many experiments
BrassicaPrem et al(2008 reported that, the microspores embryogeniesis juncea
hasincreased when silver nitrate and activated charcoal were included in the cultur
medium. Other recent improvements include the addition of theaaxin to enhance
microspore embryogenesiskn junceaAgarwal et al. 2006)

Antibiotics such as cefotaxime can also be added to the medium if contamination is a
problem (Davis 2003; &ntos et al., 2006).

Alifatic polyamines (PAs), such as putrescine (PUT) and spermidine (SPE) are low
molecular mass polycations present in all living organisms (Maamguy 2001; Bagni

and Tassoni 2001). These growth regulators play a very importamtirroflower
initiation, pollen tube growth, cell division (Bagni and Tassoni 2001). The addition of
PAs to the medium stimulate gametic embryogenedi&tmis clementinadort. ex Tan
(Chiancone et al., 2006)n isome wheat cultivars (Rajyalakshmi et 4B95) and in

cucumber (Ashok and Kumar et al., 2004).

2.5.7 Characterization of regenerants: ploidy analysis

For identification of regenerants from anther and isolated microspore culture, flow
cytometry has been used to analyze the ploidy level (Oliitedial., 1996; Froelicher

and Ollitrault 2000Germanaet al., 2005b)Other indirect methods have been used to
estimate ploidy level, such as counting the chloroplast number in stogoata cells

and determining plastid sizes (Qin and Rotino 1995)t &idy haploids or doubled
haploids have been obtained by gametic embryogenesis. Actualiaptwid (diploid,

triploid, tetraploid, pentaploid, and hexaploid) embryos and plantlets have been
obtained via anther cul t ur7é Duniell 2000).f er ent

2.5.8 Characterization of regenerants: detection of homozygosity

Isozyme analyses, random amplified polymorphic DNA markers and microsatellites can
be utilized to assess homozygodise(mana2006). InCitrus, isozyme analyses have
beenemployed to confirm the gametic origin of calluses and plar@etrbanaet al.,

1991, 1994, 2000a, 2000b; Ollitrault et al., 19@9ermanaand Reforgiato 1997;
Germanaand Chiancone 2001)sozyme techniques allow the distinction between

androgenetic andgomatic tissue when the enzyme is heterozygotic in the diploid
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condition of the donor plant and the regenerant show lack of an @kein@na2007).

In addition, also RAPD markers, sequence characterized amplified region (SCAR), and
simple sequence repeatSSRs) have been utilized to assess homozygosis and
todetermine the gametic origin of calluses and regenerated plantlets, irrespective of their

ploidy (Germana 2011a).

2.5.9 Plant recovery

Plantlet formation from pollen embryogenesis programs may odther edirectly
through embryogenesis of microspores or indirectly through organogenesis or
embryogenesis of microspederived callus Germana2007). In citrus, the highly
embryogenic haploid callus is multiplied in 15 x 100 Petri dishéd MS medium
(Murashige and Skoog, 1962) containing MS Salts, MS Vitamins, 34 g/l sucrose, 0.5 g/l
Ascorbic acid, 0.5 g/l mannitol, 1 myiGAs, 0.02 mgt NAA and 8.5 g/l agarThis
procedure was repeated every month until plantlet regener@enm@naet al., 2005,
2006; Germanaand Chiancone 2003).

Although theCitrus embryos germinated vigorously, usually the homozygiaistiets

grow slowly in soil, presumably due to the expression of harmful recessive genes
expressed in homozygosity (inbreeding depression). Theseozygous plantlets
always died as a result of fungal infecti@@efmana007).

To improve the survival of plantlets vitro grafting of homozygous small shoots32

mm) onto etiolated 20 day old Troyer citrange seedl{ngkuredin MS micro grafting
medium containing MS Salts , MS Vitamins, 30 g/l sucrose, 0.1 g/l Myoinositol and 6
g/l agaj can beexecuted

After about 4 months of the micro grafting, when the grafted plantlets obtained were
about 45 cm high, plantlets were washed with sterilized waed subsequently
transferred to the greenhouse in pots containing sterilized peat moss, sand and soil in the
ratio d 1:1:1 for the hardening phaé@ermana000b; 2007).
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SECOND PART

Introduction

Haploids and doublebaploid plants are of great inést for breeding and genomic

studies They can be obtained through tgametic embryogenesisne of the most

important example of cellular totipotency, thatthe ability ofthe singleplant cell to
regenerat@ whole plant

It can beachievedstartingf r om bot h t he female gamete (A0
male gamete with the commonly-soal | ed #fApol |l en embryogenesi
The research conducted during the three years of doctorate was carrtednolutce

and to study gametic embryogenesis in some froibps Qlea europaea Citrus
clementinaHort. ex Tan.Citrus sinensigOsbeck) L., an€orylus avelland..), trough

anther and isolated microspore culture.
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1. Citrus (Citrus spp.)

1.1 Introduction

Citrus are the most important cultivated fruit speciemked first among all fruit crops
worldwide. A great amount of worl@itrus fruit production (more than 12®illion tons
produced during 2013, FAOSTAT databaseines from the Mediterranean countries.
About 80% of total globalCitrus produced are orangand tangerine. All cultivated
forms of Citrus and related generaP¢ncirus Fortunella etc.) are diploid with a
monoploid number of chromosomes (n=xfBYost1925).Triploid and tetraploid forms

of Citrus also exist. The interest of breeders in hapldids) or doubled haploids
(haploid that doubled their chromosome number, DHs), lies in the possibility of
shorting the time needed to produce complete homozygouq Geesiana 2006, 2010).

In Citrus anther culture, stress treatments have been found aegdss development

and triggering embryogenes{Starrantino1986; Germanat al, 1991, 1994, 1997,
2009, 2005). Stress treatments (such as chilling, high temperature, high humidity, water
stress. etc.) applied to excised floral buds or to anthers beftioee act as a trigger for
inducing the sporophytic pathway, preventing the maturation of microsfooesaev

et al, 1997), although sometimes different reshlise been obtained

The stress, triggering the microspore development from gametophysjgotophytic
pathway, seems to act by altering the polarity of the division at the first haploid mitosis
involving reorganizatio of the cytoskeleton (Reynold997), delaying and modifying
pollen mitosis, blocking starch production @ssblving micro tubles (Nitschl977).

Many studies have been focused on influence of growth regulators on anther culture and
isolated microspore culture i@itrus sppand in manyother fruit crops (Starrantino
1986). Observing the effect of different auxine and cytokinmlmaation onCitrus spp

anther culture, embryonic structures frdn sinensisand C. paradisiwere obtained
(Germanét al., 1991, 1994).

APol |l en embryogenesi so, can be i mdiraced t h
culture. Mostly, anther cultuns the method of choice for doubled haploid produrctio

in many crops, becaus# its simplicity. h Citrus and their relatives, haploid plantlets
have been recovered froRoncirus trifoliatal. Raf. (Hidaka et al.1979) one doubled
haploid plantlet has den obtained from the hybrid No. 14 &f ichangensis< C.

reticulata (Deng et al.1992). Moreover, homozygous plants with different ploidy and
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highly homozygous embryogenic calli 6f clementinaHort. ex Tan. (Germana et.al
1994; 2000b; 2005; Germarand Chiancone 2003), haploid, but albino embryos of

0 Mapobd C.daigosdx €. paradis) (Germana and Reforgiato 1997), haploid
and diploid calli, embryos and leafy structures but no green plan@G. dimon L
(Germana et g11991)

Numerous endogmus and exogenous factors affect embryogenic response of anthers in
culture (Smykal 2000; Wang et.aR000). Particularly, genotype, physiological state
and growth conditions of donor plants, stage of gamete developmetitegiraent to
flower buds andn vitro culture media and conditiord incubation together with their
interactions, are all factors that greatly affect the anther responseitovitr® culture
(Germana 2011a; 2011b). There is no single standard condition or prtioziofain

plant formation by anther culture, and it is possible that anthews only of different
species, but also of different cultivars within a speshsw very diverse requirements

to undertake an embryogenic route and development.

This study has been carried dbtough three years: 2011, 2012 and 2013, to obtain
regeneration through anther and isolated microspore culture of s€itenglgenotypes,

and testing different treatments to the anthers and microspores in culture and achieving
gametic or somatic embrgenesis, depending on the genotype.
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1.2 Anther culture

1.2.1 Materials and methods

Plant material

The experiments were carried out through two years 2011 and 2012, studying the
response to anther culture®©f sinensid.. Osbeck andCitrus clementinaHort. ex Tan.

In particular, flower buds ohe following varieties of blood sweet orang€s,sinensis

L. Osbeckwere collectedTarocco Meli, Tarocco TDV, Tarocco S. Alfiad]lected in
Lentini, Italy) (2011)and Moro ¢ollected inPalermo, Italy) 2011-2012).
Regardingclementine Citrus clementinaHort. ex Tan., anther culture was carried out
with the following cutivars: Corsica and Hernandina (collected in Lentini, ltaly)
(2011)

Correlation of anther size and microspore gametophyte development

For bothin vitro culture techniques: anther and isolated microspore culture, the stage of
pollen development was tested to identify the vacuolated stage. Anthers from different
cultivars and different buds sizes were squashed in a few dropDdafignidino2-
phenylindole (DAPI) staining solution and observed under fluorescence microscope
(Zeiss, Axiophot, Germany)he vacuolatedstage (Fig.1A) was previously determined

to be the most responsive fBitrus gametic embryogenesis (Germana 2007; 2009). For
the xperiments, only the flower buds of the same saethose with anthers containing
microspores at the vacuolated stag€-0 mm in length for orange8.5 5.0 mm for

clementing (Fig. 1B and 1C)vere selected for the culture.

Flower bud sterilization ad in vitro culture

After a cold pretreatment (4°C forXb days in the dark), flower bud surfaces were
sterilized by immersion for 3 min in 70% (v/v) ethyl alcohol, followed by immersion for

20 min in 25% (v/v) commercial bleach (about 0.5% active ctdannwater). Finally,

flower buds were rinsed three times for 5 minutes eachsuetilizeddistilled water.

Petals were aseptically removed with small forceps and anthers were carefully dissected

and placed in 6 cm diameter Petri dishes containing 16 sdlid medium.
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Medium composition

P induction medium(Germanaet al, 1996) was used as a basal meftiaall anther
culture experiments in all 2011 experiments.

In the second experimental season 2@ medium (Germana and Chiancone, 2003)
andP medumwere both used as induction media (Table 1)

Experimental design and data collection
2011Influence of twothermal shockson anther culture ofCitrus clementira Hort. ex
Tan, cvs. Corsica and Hernandina, and @itrus sinensisL. Osbeck, cvs. Tarocco
Mel i, Tarocco Santo6Alfio, Tarocco TDV and
The effect of two thermal shocks on the response of anthers was studied, applying to the
in vitro cultured explantgafter the inoculation and before the culture, at the above
reported conditions) the two follamg treatments:

1) -20°C for 30 minutes (F).

2) 37°C for 60 minutes (H).

3) No thermal shock (C).

2012 Influence of two cold treatments and two culture media onhantculture of
Citrus sinensis LOsbeckcv. Moro
The effect on anther response of two cold trestis1and two culture media was studied,
culturing the anthers on two media, P and N6, and after that, storing the Petri dishes, for
30 or 60 minutes aR0°C.
In particular, the following theses were tested:

1) P medium and no thermal shock (P C).

2) N6 medium and no thermal shock (N6 C).

3) P medium + 30 min &-20 °C (P F).

4) N6 medium + 30 min &-20 °C (N6 F).

5) P medium + 60 min &-20 °C (P F+).

6) N6 medium + 60 min & -20 °C (N6 F+).

In all the experiments, per each treatment, 10 Petri dishes were preparedt(@08 an
/treatment). Moreover, as control, 10 Petri dishes were incubated directly in the growth

chamber, at the same conditions above mentionedSikly antherswere placed in
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each Petri dish, sealed with parafilm, then incubated 8125 for thirty dag in the

dark, and then placed under cool white fluorescent lamps (Philips TLM 30W/84) with a
photosynthetic photon flux density of &nol m?s* and a photoperiod of d&ht hrs.

Every month, anthers in culture were observed and after 10 months, rttieemaof
anthers that did not develop (Fig. 1D), that were swollen (Fig. 1E) or producing non
morphogenic calli or embryogenic calli and was registered per each Petri dish.

This time was chosen because it was previously observed that, after ten @antiss,
anthers did not undergo further significant development. These data were used to
calculate the means.

The effects of the treatments and of the genotype on registered data were tested by
analysis of variance. When values were not normally distributed,wiere transformed

by arcsin square root. To compare the means, the Gldewe | | 6 s t est or

test were used.

Germination medium and calli multiplication

The embryos anthe embryogenic callivere transferred into the germination medium
in 15x 100 Petri dishesyith MS medium (Murashige and Skoog, 1962) containing MS
Salts, MS Vitamins, 34 g/l sucrose, 0.5 g/l Ascorbic acid, 0.5 g/l mannitol, 1 G,
0.02 mgi* NAA and 8.5 g/l agar This procedure was repeated every month until

plantlet egeneration.

In vitro grafting and plant recovery

Although theCitrus embryos germinated vigorously, usually the homozygaastiets

grow slowly in soil, presumably due to the expression of harmful recessive genes
expressed in homozygosity (inbreedingpcession). These homozygous plantlets
always died as a result of fungal infecti@@efmana007).

To improve the survival of plantlets vitro, grafting of homozygous small shoots32

mm) was carried outonto etiolated 20 day old Troyer citrange sewgHi(Fig.
1F)obtained from seed germinationMS micro grafting medium containing MS Salts,
MS Vitamins, 30 g/l sucrose, 0.1 g/l Myoinositol and 6 g/l agar

After about 4 months of the micro grafting, when the grafted plantlets obtained were
about 45 cm high, plantlets were washed with sterilized water and subsequently
transferred to the greenhouse in pots containing sterilized peat moss, sand and soil in the

ratio of 1:1:1 for the hardening phase.
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Characterization of regenerants: ploidy analysis

Ploidy level of the obtained regenerants was evaluated by flow cytometry analysis.
Tissue from calli, embryoids and plantlets was chopped with a razor blade in presence
of 1 ml of nuclei extraction buffer (Partec) and a diploid control sample. The suspension
wasfiltered through 30um nylon filter and mixed with 4 ml of a DAPI stain solution.
Relative DNA content of each sample was determined using a Partec Cell analyser PA
Il (Partec GmbH, Munster, Germany) and the reference control sample.In 2011, a total
of 96 regenerants were analyzed: of these 30 were analyzed from blood sweet orange
cultivars (9 from Moro, 12 from Tarocco S. Alfio, 3 from Tarocco TDV and 6 from
Tarocco Meli) and 66 from clementine cultivars (51 from Hernandina e 15 from

Corsica).In 2012, a tal of 7 regenerants were analyzed from Moro blood sweet orange.

Characterization of regenerants: analysis of heterozygoditarried out by Prof.
Testolin and Dr. Orietta Lain, Dipartimento di Scienze Agrarie e Ambientali,
Univerisity of Udine. Italy)

In order to analyse and characterize anther regenerants, samples were collected and
Simple Sequence Repeats (SSRs) have been utilized to assess homozygosis or
heterozygosis and to determine the origin (gametic or somatic) of calli and of
regenerated plantkgtirrespectively of their ploidy. Total DNA was extracted from 0.2

g of plant material (young leaves or calli).

The followings regenerants were analysed: 3 of Moro, 3 of Tarocco Meli, 3 of Tarocco

S. Alfio and 1 of Tarocco TDV, 1 of Corsica and 5 of Hewtliaa (2011), 10 of Moro
(2012) , by means of the Qiagen Pl ant DNA
protocol. DNA concentration in samples was determined by fluorometer (Hoefer
DyNA Quant 200) using the Hoechst H 33258 fluorescent dye and human DNA (50
250 nghl) as a standard.

Fourteen trnucleotide microsatellites isolated by Kijias et al. (1997) fiGimus x

limonia (rangpur lime) xPoncirus trifoliatawere screened in a preliminary test and

four of them (TAAL, TAA15, TAA41l, and CAC15) were selatfer the analysis for

their polymorphism, the easily scorable pattern, and the little stuttering.

PCRs were carried out onrk. volume containing 10 mM TrsICl pH 9.0, 50 mM

KCI, 1.5 mM MgC}, 200nmM each dNTP, 0.3rM each primer (forward primer was
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labdled with either FAM or HEX fluorescent dye), 20 ng genomic DNA and 0.3 U of
Taq polymerase (Amersham Biosciences, USA) using a PT 100 termal cycler (MJ
Research, USA). The PCR thermal profile was as follows: 94 °C for 5' for 1 cycle;
94°C for 60", 55 °Cdr 30", 72 °C for 60" for 32 cycles, 72 °C for 5'.

Onenl of desalted PCR product was mixed with 2ri5of loading solution (70 %
formamide, 1 mM EDTA), 0.25L ET-ROX dye (Et40€R size standard, Amersham
Biosciences, USA), and 1.6L deionised HO, centifuged at 900 rpm for 2',
denatured at 95°C for 4', cooled in ice and electrophoresed on a MegaBACE 500
capillary sequencer (Amersham Biosciences, USA). Fragment profile was analysed
using Genetic Profiler v2.0 (Amersham Biosciences, USA). Each PCR/Ewasin

repeated 4 to 6 times.

Cellular architecture

Fixation and processing for light microscopy

In order to characterize the main changes in the cellular architecture of microspores in
culture, as well as to identify the developmental stages of the formattimicrospore
derived multicellular structures, a microscopical analysis was carried out.

Samples, at different times: just collected from the treeadt®dl about ten months of
culturewere selected, processed, and resin embedded. Particularly, anthertxed

in 4% paraformaldehyde in phosphate buffered saline (PBS), pH 7.3, overnight at 4°C.
After washing in PBS, samples were dehydrated through an acetone series, infiltrated
and embedded in Technovit 8100 acrylic resin (Kulzer, Germany), at 4 {€e@ously
described (Solis et al., 2008) to optimize the penetration of the resin into the tissue.
Semithin sections were stained with different methods and analyzed under light and

confocal laser scanning microscopy (Leica CLSM).

Toluidine blue and odidé potassiumiodide (I,KI) staining cytochemistry for starch
Toluidine blue staining was used to observe the cellular organization under light
microscopy. lodidébased cytochemistry was performed at specific stages for
localization of starch granulestasing solutions (0.075% toluidine blue in water; 2 g

of KI and 0.2 g of I in 100 ml of water) were applied on Technovit sections fdr510

min. After rinsing and drying, preparations were mounted in Eukitt and observed under
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bright field in a Leitz Labdux 12 microscope equipped with a DP10 Olympus digital
camera.

1.2.2 Results and discussion

Anther culture, embryo and plantlet regeneration

After one week of culture, many anthers start already to swell and to produce calli.
Antherderived calli were nomorphogenic, or highly embryogenic (Fig. 2A). The
route of regeneration was also, but more rarely, through direct embryogenesis (Fig. 2B),
through organogenesis (Fig. 2C) or through secondary embryogenesis observed at the
basis of an embryo (Fig. 2D). Thembryogenic calli differentiate into a clump of
embryos (Fig. 2E).

The embryogenic callus was multiplied (Fig. 2F), and, once the embryos appear, they
were germinated in Petri dishes and afterward transferred to Magenta boxes (Sigma
V8505) or to test tulze Most of the obtained embryos were wattuctured and they
developed like zygotic embryos, through the globular, the heart, the torpedo and the
cotyledonary stages.

The anthers collected at different times during the culagqeashed anBAPI stained,
observed under fluorescence microscopy showed the presence of different features.
Also, an asynchrony in the developmental response of the microspores was observed. In
fact, bicellular pollen grains contained nuclei with different chromatin condensation
pattern, such as the larger vegetative nucleus and the smaller generative one were also
detected (Fig. 2G), denoting an asymmetrical division, typical of pollen maturation.
Additionally, in all genotypes, pollen grains with two similar nuclei (Fig. 2Hjmfxd

by a symmetrical division, together with multinucleate pollen grains (Fig. 2I),
developed when the nucleus divides without cell division, were observed, indicating
that these microspores switched their developmental programme towards proliferation.
In some anthers, after six months in culture, large multicellular structures or
proembryos were observed. In fact, association between the polarity of first pollen
division and ability to embryogenesis induction from microspores has been showed
(Twell and Havden 1998), and symmetric division of pollen nucleus is considered as

first indication of onset of embryogenic program (Seguarro and Nuez 2008).
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2011Influence of twothermal shockson anther culture ofCitrus clementia Hort. ex

Tan, cvs. Corsica ad Hernandina, and ofCitrus sinensid..Osbeck cvs.Tarocco Mel,
Tarocco Sant6Al fio, Tarocco TDV and Moro
Results regarding the comparison among the responses of anther culture of two cultivars
of Citrus clementinaHort. ex Tan: Hernandina and Corsicadeof four cultivars of

Citrus sinensigL.) Osbeck: Moro, Tarocco S Alfio, Tarocco TDV and TaroccoMeli,
after ten months of culture, are reported in Table 2. All genotypes gave rise to a
morphogenesis process froim vitro cultured anthers, even if withrept genotype
dependent differences.

In fact, a strong genotype effect was observed for all parameters registered (not
developed, swollen, with callus and with embryogenic callus or with embryos anthers).
Particularly, significant differences were obseriedhe percentages of not developed,
swollen anthers and anther with callus: Tarocco S. Alfio and Meli showed the lowest
amount of the first type and the highest of the second one. Regarding the anthers with
callus, the highest percentages were obsermedamentine Corsica and in oranges
Tarocco S. Alfio and Meli, although not always the calli produced were embryogenic.
Moreover, regarding the percentages of anthers producing embryogenic calli, the
genotype exhibiting more anthers with embryogenic ¢elérnandina 3.3 %), was not
among that ones with the highest value of anthers with callus. The percentage of anthers
producing embryogenic calli, the most interesting data, was higher in clementines
compared to the blood oranges.

Furthermore, regarding theffect of the temperature treatments, it was observed a
different behavior between sweet oranges and clementines, even if not supported by
statistical analysis, since the cold treatmer®#0{C) induced a noticeably greater
production of embryogenic calt anthers of Hernandina (5.6%) and of Corsica (3.7%),
while it had not clear effect in the development of sweet orange explants. Among the
bl ood oranges, it was observed that the ¢
response of anthers with aadl and with embryogenic callus, regardless of the

temperature treatment tested, followed by
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2012 Influence of two cold treatment and two culture media on anther culture of
Citrus sinensid.. Osbeck cv. Mora

Resuts regarding this experiment are reported in table 3.

Statistical analysis carried out on data recorded after ten months in culture, did not show
statistically differences for the parameters not developed anthers, while regarding the
swollen anthers, theattor that had the main influence was the cold treatment, more
than the culture medium. In fact, the treatm@@°C for 30 min gave the best results.

On the contrary, for the parameter anther with callus, the main factor was the culture
medium. Medium Pnduced a higher callus production than N6 medium. Moreover,
even if no significative interaction was recorded, it is possible to conclude that the worst
combination was medium N6 with cold treatme2@°C for 30 min.

A low percentage of anthers regenedatambryogenic calli; in particular, 0.7% and
0.1% has been detected, respectively, in anthers subjected to the following treatments: P
control and P +20°C for 30 min. Because it was not possible to observe regeneration in
all theses, it was not possititecarry out the statistical analysis.

Particularly in recalcitrant genotypes, the use of a stress can be required to efficiently
switch the gamete development towards the sporophytic pathway. In fact, it has been
observed in many genotypes that treatmé¢hoth physical or chemical) applied before

the culture to the excised flower buds, to the whole inflorescences or to the isolated
anthers, work as a trigger to induce the sporophytic pathway, preventing the pollen
maturation (gametophytic pathway) (Gemaa2011a; 2011b). Among these treatments,
chilling, high temperature, high humidity, water stress, anaerobic treatment,
centrifugation, sucrose and nitrogen starvation, ethanol, irradiation, microtubuli
disruptive agents, electrostimulation, high mediu#) peavy metal treatment, etc. have
been used in anther and in microspore culture. Shariatpanahi et al. (2006) classified
them in three categories: widely used, neglected, and novel.

Stress seems to act in different ways: altering the polarity of thsiahvat the first
haploid mitosis, involving reorganization of the cytoskeleton (Nitsch and Norreel 1973,
Reynolds 1997), delaying and modifying pollen mitosis (two egquiz&l vegetativype

nuclei instead of one vegetative and one generative) and kdostarch production or
dissolving microtubules (Nitsch 1977). Others profound cytoplasmic and nuclear
rearrangements, and gene expression occurs before and along induction of microspore

embryogenesis (Seg&imarro and Nuez 2008).
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The temperature shock isfthitely the most effective and the easier to apply treatment

to induce pollen embryogenesis development. However, the optimum level and duration
of the shock, change depending on the genotype (Dunwell et al., 1983). Actually, in this
study different redts have been produced by the same thermal shock. Thermal shock,
as other stress treatments, is frequently associated with biosynthesis -shdwat
proteins (HSPs), but actual studies showed that HSPs have an indirect effect on role of
microspore embryanesis (Segubimarroand Nuez 2007, SeguiSimarro2010, that

is directly related to stress tolee (SeguSimarroand Nuez2008a,2008b).

Characterization of regenerants: ploidy analysis

The ploidy analysis by flow cytometry revealed that 30 regerier (embryos and
plantlets) obtained through 2011, all sweet orange anther culture regenerants were
diploid (2n), the same results were obtained from the 7 regenerants of Moro blood sweet
orange in 2012 anther culture experiment, regardless of the cuttiveemperature
treatment used (Fig. 4A). On the contrary, all 66 analyzed regenerants from the anther
culture of clementine were triploids (Fig. 4B).

Previous investigations on the ploidy of 94 regenerants obtained through anther culture
of clementine, arried out by flow cytometry analysis, already showed that about 82%
of them were trhaploids, rather than haploids or doubleploids, as expected
(Germana et al 2005a; Germana 2007; 2009).-iNgpioid (diploid, triploid, tetraploid,
pentaploid, hexapld) embryos and plantlets have been obtained from anther culture of
ot her genotypes (D6 Amato 1977). I n fruit
through anther culture in apple (Hofer 1994; Hofer et al 20@2)s pyrifolia Nakai
(Kadota and Niim2004) andCarica papayd.. (Rimbeira et al 2006).

Triploids are important for fruit breeding, due to the seedlessness of their fruits and for
this reason anther culture can be used to produce triploid plants that may be of great
commercial importance wheseedlessness is required by consumers, such @grias

or table grape. Triploids, traditionally produced by 2x x 4x and 4x x 2x crosses, can also
be obtained inCitrus throughin vitro culture of endosperm or by fusion between
haploid and diploid praiplasts (Kobayashi et al 1997; Ollitrault et al 2000). In addition,
also anther culture can be a reliable technique to recover new triploid varieties in

clementine.
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Characterization of regenerants: analysis of heterozygosity

Because of the spontaneousarhosome doubling occurring in the haploid calli and
embryos, ploidy level analysis cannot identify pollierived plants. In fact, wheim

vitro anther or ovary are cultured, diploid plants, such the ones obtained in this
experiment, can be either homonwug spontaneously doubled haploids or heterozygous
diploids derived from somatic tissue.

To discriminate between these two kinds of regenerants, microsatellite DNA loci that
were heterozygous in the parental genotypes at a preliminary screening were used.

Three out of four SSRs selected, that is TAAL, TAA15, and TAA1, were heterozygous
i n the orange <c¢lones of ei ther 6Taroccobd
apparently homozygous displaying a single allele, that has been considered at
homozygous stat the SSRs selected were all heterozygous in the clementine cultivars
OHernandinad and O06Corsicad.

The allele size ranges were compatible with data reported in the literature (Kijias et al.
1995) with small differences in absolute size in base pairs demgemon the size
standard, polymer in the capillary and machine as known from the literature (Testolin
and Cipriani 2010).

Al | regenerants obtained from the orange
and 2012 anther culture experiments showedi@lftterns identical to those of the
original mother plants from which regenerants were obtained and, therefore, from a
genetic point of view they were heterozygous of somatic origin.

Al regenerants of cl ementines owdee r nand
homozygous allelic pattern, displaying either allele of the mother plant. Results were
absolutely consistent at all SSR analysed and should indicate a gametic origin of
regenerants (Fig. 5).

I nterestingly,it was o0Dbs e range dondslshowed thd | 0T
same allelic profiles at all SSR analysed. In spite of the small number of SSR analysed
that does not allow to draw any ultimate conclusion, the identical profile at four loci
could indicate a common somatic origin of the cultiveamd clones of study, a common
occurrence in mangitrus species as observed by several authors (Fang and Roose
1997).

Microsatellites have been previously employed to characterize regenerants obtained
from Citrus anther culture (Germana and Chiancone,320Bermana et al., 2005).

Biochemical markers can also be employed to demonstrate the androgenetic or origin of
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regenerants fronCitrus anther culture (Deng et al., 1992; Germana et al., 1991; 1994;
2000a, b; Germana and Reforgiato, 1997). In fact, iniguevresearch, isozyme
techniques allowed to distinguish between gametic and somatic tissue (Germana et al.,
1991; 1994; 2000a, b; Germana and Reforgiato, 1997).

Cellular architecture

In 2011, anther culture experiments, the cellular changes and organpaimoted by

the treatments were used to study the relation between structural development and
triggering of the sequent differentiation events towards the embryogenic pathway.
Anthers from all differentCitrus cultivars were directly excised from thee¢s (time

zero) then fixed and processed as well as the anthers taken from the different treatments
after aboutten monthsof culture. Results illustrated that, most of anthers collected at
time zero mainly contained vacuolated microspores at a latetopevental stage and
rarely bicellular pollen with a large nucleus. In oranges cvs., the structural analysis of
anthers development under the ldegn anther culture condition showed differences
between the different treatments in structural featurebgestvall somatic tissues, the
covering layers of the pollen sac, the microspores development stages and in anthers
inter-cellular communication respect to nounltured anthers (time zertdpenerally the
results demonstrated less anthers wall damage asdet decay after one year of
culture from the control treatment. Meanwhile at the high temperature treatment (34 °C
1h) has been recorded the highest percentage of somatic tissues Necstyuctures
differences were significantly affected by the diffier treatments in clementine cvs.
Hernandina and Corsica.

Cell to cell communication is a very important factor controlling growth, development
and triggering the cell differentiation. The intllular communication controls the
selective exchange of geans, transportation of salts, sugars and other different
nutrients substances (Kim and Zambryski, 2005; Kobagasili 2007; Baranyet al,
200%,b 201@&,b).

Resultsillustrated that, in some microspores, nucleus divided producing two cells
equivalentin size and structural features, in all the different treatments and cultivars.
The symmetric division of the microspores occurring during the normal gametophyte
development is the first morphological evidence of the embryogenic pathway (Zaki and
Dicknson,1991).
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Different microspore division patterns have been recorded. Some multicellular
structures were ohtzed especially from clementingr most of longterm woody plant

anther cultures, many microspores died or stopped their development or turned into
what it called Polledike structure Otherwise it may appear as unusual clear
microspores. In orange cv. Moro, the percentage of stopped microspores was higher in
the control treatment comparing with the other treatments. In other cultivars, the
percentag of stopped and died microspores appeared to be independent.

Starch storage deposition at time zero, and after one year of anther culture were
investigated. Results showed that, starch accumulation and deposition were changed
temporally and spatially durg the anther culture depending on the genotype and

treatment.

In orange, cv. Tarocco, the starch distribution after culture was higher in the somatic
anther wall tissues comparing with the percentage of staodunailation in
microspores.No starch was etected by the iodide based stainingK[} in many
microspores after culture and before it (time zero). In clementine cultivars, starch
deposition appear to be independently localized at these experimental conditions. These
results, particularly in orangevs., indicated that, an higher percentage of starch
cytochemistry in somatic anther tissues than in microspores after culture could have an
important role in blood sweet oranges embryogenesis.

Carbohydrates are energy source for the cell carbon frameamk biosynthetic
processing. They also act as osmotic agents and contribute to the maintenance of plasma
membrane integrity (Pareddy and Greyson 1989; Tremblay and Tremblay 1991).
Embryo development stages are influenced by the metabolic levels of ajaast as
developmental signals (Rook and Bevan 2003). The high and practically constant
amount of carbohydrates in every embryogenic stageta sellowianasuggests the
importance of sugars in the embryo development (Iraqui and Tremblay 2001). found
that carbohydrate ratio could act as triggers influencing division and differentiation in
the early development during somatic and zygotic embryogene&afsellowiana.

In Eriobotrya japonica(Germanaet al 2006) observed a high starch accumulation in

the bicellular pollen grain as an early microspore embryogenic pathway after about 6
months of anther culture. Starch accumulation and deposition has been observed and
suggested to be associated with polarity establishment and cell differentiation
(RaghavarR000; Testillancet al, 2000; Indrianteet al, 2001).
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In this study, the results showed that starch accumulation was significantly higher in
somatic anthers tissues than in the microspores after about one year of oranges anther
culture. The role of stah storage and deposition in gametic embryogenesis remains to
be clarified(Fig. 6).
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Tables

Table 1.Response to anther culture of two cultivars afitrus clementing Hernandina
and Corsica, and of four cultivars ofCitrus sinensis Moro, Tarocco S Alfio, Tarocco
TDV, Tarocco Meli, after ten morths of culture.

Anthers with
Not .
Swollen Anthers embyoids or
. developed _ .
Cultivar anthers with callus embryogenic
anthers %) %) '
0 () callus
(%)
(%)
Hernandina 585 a 275 b 10.6 b 33 a
Corsica 499 a 314 b 16.2 a 24 a
Moro 604 a 293 b 100 b 03 b
Tarocco S. Alfio 128 b 65.0 a 214 a 08 b
Tarocco TDV 479 a 428 b 9.1 b 0.2 b
Tarocco Meli 19.1 b 63.9 a 16.8 a 03 b

Values within each column followed by different letters are significantly different at
p O0 . GadinesHowell for not developed, swollen anthers and anthers with

embyoids or

embryogenic

c al

us

7 Tukeyt
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Table 2. Influence of two different types of mediun and of thermal shocks on the

anther response recorded after 10 months ah vitro anther culture cv. Moro and

the interaction between the different factors

Not
developed Swollen ,.Anthers
Medium  Thermal shock anthers anthers with callus
%) (%) (%)
P Control 40.3 51.4 7.7
P 20 eC 36.1 59.8 3.9
P 20 eC 30.6 62.7 6.8
N6 Control 55.4 40.7 3.9
N6 20 eC 38.1 60.7 1.2
N6 20 eC 41.4 57.3 1.3
Medium p=0,101 p = 0,307 p =0,007
Thermal shock p =0,289 p =<0,001 p =0,28B
Medium x Thermal shock p =0,430 p =0,607 p =0,608

Two-way ANOVA,

sTtu kaety 6psOQ.e0 5 .
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Figures

Fig. 1. Gametic and somatic embryogenesi<insinensid.. Osbeck ancCitrus clementina
Hort. ex Tan.A: Vacuolated microspore dfitrus sinensiscv Moro. B: Flower bud and
anthers ofC. sinensid.. Osbeck, cv Moro, with vamlated microspore€: Flower bud and
anthers ofCitrus clementinalort. ex Tan, cv. Corsica, with vacuolated microspoBesRetri

dish with Moro anthers in cultur&: Not developed antheF: Swollen antherG:In vitro

grafting of small shoot apexes-8mm) of homozygous clementine regeneranto 20 day
ol d, etiolated O0Troyerdé citrange seedl:
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Fig. 2 A: Highly embryogenic callus a. sinensid.. Osbeck, cv MoroB: Embryogenic callus and
embryos emerging from an anther Gf clementinaHort. ex Tan, cv. HernandinaC: Direct
embryogenesis from@. clementindort. ex Tan, cv. Corsic&®: Organogensis in anther cultuvé
C. sinensid.. Osbeck, cv Tarocco S. Alfidc: Secondary embryogenesis observed at the basis of
embryo in Hernandina #mer culture.F: Multiplication of highly embryogenic callus of Tarocco
Meli. G: Bicellular pollen grain, containing nuclei with different chromatin condensation pattern.
Pollen grain with two similar nuclei, formed by a symmetrical divisionMultinucleated pollen
grains of Corsica clementine. (Bars in G, H:r@0, in I: 10mm).
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Fig. 3. Effect of the temperature treatments on the respon€e sihensid.. Osbeck and
Citrus clementinaHort. ex Tan anthers with embyoids embryogenic callus F20°C for
30 minutes; H: 37°C for 60 minutes; C: no temperature treatment.
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Fig. 4 Characterization of anther culture regenerant€ytofluorimetric analysis: histograms c
fluorescence intensity of nuclei from diploid leafdile ofC. sinensid.. Osbeck and of a diploic
regenerantB: Cytofluorimetric analysis: histograms of fluorescence intensity of nuclei f
diploid leaf tissue o€itrus clementindlort. ex Tan mother plant (peak 1) and triploid embryo
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Citrus clementia Hort. ex Tan cvCorsica anther culture regenerant (peak 2).
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Fig. 5 Characterization of anther culture regenerants. Microsatellite analysis: Pherograms
microsatellite markers TAA41 (left) and TAAL (right) profiles of the mother plant (top) wad
regenerants of Hernandina clementiri@ ¢€lementinaHort. ex Tan). While mother plant i
heterozygous carrying two alleles, regenerants display either allele of their mother plar
presence of alternative alleles of the mother plant has been aedsakea proof of the gameti
origin of regenerants
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Fig. 6 Cellular architecturén orange, cv. Moro semithin technovit sectioAsB:,
Toluidin blue staining for general structuke. time zero acuolated microsporeB:
microspore producingwo nuclei equivalent in size and structural featu@D:
Effect of longterm anther culture condition on structural featuresKl I
cytochemistry for starchC: at time zerpnumerous starch grains in the microspo
as dark depositsD: starch accumulain significantly higher in somatic anthe
tissues than in the microspores after about one year of oranges anther@u{tt+e
control. Bars represent in A,C, D: &M, in B: 1Gm.
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1.3 Isolated microspore culture

1.3.1 Material and methods

Plant material

The experiments were carried out in 201tudied the response togametic
embryogenesis of one cultivar @. sinensik. Osbeck, Moro and two cultivars of
Citrus clementinaHort. ex Tan., Monreal &so (MAR) and Nules, collected in
Palermo (Italy).

To individuate the right flower bud and anther size to start the isolaierospore

culture, the same protocol used for anther culture was followed.

Microspore isolation protocol

1- The flower buds sterilized as above reportedntaining microspores at the late
vacuolated stageere opened with sterilized forceps and aki@0 anthers placed in

Petri dish containing 6 ml of sterilized 0.4 M mannitol solution + 0.5 g/l Ascorbic acid
at 4°C.

2- Anthers suspended in 6 ml0.4 M mannitol solution were placed in a sterilized blender
and 14 ml of 0.4 M mannitol was added to cortgltée volume t0o20 ml.

3- The blender was used five times for 5 seconds each, at a minimum speed. Then, the
blender content was filtered through 100 um sterilized filter and placed in a sterile
magenta bok The remaining anthers were crashed again ileee

4- The magenta bogontent was transferred into a Falcon tube (50 ml).

5- The Falcon tube (50 ml containing the suspended microspores) was centrifuged at
8500 rpm for 10 minutes at 4 ° C. The obtained microspore pellet veaspended in

30 ml of mannitol and centrifugated. The procedure is repeated for at least two or three
times to obtain a clean pellet.

6- The clean pellet was 1®uspended in 20 ml of mannitol and 20 pl of the suspension
was used to measure the density by a Burker camera. Thiyderepared for all
experiments was 100,000 microspores per ml of medium. A volume of 1.0 ml was

placed into each Petri dish.
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7-Finally al/l Petr i di shes were put I n th
placed under cool white fluorescent lamp (Philips TLM 30W/84, France) with a
photosynthetic photon flux density of &ol m* s* and photoperiod of 16 light hours.
Experimental design and data collection
In 2013, microspores response was evaluated to five different media obtained
modifying the P medium (Germaeéal., 19%; Germana and Chiancone, 2003) in the
following way:

1) P medium as control treatment(PC).

2) 0.53 ngl™ meta Topolin+ 0.5 mgl™ Zeatin (PMT/BA).

3) 0.55 ngl™ meta Topolin+ 0.5 mgl™ Benzylaminopurine (PMT/ZEA).

4) 5.3mgl™ meta- Topolin+ 0.5 mgl™ Zeatin (PMT/BA 10).

5) 5.5 mgl™ meta- Topolin+ 0.5 ngl™ Benzylaminopurine (PMT/ZEA10).
For each of the five mediaTéble 4), eight replicates were prepared (40 Petri
dishes/cultivar).
After sevenmonths of culture400 microspores per treatment were observed (four
replicates with around 100 microspores per each) bya fluorescence microscope (Zeiss,
Axiophot, GermanyMicrospore developmental stages were determined by putting
microspores in a few drops of DAPI solution (1 mg'jrand observed.
For all the media tested, different structural features have been observed and
registered: microspores uninucleated with no tgpraent(Fig. 7A), binucleated with
two asymmetrical nuclei (normal gametophytic pathway: one vegetative and one
generative nucleuqfig. 7B), binucleated with two equalze vegetativdype nuclei
that had just started their sporophytic pathw&ig. 7C) trinucleated(Fig. 7D),
tetranucleated, multinucleatéBig. 7E and 7F)and, for the first time, calljFig. 7G)
and embryos at different stages have been obtgigd7H).
These values were used to calculate means, differences among media wereyteste
oneway ANOVA performed to isolate the influence of the media composition.
Di fferences among means were tested by Tu
0.05).

1.3.2 Results and discussion
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Effect of metaTopolin on in vitro isolated microspore dture response ofCitrus
sinensigL.) Osbeckcv. Mora

The statistical analysis performed after seven months of isolated microspore culture of
C. sinenesisL. Osbeck, cv. Moro (Table 5), revealed that in the percentages of
uninucleated, binucleated misqmores no statistically differences have been obtained.
The highest significant value of trinucleated microspores were observed in medium P
control (13%), While the lowest in the media PMT/ZEA (6.8%) and PMT/BA (8.2%).
On the contrary, the highest perceygs of multinucleated microspores were observed
with the same two media treatments PMT/ZE26.2%) and PMT/BA(28.3%).
Although no statistical differences were obtained from both uninucleated and
binucleated microspores, Medium P seems to induce the higlesentage of
binucleated microsporgsvith the first sporophytic symmetrical nucleus division) and
the statisticallyhighest percentage of trinucleated microspores; in the medium P, it was
observed the lowest percentage of multinucleg24d3%).Possilty to go further in the
gametic embryogenesis pathway, the support of the lowest concentration of Meta
Topolin was needed.

According to the percentage of microspores producing calli, the best results were
observed in the medium PMT/ZEA10 (12.8%), meangyhithe worse result was
observed in the medium PMT/BA10 (2.7%).

In the number of microspores formed embryos, no statistical differences were recorded
among the different media treatment even if the highest values have been recorded from
both PMT/ZEA10 andPMT/BA10 media treatment.

Effect of metaTopolin onin vitro isolated microspore culture response Gltrus
clementina Hort. ex Tancv.Monreal Rossand Nules

A strong genotypenedium interaction has been observed for the parameters:
uninucleated, bintleated microspores and calli. In fact, each cultivar responded
differently depending on the tested medium (Table 6). For the trinucleated and the
multinucleated microspores, the medium composition was the main factor affecting
their response (Graph 1). &hsporophytic development of isolated microspores in
culture has been, also, confirmed by the production of calli and padleved embryos

at different developmental stages. Finally, the cv. Monreal Rosso produced a
statistically higher number of polleserived embryos per Petri dish, independently on

the used medium (Graph 2).

47



Tables

Media
Components P PMT/BA PMT/ZEA PMT/BA10 PMT/ZEA10 N6

Per litre
N6 Chu Salts 1X 1X 1X 1X 1X 1X
N&N Vitamins 1X 1X 1X 1X 1X 1X
Galactose 18 ¢ 18 ¢ 18 ¢ 18 ¢ 18 ¢ 9¢g
Lactose 369 369 369 369 3649 18 g
Ascorbic Acid 500 mg 500 mg 500 mg 500 mg 500 mg 500 mg
Myoinositol 509 59 59 59 5¢9 -
Biotin 500 mg 500 mg 500 mg 500 mg 500 mg 500 mg
Thiamine 5mg 5 mg 5 mg 5 mg 5 mg -
Pyridoxine 5mg 5 mg 5 mg 5 mg 5mg -
2,4D 0.5mg 0.5mg 0.5mg 0.5mg 0.5 mg 0.02 mg
IAA - - - - - 0.02 mg
Kinetin 0.5mg 0.5mg 0.5mg 0.5mg 0.5mg 1mg
Zeatin 0.5mg 0.5mg - 0.5mg - 0.5mg
GA3 0.5mg 0.5mg 0.5mg 0.5mg 0.5 mg 0.5 mg
TDZ 0.5mg 0.5mg 0.5mg 0.5mg 0.5 mg 0.1mg
BAP 0.5mg - 0.5mg - 0.5 mg 0.5 mg
Meta-Topolin - 0.5mg 0.5mg 5.3 mg 5.5mg -
Coconut water 100 ml 100 ml 100 ml 100 mi 100 ml 50 ml
Casein 500 mg 500 mg 500 mg 500 mg 500 mg 500 mg
Serine 100 mg 100 mg 100 mg 100 mg 100 mg -
Glycine 2mg 2 mg 2 mg 2 mg 2 mg -
Glutamine 800 mg 800 mg 800 mg 800 mg 800 mg 200 mg
Malt extract 500 mg 500 mg 500 mg 500 mg 500 mg -
pH 5.8 5.8 5.8 5.8 5.8 5.8

Table 4. Medium composition

48



Table 5Influence of medium composition onC. sinensid.. Osbeck cv. Moro, isolated microspore development, after seven

months of culture

) Binucleated Binucleated ) ) . o
Uninucleated ] ) Trinucleated Multinucleated Calli Embryos/Petri dish
MEDIUM asymmetrical symmetrical
(%) (%) (%) (%) (n°)
(%) (%)

PC 41.2 3.0 a 14.2 13.0 a 219 b 6.7 ab 5.0

Pmt/BA 46.2 1.6 ab 10.0 82 b 28.3 a 5.7 ab 4.6
Pmt/ZEA 51.0 ns 15 ab 11.1 ns 6.8 b 26.6 ab 29 b 45 ns
Pmt/BA10 50.6 1.4 ab 12.1 9.9 ab 23.3 ab 27 b 6.8
Pmt/ZEA10Q 42.2 1.0 b 10.4 89 b 245 ab 12.8 a 6.3

Values within each columnfollowed by different letters are significantly different atpO0 . 0 1 way ANOVA, Tukeyo
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Tab. 6 Influence of cultivar and medium composition on clementine, cvs.

Monreal Rosso and Nules, isolated microspore development, after seven months

of culture
Uninucleated Binucleated Trinucleated Multinucleated Calli Embryo/
CVv MEDIUM Petri dish
% % % % % (n°)
PC 22.4 18.6 6.4 10.4 454 2.2
Pmt/BA 24.2 21.7 8.9 10.1 41.0 2.6
Monreal
Pmt/ZEA 8.8 17.3 5.6 6.4 70.8 3.4
Rosso
Pmt/BA10 13.2 14.3 4.7 3.0 68.1 4.0
Pmt/ZEA10 18.6 14.9 4.5 2.8 61.1 1.8
PC 22.6 19.8 6.4 7.4 45.6 1.4
Pmt/BA 28.1 17.0 7.5 10.5 36.3 2.0
Nules Pmt/ZEA 29.2 18.4 3.2 3.7 43.0 0.6
Pmt/BA10 31.7 20.4 7.4 6.0 33.1 2.0
Pmt/ZEA10 33.9 24.5 5.9 7.8 30.0 2.0
CcVv 0.000 0.002 0.673 0.453 0.000 0.013
MEDIUM 0.002 0.231 0.063 0.018 0.001 0,328
CVXMEDIUM 0.000 0.005 0.206 0.141 0.000 0.200

Two-way ANOVA, p<0.05
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Graphics

Graph. 1 Influence of medium composition on the percentage of multinucleated

microspores, after seven maths of culture
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Graph. 2 Influence of genotype on the number of microsporeerived embryos,

after seven months of culture
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Figures

Fig. 7 Gametic embryogenesis, thrdugsolated microspore culture Gitrus sinensigL.) Osbeck,
cv. Moro, andCitrusclementinaHort. ex Tan,cvMonreal Rosso and Nule®\: uninucleate
microspore of MoroPAPI staining; B: bicellular pollen, asymmetrical divisioAPI staining

of Moro;C: bicelluar microspore, symmetrical divisiqipAPI staining, Nules; D: tricellular
microspore(DAPI staining of Moro; E-F: multicellular microspor€DAPI staining of Moro )

and of Monreal RossdE}; G: Microsporederived callus of MoroH:embryos of Moo (left) and
Monreal Rossdj (right). (Bars represent in AC: 10em)
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1.4 Conclusims

Regeneration through somatic embryogenesis is rather common in different species of
Citrus using stem and epicotyls segments, part of flowers such as unfertilized ovule,
anthers, stigma and style as explant material. This embryogenic material can be
geretically manipulated by protoplast fusion and transformation (Koattbal,

1978), but it is also valuable for clonal propagation, synthetic seed production and
germplasm storage (Germana 2003; 2005; Germana et al, 2011).

Numerous research, carried owt ¢obtain haploids, resulted instead in producing
heterozygous somatic plantlets. Particularly, anther culture produced somatic
regenerants ilC. aurantium (Hidaka et al., 1981; Germana 2003; 20@%)sinensis
(Hidaka, 1984b)C. aurantifolia(Chaturvediand Sharma, 1985(,. madurensi¢Ling

et al., 1988)C. reticulata(Germana et al., 1994; Germana, 2003; 208%8))cirus
trifoliata, the hybrid No. 14 o€. ichangensix C. reticulata(Deng et al., 1992) and

C. paradisi (unpublished). In these cases,harntculture can be regarded as a further
method of obtaining somatic embryogenesis.

Despite progress has been achieved, m@rigus genotypes are still considered
recalcitrant to anther culture. Since the first haploid embryogeniccalli production and
planiet regeneration by anther culture 6f clementinacv. Nules, was reported
(Germana et al 1994), many studies have been carried dCitrirs, focusing on
increasing the frequency of embryogenesis with responsive species and on developing
new protocols dr recalcitrant ones (Germana and Reforgiato 1997; Germana et al
2000a; 2005; Germana and Chiancone 2003).

This study represents an advancement in the knowledge of pollen embryogenesis via
isolated microspore culture technique in blood sweet or@ngérenesisOsbeck cv.

Moro and in clementin€itrus clementim Hort. ex Tan., cvs. Monreal Rosso and
Nules, reporting for the first time, the regeneration of peflerived embryos in
Citrus.

Thank to this study, new protocols have been set up inducing aoviempent of
haploid induction rate (the frequency of anthers which form embryoids) and an
enlargement of responsive genotypes.

This study is important because it increased the number of genotype responding to
gamete embryogenesis. In fact, for the firshej anther culture of the cultivars

Hernandina and Corsica produced triploid homozygous calli and plantlets. On the
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other hand, for the first time, blood oranges produced, via anther culture, somatic
embryogenic callus and regeneration of plantlets wetairgdd, very important for

the numerous applications in the fields of the clonal propagation and of the breeding.
These studiesconfirmed the strong influence of the genotype on the type of the
response of antheiis vitro cultured. Actually, the same tte@ents applied to the
explants in culture resulted in the production of gametic embryos in clementines and
of somatic embryos in sweet oranges. Clementine confirms its tendency to regenerate
homozygous and thaploids embryos and plantlets.

However, thepresence of multinucleate pollen grains developed in sweet oranges by
this in vitro system, indicated that, also in this species, the induction of microspore
nucleus division, the switch of developmental programme and their commitment to
the embryogenic plway, occurred. This constitutes a crucial step to design new
protocols for the regeneration of microspdexived embryos and plants.

Further studies should be performed, also, in oBigus genotypes aimed to obtain

in vitro regeneration proceduresuitable for different applications, as new
opportunities for genetic improvement and for the innovation in propagation methods.

54



2 Olive (Olea europaed..)

2.1 Introduction

The olive tree Qlea europaed..), family Oleaceae with more than 2000 cultivar
identified and gathered in germplasm collections, is one of the species that most
characterize the Mediterranean regi@mtoset al, 2007).

The 99% of the world olive production (20.59 Million tons) is produced in
Mediterranean Basin, performing emportant role in the economy of these countries,
such as Spain, Italy, Greece, Turkey, Morocco and Egypt (FAOSTAT, 2013). Olives
is one of the oldest cultivated treeis part of the history (more than 4000 years), the
gastronomy and other several agpex life in many Mediterranean countries.

Olive is adapted to extreme arid conditions because of its special leaf structure and
ramified root system. The olive tree is an evergreen, the flowers are borne in racemes
which emerge from the axils of the \&s and produce large quantities of pollen, the
fruit is a drupe.

Olive trees are characterized by a long reproductive cycle with several years of a
juvenile phase, tendency to allogamy and a large tree size.

The genetic improvement in olive, by convenil methods is time consuming and
needs lots of space for field experiments.

Hi gh heterozygozity, l ong juvenile phase,
allow to reach homozigity by conventional methods.

Gametic embryogenesis, through pollembryogenesis, can help to speed up the
breeding programs.Few are the studies on gametic embryogenesis in olive (Bueno et
al., 2005, 2006S o | € s e tChiantone, et a2,2M@L8) ;and they report the switch

of the microspore development pathway and tbrmation of microspore derived
multicellular structures, proembryos and cytochemical analysis in the early stages of
isolated microspore culture of several Spanish and Italian cultivars.

To exploit the enormous potential of gametic embryogenesisinitpsrtant to study

the factors influencing this process, particularly, the culture medium composition.
Aliphatic polyamines (PAs), such as putrescine (PUT) and spermidine (SPE) are low
molecular mass polycations present in all living organisms (Madnguy, 2001;

Bagni and Tassoni, 2001). These growth regulators play a very important role in

flower initiation, pollen tube growth, cell division (Bagni and Tassoni, 2001).
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The addition of PAs to the medium stimulated gametic embryogenesistrirs
clemenina Hort. ex Tan (Chiancone et al., 2006), in some wheat cultivars
(Rajyalakshmi et al., 1995) and in cucumber (Ashok Kumar et al., 2004).

In this studyjn vitro anther and isolated microspore cultureesfSicilian cultivars of

olive has been carriedut investigating the influence of two polyamines (putrescine
and spermidine) and of two medium compositions on pollen embryogenesis

induction.

2.2 Anther culture

2.2.1 Material and methods

Plant material

Flower buds were collected in May, from a cdliec field, located in Scillato
(Palermo, Italy). The followingen olive cultivars were used for both anther and
isolated microspore cultureBiancolilla Napolitana Cerasiola Sciacca, Galatina,
Nocellara del Beliceand Verdello. Flower buds from small bBnches of olive were
harvested and wrapped in aluminum foil and maintained in darkness at 4°C for 9
days, as a prereatment (Buenet al, 2006).

Microspore stage correlationvith bud size and development of microspores in the
anthers during the culture

The relationship between the bud size and the microspore development stage was
studied before the culture. Flower buds were collected randomly from the plant and
were graded into three bud size range and then they were measured.

In order to study the eff¢ of microspore development before the culture and the
microspore development during the culture, anthers were fixed ireRQflcohol:

acetic acid (3:1) for 10 min, transferred and macerated ire ROQris-Triton solution

[Tris HCI (50 mM) + Triton X100(1%)] to release the microspores. The macerated
preparation, stained with 16L of 4,6- diamidinc2-phenylindole (DAPI) solution
(0.001 eM DAPI in Tris-Triton solution) was observed under UV florescence

microscope (Zeiss, Axiophot, Germany).

Anther culture technique
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Flower buds were surface sterilized by immersion for 3 min in 70% (v/v) ethyl
alcohol, followed by immersion for 20 min in 25% (v/v) commercial bleach (about
0.5% active chlorine in water). Petals were aseptically removed with small forceps
and anthers were placed in 60 mm diameter Petri dishes containing 10 ml solid

medium. Media called P and N6 (Germaetaal, 1996; Germana and Chiancone,

2003) (Table 7) were tested. Petri di shes

first 30 days, then placed under cool white fluorescent lamp (Philips TLM 30W/84,
France) with photoperiod of 16 light hours.

Experimental design
The influence of the presence in two basic media (P and N6) of two polyamines
(Putrescinend Spermidine) in different combinations was studied.
In particular, media tested were the following:

1) P control (without polyamines).

2) P+ 2 mM putrescine (PUT).

3) P+ 2 mM spermidine (SPE).

4) P+ 1 mM putrescine + 1 mM spermidine (PUT + SPE).

5) N6 control (without polyamines).

6) N6+ 2 mM putrescine (PUT).

7) N6 + 2 mM spermidine (SPE).

8) N6 + 1 mM putrescine + 1 mM spermidine (PUT + SPE).
The pH of all media was adjusted to Sv&8h 1M NaOH or 1M HCI, before adding
8.5¢I™ Plant Agar (Micropoli) as a solidifying agent and then, media were autoclaved
at 121 C and 0.1 MPa for 21 min.
Per each cultivar, 40 anthers were put in each Petri dish. 10 Petri dishes per each
medium were diposed for a total of 400 anthers per medium and 3200 anther per
cultivar. After 8 months of culture, per each Petri dish, the number of not developed
anthers (Fig. 8A), swollen anthers (Fig. 8B) and anthers with callus (Figwér@)
recorded. The statisal analysis was conducted in order to study, firstly, the
influence of the genotype by omeay ANOVA. Means were separated by the
Tukeyods test. After that, intvirerespomdelofuence
anthers was studied per each cultivar Iog-way ANOVA; because data were not

normally distributed.
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2.2.2 Results

Correlation of floral and male gametophyte development

In all the cultivars observed, unopened floral buds measuring approximately 2 mm
long, with yellowgreenish anthers, were iddid as those with the higher
proportion of microspores at the late uninucleate to the bicellular pollen stage, that

means the optimal stages for the embryogenesis induction.

Influence of the genotype on the in vitro cultured anthers, after height mondifis
culture

After 1 week of culture, most of the anthers were swollen and afteonthtwo types of

calli, yellowish (Fig. 8D) and green (Fig. 8E). The green calli appeared compacgash

the yellowish were friableUnfortunately none of them differentat in embryos, but the
sporophytic pathway undertaken by the microspores is demonstrated by the presence of
multinucleated microspores observed at the fluorescent microscope, after DAPI staining.
Microspores with several nuclei in the cytoplasm, still sunded by the exine were
observed (Fig. 8F and G).

The statistical analysis showed that, as reported in other species (Germana et al., 2011),
the response of the anthers in culture is highly genedgpendent (Table 8).

In fact, aftereight months of ctlire, some cultivars, such as Galatina and Nocellara del
Belice, showed the statistically lowest percentage of not developed anthers (respectively,
45.0% and 41.0%), but also the statistically highest percentage of swollen anthers
(respectively, 37.3% an84.1%) and of anthers with callus (respectively, 17.7% and
24.8%), testifying the microspore switching toward the sporofhytic pathway.

On the other side, cv. Cerasola Sciacca gave the statistically worst performance, with the
statistically highest perceage of not developeahther (91.0%) and the lowest percentage

of anthers swollen and with callus (respectively, 6.9% and 2.0%).

Because, statistical analysis demonstrated that each cultivar responded differently, the
response to the medium composition vaigdied separately.In particular, Biancolilla
napoletana (Table 9) and Nocellara del Belice (Table 12), no statistically significative
differences was observed for any of the considpeedmetersfor the others there was a
significative correspondence theen the percentage of anthers not developed and the
percentage with callus; and for these cultivars it was possible to individuate which

medium was the best in inducing callus production incultured anthers.
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For example, Cerasola Sciacca gave the bepbrese, when anthers were cultured on the
medium with Putrescine and Spermidine (P PUT+SPE) (Table 10), and similar results
were reported for cv Verdello.Moreover, for this cultivar, also the medium P SPE gave
good results (Table 13).

Finally, the cultiva Galatina had an intermediate behavior; in fact, no statistically
significative differences were observed for the parameters anthers not developed and
anthers with callus, while significative differences were recorded for the swollen anthers.
Even though,t was not possible to individuate which was the best medium for this
cultivar, because very slightly are the differences in the response to each medium (Table
11).
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Tables

Table 7 Medium composition

Media
Components

P N6
N6 Chu Salts 1X
MS Vitamins 1X 1X
Galactose 18 ¢ 99
Lactose 369 18¢g
Ascorbic Acid 500 mg 500 mg
Myoinositol 50
Biotin 500 mg 500 mg
Thiamine 5 mg
Pyridoxine 5 mg
2,4D 0.5 mg 0.02 mg
IAA 0.02 mg
Kinetin 0.5 mg 1mg
Zeatin 0.5 mg 0.5 mg
GA3 0.5 mg 0.5 mg
TDZ 0.5 mg 0.1 mg
BAP 1mg 0.5 mg
Coconut water 50 ml 50 ml
Casein 500 mg 500 mg
Serine 100 mg
Glicine 2 mg
Glutamine 800 mg 200 mg
Malt extract 500 mg

pH 5.8 5.8




Table 8 Influence of the genotype on thi vitrocultured anthers, after eight

months of culture.

Not developed  Swollen Anthers with
Cultivar anthers anthers callus

(%) (%) (%)
Biancolilla napoletana 67,4 b 32.1 a 05D
Cerasola Sciacca 91,1 a 69 b 20C
Galatina 45.0 c 37.3 a 17.7 A
Nocellara del Belice 410 c 34.1 a 24.8 A
Verdello 619 Db 28.7 a 9.4 B

Values followed by different letters are statistically different at g0.05 (oneway
ANOVA, Tukeybs test).

Table 9 Influence of the medium composition on thé vitrocultured

anthers of Biancolilla napoletana after eight months d culture.

Not developed Swollen Anthers with
Cultivar anthers anthers callus
(%) (%) (%)

PC 64.0 34.2 1.8
P PUT 63.1 356 1.2
P SPE 63.0 37.0 1.0
P PUT+SPE 63.8 35.8 0.0

N6 C 70.8 ns 29.2 ns 0.0 Ns
N6 PUT 72.0 28.0 0.0
N6 SPE 71.9 28.1 0.0

N6

PUT+SPE 69.8 30.2 0.0

Values followed by different letters are statistically different at
p<0.05 (oneway ANOVA, DwassSteelChritchlow-F|1 i gner 6s t est ,
at p<0.05).
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Table 10 Influence of the medium composition on thein

vitrocultured anthers of Cerasola Sciacca after eight months of

culture.
Not developed  Swollen Anthers with
Cultivar anthers anthers callus
(%) (%) (%)
PC 93.4 a 16 b 25 A
P PUT 87.7 a 9.8 a 25 A
P SPE 945 a 5.5 ab 0.0B
P PUT+SPE 85.5b 115 a 3.0A
N6 C 940 a 5.0 ab 1.0 Ab
N6 PUT 93.3 a 5.0 ab 1.7 Ab
N6 SPE 98.3 a 1.7 b 0.0B
N6 PUT+SPE 100.0 a 00b 0.0B

Values followed by different letters are statistically different at
p<0.05 (oneway ANOVA, DwassSteelChritchlow-F1 i gner 6s test) .

Table 11 Influence of the medium composition on thein

vitrocultured anthers of Galatina, after eight months of culture.

Not developed Swollen Anthers with
Cultivar anthers anthers callus
(%) (%) (%)
PC 58.5 22.0 b 19.5
P PUT 45.9 44.1 a 10.0
P SPE 53.0 25.0 b 22.0
P PUT+SPE 37.5 32.0 ab 30.5
N6 C 41.3 ns 44 4 a 14.4 NS
N6 PUT 38.8 43.8 a 17.5
N6 SPE 40.8 43.5 a 15.7
N6 PUT+SPE 42.0 46.5 a 11.5

Values followed by different letters are statistically different at
p<0.05 (oneway ANOVA, DwassSteelChritchlow-F|1 i gner 6 s test) .
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Table 12 Influence of the medium composition on thein

vitrocultured anthers of Nocellara del Belice after eight months of

culture.
Not developed Swollen Anthers with
Cultivar anthers anthers callus
(%) (%) (%)

PC 38.3 22.5 39.2

P PUT 39.4 32.5 28.1

P SPE 55.8 25.0 19.2

P PUT+SPE 38.3 29.2 32.5
N6 C 41.3 ns 39.1 e 19.6 NS

N6 PUT 33.8 32.5 33.8

N6 SPE 37.5 47.5 15.0

N6 PUT+SPE 42.0 36.5 21.5

Values followed by different letters are statisticallydifferent at
p<0.05 (oneway ANOVA, DwassSteelChritchlow-F1 i gner 6s test) .

Table 13 Influence of the medium composition on thein

vitrocultured anthers of Verdello, after eight months of culture.

Not developed Swollen Anthers with

Cultivar anthers anthers callus
(%) (%) (%)
PC 57.0 ab 33.1 74 B

P PUT 50.5 ab 33.0 16.5 Ab
P SPE 44.3 b 33.3 22.4 A
P PUT+SPE 469 b 23.9 293 A
N6 C 65.0 ab 35.0 e 0.0 C
N6 PUT 72.8 a 27.2 0.0 C
N6 SPE 76.5 a 23.5 0.0 C
N6 PUT+SPE 78.5 a 215 0.0 C

Values followed by different letters are statistically different at
p<0.05 (oneway ANOVA, DwassSteelChritchlow-F1 i gner 6s test) .
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Figures
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Fig. 8. Anther culture in oliveA: Not developed anthers after 3 months in culteSwollen
anther, after three months in culture cv. Galati@a;Anther with callus after three months i
culture cv. Nocellara del Belic®, E: Anther producing yellowish (cv. Nocellara del Beli€®),
or green callus (cv. Verdelld);.F, G: multinucleated like proembryo structure, DAPI stainil
after three months of antheulture cv.Cerasola Sciacc&) and cv. Galatina@).
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2.3 Isolated microspore culture

2.3.1 Material and methods

Plant material and correlation of microsporeagnetophyte development

Flower buds were collected in May from a collection field, located in Scillato
(Palermo, Italy) (Fig 9A).Four cultivars were studied: Biancolilla napoletana,
Nocellara del Belice, Tonda Iblea and VerdeWs a pretreatment, the haested

olive branches (50 cm long) were wrapped in aluminum foil, with damp cotton wool

at the base of the stem and maintained in darkness at 4 °C for one week.

Anthers from different flower bud sizes (Fig. 9A), before culture and isolated
microsporead i f f erent ti mes duri ng tdilaednoc2a | t ur e,
phenylindole (DAPI) to determine the microspore development stage and observed

under fluorescence microscope (Zeiss, Axiophot, Germany).

Flower bud sterilization and isolated microspoculture
Flower buds were surface sterilized as above reported. The microspore isolation
protocol was performed following the protocol reported by Kuhmlen (2006) and set
up for olive by Chiancone et al. (2013). Per each cultivar, an average of 400 flower
buds were used, as starting material.
Isolated microspores were cultivated on eight media, containing the two polyamines
in different combinations:

A) 2 Mm putrescine (PUT).

B) 2 mM spermidine (SPD).

C) 1 mM each of putresine and spermidine (PUT + SPD).

D) control without polyamines (C).
The four growth regulator combinations were added to two media employed in
previous experiments on gametic embryogenesis of other woody plant spearas:
N6 (Germana et al., 1997; Germana and Chiancone, 2003). Ejgitates for each

medium type were used (64 Petri dishes /cultivar).

Influence of the genotype and of the medium composition on the microspore

development process
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After four weeks in culture, per each cultivar and per each medium, 450 microspores

were olserved (three replicates with around 150 microspores each) under
fluorescence microscope (Zeiss, Axiophot, Germany). The number of microspores
uninucleated, with no development, binucleated, trinucleated, tetranucleated,
multinucleated and forming calli wacounted.

These values were used to calculate means. Differences among cultivars and media

were tested by twavay analysis of variance (ANOVA). Differences among means

were tested by Tukeyds multiple comparison
Per each cultivar, aneway ANOVA was performed to isolate the influence of the

media composition. Di fferences among me an

comparisontestag O 0. 05.

Fixation and processing for microscopical analysis

Isolated microspores before the cultarel every month for ten months were fixed in

4% paraformaldehyde in phosphate buffered saline (PBS) overnight at 4°C then
samples were stored in 0.1% paraformaldehyde at 4°C. After fixation, the samples
were centrifuged and the pellets were embedded % g®&latin (Solis et al., 2008).

After washing in PBS, the embedded pellets were dehydrated through an acetone
series. Then, the samples were infiltrated and embedded in Techhnovit 8100 resin
(Kulzer, Germany) at 4°C. Technovit sethin sections (1 pm) we stained with
toluidine blue and observed under bright field of light microscope for structural
analysis.

Toluidine blue staining and iodidpotassiuriodide (bKI) cytochemistry for starch

were employed.

Toluidine blue staining was used to observe tBHular organization under light
microscopy. lodidébased cytochemistry was performed after ten months of culture at
specific stages for localization of starch granules. Staining solutions (0.075%
toluidine blue in water; 2 g of Kl and 0.2 g of | in 100 ofhlwater) were applied on
Technovit sections for 105 min. After rinsing and drying, preparations were
mounted in Eukitt and observed under bright field in a Leitz Laborlux 12 microscope

equipped with a DP10 Olympus digital camera.
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2.3.2 Results

Influ ence of the genotype and the medium composition on the microspore
development process

Different features of microspores have been observed: uninucleated with no
development (Fig. 9B), binucleated with two asymmetrical nuclei (normal
gametophytic pathway: n@ vegetative and one generative nucleus) (Fig. 9C),
binucleated with two equalize vegetativdype nuclei that had just started their
sporophytic pathway (Fig. 9D), trinucleated (Fig. 9E), tetranucleated, multinucleated
(Fig. 9F) and callus formation @i 9G), indicating steps towards the gametic
embryogenesis development.

Differently than inCitrus clementinaHort ex Tan anther culture (Chiancone et al.,
2006), where the medium N6 SPE induced the highest regeneration, in this
experiment conducted onivé¢ microspores, there are no univocal results (Table 14).

A strong Genotyp&ledium interaction has been observed per each parameter; in fact,
each cultivar responded differently depending on the medium tested. The best
performances in terms of callus pumtion was observed, for the cultivars Biancolilla
napoletana and Tonda Iblea, with the N6 PUT medium (respectively 52.5% and
41.2%), for the cultivar Verdello, with the P C medium (52.6%). Very low percentage
of callus regeneration was observed in théival Nocellara del Belice, for all media
tested; the highest percentage was recorded with the medium N6 PUT + SPE (7.4%)
(Table 14).

The statistical analysis performed per each cultivar revealed that in Biancolilla
napoletana trinucleated microspores waserved in highest percentage in media P
SPE and N6 C. While the lowest in the media P PUT+SPE and N6 PUT. Also
multinucleated microspores were observed mainly in the medium P, in percentage
similar for P C, P PUT and P SPE.

The worse result was obsedvien the medium N6 C. N6 media do not seem to induce
the formation of multinucleated microspores. Even if the addition of PUT+SPE in
both type of medium (P and N6) induced the formation of a certain percentage of
multinucleated microspores (respectivel and 3.1)

In Nocellara del Belice, trinucleated microspores were observed in highest percentage
in media P C and N6 PUT and N6 PUT+SPE, while the lowest in the media P SPE.
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Also multinucleated microspores were observed in the media P C, P SPE and N6 C.
The worse result was observed in the medium P PUT + SPE,but also very low
percentages were observed in media N6 SPE and N6 PUT+SPE.

Regarding Tonda Iblea, trinucleated microspores were observed in highest percentage
in medium P PUT, while the highest pertage of multinucleated microspores were
observed in the medium P PUT + SPE.

The lowest percentages were observed in medium N6 for both type of microspores
(trinucleated and multinucleated). In particular, N6 medium, without polyamines (C)
and in combinatin with SPE induced the worse response. N6 PUT induced a slightly
higher percentage of trinucleated and multinucleated microspores (respectively 4.1%
and 1.4%). Regarging multinucleated microspores, also N6 PUT + SPE gave
intermediate results (1.7%).

Finaly, in Verdello, statistical differences were observed among all media tested.
Trinucleated microspores were observed in highest percentage in medium P C, while
the highest percentage of multinucleated microspores was observed in the medium P
PUT.

The lowvest percentages were observed in medium N6 (except for N6 PUT) for both
type of microspores trinucleated and multinucleated. But also the medium P SPE did
not induce high percentage of both trinucleated and multinucleated microspores
(respectively 8.2% ah0%).

lodinel Potassiumlodide (IoKI): Cytochemistry for starch

In several woody species, the analysis of starch accumulation is considered a method
to individuate microspores that switched from the gametophytic toward the
sporophytic pathway (Ramirez a&t, 2003).

In this study, the analysis carried out after 10 months of culture, showed that the
starch accumulation varied greatly in dependence of the developmental stage of
microspores. In fact, monitoring the microspores cultured in the medium thatahdu

the highest percentage of multicellular structures, it was possible to observe that the
accumulation of starch was low. On the contrary, microspores cultured on medium
that induced a very low percentage of multinucleated structures showed a high starch
accumulation (Fig. 9 H and 1).

These results confirmed what reportedilea europaed. . by Sol és et al

fact, in their work, no starebtaining was detected in the vacuolated microspore,
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whereas at later stages an increasing number of stamicedions were found in the
vegetative cytoplasm, indicating a progressive accumulation of starch deposits during
pollen maturation. The presence of starch deposits constituted an early marker of the
non responsive microspores which can follow, at l@agiart, a gametophytilike

pat hway (Solées et al., 2008).

On the other hand, i€itrus clementinaHort ex Tan (Ramirez et.al., 200and in
Eriobotrya japonicaandPrunus armeniac&.. Germana et a{2006; 2010) observed

a high starch accumulation in th®cellular pollen grain as an early microspore
embryogenic pathway after about 6 months of culture. Starch accumulation and
deposition has been observed and suggested to be associated with polarity

establishment and cell differentiation (Testillano etz000).
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Tables

Table 14 Influence of genotype and several medium composition on the olive

microspore development, after one month of culture.

Microspore features

Genotype Medium

(G) (M) Uninucleated Binucleated Trinucleated Multinuclate d Calli

(%) (%) (%) (%) (%)

PC 36.3 8.8 10.6 7.1 37.2

P PUT 29.4 25 11.8 7.6 48.7

P SPE 41.0 9.7 134 7.5 28.4

Biancolilla P PUT+SPE 333 10.3 5.6 3.2 47.6

napoletana N6 C 43.7 10.6 121 1.0 32.6

N6 PUT 35.8 5.8 4.2 1.7 525

N6 SPE 58.6 6.3 6.3 1.6 27.3

N6PUT+SPE 46.6 6.1 9.9 3.1 344

PC 46.6 18.6 28.0 34 34

P PUT 51.4 23.8 19.0 2.9 2.9

P SPE 61.9 14.3 14.3 3.8 5.7

Nocellara del P PUT+SPE 65.4 13.1 20.6 0.9 0.0

Belice N6 C 53.6 18.8 22.3 3.6 1.8

N6 PUT 44.9 19.7 29.9 3.1 2.4

N6 SPE 72.8 6.8 17.5 1.9 1.0

N6PUT+SPE 35.2 24.1 315 1.9 7.4

PC 50.9 15.7 8.3 3.7 21.3

P PUT 48.7 8.7 13.0 3.5 26.1

P SPE 45.3 6.5 5.8 2.9 39.6

Tonda Iblea P PUT+SPE 62.3 4.4 4.4 6.1 22.8

N6 C 65.1 4.6 2.8 0.9 26.6

N6 PUT 47.3 6.1 4.1 1.4 41.2

N6 SPE 64.2 3.0 2.2 3.0 27.6

N6PUT+SPE 69.8 1.7 2.6 1.7 241

PC 37.7 1.8 6.1 4.2 52.6

P PUT 54.4 2.6 0.9 8.5 42.1

P SPE 57.8 34 2.6 0.0 35.3

verdello P PUT+SPE 61.0 7.3 0.8 1.8 30.9

N6 C 51.0 1.9 0.6 0.9 46.5

N6 PUT 56.1 2.3 2.3 2.0 37.2

N6 SPE 72.9 8.9 2.7 3.0 12.5

N6PUT+SPE 70.3 2.7 0.0 1.0 26.0
GENOTYPE <0.001 <0.001 <0.001 <0.001 <0.001
MEDIUM <0.001 <0.001 <0.001 <0.001 <0.001
GENOTYPE X MEDIUM <0.001 <0.001 <0.001 <0.001 <0.001
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Twoway Anova, pOO0.01
Figures

1 a w P LAE "G @l T
Fig. 9 Gametic embryogenesis in olive, cv Biancolilla napoletandlower bud and
anthers at the beginning of culturB; uninucleate microspore (DAPI stainingl:
bicellular pollen, asymmetrical division (DAPtaéning). O-G) Gametophytic pathway:
D: bicelluar microspore, symmetrical division (DAPI and toluidine blue stainikg);
tricellular microspore (DAPI and toluidin blue stainindgj; multicellular microspore
(DAPI staining); G) callus regenerated from isted microspore in cultureH¢l) 12KI
cytochemistry:H: low starch accumulation (Verdello on medium P PUTigh starch
accumulation (Verdello on medium P SP@Bars representiB-F: 1 0 € m)
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2.4Conclusions

Pollen bioechnology represents a powerful tool not only in olive breeding, but also in
genome sequencing and gene mapping studies. The exploitation of haploid and
doubled haploids, as a powerful breeding tool, requires the availability of reliable and
costeffectivetissue culture experimental procedures.

There is not yet a universal protocol, suitable for all crops and the development of
new techniques for doubled haploid induction is still required for many recalcitrant
genotypes.

To investigate the influence ohe factors affecting the microspore response to the
culture In these researches, the influeé¢he medium compositioim particular, of two
polyamines dded alone or in combination westidied.Although manyresearchs have
beenconducted orthe effet of polyaminesn planttissueculture, only a few have studied
their influence on gametic embryogenesis (Chiancone et al., 2006).

In olive, the positive influence of polyamines is dependent on which cultivar is
considered. For this reasoih could be ineresting to devlop the investigations this
subject, testing new polyamines, such as the spermine, and adding them at different
concentrations and combinations.

In any case, his research representsan advancement in the knowledge of gametic
embryogenesi in olive. In fact, by both techniques it was possible to produce
multicellular structures and calli, and that represents the first step towards haploid

olive embryos production.
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3 Hazelnut (Corylus avellana..)

3.1 Introduction

Hazelnut Corylus avellama L.), native of theEuropearregions is the fourth tree nut
worldwide, with total production more than 742,000 ton/year (FAOSTAT 2013),
behind cashewAnacardium occidentald.., almond, Prunus dulcisand Persian
walnut,Juglans regida..

All cultivated forms of hazelnut are diploid with a monoploid number of
chromosomes (n=x=11Hazelnut is aselfincompatible and wind pollinated plant
(Rovira et al. 1993).

Selfincompatibility is a mechanism that prevents $etfilization and encourages
fertilization by genetically unrelated individuals. The control of-ggtbmpatibility is
generally attributed to a single-l&us, expressing multiple alleles. In hazelnut,
incompatibility is determined sporophytically and it is controlled by a single locus
with multiple alleles (Martins 2010). These factadsnot allow to reach easily
homozygozity and they limit the genetic improvement in hazelnut by conventional
methods.

Among all the biotechnologicah vitro regeneration systems, anther and isolated
microspore alture are the most commonly used method to produce haploids (Hs) and
doubledhaploids (DHs), useful for fruit breeding programs to shortthe time required
to produce homozygous lines comparing with the conventional breeding methods.

In our knowledge, Thigs the first investigation carried out to obtain haploids through
anther culture and isolated microspore culture in hazelnut

This study has been carried out to obtain regeneration through anther and isolated
microspore culture of several hazelnut cultsyatesting different temperature

stresses applied to the explants in culture.

3.2 Anther culture

3.2.1 Materials and Methods

After a morphological characterization of flower buds (catkins) of six hazelnut
cultivars (Carrello, Gentile romananperatriceEugenia, Meraviglia B Bollwiller,
Nostrana and Tonda romana) (Fig. 10A) afigraa pretreatment,flowers catkins
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were surface sterilized by immersion for 3 min in 70% (v/v) ethyl alcohol, followed
by immersion in sodium hypochlorite solution (ab@ui% active chlorine in water)
containing a few drops of Tween 20 for 20 min, then rinsed three times for five
minutes with sterile distilled water. Finally, they were maintained in gentamicin
antibiotic solution (0.2%) for 30 min. After the sterilization, ters (Fig. 10B) were
carefully dissected and placedd@ mm diameter Petri dishasthe culture medium P
(Germana et al., 1996) and, just after, they were subjected to two different thermal
shocks: 60 min at 35°C (PH) and 30 min2@°C (PF).Per eachreatment, 12 Petri
dishes were prepared (720 anthers/treatment). Moreover, as control, 12 Petri dishes
were incubated directlyn the growth chamber (PCYTultures were incubated at
27+1°C, for thirty days in the dark, and then placed under cool whiteeBgent
lamps (Philips TLM 30W/84) with a Photosynthetic Photon flux Density o35l
m?s*and a photoperiod of 16 hrs.

Observations under light and fluorescence microscopy were performed at different
times, before and during the culture, to obsertie thanges of microspore
devel opment I ns i d-diamidihc@-phanglindole ditsydrobhjoridel 6 , 6 6
(DAPI) staining.

After 7 monthsfor all thegenotype and treatmetdsted,the number of anthers that

did not develop, swollen, or producing calli eobserved and registered per each
Petri dish.

These values were used to calculate means andvayoANOVA, performed to
individuate the influence of the two factors, genotype ttwedmal shocksand their

interaction on the response of anthers.

3.2.2Results

Observations carried out after 7 months of culture showed that during the culture
some anthers did not ctgmtheir feature (not developetbut mostof them increased

their volumeand some started to produce white/yellowish callus.

Studies carriedut at microscopical level showed that, at the beginning of the culture,
anthers contained mostly vacuolated microspores (Fig. 10C), the developmental stage
considered the most responsive for gametic embryogenesis. During the culture, it was

possible to bserve that microspores undertook the sporophytic pathway with the
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presence of binucleated (with symmetrical nucleus division) (Fig. 10D), trinucleated
(Fig. 10E) and multicellular structures (Fig. 10F).

Results of statistical analysis are reported in 4l.

The statistical analysis of recorded data demonstrated that, for the not developed
anthers (Fig. 10G) there was a strong interaction between the genotype and the
treatment. In fact, each treatment had a significant influence on the anther response, i
dependence of the cultivar considered. For example, the cold treatment (PF) did not
stimulate the development of anther for the cultivars Nostrana (24.2%) and Tonda
romana (7.3%), while in the cv. Carrello gave the lowest results (3%). The PH
treatment dtermined the highest percentage of not developed anthers in the cvs
Carrello (6.1%) and Gentile romana (5.3%). Regarding the swollen anthers (Fig. 10H
arrow), the only factor that significatively influenced the anthers response was the
genotype: for threeultivars was observed the highest percentage of swollen anthers,
Carrello, Gentile romana and Tonda romana, (respecti8ély%, 90.3 and 89.8%)
(Graph. 3). These cultivars are not the same that produced the statistically highest
percentage of anthersitiv callus, and this could be explained by the different
requirements of stress that each cultivar presents. In fact, a strong correlation between
the two factors was observed:some cultivars such as Gentile romana, Imperatrice
Eugenia and Tonda romana, gathe best results if anthers undergone the cold
treatment (respectively, 5.7%, 14.2% and 6.6%), others produced more callus in the
control (Carrello, 8.1% and Nostrana, 6.5%), onlyMeraviglia de Bollwiller, the
highest percentage of anthers with ca(leig). 10H) was observed in the hot treatment
(11.7%) (Table 15).
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Tables

Table 15 Effect of the temperature treatments on the response dfazelnut

(Corylus avellanal..), after seven months in culture.

Not developed Swollen Anthers with
CULTIVAR TREATMENT anthers anthers callus
% % %
C 5.4 86.5 8.1
Carrello PF 3.0 90.5 6.5
PH 6.1 91.2 2.7
C 4.5 90.7 4.9
Gentile romana PF 4.8 89.5 5.7
PH 5.3 90.7 3.9
C 13.9 73.7 12.4
Imperatrice Eugenia PF 11.8 74.0 14.2
PH 12.6 77.2 10.3
C 16.5 74.0 9.5
Meraviglia de
Bollwiller PF 16.0 76.9 7.1
PH 12.8 75.5 11.7
C 22.4 71.1 6.5
Nostrana PF 24.2 69.6 6.2
PH 19.7 76.1 4.3
C 6.5 90.0 35
Tonda romana PF 7.3 86.2 6.6
PH 3.1 93.1 3.8
CULTIVAR 0.000 0.000 0.000
TREATMENT 0.031 0.628 0.126
CULTIVARX TREATMENT 0.035 0.077 0.000
Twoway Anova, pO0.01 (Tukeyds test)

C: Control
PF: 30 min at20°C;
PH:60 min at 35°C.
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Graphics

Graph. 3 Influence of the genotype on % of swollen anthers, agenmonths of

culture
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Figures

H

Fig. 10 Anther culture in hazelnuf: Catkins of Imperatrice Eugenia (left) an
Tonda romana (right)B: anthers of Nostrana, before the cultu@;Uninucleated
microspore of Galatind): Binucleated, with two symmetrical nuclei, microspore
Gentile romana;E: trinucleated microspore of Merglia de Bollwiller; F:
multinucleated microspore of Carrell@;: Not developed anther of Gentile roman
H: Anther swollen (arrow) and with callus of Tonda romgiiars represent inC-
F: 10¢m)
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3.3 Isolated microspore culture

3.3.1 Material and methods

Plant material and sterilization protocol

Hazelnut branches afv. Imperatrice Eugenia were collected and subjected to the
same pretreatment and sterilization procedure of theuseasfor anther culture. The
protocol for the microsporesolation is the same used as previously described for

Citrus spp. and Olive chapter.

Experimental design and data collection
Microspores response to two culture medium (P and N6, Table 7) anthéoonal
shocks were applied to tlrevitro isolated microspore culture
The theses studied welgetfollowings:

1) P C (incubated directlyin the growth chamberas a control).

2) P H: Treated at 35°C for 30 minutes.

3) P H+:40°C for 60 minutes.

4) P F:-20°C for 30 minutes.

5) P F+:-20°C for 60 minutes

6) N6 C (incubated directlyin the growth chamberas a control).

7) N6 H: 35°C for 30 minutes.

8) N6 H+: 40°C for 60 minutes.

9) N6 F:-20°C for 30 minutes.

10)N6 F+: -20°C for 60 minutes.
For the ten different treatments, eighplicates for each media type were prepared
(forty Petri dishes/cultivarMicrospores developmental stages were determined by
placing microspores in a few drops of DAPI solution (1 mg)rahd observed using
a fluorescent microscop€atkins with anther with microspores at uninucleated
stage were selected, assuming that, also for hazelnut, this was the most responsive
developmental stage to gametic embryogen€sis 11A).
Finally, after three months of culture 400 microspores per treatment (4000
microspores/cultivar) were observed (four replicates with around 100 microspores

each under fluorescence microscope (Zeiss, Axiophot, Germany).
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The number of microspores uninucleated with no development, binucleated (with
symmetrical nucleus division), trinleated, multinucleated and forming calli was

counted.

These values were used to calculate means. Different treatments were tested by one

way ANOVA. Di fferences among means, wer e

comparisot ests at (p O 0.05).

3.3.2 Results

The observations carried during the first three months of culture showed an
evolution in the development of microspore; in faatyitro conditions induced the
division of the nucleus, with the formation of microsmowth two similar nuclei

(Fig. 11B).

Trinucleated (Fig. 11C), tetranucleated (Fig. 11D) and multinucleated structures
have been also observed (Fig. 11E). Moreover, it was possible to regenerate
microsporederived calli (Fig. 11F).

Statistical analysis cmlucted to study the influence of two factors, medium
composition and thermal shoeliter three months of cultures showed on table 16.

It demonstrated that for the percentage of uninucleated microspores, there was a
statistically significative interaan between the two factors (medium and thermal
shock); in fact, the highest percentage of uninucleated microspores was recorded in
medium P, after the treatment H+ (76.0%), while for N6, was obtained after the
treatment F (77.7%). ANOVA results showed tlia main factor influencing the
percentage of uninucleated microspores was the thermal shock.

Regarding binucleated microspores, no statistically significative differences were
observed. While, for the trinucleated microposres, the two factors influenced
separately. For this reason, it was possible to conclude that P is the medium that
better influenced the nucleus divisions (6% vs 4,2%), moreover, regarding the
thermal shock, the best results were obtained in the control (8%) and secondarily, in
the H+ teatment (Graph. 4).

The formation of multinucleated structures is influenced by both factors; in fact,
microspores cultivated in the two media showed very different behaviors: the
thermal shock H+ induced the worst result combination of P medium (2.&than
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best in combination with N6 (7.1%{(Graph. 5). Moreover, it was possible to
observe a correspondence with the percentages of uninucleated: in fact, the
combination that gave the highest percentage of multinucleated microspores was the
same in whichhte lowest percentages of uninucleated were observed.

No statistically significative differences were observed in the percentages of
microsporederived calli: the similar tendency is showed, with the highest result for

both media in the F+ treatment and tbhwest in the F treatment.

3. 4 Conclusion.

Although the anther response appear to be determined independently and limited by
the genotype factor, high significant interaction were recorded between the cultivar
and the treatment after seven monthsudtiuce

For the first time, an experiment has been carried out to obtain regeneration through
anther and isolated microspore culture of several hazelnut cultivar, testing different
temperature stresses applied to the explants in culture to studying Itrenadef of
different factors affecting the gametic embryogenesis in hazelnut.
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Table
Table 16.Effect of the medium compositionand temperature treatments on the
response ofhazelnut, cv. Imperatrice Eugenia, isolated microsporesafter three

months in cuture.

THERMAL  Uninucleated Binucleated Trinucleated  Multinuclated Calli

MEDIUM SHOCKS (%) (%) (%) (%) (%)
C 56,8 22,9 9,6 8,7 2,0
H 71,5 16,1 5,6 4,5 2,3
P H+ 76,0 14,6 5,2 2,8 1,4
F 73,1 16,6 51 4,8 0,4
F+ 69,4 18,1 4,2 4,9 3,4
C 67,5 189 6,3 4,6 2,6
H 75,8 18,4 1,9 2,8 1,2
N6 H+ 65,7 17,8 7,6 7,1 1,8
F 77,7 16,0 2,4 3,4 0,6
F+ 70,8 18,4 2,9 4,6 3,3
MEDIUM 0,285 0,865 0,039 0,410 0,988
THERMAL SHOCKS 0,002 0,180 0,004 0,120 0,988
MEDIUM x THERMAL
SHOCKS 0,029 0,490 0,141 0,019 0,528
Two-way ANOVA, p<0.05
C: Control

H: Treated at 35°C for 30 minutes.
H+: 40°C for 60 minutes.
F: -20°C for 30 minutes.
F+: -20°C for 60 minutes
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Graphics

Graph. 4 Influence of the medium composition on % of trinucleated microspore, after

threemonts of culture
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Oneway ANOVA, TgkByods test, p

Graph. 5 Influence of the thermal shock on % of trinucleated microspore,thfts

months of culture
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Oneway ANOVA, Tdgkeyods test, p
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