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ABSTRACT

Plant breeding is focused on selection of new genotypes with improved traits.
Conventional methods based on hybridization and those based on biotechnology
(somatic hybridization, genetic transformation, ploidy manipulation, etc.) are used to
create novel genetic variations. Biotechnology provides powerful tools for plant
breeding, for instance, haploid technology allows achievement of homozygous lines
from heterozygous parents in one step, which reduces significantly the time required by
conventional methods. Concerning woody species, characterized by self-
incompatibility, long juvenile period and high degree of heterozygosity, this technique
is the only way to get homozygous lines. Haploid plants are of great interest for
breeding and genomic studies, being used in mutation research, genetic analysis,
genome mapping and gene transfer. Gametic embryogenesis, based on cellular
totipotency, produces an embryo from an immature gamete, by switching its
developmental pathway from gametophytic to sporophytic.

This research is focused on inducing gametic embryogenesis in two important
Mediterranean fruit crops: almond (Prunus dulcis Mill.) via in vitro anther culture and
mandarin (Citrus reticulata Blanco) via isolation and microspore culture. Also ploidy
manipulation was applied to loquat (Eriobotrya japonica (Thunb.) Lindl.) for getting
genotypes whit different ploidy levels. The experiments were carried out through years
2014, 2015 and 2016 at the ‘Universita degli Studi di Palermo’ (UNIPA) as well as at
the ‘Instituto Valenciano de Investigaciones Agrarias’ (IVIA).

Regarding the almond anther culture, formation of calli and production of embryos was
achieved through the direct embryogenesis route. On then other hand, early embryo
regeneration is reported, for the first time, from isolated microspore culture of
mandarin, ‘Mandarino Tardivo di Ciaculli’.

Our results report the evidence of gametic embryogenesis and the production of
homozygous regenerants in almond and mandarin, two species extremely recalcitrant to
microspore embryogenesis. However, the results are affected by many factors that need
further studies to better understand the embryogenic development and to increase the

rate of embryo achievement.
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Moreover, another biotechnological tool (ploidy manipulation) was also applied for
implementing the IVIA loquat breeding program. Polyploid plants are of great interest
in this species, due to its potential for producing seedless genotypes via direct use of
triploids or crosses between tetra and diploids. Aimed at obtaining new loquat
genotypes, with different ploidy levels (polyploids), colchicine was applied to seeds
before germination, to induce chromosome duplication. A total of three triploids (3x)

and one tetraploid (4x) were obtained.
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RIASSUNTO

Il miglioramento genetico ha come obiettivo la selezione di nuovi genotipi con
caratteristiche superiori. Metodi convenzionali basati sull’ibridazione e metodi
biotecnologici (ibridazione somatica, trasformazione genetica, manipolazione della
ploidia, etc.) vengono utilizzati per creare nuova variabilita. Le biotecnologie
forniscono potenti strumenti per il miglioramento genetico, per esempio, 'ottenimento
di aploidi permette di ottenere linee omozigoti da parentali eterozigoti in un solo atto,
riducendo in modo significativo il tempo necessario rispetto ai metodi convenzionali.
Per quanto riguarda le specie legnose, caratterizzate spesso da auto-incompatibilita,
lungo periodo giovanile ed alta eterozigosi, questa ¢ 1’unica tecnica per ottenere linee
omozigoti. Le piante aploidi rivestono un elevato interesse per studi di genomica, per
mutazioni, analisi genetica, mappatura genetica e trasformazione genetica.

Questa ricerca ha avuto come obiettivo 1’induzione di embriogenesi gametica in due
importanti specie mediterranee: il mandorlo (Prunus dulcis Mill), tramite coltura in
vitro di antere, ed il mandarino (Citrus reticulata Blanco), mediante coltura di
microspore isolate. Inoltre, sono stati condotti esperimenti per indurre duplicazione
cromosomica in nespolo (Eriobotrya japonica (Thunb.) Lindl) al fine di ottenere
genotipi con diversi livelli di ploidia. Gli esperimenti sono stati condotti nel 2014, 2015
e 2016 presso I’Universita degli Studi di Palermo (UNIPA) e I'Instituto Valenciano de
Investigaciones Agrarias (IVIA).

Per quanto riguarda la coltura di antere di mandorlo, ¢ stata ottenuta la formazione di
calli e la produzione di embrioni omozigoti tramite embriogenesi diretta. Inoltre, la
rigenerazione di embrioni ¢ stata ottenuta, per la prima volta, anche a partire da
microspore isolate di ‘Mandarino Tardivo di Ciaculli’.

I risultati ottenuti hanno consentito di indurre con successo l'embriogenesi gametica con
produzione di rigeneranti omozigoti in mandorlo e mandarino, due specie estremamente
recalcitranti a questa tecnica.

Inoltre, un altro strumento biotecnologico (la manipolazione della ploidia) ¢ stato
applicato con I’obiettivo di implementare il programma di miglioramento genetico del

nespolo dell’TVIA.
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Le piante poliploidi hanno un elevato interesse per questa specie, in quanto potrebbero
consentire la produzione di genotipi apireni, attraverso la diretta utilizzazione di
triploidi o tramite ibridazione tra tetra e diploidi. Con l'obiettivo di ottenere nuovi
genotipi con diversi livelli di ploidia (poliploidi), ¢ stata applicata una soluzione di
colchicina su semi non germinati di nespolo al fine di indurre duplicazione
cromosomica. Un totale di tre triploidi (3x) ed un tetraploide (4x) sono stati cosi

ottenuti.
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RESUMEN

La mejora genética tiene como objetivo la seleccion de nuevos genotipos con mejores
caracteristicas. Los métodos de mejora convencional basados en hibridaciones y
aquellos basados en Biotecnologia (hibridacion somatica, transformacion genética,
manipulacion de la ploidia, etc.) se utilizan para obtener nueva variacion genética. La
Biotecnologia proporciona herramientas poderosas en mejora genética, por ejemplo, la
obtencion de haploides permite obtener lineas homocigotas en un solo paso,
disminuyendo significativamente el tiempo requerido usando métodos convencionales.
Respecto a especies lefiosas, caracterizadas por autoincompatibilidad floral, largo
periodo juvenil y alto grado de heterocigosidad, esta técnica es el Ginico método de
obtencion de lineas homocigotas. Los genotipos haploides tienen un alto interés en
estudios genomicos, siendo utilizados en estudios de mutaciones, andlisis genéticos,
mapeo genético y transferencia genética.

Este estudio tiene como objetivo la induccidon de embriogénesis gamética en dos
especies mediterraneas muy importantes: el almendro (Prunus dulcis Mill.) por medio
de cultivo in vitro de anteras y el mandarino (Citrus reticulata Blanco) por medio de
aislamiento de microesporas. Ademads, se ha estudiado la obtencion de poliploides en
nispero (Eriobotrya japonica (Thunb.) Lindl.) con el objetivo de obtener genotipos con
diversos niveles de ploidia. Los experimentos se llevaron a cabo en los afios 2014, 2015
y 2016 en la ‘Universita degli Studi di Palermo’ (UNIPA) y en el ‘Instituto Valenciano
de Investigaciones Agrarias’ (IVIA).

Respecto al cultivo de anteras en almendro, la formacion de callos y produccion de
embriones se obtuvo mediante embriogénesis directa. Por otro lado, se ha conseguido
regenerar por primera vez embriones a partir de microesporas aisladas en el cultivar de
mandarino ‘Mandarino Tardivo di Ciaculli’.

Los resultados obtenidos muestran que la embriogénesis gamética y la regeneracion de
embriones homocigétos en almendro y mandarino, dos especies extremadamente
recalcitrantes para la embriogenésis a partir de microesporas, es posible. Sin embargo,
los resultados se ven afectados por muchos factores que necesitan estudios adicionales
para comprender mejor el desarrollo embriogénico y para aumentar la tasa de obtencion

del embriones.
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Ademas, otra herramienta biotecnologica (manipulacion de la ploidia) se aplico con el
objetivo de implementar el programa de mejora de nispero del IVIA. Las plantas
poliploides en esta especie tienen un alto interés, pues podrian permitir la obtencion de
frutos sin semilla, por medio de la obtencion directa de triploides o mediante
cruzamiento entre tetraploides y diploides. Con el objetivo de obtener nuevos genotipos
de nispero con diferentes niveles de ploidia (poliploides), se aplicd colchicina a semillas
sin germinar con el fin de inducir la duplicacion cromosdémica y se obtuvieron 3

triploides (3x) y un tetraploide (4x).
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RESUM

La millora genctica té com objectiu la seleccidé de nous genotips amb millors
caracteristiques. Els metodes de millora convencional basats en hibridacions 1 aquells
basats en Biotecnologia (hibridacié somatica, transformacié genética, manipulacio de la
ploidia, etc.) s'utilitzen per aconseguir nova variacid genética. La Biotecnologia
proporciona eines poderoses en millora genética, per exemple, I'obtencid d’haploides
permet obtenir linies homozigdtiques en un sol pas, disminuint significativament el
temps requerit usant metodes convencionals. Pel que fa a espécies llenyoses,
caracteritzades per autoincompatibilitat floral, llarg periode juvenil i1 alt grau
d'heterozigosi, aquesta técnica és 1'inic metode d'obtencié de linies homozigotiques. Els
genotips haploides tenen un alt interés en estudis genomics, sent utilitzats en estudis de
mutacions, analisis genétics, mapatge genctic i transferéncia genctica.

Aquest estudi té com objectiu la induccid6 d’embriogénesi gameética en dos especies
mediterranies molt importants: I'ametller (Prunus dulcis Mill.) a través del cultiu in
vitro d'anteres 1 el mandariner (Citrus reticulata Blanco) per mitja d'aillament de
microspores. A més a més, s'ha estudiat I'obtencié de poliploides en nespra (Eriobotrya
japonica (Thunb.) Lindl.) Amb l'objectiu d'aconseguir genotips amb diversos nivells de
ploidia. Els experiments es van dur a terme en els anys 2014, 2015 i 2016 a la
'Universita degli Studi di Palermo' (UNIPA) i a ‘I'Institut Valencia d'Investigacions
Agraries' (IVIA).

Respecte al cultiu d'anteres en ametller, la formacio de calls 1 produccié d'embrions es
va obtenir mitjancant embriogénesi directa. D'altra banda, s'ha aconseguit per primera
vegada la regeneracié d'embrions a partir de microspores aillades en el conrear de
mandariner 'Mandarino Tardivo di Ciaculli'.

Els resultats obtinguts mostren que l'embriogénesi gametica i la regeneracié d’embrions
homozigotics en ametller i mandariner, dues espécies extremadament recalcitrants per
I'embriogénesi a partir de microspores, €s possible. No obstant aix0, els resultats es
veuen afectats per molts factors que necessiten estudis addicionals per entendre millor el
desenvolupament embriogénic i per augmentar la taxa d'obtencié dels embrions.

A més, una altra eina biotecnologica (manipulacié de la ploidia) es va aplicar amb

l'objectiu d'implementar el programa de millora de nespra de I'TVIA.
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Les plantes poliploides en aquesta espécie tenen un alt interes, ja que podrien permetre
l'obtencio de fruits sense llavor, per mitja de l'obtencié directa de triploides o mitjangant
encreuament entre tetraploides i diploides. Amb l'objectiu d'aconseguir nous genotips de
nespra amb diferents nivells de ploidia (poliploides), es va aplicar colquicina a llavors
sense germinar per tal d'induir la duplicacié cromosomica i es van obtenir 3 triploides

(3x) 1 un tetraploide (4x).



INTRODUCTION

1. PLANT BREEDING AND GENETIC RESOURCES

1.1 Plant genetic resources

Plant genetic resources represent the basis for agricultural development and, at the same
time, a very important pool of genetic variability that acts as a buffer against
environmental changes. Genetic diversity may be derived from breeding populations
(either naturally occurring or synthetic), from spontaneous crosses, intra and inter-
specific, natural or induced mutations, plant material from the introduction of transgenic
events, natural introgression and changes in chromosome form and number, or
combinations of all mentioned sources (Moose and Mumm 2008).

Introduction of crops in different environments needs new cultivars adapted to the new
conditions. Genetic variability provides the tools for adaptability to a range of
environments (Hayward et al. 2012).

The prospect of dwindling plant genetic diversity, coupled with increased demands on
plant resources, has propelled them into the centre of global discussions on the
environment and sustainable development. The need to utilize and conserve these
resources as a safeguard against an unpredictable future is well recognized (Hoban et al.
2013; Prescott-Allen and Prescott-Allen 2013; Henry 2014). Indeed, from an
agricultural utilitarian standpoint, natural genetic resources can be considered limited
and perishable (Hernandez 1999). They provide the raw material (genes) which, when
used and combined in the right way, can produce new and better plant varieties. In fact,
the greatest value that new varieties produce for humanity lies fundamentally in the
genes they contain, that are not only the source of features like disease resistance,
nutritional quality and adaptability to adverse environmental conditions, but also those
which, although unrecognized at present, may someday be considered invaluable. These
genes are dispersed throughout local cultivars and natural plant populations that have
been selected over thousands of years by nature and farmers as they are an irreplaceable

source (Roa et al. 2016).



In recent years, the replacement of local varieties by imported ones, the settlement of
new lands, the changes in cultivation methods and the appearance of new technologies,
have been causing a rapid and extreme plant genetic erosion (Ahuja and Jain 2015).
This affects both cultivated species and many wild ones that might have a direct,
indirect or potential agricultural use. The erosion of these resources could lead to the
extinction of valuable material which has not yet been exploited. The road to a
continuous increase in the production and quality of food lies through the protection and
efficient utilization of plant genetic resources; this requires their conservation,
evaluation, documentation and exchange (Hawkes et al. 2012; Crisson and Visser 2014;
Pandey et al. 2014). Thousands of years of selection performed by farmers and nature,
have produced local varieties and genotypes adapted to the different places and to
cultivation practices which were determined by the climate and other environmental
factors (Roa et al. 2016). Today, the spectrum of valuable variation is enormous and this
visible variation conceals an even greater genetic diversity. Up to now, the primitive
varieties and related wild populations have been a fruitful, sometimes the sole, source of
genes for pest and disease resistance, adaptations to difficult environments and other
agricultural traits, such as the dwarf type in rice, wheat and other grains, that have
contributed to the Green Revolution in many parts of the world (Everson and Golin
2003; Hayward et al. 2012). Plant genetic resources are now, and will continue to be in
the future, of inestimable value independently of whether scientists use them by means

of conventional plant breeding or modern genetic engineering.

1.2 Plant breeding

Plant breeding is essentially an election made by man of the best plants as potential
cultivars within a variable population. In other words, it is a selection made possible by
the existence of variability (Hayward et al. 2012). Plant breeding involves methods for
the creation, selection, and fixation of superior plants in the development of improved
cultivars suited to needs of farmers and consumers (Moose and Mumm 2008).
Prehistoric selection for visible phenotypes that facilitated harvest and increased
productivity led to the domestication of the first crop varieties (Harlan, 1992) and this
can be considered the earliest examples of biotechnology. Darwin outlined the scientific

principles of hybridization and selection, and Mendel defined the fundamental



association between genotype and phenotype, discoveries that enabled a scientific
approach to plant breeding at the beginning of the 20™ century. Subsequent advances in
our understanding of plant biology, the analysis and induction of genetic variation,
cytogenetic, quantitative genetics, molecular biology, biotechnology, and, most
recently, genomics have been successively applied to further increase the scientific base
and its application to the plant breeding process (Baenziger et al. 2006; Jauhar 2006;
Varshney et al. 2006).

In the past, the main objective of plant breeding has been to increase yield by
improvement of the potential productivity, followed by the successful expression of that
potential. With changing demands on agriculture, objectives are now being altered to
take account of these and new requirements. Quality and nutritive values are nowadays
of increasing importance, particularly in association with improved efficiency of
production (Byrne 2012).

Plant breeding has a long history of integrating the latest innovations in biology and
genetics to enhance crop improvement. Modern breeding integrates techniques from
cytology, physiology, pathology, entomology and chemistry (Jauhar 2006). In the last
century, there have been many advanced in these areas which have made a substantial
contribution to plant breeding (Lusser et al. 2012). These include the demonstration of
the auto and allo-polyploid nature of many crop plants, opening the way to the
production of artificial polyploid forms and their direct or indirect exploitation (Sattler
et al. 2016). The discovery of the possibility of increasing the frequency of mutations by
means of radiation or chemicals was hailed as a means of increasing the variability
available to the breeders (Hayward et al. 2012). Genetics has given to breeding a better
knowledge of the processes involved in the mechanism of variability and the necessary
information for regulating and increasing such variability.

The success of a breeding program is dependent upon two main factors: first having
available the necessary variation and second, being able to manipulate it to produce a
stable new cultivar. Recent genetical advances have allowed breeders to design new
methods, such as RFLP mapping, marker-assisted selection (MAS), gene cloning,
genetic transformation, reverse breeding and haploids (Hs) or doubled haploids (DHs)
production, which hold out great promise for the future, allowing the production of

more efficient cultivars (Sharma et al. 2002; Varshney et al. 2005; Collard and Mackill



2008; Moose and Mumm 2008; Germana 2011a, b; Lusser et al. 2012; Hartung and
Schiemann 2014).

1.3 Breeding objectives and approaches: the case of some Mediterranean fruit
trees

Genetic improvement is the key of the great advances that have been made in
agriculture over the centuries. Fruit breeding is a long-term process which takes a
minimum of about a decade from the original cross to a finished cultivar (Byrne 2012).
Fruit improvement programs began to develop at the beginning of XX century, such as
in citrus (Cooper et al. 1962), almond (Gradziel 2009) or loquat (Badenes et al. 2013).
The main objectives of these programs are generally oriented to achieve a higher quality
product, with beneficial aspects for consumer health along with product uniformity,
longer post-harvest life, reduced production costs and to make available new scions and
rootstocks selected for their resistance or tolerance to abiotic and biotic stresses (Byrne

2012).

1.3.1 Almond (Prunus dulcis Mill.)

Almond is the most important tree nut crop in terms of commercial production. Its
production is limited to areas characterized by a Mediterranean climate, including
regions in the Mediterranean countries, the Central Valley of California, the Middle
East, Central Asia, the Himalayan slopes, and some equivalent areas in the Southern
Hemisphere, including Chile, Argentina, South Africa, and Australia. (Kester and Asay
1975).

Cultivated almonds, often resulted from traditional seed propagation, show high levels
of genetic variability due, in part, to their self-incompatibility, that makes them obligate
out-crossers, and possibly because their interspecific origin (Kester et al. 1991).
Commercial cultivars within individual production areas, however, often show a limited
genetic base due to their origin from only a few founder genotypes selected for their
desirable regional value (Socias i Company and Felipe 1992). For example, the most
commercially important California cultivars originated from crosses between only two

parents: ‘Nonpareil’ and ‘Mission’ (Bartolozzi et al. 1998; Kester and Gradziel 1996).



In addition, only a limited number of almond accessions are currently maintained in the
main germplasm collections worldwide (FAO 2012).

In the case of almond, within each region, the best wild seedlings were routinely
selected for propagation by local farmers, while natural selection continued its
unrelenting pressures toward greater adaptation to local environments, including
regionally important disease and insect pests (Gradziel 2009). The self-sterile nature of
almond insured a continuous exchange and mixing among cultivated and wild
germplasm including, in many cases, related species (Socias i Company 2002). In fact,
because of the probable interspecies origin of many almond cultivars (Kester et al.
1991; Ladizinsky 1999; Socias i Company 2002), improvement of specific genetic traits
may also benefit from the introduction of genes directly from related species. The range
of almond species is extensive with a wide diversity of traits (Gradziel et al. 2001a;
Kester and Gradziel 1996). Controlled crosses of Prunus dulcis with other almond
species in sections Euamygdalus and Spartiodes have been often carried out (Gradziel et
al. 2001a; Gradziel 2003). P. webbii grows throughout the Mediterranean region and its
range intersects with cultivated almond in Italy (Sicily), Spain and Greece, where
hybridization occurred and introgression evidently resulted. In Puglia (Italy), P. webbii
has been found to be the source of self-fertility (Godini 2002). Despite their physical
and developmental differences, crosses with peach (P. persica, P. mira, and P.
davidiana) can be readily achieved and have proven to be particularly valuable as
rootstocks as well as sources of commercially useful traits (Gradziel et al. 2001b;
Gradziel 2003). The probable interspecies origin of many modern almond cultivars
suggests promising opportunities for the manipulation not only of the traditional genetic
(i.e., Mendelian) determinants, but also of the epigenetic controls, which are only
recently becoming characterized.

One of the oldest almond germplasm collections was established at the Nikistki
Botanical Garden in Yalta (Crimea), at the end of the nineteenth century (Rikhter 1969).
Greater genetic variability and so increased breeding options for desired traits are being
pursued through the incorporation of breeding material from other regions (Kester and
Gradziel 1996; Martinez-Gomez et al. 2003; Socias i Company 1998).

In the early 1900s, formal plant breeding programs were established in most major

production areas, to accelerate this selective process through controlled crosses and



related genetic manipulations. Epigenetic modification may have particular value for
almonds breeding because epigenetic variability appears to be greatly enhanced with
interspecies hybrids (Grant-Downton and Dickinson 2006) and also because
commercially valuable epigenetic variants can be effectively captured in cultivars by the
vegetative propagation, usual employed in tree crop dissemination (Kester et al. 2004).
This breeding approach has recently shown to be successfully for peach cultivar
improvement, where advanced processing peach selections derived from almond-peach
interspecific hybridization, expressed fruit ripening patterns not evident in either species
parent (Gradziel 2003).

Basic objectives of most almond breeding programs target increased yields, improved
quality, and decreased production costs (Socias i Company 1998). These traits have
been found to be largely inherited in a quantitative manner, with a few exceptions such
as self-compatibility and kernel bitterness (Kester et al. 1977; Spiegel-Roy and Kochba
1981). Inheritance of important breeding traits have been reviewed by Kester et al.
(1996) and recently by Socias i Company et al. (2007).

While many goals such as total yield and production efficiency were similar among
programs, regional breeding goals often varied due to different environments, disease,
and pest problems. Regional almond breeding programs and their primary objectives
have been reviewed by Kester and Gradziel (1996). At the same time, the globalization
of the almond market imposes more stringent limits on acceptable kernel and shell
characteristics. Despite the difficulties in defining a kernel quality ideotype, due to the
differences in consumer preferences, almond quality is currently another important
breeding goal (Alonso et al. 2012). Nowadays, self-compatibility has become the main
objective along with late blooming, frost tolerance, resistance to diseases, and tree
architecture.

Currently, there are active almond breeding programs in France, USA, Israel and Spain.
In Spain, collections made by Antonio J. Felipe from the 1960s led to the independent
discovery of self-compatibility, and incorporation of elite germplasm into his breeding
program. Despite the negative characteristics of woody plant as almond for fast genetic
improvement, including large plant size and the long juvenile period of 4 years or more,
many commercially successful cultivars of almond have resulted from controlled

crosses and selction in the last decades. Examples include the cultivars Guara from



Spain (Felipe and Socias i Company 1987); Butte, Ruby, Sonora, Padre, and Winters
from California; and Ferragnes, Ferraduel, and Ferrastar from France (Gradziel 2009).
Summaries of the different almond breeding programs are available in Martinez-Gémez

et al. (2006) and Gradziel (2008).

1.3.2 Mandarin (Citrus reticulata Blanco)

Citrus is the most extensively produced fruit crop in the world. The centre of origin is
considered to be Southeastern Asia and China, northeastern India and surrounding
areas. There are three basic taxa on the basis of morphological descriptors and
molecular data: C. maxima (pummelos), C. medica (citrons) and C. reticulata
(mandarins). The other cultivated species appeared by recombination among these three
basic taxa (Ollitrault and Navarro 2012).

The agro-morphologic variability of citrus is considerable. It relates to the pomological
and organoleptic characters as well as to susceptibility, tolerance or resistance to biotic
and abiotic stresses. For example, tolerance to salinity of the Cleopatra mandarin;
tolerance to cold of the Satsuma mandarins and P. trifoliata, tolerance to Citrus Tristeza
Virus (CTV) of some mandarins, lemons, and several rootstocks such as citranges and
resistance to Phytophthora of certain pummelos and mandarins, have been identified
(Krueger and Navarro 2007). This variability opens very broad prospects for the
exploitation of citrus genetic resources for breeding. The three basic taxa (C. reticulata,
C. maxima , and C. medica) constitute an essential reservoir as they contain the majority
of the allelic diversity of cultivated citrus. Mandarins and pummelos from the original
diversification areas (Southeast Asia) are clearly the highest priority, showing
significant intraspecific polymorphism at the molecular and phenotypic levels (Ollitrault
and Navarro 2012). A global citrus germoplasm network was developed in 1997.
Significant genetic resource collections exist in many countries. These collections are
preserving the germplasm variability within each species, which includes alleles of
adaptativity, morphology and pomology. They also can be used as “mutant collection”
for functional genomics studies (Ollitrault and Navarro 2012).

The main objectives in citrus breeding programs for fresh market are: fruit quality (size,
color, easy-peeling), seedlessness, and the extension of the harvest season. The first

formal citrus breeding program was started in 1893 by the United States Department of



Agriculture (USDA) in Florida (Cooper et al. 1962). The University of Florida initiated
a citrus breeding program in 1924, which is now one of the largest breeding programs
worldwilde, and it is located at the Citrus Research and Education Center (CREC), Lake
Alfred. Today, there are numerous citrus breeding programs spread in all major citrus-
producing countries. These programs played a major role in shaping the current citrus
industry by providing information on the use of numerous scion and rootstock. After
rigorous evaluation of horticultural performance, economic analysis and test marketing
for fresh market and processing use, the final selected genotypes may result in the
introduction of a new variety. The current cultivars grown resulted from the selection,
propagation and advanced testing of thousands of possible superior seedlings. Citrus
breeders face many challenges in their quest to develop scion and rootstock that provide
growers with productive, disease-resistant trees, and consumers with tasty and high
quality fruits. A large proportion of the problems faced by the citrus industry could be
overcome by the use of improved rootstocks (Wutscher and Hill 1995; Bowman 2000).
Grafting allows combining a genotype that provides the best fruit characteristics with
rootstocks that provide adaptability to soil characteristics and resistance or tolerance to
biotic and abiotic stress. In addition, the development of biotechnologies such as
somatic hybridization and genetic transformation considerably enlarge the gene pool
that could be used for scion and rootstock breeding (Grosser et al. 1996, 2000; Ollitrault
et al. 2001; Pefia et al. 2007).

For sweet oranges, lemons, satsumas and grapefruits, new cultivars have only been
selected from spontaneous or induced mutations, while both mutant selection and
hybridizations resulted in varietal progress in mandarins (Ollitrault and Navarro 2012).
Three major approaches are used to develop new cultivars: mutation, hybridization and
gene introduction (Roose 2007). In citrus and other fruit crops with long generation
times and in which the elite genotype used as commercial cultivars are very
heterozygous, hybridization is so difficult that it has rarely been attempted. Mutation
breeding has been used mainly to develop low seeded cultivars (Roose and Williams
2007; Kupper et al. 2010). Breeders identify rare mutants that express useful traits and
then transfer the mutant gene into other cultivars by hybridization methods. Transgenic
varieties with reduced juvenility have been developed and could facilitate the transfer of

novel mutations. Molecular marker studies have given a clear understanding of the



origin and diversification process of the cultivated species and serve as a good base for
the establishment of citrus germplasm management strategies. SSR markers will
probably be the reference markers for accessions of the three basic taxa and sexual
hybrids, while alternative markers have to be developed for varietal characterization
within species such as sweet orange, lemon, and some mandarin groups like
clementines and satsumas (Luro et al. 2001; Barkley et al. 2006).

Reference genome sequences have been developed for citrus by the International Citrus
Genomics Consortium (haploid from Clementine) and the University of Florida (diploid
sweet orange). With these high quality reference sequences available (Xu et al. 2013;
Wau et al. 2014), advances in genome sequencing make simpler to determine interesting
mutants and cultivars. Comparative genome sequence information will allow the
identification of candidate genes that may cause phenotypic differences among cultivars
derived by mutation. Once genes are known, they can be more easily transferred to
other cultivars by hybridization-selection, transgenic or targeted mutation approaches
(Roose and Close 2008; Krueger and Roose, 2003; Ramadugu et al. 2010).
Development of these methods will greatly facilitate the identification of genes that
confer disease resistance, fruit quality and other important traits. Interesting cultivars
from citrus breeding programs have been selected among mandarin X grapefruit
hybrids, the tangelos (Nova, Orlando, Minneola, Page) and mandarin hybrids (Fairchild,
Fremont, Fortune, Kara, Kinnow, Wilking, Honey) from the old sexual mandarin
breeding project conducted in the USA (Frost 1935). Natural hybrids have been an
important source of new cultivars, such as ‘Clementine’, the main mandarin-like in the
Mediterranean area. Recently, triploid seedless cultivars have been released in Italy
(Russo et al. 2004). ‘Tacle’ is a tangor obtained in Sicily by crossing the diploid
‘Clementine’ with the autotetraploid ‘Tarocco’ sweet orange (Starrantino 1999). In
Spain, triploid hybrids obtained from 2x X 4x crosses with ‘Fortune’ mandarin as
female parent have been registered, and some of them have already been released for
commercial propagation (Navarro et al. 2006; Aleza et al. 2010; Cuenca et al. 2010).
The majority of the rootstocks used for propagation are original species or ancient
natural hybrids. Nevertheless, some of these Citrus x Poncirus hybrids are now very
important rootstocks used in many countries. Swingle citrumelo (grapefruit x trifoliate

orange hybrid) and ‘Carrizo’ and ‘Troyer’ citranges (sweet orange x trifoliate orange



hybrids) are examples of citrus rootstocks originating from breeding efforts. Crosses
between mandarins and Poncirus appear very promising to combine tolerances to
abiotic and biotic constraints both by sexual breeding (Forner et al. 2003) or somatic

hybridization (Grosser et al. 2000; Ollitrault et al. 2000).

1.3.3 Loquat (Eriobotrya japonica (Thunb.) Lindl.)

Loquat has been cultivated in China for over 2000 years and many species occur there
in the wild state (Lin et al. 1999). The process of loquat domestication has led to
numerous ecotypes during its cultivation and acclimatization. From these initial
ecotypes, a large number of varieties emerged in different countries where loquat was
cultivated (Lin 2004; Lin et al. 2004; Yang et al. 2005).

Loquat specifically shares with the rest of the Rosaceae species, a gametophytic self-
incompatibility (GSI) system based on S-RNases (Igic and Kohn 2001). Several alleles
have been identified in loquat and inter-compatibility groups have been established
(Carrera et al. 2009). The high number of alleles found at the S-locus makes it
particularly interesting for genetic diversity studies and it is essential for correct orchard
planning and suitable design of breeding programs (Badenes et al. 2013).

Although loquat is a minor crop in most of the world, it has a high potential for increase
of cultivation areas and industry. For long time, breeding has been identified as a
priority for expansion of the loquat industry (Badenes et al. 2013). Most loquat cultivars
are often derived from clonal selection from open-pollination, or natural mutations.
However, recently new varieties obtained by hybridization of elite varieties that carried
the traits of interest, followed by selection, characterization, and testing of seedlings are
available (Badenes et al. 2013). For instance, the prominent cultivar Tanaka came from
hybridization (Lin 2007).

Breeding programs, based on hybridization, have been initiated in several countries. The
greatest variability has certainly been recorded in China, its center of origin, followed
by Japan and Europe. There are more than 1,000 cultivars in China belonging the genus
Eriobotrya, most of which are seedling selections that are no longer in production,
although, they are all conserved in the ‘National Fruit Germplasm Repository’ in
Fuzhou. This is the reason why many research groups are currently focusing their

attention on the study of such genetic resources (Cai et al. 2007 ; He et al. 2007a; Xie et

10



al. 2007; Xu et al. 2007). These studies are generally focused towards the identification
and classification of these accessions and their possible use in breeding programs to
obtain new varieties.

There are loquat genebanks placed in China and Japan (Lin et al. 1999; Lin 2007). The
only European collection is located at the ‘Instituto Valenciano de Investigaciones
Agrarias’ (IVIA), Valencia, Spain (Blasco et al. 2014) and contains 120 accessions
(Llacer et al. 1995), coming from eight different countries: China, Japan, Brazil, USA,
Italy, Spain, Pakistan and Portugal. Spanish commercial production depends on only
four cultivars: ‘Magdal’, ‘Algerie’, ‘Golden Nugget’ (from United States) and ‘Tanaka’
(Badenes et al. 2013).

The main breeding objectives in loquat are: improvement of yield, cold resistance,
extended harvest season, seedless and bigger fruits, new colors of epicarp and
mesocarp, etc. (Blasco et al. 2014). In the Mediterranean countries, breeding is focused
on increasing the diversity of cultivars. More in details, cytological studies are aimed in
obtaining and exploiting loquat ploidy (Guo et al. 2007; He et al. 2007b; Wu et al. 2007;
Zheng 2007). In the case of Spain, 90% of the production relies on ‘Algerie’ and its bud
mutations. In other Mediterranean countries, the industry is based on clones that do not
meet the international commercial standards of quality, and new cultivars with better
fruit quality and yield are the main objectives.

Loquat breeding programs are currently carried out in China (Lin et al. 2007; Zheng
2007), Japan (Terai 2002) and Spain (Gisbert et al. 2007a, b), while Turkey is
developing a selection program of local genetic resources (Polat 2007; Polat and
Caliskan 2007; Karadeniz and Senyurt 2007). In Spain, the IVIA started an
improvement program that has as its goals the achievement of new loquat varieties,
competitive for their higher quality, increased productivity and resistance to biotic and
abiotic factors (Gisbert et al. 2009). In the Mediterranean countries, loquat seedlings are
usually used as rootstocks since they are well adapted to calcareous soils, which are
abundant in this region. Nowadays, loquat cultural practices have been improved on
issues of irrigation and physiology as well as of methods for increasing fruit quality and
productivity (Cafiete et al. 2007; Cuevas et al. 2007; Pinillos et al. 2007; Rodriguez et
al. 2007). In China, seedlessness has also been achieved by selection of naturally

occurring triploid clones which require applications of gibberellic acid for fruit set. A
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number of seedless triploids have been produced and are currently tested for
commercial use (Badenes et al. 2013). However, more efforts are needed in breeding

and genetic studies to meet growers and consumers demands.

2. HAPLOIDS AND DOUBLED HAPLOIDS IN BREEDING

Plant breeders use traditional and biotechnological techniques to create and use novel
genetic variations, aimed at selecting new elite and suitable varieties, with improved
traits to satisfy both farmers and consumers. Biotechnologies provide powerful tools for
plant breeding, and among these ones, haploid (H) and doubled haploid (DH)
technology, can effectively help to select superior plants (Segui-Simarro 2010; Hazarika
et al. 2013). Hs are sporophytes with the gametophytic chromosome number (n instead
of 2n) originated from a single, male or female, immature gamete (Germana 2011a).
They generally exhibit a lower plant vigor compared to donor plants and are sterile due
to the inability of their chromosomes to pair during meiosis (Segui-Simarro y Nuez
2008b). In order to propagate them through seed and to include them in breeding
programs, their fertility has to be restored with spontaneous or induced chromosome
doubling. To induce this process, different doubling agents such as colchicine, oryzalin
or trifluralin, can be employed. When duplication of chromosomes of a H occurs, a DH
is obtained (Kasha and Maluszynsky 2003). Therefore, DHs are homozygous at all loci
and can represent a new variety (self-pollinated crops) or parental inbred line for the
production of hybrid varieties (cross-pollinated crops). Haploid technology allows us to
achieve completely homozygous lines from heterozygous parents in just one step,
significantly reducing the time required to obtain the same result with conventional
methods which requires several generations of self-pollination (Germana 2011a, b).
Indeed, this technique is the most rapid route to achieve homozygosity and, for self
incompatible species, dioecious species and species that suffer from inbreeding
depression due to self-pollination, haploidy may be the only way to develop inbred lines

(Murovec and Bohanec 2011).
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2.1 The importance of Hs and DHs in plant breeding

Haploid plants arouse interest in the fields of genetic and developmental studies, as well
as of plant breeding. Using DH technology, completely homozygous plants can be
established in one generation thus saving several generations of selfing comparing to
conventional methods, by which also only partial homozygosity is obtained. In fact, in
annual self-pollinating crop it is possible to reach about 98% homozygosity after 6 years
of selfing, while 100% can be achieved in one-step through haploidy technique
(Germana 2011b). The induction and regeneration of Hs followed by spontaneous or
induced doubling of chromosomes are widely used techniques in advanced breeding
programs of several agricultural species. They have been successfully used for
commercial cultivar production and more than 300 varieties have already been released,

with the majority of the protocols (http://www.scri.ac.uk/assoc/COST851/Default.htm)

referred to as anthers culture. For example, 50% of the currently available barley
cultivars produced in Europe come from DH systems (Dunwell 2010).

The role of DH in the breeding process largely depends on the plant type of
reproduction. In self-pollinated species, they can represent final cultivars, while in
cross-pollinated species they can be used as parental lines in hybrid production or test-
crosses. Cross-pollinated species are known to possess numerous deleterious recessive
alleles that are not expressed in heterozygous states. They are gradually fixed during
self-pollination, causing inbreeding depression and difficulties in producing
homozygous lines during conventional breeding. DH technology helps to overcome
these problems through the rapid fixation of genes in one generation and early
elimination of deleterious alleles from populations. In fact, as a result of the reduction
of the frequency of harmful genes, H plants can be considered as a natural filter that
discards harmful genes from a population, or any other breeding material, from which
Hs were obtained (Eder and Chalyk 2002). Moreover, due to complete homozygosity,
the efficiency of selection for both qualitative and quantitative characters is increased
since recessive alleles are fixed in one generation and directly expressed (Murovec and
Bohanec 2011). Humphreys et al. (2007) reported that, through gametic embryogenesis,
an enhanced gene expression was produced for complex traits, such as freezing-
tolerance, greater of that found in the parent genotypes, allowing the use of the genetic

potential that was underexpressed due to combinations of control by recessive alleles.
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In vegetable crops, in which it is difficult to produce fertile homozygous lines by self
pollination often due to the inbreeding depression, one of the main uses of DHs is as
parents for F1 hybrid seed production. The FI1 plants often exhibit hybrid vigor
(heterosis), consisting in a dramatic increase in yield compared with their parents
(Maluszynski et al. 2001; Hochholdinger and Hoecker 2007). DHs provide a unique
system to attempt the fixing of hybrid performance in homozygous lines and to avoid
the step of hybrid seed production (Germana 2011b). Kasha et al. (1977) carried out the
first experiment that used DH procedures for fixation of heterosis in barley, identifying
DH lines higher in yield than the heterotic F1.

DH technology can also be useful for inducing, selecting, and fixing mutations, which
are generally recessive in nature or controlled by recessive alleles. In fact, haploid cells
provide an ideal target for mutation induction and selection due to the potentiality to
screen for both recessive and dominant mutants directly in the first generation, avoiding
chimerism and shortening breeding times (Germana 2011a, b). Indeed, as an alternative
of the costly methods of repeated ‘backcrossing’ to the parental lines and/or ‘single seed
descent’, doubled haploidy presents many attractive benefits in isolating and purifying
desired mutations and in reducing the mutational load (Szarejko 2003; Szarejko and
Forster 2006). The most interesting aspect of mutagenic treatments applied to haploid
cells is the immediate expression of recessive mutations and the possibility to obtain, by
doubling chromosomes, complete homozygous diploids, improving the effectiveness of
the selection of desired recombinants (Forster and Thomas 2005). When uni-nucleate
microspores are used as a target for mutagenic treatment, to avoid chimeric and
heterozygous plant formation, it is important that the chemical or physical mutagens are
applied before the first nuclear division (Kasha et al. 2001). Mutant DH lines have been
successfully used in rice and wheat, and several of these lines exceeded the yield of the
parental line (Szarejko and Forster 2006). The development of improved DH protocols
now makes this a viable option for many species (Maluszynsky et al. 2003).

Another objective for using Hs in crop breeding is ‘gametoclonal variation’, which
consited in morphological, genetic (chromosome number and structures) and
biochemical differences present in plants regenerated from cultured gametic cells
(Evans et al. 1984). Due to their homozygosity, the gametoclones directly display the

expression of both dominant and recessive mutations. Gametoclonal variation can be
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induced by cell culture and chromosome doubling procedures by segregation and
independent assortment, resulting from both meiotic and mitotic division (Huang 1996).
Moreover, haploid technology can be particularly effective in accelerating breeding if
combined with other biotechnologies, such as ‘marker-assisted selection’ (MAS),
providing a shortcut in backcross conversion to select elite lines (Forster et al. 2007b;
Tuvesson et al. 2007). In fact, in addition to being a powerful tool for genetic analysis
as mentioned before, molecular markers are also useful for planning new crosses,
predicting novel useful gene combinations (Tuvesson et al. 2007). DHs are also very
useful for genome mapping, including the construction of genetic linkage maps and
gene tagging, providing reliable information on the location of major genes for
economically important traits (Khush and Virmani 1996). DH lines are a key feature in
genomics, particularly in integrating genetic and physical maps. Indeed, the use of DHs
have been very advantageous in establishing chromosomes maps in many species, such
as barley, rice and wheat (Forster and Thomas 2005). Nowadays, several genome
sequencing programs are using haploid genome because of its simplified assembly, such
as many fruit crops like peach, pear, apple and citrus (Dunwell 2010).

Evidently, the availability of an efficient and cost-effective protocol for Hs and DHs
production is necessary to take advantages of combining techniques with DH systems.
There is not a universal suitable protocol and the development of new techniques is still

required for many recalcitrant genotypes (Germana 2011a, b).

2.2 Status of art of Hs and DHs technology

The first spontaneous haploid were repoted in thornapple (Datura stramonium L.) by
Blakeslee et al. (1922) and, more than forty years later, Guha and Maheshwari (1964,
1966) obtained numerous embryos from in vitro anther culture and confirmed that
regenerated plants had originated from immature pollen grains with a haploid number of
chromosomes. As reported by Forster et al. (2007a), in a relatively short period, these
discoveries had a tremendous impact in stimulating further development of in vitro
procedures for the obtaining of H and DH plants in various important agriculture crops,
such as tobacco (Nitsch and Nitsch 1969), brassica (Kameya and Hinata 1970), barley
(Kasha and Kao 1970), tomato (Sharp et al. 1972) and pepper (Wang et al. 1973).
Already in 1974, at the First International Symposium on ‘Haploids in Higher Plants’
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(Guelph, Canada), the utilization of haploidy in plant breeding was discussed (Kasha
1974) and it was generally accepted that the application of DH technology to crop
breeding had several advantages, compared to conventional methods, for producing
homozygous lines (Forster and Thomas 2005). In the past few decades, even the Food
and Agriculture Organization (FAO) and the International Atomic Energy Agency
(IAEA) have supported and coordinated research focused on the development of more
efficient DH production methods and their application in plant breeding (Dunwell 2010;
Germana 2011a, b). Nowadays, haploid technology has already had a huge impact on
agricultural systems of many agronomically important crops, representing an integral
part in their improvement programs and resulting in the development of more than 300
new varieties (Germana 2011b). Nevertheless, DHs use is still limited to ‘selected’
species for many reasons. These might be categorized as biological, based on plant
status (annual, biannual, perennial, authogamous, allogamous or vegetativelly
propagated) or technical, which are the result of the feasibility and efficiency of DHs
induction protocol (Murovec and Bohanec 2011). In fact, induction protocols vary not
only among species but also among genotypes of the same species. Recently, species
previously considered recalcitrant, such as woody plants (Germana 2006, 2009;
Chiancone and Germana 2016; Cardoso et al. 2016), have been objects of successful
studies, causing a resurgence of interest in Hs and DHs of higher plants (Forster et al.
2007a; Ferrie 2009; Wedzony et al. 2009; Dunwell 2010; Ferrie and Caswell 2011;
Islam and Tuteja 2012). In addition, there is a strong commercial interest in methods for
the production and exploitation of H and DH plants, verified by the extensive
application of intellectual property protection and patenting system (Dunwell 2009,
2010).

2.3 Methods to obtain Hs and DHs

Haploids can be spontaneously produced trough parthenogenesis (the production of an
embryo from an egg cell without the participation of the male gamete) or apogamy (the
production of an embryo from a gametophytic cell other than the ovum). The recovery
of spontaneous haploid has been reported in many angiosperm species (Kasha and

Seguin-Swartz 1983). In fruit trees, spontaneous haploid plants have been recovered in
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apple, apricot, peach, pear, plum, etc., but with a too low frequency for practical
application in their breeding programs (Zhang et al. 1990).

Various in vivo or in vitro approaches have been employed in order to obtain H and DH
plants, such as reapeted pollination with pollen of the same species (e.g., maize),
pollination with pollen of a wild relative (e.g., barley, potato) or unrelated species (e.g.,
wheat), pollination with irradiated pollen, genome elimination and gametic
embryogenesis (andro and gyno-genesis) (Murovec and Bohanec 2011). For example,
the induction of maternal Hs can be initiated when pollination is followed by
fertilization of the egg cell and development of a hybrid embryo, in which paternal
chromosome elimination occurs in early embryogenesis or when fertilization of the egg
cell does not occur, and the development of the H embryo is triggered by pollination of
polar nuclei and the development of endosperm. Moreover, if pollination occurs through
irradiated pollen (usually by gamma rays from cobalt 60), embryo development is
stimulated by pollen germination on the stigma and growth of the pollen tube within the
style, although irradiated pollen is unable to fertilize the egg cell. This technique has
been successfully used in several species, including some fruit crop, such as apple
(Hofer and Lespinasse 1996), kiwifruit (Musial and Przywara 1998, 1999), mandarin
(Froelicher et al. 2007; Aleza et al. 2009b) and pear (Bouvier et al. 1993). The dose of
irradiation is the main factor controlling haploid induction, beside the developmental
stage of the embryos at the time of culture, the culture conditions and the media
composition (Germana 2012). At lower irradiation doses, the generative nucleus could
be just partly damaged and therefore maintains its capacity to fertilize the egg cell. It
results in large numbers of obtained embryos but all of hybrid origin and abnormal
(mutant) phenotype. Conversely, an increase in the irradiation dose may cause a
decrease in the total number of developed embryos but the obtained regenerants are
mostly of haploid origin. Gynogenic embryos have been also obtained in Citrus through
parthenogenesis induced by pollination with pollen from a triploid plant, both in vivo by
Oiyama and Kobayashi (1993) and in vitro by Germana and Chiancone (2001).

Wide crossing between species has been shown to be a very effective method for
haploid induction and has been used successfully in several cultivated species (Ocampo
et al. 2000). It exploits haploidy from the female gametic line and involves both inter-

specific and inter-generic pollinations. The fertilization of polar nuclei and production
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of functional endosperm can trigger the parthenogenetic development of haploid
embryos, which mature normally and are propagated through seeds (e.g., potato). In
other cases, fertilization of ovules is followed by paternal chromosome elimination in
hybrid embryos. The endosperms are absent or poorly developed, so embryo rescue and
further in vitro culture of embryos are needed (Murovec and Bohanec 2011).

In addition, when embryogenesis is induced from a male (androgenesis) or female
(ginogenesis) gamete-regenerated haploid embryos represent the progeny of the donor
plant, denominating this process ‘gametic embryogenesis’ (Soriano et al. 2013).
Gynogenesis, is another pathway of H embryo production exclusively from a female
gametophyte. It can be achieved with the in vitro culture of various un-pollinated flower
parts, such as ovules, ovaries or whole flower buds. The female gametophyte is usually
immature at inoculation but its development continues during in vitro culture, leading to
a mature embryo sac. Mature embryo sacs contain several haploid cells theoretically
capable of forming haploid embryos, such as the egg cell, synergids, antipodal cells and
non-fused polar nuclei (Musial et al. 2005). However, under optimal conditions, the egg
cells in most gynogenetic responsive species undergo sporophytic development (haploid
parthenogenesis) (Bohanec 2009). Gynogenic induction using un-pollinated flower parts
has been successful in several species (Bohanec 2009; Chen et al. 2011); nevertheless,
its application in breeding programs is very restricted. It is a very complex process since
it is a very small, delicate, and highly hydrated structure that can be damaged very
easily (Cardone et al. 2010). Consequently, gynogenesis is used mainly in dioecious
plants, in plants showing male sterility or in which other induction techniques, such as
androgenesis and the pollination methods above described, have failed (Bhat and
Murthy 2007; Chen et al. 2011).

Indeed, the most effective and widely employed technology in obtaining DH plants is
androgenesis, often more properly called pollen or microspore embryogenesis. Pollen
embryogenesis is the process of induction and regeneration of Hs and DHs originating
from immature male gametic cells. Segui-Simarro (2010) described three main routes
that can lead to the production of androgenic H or DH individuals (Fig. I.1). The first
one involves the development of an haploid embryo within the embryo sac. After
fertilization, the female zygote nucleus has been inactivated or removed, releasing a

haploid cell zygote, with only male chromosomes, which continues its normal
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development. In the second rout, H or DH calluses are obtaining from meiocytes. The
third rout relies on the ability of microspores and immature pollen grains (late uni-
nucleate, vacuolate or early bi-cellular pollen stage) to convert their developmental
pathway from gametophytic (leading to mature pollen grain) to sporophytic, resulting in
cell division at a haploid level, followed by the formation of calluses or embryos

(Segui-Simarro and Nuez 2008a).
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Fig. I.1 The different androgenic routes (Segui-Simarro 2010 - modified)

Third rout is the most efficient and used, in fact pollen embryogenesis is generally
achieved thought in vitro anthers or isolated microspore culture. Anthers culture was the
first discovered haploid inducing technique of which efficiency was sufficient for plant

breeding purposes (Maluszynski et al. 2003). It is still widely used, although isolated
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microspore culture is an improved alternative. In fact, whit this technique a relatively
high proportion of induced haploids spontaneously double their chromosome number,
leading to regeneration of homozygous doubled haploids (Kasha et al. 2001). During
isolation of microspores, the anther wall tissues are removed, thus preventing
interference of maternal sporophytic tissue during pollen embryogenesis and
regeneration of heterozygotes from somatic tissue. Moreover, basic research of haploid
embryogenesis can be performed directly at the cellular, physiological, biochemical and
molecular levels (Murovec and Bohanec 2011).

Usually, physical, thermal (heat, cold) and/or chemical (water stress, starvation) stresses
are necessary to enable competent microspores to follow the sporophytic pathway
instead of the gametophytic one. The development of a microspore to a whole plant can
occur through the formation of callus (indirect embryogenesis or organogenesis) or
through the development of a pollen-derived embryo (direct embryogenesis). Due to its
high effectiveness and applicability in numerous plant species (Maluszynski et al.
2003), it has outstanding potential for plant breeding and commercial exploitation of
DH varieties. Gamete embryogenesis is a particularly indispensable tool for obtaining
homozygosity in woody plants, which are characterized by a high genome
heterozygosity, a long generation cycle with a long juvenile period, a large size and,
often, self-incompatibility (Germana 2011la, b). Its major drawbacks are the high
genotype-dependency within species and the recalcitrance of some important
agricultural species, such as woody plants. In addition, many others endogenous and
exogenous factors can affect the embryogenic response of immature gametes in culture.
In fact, physiological state and conditions of growth of donor plants, stage of gamete
development, pre-treatment of flower buds and in vitro culture media and conditions,
together with their interactions, are all factors that greatly affect the gamete response to
the in vitro culture (Smykal 2000; Wang et al. 2000; Datta 2005; Germana 2011a).
Although gametic embryogenesis is first used to obtain Hs and DHs, the regenerating
plants sometimes result from spontaneous polyploid chromosomal duplications.
Polyploid embryos and plants were obtained in many species, such as in Pyrus pyrifolia
(Kadota and Niimi 2004), Citrus clementina Hort. ex Tan. (Germana et al. 2005) and
Anthurium andreanum L. (Winarto et al. 2011). Sunderland et al. (1974) reported that

triploids are formed by the fusion of two endoreduplicated generative nuclei and the
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vegetative nucleus, while the fusion of two endoreduplicated generative nuclei plus two
children vegetative nuclei form tetraploid embryo. The dynamics and mechanisms of
diploidization at early stages of microspore-derived embryos have been reviewed in
Segui-Simarro and Nuez (2008b). Anyway, the diploid or polyploidy plants originated

in this way are completely homozygous.

2.4 Characterization of Hs and DHs

During the production of homozygous lines, various undesired heterozygous plantlets
can be obtained. After a successful haploid induction and regeneration procedure,
evaluation of regenerants is needed to distinguish between desired Hs (or spontaneously
DHs) and redundant heterozygous diploids. Several direct and indirect approaches are
available for determining the ploidy level of regenerated plants. Indirect approaches are
based on comparisons of plant morphology (plant height, leaf dimensions), plant vigor
and fertility, number of chloroplasts in stomatal guard cells and plastid dimensions,
between regenerants and donor plants (Yuan et al. 2009). They are fairly unreliable and
subject to environmental effects, but they do not require costly equipment. Direct
methods are more reliable and include conventional cytological techniques, such as
counting the chromosome number (Maluszynska 2003) or measurement of DNA
content using flow cytometry (Bohanec 2003). Flow cytometry allows the analysis of a
large number of target plants in a shorter period of time (Ochatt 2008), enabling
detection of mixoploid regenerants (having cells with different ploidy) and the
determination of their proportion, according to position of peaks representing the size of
the nuclei. Because of the spontaneous chromosome doubling occurring in the haploid
calli and embryos, ploidy level analysis cannot always identify pollen-derived plants.
To determine regenerant origins, assessing homozygosity and distinguish between
spontaneously DHs and heterozygous hybrid diploids, isozyme analyses, random
amplified polymorphic DNA markers and microsatellites can be employed.

Isozyme analyses have been employed in Citrus to confirm the gametic origin of
calluses, embryos and plantlets (Germana and Chiancone 2001). These techniques allow
the distinction between androgenetic and somatic tissue when the enzyme is
heterozygotic in the diploid condition of the donor plant and the regenerant shows lack

of an allele (Germana 2007). Furthermore, several DNA molecular markers have been
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commonly adopted, such as AFLP (Amplified Fragment Length Polymorphism), RAPD
(Random Amplified Polymorphic DNA), SCAR (Sequence Characterized Amplified
Regions) or SSR (Simple Sequence Repeat), depending on their availability for a
particular plant species (De Vienne 2003). Co-dominant molecular markers, as well as
isozyme markers, have the advantage that a single locus, when heterozygous in donor
plants, might be used for homozygosity determination. In contrast, a more complex
profile is analyzed with dominant markers. In such a case, bands missing from the

donor profile indirectly indicate homozygosity (Murovec and Bohanec 2011).

3. POLYPLOIDS IN BREEDING

3.1 Definition and types of polyploids

Polyploids are defined as those organisms which exceeds the diploid number of
chromosomes per cell nucleus, which has been considered a ubiquitous phenomenon in
plant evolution and diversification (Soltis et al. 2009). The elucidation of the causes and
consequences of polyploidy has been the focus of several reviews in the last years (Otto
and Whitton 2000; Wolfe 2001; Osborn et al. 2003; Soltis and Soltis 2009; Yang et al.
2011; Ramsey and Ramsey 2014). These studies have provided a wide range of
information about different aspects of polyploidy, including classification, frequency,
mechanisms of origin and ancient polyploidy events, as well as its ecological, genetic
and evolutionary consequences (Sattler et al. 2016).

Polyploid plants, depending on their genomic origin, can be divided into autopolyploids
(species that have genomes derived from a single ancestral species) and allopolyploids
(species derived from the hybridization of two different genomes followed by genomic
multiplication). The allopolyploidy has exerted greater influence that autopoliploidy on
the development of the evolutionary process; in fact, most polyploid species observed in
nature have hybrid origins.

Based on the number of groups of post duplication homologous chromosomes,
polyploids can be also classified into: triploids, tetraploids, hexaploids, octoploids, etc.
(Yang et al. 2011). Conversely, aneuploids are organisms characterized by the presence

of an abnormal number of chromosomes, not being its chromosome number multiple of
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the basic (Acquaah 2007). Polyploids can also be divided into natural and synthetic, the
first arising from the natural result of spontaneous genome duplication, the seconds
from the result of a synthetic genome duplication induced with or without hybridization.
Currently, major cultivated crops are polyploids, such as triploid banana, tetraploid

potato, hexaploid wheat or octoploide strawberry and sugar cane.

3.2 Modes of origin of polyploids

Polyploidy is quite common in plants, providing a natural mechanism of adaptation.
Thus, about 70% of angiosperms have had some process of polyploidy during their
evolution (Chen et al. 2007). Different mechanisms have been proposed to explain how
polyploids arise in nature. Two major pathways are known to lead to polyploidy in

plants: the somatic doubling and the formation of unreduced reproductive cells.
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tissues, giving rise to mixoploids or even completely polyploid organisms. Despite
being constantly used to attain artificial polyploids, somatic doubling is supposed to
have a minor role in the origin of natural polyploid organisms (Ramsey and Schemske
1998). As shown in Fig. 1.2, the pairing of homologous chromosomes is defective in the
F1 hybrid because of divergence in the structure and number of chromosomes. Pairing

is restored by genome duplication, resulting in polyploids formation.

3.2.1 Natural polyploids

Although ‘chromosome duplication’ can be a method to obtain polyploids, the
formation and fusion of unreduced gametes is considered the most common mechanism
of polyploidization (De Wet 1980). The capacity of producing unreduced gametes is a
heritable feature evidenced in many plant species. Besides genetic control,
environmental factors such as temperature, herbivory, wounding, water deficit and
nutrients shortage, can influence the production of unreduced gametes (Ramsey and
Schemske 1998).

Production of male and female (pollen grain and ovule) gametes is a complex process,
which occasionally causes failures in chromosome reduction during meiosis (Tate et al.
2005). Therefore, the binding of these unreduced gametes result in a direct polyploid,
natural triploid if the bond is between a non-reduced and one normally reduced gamete
and natural tetraploid if the bond is between two unreduced gametes. The latter
mechanism was detected in F1 progenies of open pollination in apple, leading to natural
tetraploid apple trees (Einset 1959). When unreduced gametes fuse in interspecific
crosses they give rise to an allopolyploid.

An unusual way of polyploid formation occurs when an egg is fertilized by several male
gametes, as in some ornamental plants such as orchids (Ramsey and Schemske 1998).
Other processes of natural duplication of chromosomes have been registered by
alterations in meristematic cells during mitosis, for instance in meristematic tissues of
tomato (Ramsey and Schemske 1998).

During polyploids formation, ‘diploidization’ (a repeated loss of chromosomes) takes
place. It is the process whereby necessary genomic changes occur to remove repeated
genes and to avoid gene silencing (Clarkson et al. 2005; Comai 2005; Ozkan and
Feldman 2009) so that, at the genetic level, the tetraploid behaves like a normal diploid.
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This phenomenon has been widely described in the genus Nicotiana and Cucumis (Chen

et al. 2007; Comai 2005).

3.2.2 Artificial polyploids

Nowadays, the artificial induction of polyploidy through the inhibition of mitosis is
widely practiced. Many inhibitors can be used to block cell cycle progression in cycling
plant cells, such as the anti-mitotic drug colchicine or dinitroanilines. Colchicine (N-
[(7S)-1,2,3,10-tetramethoxy-9-0x0-6,7-dihydro-5H-benzo[a]heptalen-7-yl]acetamide),
an alkaloid extracted from meadow saffron (Colchicum autumnale L.), was the first
anti-mitotic agent to be discovered (Blakeslee and Avery 1937) and has been used to
induce polyploidy in a wide range of species such as blueberries, rye, watermelon, sugar
beets, wheat and snuff (Hancock 1997). It showed to be effective also in many fruit
species as Pyrus pyrifolia N. (Kadota and Niimi 2002), Punica granatum L. (Shao et al.
2003), Zizyphus jujuba (Gu et al. 2005), Vitis vinifera L. (Yang et al. 2006), Actinidia
chinensis (Wu et al. 2011) and Eriobotrya japonica (Blasco et al. 2015). Colchicine has
low affinity for plant tubulins and must be used at millimolar levels for effective
polyploidy induction in plants (Dhooghe et al. 2011). Applications at relatively low
concentrations can be tolerated by many species without being lethal.

Oryzalin (4- (Dipropylamino) -3,5-dinitrobenzenesulfonamida) has also been used
successfully and it is considered less toxic than colchicine, but induces lower levels of
tetraploidy (Aleza et al. 2009a; Contreras et al. 2010). Both agents have a similar
mechanism of action, binding the tubulin dimmers preventing microtubules
polymerization in metaphase and, consequently, avoiding the division of the replicated
chromosomes into daughter cells (Petersen et al. 2003; Sajjad et al. 2013).
Subsequently, when the concentration of the agent decreases, normal growth of the
plant is resumed and mitosis of the generated polyploid cells occurs. Cytokinesis will
also be compromised, resulting in the formation of cells with doubled chromosome
number. The success of a polyploidization procedure depends on many factors, such as
type and concentration of the antimitotic agent, the time of exposure, the method of

antimitotic solution application and the type of explants (Sattler et al. 2016).
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3.3 Polyploidy detection

After induction of chromosome duplication, it is important to confirm the success of the
experiment in yielding polyploidy plants. Chromosome counting has been considered
the most accurate method to detect polyploid variants. Cytogenetic techniques are
laborious and require specific protocols according to the species (Dolesel et al. 2007).
Alternatively, flow cytometry is a reliable and simple method to measure the ploidy
level, allowing the analysis of a large number of plants in a short period of time
(Bohanec 2003; Ochatt 2008). Flow cytometry analysis infers the ploidy level by its
correlation with the relative or absolute DNA content, assuming that an increment in
DNA content corresponds to increments in chromosome number. The DNA content of a
sample with known ploidy level is used as a reference standard to determinate the DNA

ploidy level of the sample analysed (Dolesel et al. 2007).

3.4 Application of polyploidy in plant breeding

The revelation that a large number of plant species have a polyploid genome, including
several important crops, has attracted the attention of plant breeders for the application
of artificial polyploidy as a tool for crop improvement (Sattler et al. 2016). As
highlighted by Dewey (1980), each crop species responds differently to
polyploidization, depending on their original ploidy level, genome structure,
reproduction mode, perenniality and the plant organ for which the crop is cultivated.
Induced polyploids do not always reach the initial expectations and overcome their
diploid progenitors. Nonetheless, such disturbances have the potential to produce novel
genotypic and phenotypic variations, which may be useful for artificial selection in
plant breeding programs.

In fact, the production of polyploids involves a series of changes at the genetic and
physiological level that often include advantages that can be exploited in plant breeding.
Polyploidization events often seem to be associated with increases in vigor and
adaptation of the newly formed polyploid to novel conditions. The competitive
advantage of polyploids over their diploid progenitors is mostly related to transgressive
segregation, i.e., formation of extreme phenotypes and increased vigor (Van de Peer et
al. 2009). The most widespread consequence of polyploidy in plants is the increase in

cell size, caused by the larger number of gene copies and referred to as the ‘gigas effect’
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(Sattler et al. 2016). Consequently, polyploids generally show larger leaves, flowers and
fruit, stomatal density and greater number of chloroplasts (Stebbins 1950).
Autopolyploidy induction in breeding programs is usually restricted to crops cultivated
for their vegetative organs and those with vegetative propagation, due to the low rates of
viable seed production (Paterson 2005). Therefore, this phenomenon has been widely
exploited in improving ornamental plants (Dhawan and Lavania 1996, Blasco et al.
2015). Tetraploid plants producing fruits of higher quality, associated with changes in
the hormonal balance (Wu et al. 2013), increased disease resistance (Predieri 2001),
increased production and better adaptability (Liu et al. 2009) have also been described.
Moreover, physiological changes in polyploids have been exploited in the production of
plants with higher performance in the production of active principles, useful for
pharmacological or insecticidal applications (Liu and Gao 2007).

The hybrid vigor present in the allopolyploids represents an advantage compared to
diploids, preserving the double set of homologous chromosomes and then preventing
the loss of the hybrid vigor by recombination (Comai 2005). An example of the
exploitation of alloploidy is the obtainment of the interspecific hybrid ‘triticale’, where
the wheat grain quality is combined with the hardiness of rye (Acquaah 2007; Chen
2010). The allohexaploid Triticum aestivum is the most widely cultivated species of
wheat, exhibiting desirable features for bread making, followed by Triticum turgidum,
which is the most suitable for pasta production (Pauly et al. 2013).

Moreover, in breeding programs seeking to maximize heterozygosity, the number of
allelic combinations obtained from tetraploids self-pollination is greater than from
diploids (Acquaah 2007). Likewise, in breeding programs where mutations are
exploited as a method to generate diversity, polyploids represent an advantage because
its duplicated genome can tolerate a higher mutation rate. For example, in orchids,
autotetraploid obtained by treatment with colchicine, could withstand doses of product
20 times higher than the original diploid (Broertjes 1976).

A very important application of horticultural polyploids is the achievement of seedless
fruits, through obtaining tetraploid plants and their subsequent hybridization with
diploids, resulting in triploid seedless genotypes. Triploid watermelon (Wehner 2008)
and table grapes (Ledbetter and Ramming 1989), with great acceptance by the

consumer, have been obtained by this method. In addition to the mentioned advantages

27



of polyploidy for crop improvement, polyploids may also be induced for other purposes,
such as to restore the fertility of sterile hybrids and to serve as a “bridge” for genetic
transfer when direct crossing between two species is not feasible (Dewey 1980; Hegarty
et al. 2008). ‘Bridge crossing’ is a strategy employed for transferring genes between two
species with different ploidy levels through transitional fertile allopolyploids. The same
technique has been applied for gene introgression in other relevant crops, such as

cowpea (Fatokun 2002), wheat (Chhuneja et al. 2007) and cotton (Ram 2014).

3.5 Polyploidy in fruit trees

Some crop species have been improved by a complex chain of interspecific
hybridizations and/or crosses between different ploidy levels. Breeding strategies
involving crosses between different ploidy levels is very common, for instance, in
apples. Tetraploid varieties have no commercial value because of their low-quality fruits
and low resistance to cold, being mostly used to develop triploid cultivars (Sedov 2014).
The triploid forms of apples have more advantageous features than the diploids,
including more regular fruit bearing, larger fruits with higher commercial appeal and
scab resistance (Sedov et al. 2014).

In Citrus, a major breeding goal is the obtention of triploids hybrids that do not produce
seeds and/or avoid their formation in other genotypes by cross-pollination. Natural
citrus triploid have been selected from crosses 4n % 2n (Luro et al. 2004; Ollitrault and
Navarro 2012) and from crosses with meiotic restitution of one of the parental (Chen et
al. 2008). However, the most common method used to obtain tetraploid citrus, useful as
parents in triploids breeding programs, is the use of treatments with colchicine (Juarez
et al. 2004; Navarro and Juarez 2007).

In loquat, natural triploids are described from hybridizations between unreduced
gametes of the mother plant with normal male gametes. The frequency of unreduced
gametes in loquat varies between 0.18% and 1.62% and it is highly genotype-dependent
(Guo et al. 2007).

With this goal, the production of artificial triploids, obtained through hybridization of
artificial tetraploid of elite varieties, is an interesting alternative for the production of

seedless fruit that does not depend on the rate of gamete no-reduction.
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In grapes, triploid and tetraploid plants have been produced to obtain seedless and large-
berried varieties, respectively. Autotetraploid grapes induced by colchicine have often
shown poor fruitfulness, low vigor, and brittle shoots and decreased cold hardiness but
increase in berry size (Notsuka et al. 2000). However, these artificial tetraploids have
been used as bridges to overcome barriers in crossings between Vitis rotundifolia
Michx., Vitis vinifera L. and Vitis labrusca L. (Dermen 1954; Park et al. 2002). In other
crops, colchicine-induced plants have shown some improvements in characteristics of
commercial relevance, such as in autotetraploids kiwifruit (Actinidia chinensis Planch.),
in which a significant fruit size increase was achieved (Wu et al. 2012). Moreover,
although several recently induced polyploid forms have not yet reached the required
market qualities, they are valuable germplasm sources for improvement of fruit

breeding programs.
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OBJECTIVES

Objective I

Study and induction of gametic embryogenesis (haploid technology), through in vitro
culture of anthers or isolated microspores, for improvement of some selected
Mediterranean fruits crops: almond (Prunus dulcis Mill.), mandarin (Citrus reticulata

Blanco) and loquat (Eriobotrya japonica (Thunb.) Lindl.).

Objective 11
Induce chromosome duplication, by treatments with colchicine on un-germinated seeds,
in order to generate polyploid (e.g. tetraploid) loquat plants for further use in genetic

breeding programs.
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EXPERIMENTS

Experiments have been conducted through years 2014, 2015 and 2016 at the ‘Universita
degli Studi di Palermo’ (UNIPA) as well as at the °‘Instituto Valenciano de
Investigaciones Agrarias’ (IVIA). During the doctoral time, with the aim of
regenerating homozygous lines, researches have been carried out on gametic
embryogenesis by both in vitro anther and isolated microspore culture in different
Mediterranean fruit crops, such as almond (Prunus dulcis Mill.), mandarin (Citrus
reticulata Blanco) and loquat (Eriobotrya japonica (Thunb.) Lindl.), investigating
different factors affecting these techniques. In addition, with the purpose of producing
new plant variability, ploidy manipulation was also induced applying colchicine on un-
germinated loquat seeds to generate polyploid (e.g. tetraploid) plants.

Particularly, with the objective of regenerating Hs or DHs, in the first experiment
(Chapter 1), investigation on gametic embryogenesis was carried out through in vitro
anther culture of seven almond genotypes (‘Contino’, ‘Filippo Ceo’, ‘Genco’, ‘Tuono’,
‘Ferragnes’, ‘Lauranne’ and ‘Steliette’), studying and testing anthers and microspore
responses to two solidified culture media (P and N6) and two temperature treatments
(direct cultured at 25+1 °C or subjected to hot thermal shock at 3541 °C for 7 days).

In the second trial (Chapter 2), almond anthers of eight cultivars (‘Desmayo largueta’,
‘Doble fina’, ‘Ferraduel’, ‘Ferragnes’, ‘Marcona’, ‘Planeta’, ‘Tarraco’ and ‘Vayro’),
were submitted to a cold pre-treatment (4 °C for 3 days) or directly cultured at 25+1 °C
(as control) and four culture media with different 6-benzylaminopurine (BAP)
concentrations (0, 1, 1.5 and 2 mg L) were tested.

In the third experiment (Chapter 3), investigation has been conducted through isolated
microspore technique in mandarin, cultivar ‘Mandarino Tardivo di Ciaculli’. Isolated
microspores were cultured at the concentration of 100,000 microspores per mL in four
different liquid media (P, N6 and replacing 0.5 mg L' of BAP with 0.5 mg L™ of meta-
Topolin in both of them). In addition, two thermal treatments (26+1 °C or 35 °C for 30
days) were tested. The experiments were repeated twice: in the first one, the flower buds
were processed immediately after the collection, while in the second one, they were

subjected to a cold pre-treatment (4 °C for 7 days).
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In the fourth investigation (Chapter 4), in order to determine optimum conditions for
callus induction, anthers culture of seven different loquat genotypes (‘Algerie’,
‘Cayetano’, ‘Magdal’, ‘Peluche’, ‘Redonet’, ‘Sanfilippara’ and ‘Zaozhong-6’) was
performed on four solid media supplemented with different concentrations (0, 2.68, 5.36
and 8 uM) of 1 _naphtalene acetic acid (NAA).

Finally, the fifth experiment (Chapter 5) regarded the polyploid loquat production, very
useful for the IVIA breeding program. With this aim, un-germinated loquat seeds
(cultivars ‘Cardona’ and ‘Magdal’) were treated by immersion in a colchicine solution
(0.5% w/v) for 24 or 48 h at room temperature in the dark, while seeds soaked only with

distilled water were used as controls.
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ALMOND ANTHER CULTURE

Introduction

Almond (Prunus dulcis Mill.), a member of the Rosaceae family, is a tree native to the
Mediterranean climate regions of the Middle East and South Asia, and produces nuts of
great commercial value. Prunus dulcis is a worldwide known species, with over two
million tons of almonds produced in 2012 (FAO 2014), with an increase of 30 %
compared to 2000. The volume of world exports of shelled almonds are around 533.000
t/year (average 2007-11, FAO 2014), with an average annual value of approximately $
2.5 billion, with a constantly growing trend.

Almond is a diploid species with a monoploid number of chromosomes n = x = 8
(Martinez-Gomez et al. 2005) and it blooms early in the spring when temperatures are
still low. Most of the almond cultivars express gametophytic self-incompatibility, which
requires cross-pollination generating genetic variability within seedling populations.
Genetic control of pollen—pistil self-incompatibility is through a single gene (S-allele)
(Tamura et al. 2000; Channuntapipat et al. 2003; Lopez et al. 2004). In the early 1900s,
formal plant breeding programs were established in most major production areas to
accelerate the selection through controlled crosses and related genetic manipulations.
The basic objectives of most almond breeding programs target increased yields, nut
quality, resistance to biotic and abiotic stress and decreased production costs (Socias I
Company 1998).

The technique of haploids (Hs) and doubled haploids (DHs) production is developing as
a powerful biotechnological tool to obtain pure lines and to support the conventional
fruit crop breeding programs. Hs are sporophytes with the gametophytic chromosome
number (n instead of 2n), and they are originated from a single immature gamete
(Germana 2011a). When duplication of chromosomes of a H occurs, a DH is obtained
(Kasha and Maluszynsky 2003). Haploid technology allows us to achieve completely
homozygous lines from heterozygous parents in just one step, significantly reducing the
time required to obtain the same result with the conventional method which requires

several generations of self-pollination.
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The obtainment of homozygous plants had a significant impact on the breeding
programs of many important crops (Germana 2011b). Many laboratories and breeding
companies, involved in the improvement of a wide range of crops, have now started to
routinely use the DH technology (Tuvesson et al. 2007). Recently, species that were
previously considered rather recalcitrant, such as forage, vegetable crops, legumes,
aromatic, medicinal, and even woody plants, have become objects of successful studies
on the induction of gametic embryogenesis (Germana 2006, 2009; Dunwell 2010;
Chiancone and Germana 2016). Nowadays, the realization of the potential in these
areas, alongside real and tangible results, is causing a resurgence of interest in Hs of
higher plants (Forster et al. 2007). Moreover, the extensive application of intellectual
property (IP) protection and patenting system to Hs, also attests to the commercial
interest in methods for the production and exploitation of these plants, both in the USA
and elsewhere (Dunwell 2010). Gametic embryogenesis is an indispensable tool to
quickly obtain homozygosis in woody plants, since these are characterized by long
juvenility, high levels of heterozygosis and, often, by self-incompatibility (Germana
2009). Unfortunately, many woody species, as well as fruit crops, are still recalcitrant to
this process, that can be carried out using various methods, mainly including in vitro
culture of anthers or isolated microspores (Germana 2011a, b; Chiancone et al. 2015;
Karasawa et al. 2016). Anther culture is often the method of choice for the production
of DHs in many crops because its simplicity, which allows a large scale approach and
the application to a wide range of genotypes (Sopory and Munshi 1996; Germana
2011a). To induce the formation of Hs and DHs through in vitro culture of anthers,
especially in woody species, there are no standard conditions or well-defined protocols.
In fact, there are numerous endogenous and exogenous factors, together with their
interactions, which can affect the response of anther culture, such as the genotype, the
pollen development stage, the pre-treatments, the culture medium and, the physiological
state of the donor plants (Datta 2005).

With regard to Prunus species, somatic embryogenesis has been achieved after a callus
phase and/or directly by an adventive pathway in P. subhirtella (Da Camara Machado et
al. 1995), P. avium x P. pseudocerasus (Jones et al. 1984), P. incisa x serrula (Druart
1981, 1990), P. avium (De March et al. 1993; Garin et al. 1997), P. cerasus (Tang et al.
2000) and P. persica (Hammerschlag et al. 1985; Raj Bhansali et al. 1990). Moreover,
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somatic embryo-to-plant transformation system has already been exploited for cultivar
improvement in some Prunus species (Da Camara Machado et al. 1995; GutieArrez-
Pesce et al. 1998). Almond is considered to be recalcitrant to in vitro culture,
particularly when this technology is required for Agrobacterium-mediated
transformation (Martinez-Gomez et al. 2003). A few papers report sporadic shoot
regeneration from callus cultures derived from P. dulcis cotyledons and leaves (Mehra
and Mehra 1974), and somatic embryogenesis from a petiole-derived cell suspension
(Durzan 1985).

To our knowledge, there are very few reports in the literature regarding anther culture in
almond, in which only callus production was achieved (Michellon et al. 1974; Li et al.
2004). However, no microspore-derived embryo production has been reported to date.
The aim of our studies was to apply in vitro anther culture to Prunus dulcis to induce

gametic embryogenesis.
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CHAPTER 1

Microspore embryogenesis induced through in vitro anther culture of

almond (Prunus dulcis Mill.)

1.1 Abstract

Anther culture is one of the most widely used methods to induce gametic
embryogenesis. The aim of this investigation was to induce microspore embryogenesis
in almond (Prunus dulcis Mill.), through this technique. Anthers were cultured at the
vacuolated developmental stage, and seven cultivars, two culture media and two
temperature treatments were assessed. Although evidence of the microspore induction
was observed in all the genotypes and treatments tested (symmetrical nucleus division
and multinucleated structures), calli were produced merely by anthers cultured in the
medium P and the regeneration of embryos was detected only in anthers of ‘Filippo
Ceo’, ‘Lauranne’ and ‘Genco’, placed on medium P and subjected to the Control
treatment (direct culture at 25+1 °C, without the hot thermal shock at 35+1 °C for 7
days).

Characterization by SSR marker analysis of the embryo genotypes revealed that the
regenerants had a single allele for each locus whereas the parent cultivar was
heterozygous, indicating their development from haploid microspores.

This study reports the evidence of gametic embryogenesis and, particularly, of
microspore embryogenesis through in vitro anther culture, in almond, and, for the first

time to our knowledge, the production of homozygous embryos.

1.2 Materials and methods

1.2.1 Plant material

Seven different almond cultivars were tested. In particular, four cultivars from Italy:

‘Contino’, ‘Filippo Ceo’, ‘Genco’, ‘Tuono’ and three from France: ‘Ferragnes’,
b b 9

‘Lauranne’ and ‘Steliette’. One year shoots bearing flower buds at different
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developmental stages were harvested on February in a field located in Canicatti

(Agrigento, Italy).

1.2.2 Bud size and microspore stage correlation

Flowers buds of different sizes were selected to evaluate the pollen developmental stage
(Fig. 1.1a). Ten anthers from each flower size were removed and squashed in a few
drops of 4',6-diamidino-2-phenylindole (DAPI) staining solution and observed under a
fluorescent microscope Zeiss Axiophot (Germany) to identify the pollen development
stage and to determine the flower bud size containing anthers (Fig. 1.1b) with the
highest percentage of uninucleated-vacuolated microspores (Fig. 1.1c). The assumption
was that for almond, this stage is the most suitable to induce microspore embryogenesis,
as it is in in many other fruit crops (Peixe et al. 2004; Germana 2011a, b). Only flower
buds with the correct size, containing anthers mostly with microspores at the

uninucleated-vacuolated stage, were selected for the anther culture.

Fig. 1.1 a Phenological stages of flower buds selected in relation to the microspore developmental stage
*(best stage = vacuolated stage); b Anther of ‘Ferragnes’ containing vacuolated microspore; ¢
Uninucleated-vacuolated microspore; d Microspore with two nuclei of equal size (symmetrical nucleus
division) of ‘Filippo Ceo’; e Multinucleated microspore of ‘Filippo Ceo’
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1.2.3 Flower bud sterilization and anther culture

About seventy flower buds per each cultivar were removed from the shoots and surface
sterilized. The sterilization was performed, under a laminar flow hood, by immersion in
70 % (v/v) ethyl alcohol for 5 min, followed by immersion in sodium hypochlorite
solution (0.5 % active chlorine) with few drops of Tween-20 for 20 min and finally
rinsed in sterile distilled water three times and processed. After sterilization, petals were
aseptically removed using small forceps and anthers were carefully excised and
immediately placed in Petri dishes (60x15 mm) containing 10 mL of solidified medium

(60 anthers/each Petri dish).

1.2.4 Experimental design

Culture media

Two different induction media, referred as P medium (Germana et al. 1996) and N6
medium (Karasawa et al. 2016), were tested. The composition of the media is reported
in Table 1.1. Growth regulators were added to the culture medium and pH was adjusted
to 5.8 before autoclaving (20 min, 120 °C). When obtained, embryos were transferred
onto a germination medium consisting in Murashige and Skoog (MS) (1962) basal salts,
including MS vitamins, with the addition of 3 % sucrose, 1 mg L indolbutiric acid, and

0.75 % agar, in order to induce their germination and conversion into plantlets.

Temperature treatments

The flower buds were subjected, as common cold inductive pretreatment, to a
temperature of 4 °C for one week. The effect of two thermal treatments was observed
applying the following conditions: five Petri dishes/cultivar were directly incubated in a
growth chamber at 25+1 °C as control (C). Meanwhile, an additional hot thermal shock
was applied just after placing the anthers in the two media, placing five Petri

dishes/cultivar in a stove at a temperature of 35+1 °C for 7 days (H).
Data collection and statistical analysis

Sixty anthers were placed in each Petri dish and twenty Petri dishes were prepared per

each genotype (10 per each medium, 5 per treatment, for a total of 1200 anthers per
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each genotype). Petri dishes were incubated in the dark for 30 days and, then,
transferred under cool white fluorescent lamps Philips TLM 30W/84 conditions
(Philips, France), with a photosynthetic photon flux density of 35 pmol m® s and a
photoperiod of 16 h light.

Table 1.1 Media composition (in g L' or mg L™

Components P N6
Chu Salts 1X 1X
N&N Vitamins 1X 1X
Galactose 18 ¢ O¢g
Lactose 36¢g 18 ¢
Ascorbic Acid 500 mg 500 mg
Myoinositol S5¢g -
Biotin 500 mg 500 mg
Thiamine 5 mg -
Pyridoxine 5 mg -
2,4-Dichlorophenoxyacetic

acid 0.5 mg 0.02 mg
1-Naphthaleneacetic acid - 0.02 mg
Kinetin 0.5 mg I mg
Zeatin 0.5 mg 0.5 mg
Gibberellic acid 0.5 mg 0.5 mg
Thidiazuron 0.5 mg 0.1 mg
Benzyladenine 0.5 mg 0.5 mg
Coconut water 100 mL 50 mL
Casein 500 mg 500 mg
Serine 100 mg -
Glycine 2 mg -
Glutamine 800 mg 200 mg
Malt extract 500 mg 800 mg

P (Germana et al. 1996), N6 (Karasawa et al. 2016), Chu salts (Chu 1978),
N&N vitamins (Nitsch and Nitsch 1969)

The in vitro cultured anthers were observed weekly with a stereo-microscope (Leica MZ
125) to follow their development. Moreover, DAPI staining was carried out in anthers
collected after one month of culture to observe the microspore developmental response.
For each thesis (7 genotypes, 2 media and 2 thermal treatments), about 150 microspores
were examined to evaluate the different structural features (uninucleated, binucleated,
trinucleated microspore and multinucleated structures) using a fluorescence microscope

(Zeiss, Axiophot, Germany).
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Four months after culturing, the number of undeveloped anthers, swollen anthers,
anthers producing calli and anthers producing embryos were recorded for each Petri
dish. These data were used to calculate means and to perform statistical analysis. The
recorded data were tested by analysis of variance (ANOVA). Tukey’s test (p < 0.05)

was used to compare the means for all parameters.

1.2.5 Characterization of regenerants

Ploidy analysis

The ploidy analysis of the regenerants was performed by flow cytometry. Tissues from
embryos were chopped with a sharp razor blade in 2.0 mL of nuclear extraction buffer
(Partec, Miinster, Germany), and with a mother plant sample used as diploid control.
Each nuclear suspension was filtered through a 50 um nylon filter (Nybolt, Ziirich,
Switzerland) and mixed with 4.0 mL of DAPI (1 mg L™) staining solution. The
fluorescence intensity of the nuclear mixture was measured by a CyFlow® Counter

(Partec).

DNA extraction

DNA was extracted from 50 mg of young leaves from the mother plants (used as
control), previously lyophilized, and from the embryo tissues obtained from the in vitro
anther culture, following the method of Doyle and Doyle (1987), with some minor
modifications. Embryos were frozen in liquid nitrogen and then ground using a
Tissuelyser (QTAGEN®, Germany). DNA concentration of the samples was determined
by NanoDrop ND- 1000 spectrophotometer (NanoDrop, Wilmington, DE, USA).

Detection of homozygosity

Simple Sequence Repeat (SSR) markers were adopted to assess the heterozygosity and
to determine the origin (gametic or somatic) of the embryos. Fifteen SSR polymorphic
microsatellites developed from apricot (Lopes et al. 2002; Messina et al. 2004) and
peach (Dirlewanger et al. 2002; Yamamoto et al. 2002) were screened in a preliminary
test and six of them (PaCITA-21, MAO31a, BPPCT-007, UDAP-468, EPPCU-5990 and
PaCITA-23) were selected for analysis because they amplified in almond and they are
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heterozygous in the donor plant. The polymerase chain reaction (PCR) was carried out
with three primers: the specific forward primer of each microsatellite with M13(-21) tail
at its 5° end, the sequence specific reverse primer and the universal fluorescent-labeled
M13(-21) primer (Schuelke 2000). PCR reactions were performed in a GeneAmp®
PCR System 9700 thermal cycler (Perkin-Elmer Corp, Freemont, CA) in a final volume
of 25 uL, containing 2.5 pL of 10X PCR buffer, 0.2 uL. MgCl,, 2 uL dNTPs, 0.5 pL of
the forward primer (5 uM), 0.5 pL of the M13(-21) primer, 1 pL of the reverse primer,
0.2 uL Taq polymerase (Invitrogen) and 20 ng of genomic DNA. PCR thermal profile
was as follows: an initial denaturation step at 95 °C for 60 s, followed by the annealing
for 20 cycles at 60 °C (-0.5 °C/cycle) for 60 s, and extension at 72 °C for 90 s; followed
by a second thermal profile of one cycle at 95 °C for 60 s; 40 cycles at 50 °C for 60 s,
72 °C for 90 s, finishing with 72 °C for 30 min. Three pL of desalted PCR product was
mixed with 12 pL of loading solution (70 % formamide and ImM EDTA), 0.3 pL of
LIZ dye, denatured at 95 °C for 5 min, and cooled on ice. Electrophoresis was
performed on a ABI PRISM 3130 Genetic Analyzer capillary system (Applied
Biosystems, Warrington, UK). Allele lengths were determined using an ABI Prism
3130 Genetic Analyzer with the GeneMapper software, version 4.0 (Applied

Biosystems).

1.3 Results and discussion

The anther culture response can be strongly affected by the microspore development
stage. Since in almond no previous information was available regarding the correlation
between the flower bud size and the microspore developmental stage, this relationship
was examined in this study in order to establish the most appropriate bud size to isolate
the anthers aimed to induce microspore embryogenesis. The bud size and the corolla
length are very often used as an external morphological indicator of the microspore
stage for large-scale tests. Results of the preliminary investigation with DAPI staining
showed a correlation between the floral bud size and the microspore developmental
stages. Bud sizes of 7.0 to 9.0 mm (depending on the cultivar) in length (Fig. 1.1a%*),
corresponded to the highest percentage (>70 %) of the appropriate vacuolated stage

(data not shown).
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Differences in microspore developmental responses were observed in anthers collected
one month after culture by DAPI staining and fluorescence microscopy observations.
Already after one month, microspore with two identical nuclei equal in size and
chromatin condensation patterns (Fig. 1.1d) derived by a symmetrical nucleus division
(SND), as well as multinucleated structures (Fig. 1.1e), were detected. The SND of the
nucleus is considered one of the first signs of the beginning of the embryogenic
program (Segui-Simarro and Nuez 2008a). This is highlighted in Table 1.2, where the
percentages of uninucleated, binucleated by asymmetrical nucleus division (AND) and
SND, trinucleated microspores and multinucleated structures are reported. No
statistically significant differences were recorded among cultivars in the percentage of
uninucleated, binucleated (AND) and trinucleated microspores. Trinucleated
microspores were separately counted, instead than added to the multinucleated, because
in a previous research carried out on Citrus clementina anther culture, ploidy analysis
by flow cytometry of 94 regenerants showed that as many as 82% of them were tri-

haploids, rather than haploids or doubled-haploids as expected (Germana et al. 2005).

Table 1.2 Microspore developmental responses of the seven almond genotypes after one month of culture

Cultivar Uninucleated Binucleated Binucleated Trinucleated  Multinucleated
microspores microspores microspores microspores microspores
(%) (AND) (%)  (SND) (%) (%) (%)
‘Contino’ 533 a 15.7 a 10.1 ab 38 a 17.1 a
‘Ferragnes’ 39.1 a 13.7 a 57 a 25 a 38.8 be
‘Filippo Ceo” 379 a 12.7 a 10.2 ab 3.8 a 35.4 abc
‘Genco’ 41.8 a 22.1 a 16.8 b 2.4 a 16.8 a
‘Lauranne’ 249 a 145 a 8.9 ab 30 a 48.6 ¢
‘Steliette’ 48.5 a 172 a 7.8 a 4.6 a 21.9 ab
‘Tuono’ 449 a 19.5 a 12.5 ab 2.4 a 20.7 ab

Within each column, values followed by different letters are significantly different at p < 0.05 (ANOVA,
Tukey’s test). AND: asymmetrical nucleus division, SND: symmetrical nucleus division

However, significant differences were detected regarding the percentages of binucleated
microspores (SND) and multinucleated structures. In particular, ‘Genco’ exhibits the
statistically significant highest rate (16.8) of microspores with two identical nuclei
(SND) but the lowest percentages (16.8) of multinucleated structures, while ‘Ferragnes’
showed the lowest percentage (5.7) of binucleated microspores (SND) and ‘Lauranne’
presented the highest percentage (48.6) of multinucleated structures (p <0.05). Those

features indicate that these microspores switched their developmental program toward
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the sporophytic pathway. Also bicellular pollen grains containing nuclei with different
chromatin condensation patterns, a larger vegetative nucleus and a smaller generative
one, were rarely observed, denoting an AND, which is typical of classic pollen
maturation (Pacini, 2012).

Distinct features have been described in anther culture as signs of initiation of a
morphogenic response and of a change in the developmental pathway. After one week
of culture, a large number of anthers had already started to swell (Fig. 1.2a). The
swelling is the first anatomical change accompanying the morphogenic response
(Germana 2006). In addition, after one month of culture, when transferred under cool
white light, some anthers showed production of calli. Two different types of calli were
observed: a soft and friable white callus (Fig. 1.2b) and a hard green callus (Fig. 1.2¢c)
apparently morphogenic. Moreover, after three months in culture, few anthers exhibited
embryo production (Fig. 1.2d). The embryos were obtained only through the route of
the direct embryogenesis. This differs from what has been observed in Citrus, where

most of embryos were obtained via embryogenic calli production (Germana 2006).

Fig. 1.2 a Not developed (left) and swollen (right) anthers of ‘Filippo Ceo’ after three months in culture;
b Anther with friable white callus; ¢ Anther with hard green callus; d Early embryos of ‘Filippo Ceo’
coming out from the anther; e Embryo of ‘Filippo Ceo’ developing the root axis; f Abnormal embryos of
‘Lauranne’ (Bars represent in a, b, ¢: 1 mm, in d: 0.75 mm, in e: 1.5 mm, in f: 1 cm)
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When embryos were isolated and transferred onto the germination medium, some of
them started to turn color from white to green and germination occurred, showing the
presence of the root meristem (Fig. 1.2¢). In some cases, an absence of polarity was
noticed as a result of a poor shoot meristem formation and cotyledons failed to develop.
In other cases embryo development appeared abnormal (Fig. 1.2f). In Prunus, other
authors already described a great variability in the morphology of the embryos obtained
from in vitro culture (De March et al. 1993).

In woody plants, the effect of genotype on anther culture has been deeply studied (Tsay
and Su 1985; Chen 1986; Germana 2005) and the genotype of the donor plants have
been reported to strongly affect the microspore embryogenic response.

The response to the anther culture of the seven tested cultivars with regard to the
percentages of undeveloped anthers, swollen anthers, anthers producing calli and
embryos, recorded after three months, is reported in Table 1.3. Statistical analysis of
variance (ANOVA, Tukey’s test) showed, as expected, a marked and significant (p <
0.05) genotype effect for all parameters. Concerning the culture media, P and N6 media
were previously tested in many woody plant species, such as apricot, citrus, loquat and
hazelnut, to induce gametic embryogenesis (Germana et al. 1996; Germana and
Chiancone 2003; Karasawa et al. 2016; Cardoso et al. 2016). In our case, a significant
(p < 0.05) culture medium effect was observed (especially in the percentage of
production of calli and embryos), with the exception of undeveloped anthers. In fact,
only anthers cultured on P medium, in both C and H thermal treatments, produced calli
and/or embryos. Conversely, anthers cultured on N6 medium started to swell but finally
resulted in browning, their tissues became necrotic and no callogenic or embryogenic
response was observed, although multinucleated structures were also present in anthers
cultured in this medium (data not shown), indicating an interruption of the process.
Regarding the undeveloped anthers, the lowest percentage (9.8) was observed in
‘Steliette’ when cultured onto P medium with the H treatment, while the highest
percentage (52.3) was detected in ‘Contino’ in N6 medium with H treatment. Cultivar
Ferragnes produced the lowest percentage (42.4) of swollen anthers (P medium and C
treatment) and cv. ‘Steliette’ the highest (87.1) (N6 medium and H treatment). The only
medium in which almond anthers produced callus was the P one. The highest rate (30.4)

was achieved in ‘Filippo Ceo’ in H thermal treatments, while the lowest was found in
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‘Tuono’ (1.8) in C. In general, the hot thermal shock (H) induced a higher production of

calli in most of the genotypes tested (except ‘Ferragnes’).

Table 1.3 In vitro anther culture response of the seven almond genotypes after three months of culture

Cultivar Medium Treatment Undeveloped Swollen Anthers with Anthers with
anthers (%)  anthers (%) callus (%) embryos (%)
P C 24.6 60.0 15.4 0
‘Contino’ H 32.0 50.1 17.8 0
N6 C 30.5 69.5 0 0
H 52.3 47.7 0 0
P C 33.2 42.4 24.3 0
‘Ferragnes’ H 23.9 56.4 19.6 0
N6 C 27.1 72.9 0 0
H 24.3 75.7 0 0
P C 29.5 43.1 25.8 1.5
“Filippo Ceo’ H 21.7 47.8 30.4 0
N6 C 32.0 68.0 0 0
H 37.3 62.7 0 0
P C 16.9 64.7 18.0 0.3
‘Genco® H 15.7 66.3 18.0 0
N6 C 29.7 70.3 0 0
H 13.0 87.0 0 0
P C 24.0 58.5 16.9 0.6
‘Lauranne’ H 25.2 50.8 23.9 0
N6 C 21.5 78.5 0 0
H 16.3 83.7 0 0
P C 33.8 57.8 8.3 0
Steliette’ H 9.8 77.2 12.9 0
N6 C 22.2 77.8 0 0
H 12.9 87.1 0 0
P C 35.0 63.1 1.8 0
“Tuono’ H 25.5 69.5 4.9 0
N6 C 22.5 71.5 0 0
H 21.5 78.5 0 0
Cultivar p<0.001 p<0.001 p<0.001 p<0.017
Medium p<0.423 p<0.001 p<0.001 p<0.008
Treatment p<0.001 p<0.041 p<0.036 p<0.008
Cultivar x Medium p<0.001 p<0.001 p<0.001 p<0.016
Cultivar x Treatment p<0.001 p<0.001 p<0.169 p<0.016
Medium x Treatment p<0.018 p=0.236 p=0.036 p=0.008

Statistically significant differences at p < 0.05 (multifactor ANOVA, Tukey’s test). P (Germana et al.
1996), N6 (Karasawa et al. 2016), C: 25+1 °C; H: 35+1 °C for 7d

The application of different cold or hot treatments to the anthers, before or during the
culture, is commonly employed, together with starvation, for improving microspore
embryogenesis in many major crops, such as brassica, tobacco, barley, apple, wheat,
maize, citrus, rice (George and Rao 1982; Heberle-Bors 1982, 1985, ; Huang and
Sunderland 1982; Custers et al. 1994; Binarova et al. 1997; Hofer 1999; Islam et al.
2001; Germana 2003; Zatapa-Arias 2003; Ferrie and Caswell 2011). Nevertheless, the
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optimum temperature and duration of pretreatment vary with the genotype (Powell
1988; Osolnik et al. 1993; Germana 201 1a, b). In the present study embryo production
was achieved only in ‘Filippo Ceo’, ‘Lauranne’ and ‘Genco’, when anthers were
cultured at 25+1 °C, without additional thermal shock treatment, except the common
cold pretreatment at 4 °C for one week.

Flow cytometer is commonly used to detect the ploidy levels of in vitro regenerated
plants. Due to the scarcity of the regenerants and to their small size, it was not been
possible to carry out ploidy analyses by flow cytometry in all the regenerated embryos.
Ploidy analysis by flow cytometry revealed that all the regenerants (embryos) obtained
through in vitro anther culture of ‘Lauranne’ showed histograms of fluorescence
intensity in nuclei equal to those of the parent plant. For this reason, the embryos were
considered diploids.

To discriminate between the gametic and somatic origin of embryos, microsatellite
analyses were performed in all the three cultivars that produced embryos. In a
preliminary screening, microsatellite DNA loci that were heterozygous in the parental
genotypes, were first selected in order to use them as control. Figures 1.3 and 1.4 show
the results regarding the pherograms of the microsatellite markers respectively EPPCU-
5990 and UDAP-468 profiles of the mother plant (top) and of two different ‘Filippo
Ceo’ embryos obtained by anthers culture.

The mother plant is heterozygous and carries two alleles, while the regenerants show
only one of the mother plant alleles. The presence of alternative alleles from the mother
plant has been considered as support for the gametic origin of regenerants.

SSR analysis confirmed previous isozymes studies which identified the almond as the
most polymorphic species within the major Prunus tree crop species (Martinez-Gomez
et al. 2006), making it an ideal candidate for map construction. Among the recent
advances in the application of the new biotechnologies, haploid technology, could be
usefully applied to almond, that, as well as other tree crops, to keep pace with the
research progress that has already been made in annual crops. The difficulties in
breeding such as large-sized and long generation-time plants are notable (Martinez-
Gomez et al. 2003). However, the opportunities that the new technologies present for
tree crops could be ground-breaking and overcome some of the obstacles to traditional

breeding (Gradziel 2009).
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Fig. 1.3 Characterization of anther culture regenerants. Microsatellite analysis: Pherograms of the
microsatellite markers EPPCU-5990 profiles of the mother plant (top) and two ‘Filippo Ceo’ regenerants.
The mother plant is heterozygous and carries two alleles, the regenerants show only one of the mother
plant alleles. The presence of alternative alleles from the mother plant has been considered as support for
the gametic origin of regenerants
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Fig. 1.4 Characterization of anther culture regenerants. Microsatellite analysis: Pherograms of the
microsatellite markers UDAP-468 profiles of the mother plant (top) and two ‘Filippo Ceo’ regenerants.
The mother plant is heterozygous and carries two alleles, the regenerants show only one of the mother
plant alleles. The presence of alternative alleles from the mother plant has been considered as support for
the gametic origin of regenerants
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1.4 Conclusions

To our knowledge, there are no reports on microspore-derived embryo production
through anther culture in almond. The presence of multinucleated structures in all the
tested cultivars, observed in this in vitro system, indicates that the induction of gametic
embryogenesis, involving symmetrical microspore nucleus division and the switch from
the gametophytic developmental program to the sporophytic embryogenic pathway,
occurred. Anther culture responses to the culture media and the temperature treatments
employed was, as expected and previously reported in other fruit crops, highly
genotype-dependent, even if a better response to the P medium was common to all the
genotypes. In any case, the results obtained represent a major advance in the research on
gametic embryogenesis in almond and, in general, in woody species. This finding
constitutes a crucial step in designing new protocols for regenerating microspore-
derived embryos and plants in almond, providing new opportunities for genetic
improvement and for innovation in breeding methods in this species. Breeding of
perennial plants is usually cumbersome and time-consuming due to their long
reproductive cycle, high degree of heterozygosity and complex reproductive biology.
The potential of gamete biotechnology, particularly for these plants, is enormous when
compared to the conventional methods. Further studies are, however, necessary to

increase the rate of regenerant obtainment and to achieve their conversion into plantlets.
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CHAPTER 2

Application of different BAP concentrations for in vitro callus

induction in almond (Prunus dulcis Mill.) anther culture

2.1 Abstract

The aim of this investigation was to induce callus and embryo production in almond
(Prunus dulcis Mill.) through anther culture technique. With this objective, anthers
bearing microspore at the polarized uninucleate developmental stage were directly in
vitro cultured, and eight genotypes, four culture media and two temperature treatments
were tested. Production of calli was achieved, in all cultivars, only when the media were
supplemented with 6-benzylaminopurine (BAP), being the response genotype
dependent. Moreover, despite signs of the beginning of the embryogenic program
(microspore with two identical nuclei equal in size and chromatin condensation patterns
derived by a symmetrical nucleus division) were observed, no organogenic or
embryogenic response was achieved. Flow cytometry analysis of the calli revealed that,
calli obtained though the in vitro almond anthers culture showed histograms of
fluorescence intensity equal to those of the mother plant (used as diploid control). For

this reason, they were considered diploids.

2.2 Materials and methods

2.2.1 Plant material

One year almond shoots, bearing flower buds at different developmental stages, were
harvested on Jenuary in fields located in Lliria (Valencia, Spain). Eight almond
cultivars from different origins (‘Desmayo Largueta’, ‘Doble Fina’, ‘Ferraduel’,
‘Ferragnes’, ‘Marcona’, ‘Planeta’, ‘Tarraco’ and ‘Vayro’), were tested in this

experiment.
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2.2.2 Bud size and microspore stage correlation

Evaluation of microspore development stage within anthers was performed to ensure
that the selected flower buds contained mostly polarized uninucleate microspores.
Flowers buds were divided in different size groups and ten anthers, from each group and
genotype, were used for microscopic analysis. DAPI (4',6-diamidino-2-phenylindole)
staining solution was used to identify the pollen development stage and to determine the
correct bud size, containing anthers with the highest percentage of uninucleated-
vacuolated microspores. Only flower buds with the correct size were finally selected for

the in vitro culture.

2.2.3 Flower bud sterilization and anther culture

Sterilization of the flower buds was performed by immersion in 70 % (v/v) ethyl
alcohol for 5 min, followed by immersion in sodium hypochlorite solution (0.5 % active
chlorine) with few drops of Tween-20 for 20 min and finally rinsed in sterile distilled
water three times. After sterilization, petals were aseptically removed, under a laminar
flow hood, and anthers were excised and carefully processed. Twenty anthers were
placed in each Petri dish and 80 Petri dishes were prepared per each genotype (10 per

each medium, 40 per each temperature treatment, for a total of 1600 anthers per each

genotype).
2.2.4 Experimental design

Culture media

Anthers were cultured on a basal callus induction medium, consisting of MS inorganic
basal salts (1X), mixture vitamins (26.6 mM glycine, 2.9 mM thiamine hydrochloride,
8.1 mM nicotinic acid, 2.4 mM pyridoxine hydrochloride and 2.8 mM ascorbic acid),
myo-inositol (0.55 mM), casein (0.5 g L™) and sucrose (3% w/v). In addition, the solid
medium was supplemented with growth regulators, 0.1 mg L indole-3-butyric acid
(IBA) versus four doses of 6-benzylaminopurine (BAP, 0, 1, 1.5 and 2 mg L) in order
to determine optimum conditions for callus induction. Growth regulators were added to

the culture medium and pH was adjusted to 5.8 before autoclaving (20 min, 120 °C).

54



Anthers and calli were sub-cultured monthly onto new fresh medium. The composition

of the four culture media is resumed in Table 2.1.

Table 2.1 Media composition (in g L ormg L™)

Components BAP 0 BAP 1 BAP 1.5 BAP 2
MS basal salt mixture 43¢ 43¢ 43¢ 43¢
Glycine 2g 2g 2g 2g
Thiamine lg lg lg lg
Nicotinic acid lg lg lg lg
Pyridoxine 05¢g 05¢g 05¢g 05¢g
Ascorbic Acid 05¢g 05¢g 05¢g 05¢g
Myoinositol 0.1g 0.1g 0.1g 0.1g
Casein 05¢g 05¢g 05¢g 05¢g
Sucrose 30g 30g 30g 30g
Indole-3-butyric acid 0.1 mg 0.1 mg 0.1 mg 0.1 mg
6-Benzylaminopurine 0 mg 1 mg 1.5 mg 2 mg

MS (Murashige and Skoog 1962)

Temperature treatments

The effect of two thermal treatments was observed applying the following conditions:
half of the flower buds were directly incubated in a growth chamber at 25+1 °C as
control (C). Meanwhile, the other half was subjected to a cold (4 °C) inductive pre-
treatment for three days.

Cultures were finally incubated at 25+1 °C for four weeks in the dark and, then,
transferred under cool white fluorescent lamps Philips TLM 30W/84 conditions
(Philips, France), with a photosynthetic photon flux density of 35 pmol m® s and a
photoperiod of 16 h light.

Data collection and statistical analysis

One month after culturing, anthers were treated with a DAPI staining solution (1 mg L
"), and microspores structural features were investigated using a fluorescence
microscope (Zeiss, Axiophot, Germany). Furthermore, to follow their development,
anthers were periodically observed with a stereo-microscope (Leica MZ 125). After
three months of culture, per each Petri dish, the number of anthers producing calli were

recorded. These data were used to calculate means and to perform statistical analysis.
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Differences among genotypes were tested by one-way analysis of variance (ANOVA),
while, to avoid the genotype dependent effect, the influence of culture media and

temperature treatments were analyzed separately for each cultivar (Tukey’s test).

Ploidy Analysis

The calli obtained though the in vitro anthers culture were finally subjected to ploidy
analysis, using a CyFlow® Counter (Partec). Calli were chopped with a sharp razor
blade in 2.0 mL of nuclear extraction buffer (Partec, Miinster, Germany). Each nuclear
suspension was filtered through a 50 pm nylon filter (Nybolt, Ziirich, Switzerland) and
mixed with 4.0 mL of DAPI (1 mg L) staining solution. Nuclei obtained from a mother
plant sample were used as diploid control. The fluorescence intensity of the nuclear
mixture resulted in histograms with peaks from 2C to 100C distributed along the

abscissa axe.

2.3 Results and discussion

The appropriate gametophyte development stage is critical to induce pollen
embryogenesis and can strongly affect the anther culture response. In many different
species, cytological analysis showed that the optimum moment for pollen response lies
between the first pollen mitosis and early bicellular pollen stage (Touraev et al. 2001;
Dunwell 2010; Segui-Simarro 2010; Germana 201 1a, b). The exact determination of the
microspore stage would require cytological analysis but, for large-scale tests, external
morphological indicators such as the bud size and the corolla length are very often used.
In this experiment, the relationship between flower bud size and microspore
developmental stage was carried out through DAPI staining. Results confirmed this
correlation; flower buds from 7 to 9 mm in length (when petals begin to grow among
the sepals and anthers turn fully opaque bright yellow) contained microspores at the
suitable polarized-uninucleate stage (Fig. 2.1a). Other authors previously reported that,
in almond, from pollen at the single nucleus stage was easier to induce callus or embryo
production (Li et al. 2004; Cimo et al. 2016).

After one month of culture, it was possible to observe, monitoring the microspores by

DAPI staining, that many microspores showed nuclear division. Bicellular pollen grains
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(Fig. 2.1b), containing nuclei with different chromatin condensation pattern (a larger
vegetative nucleus and a smaller generative one) were detected, denoting an
asymmetrical division (AND), typical of pollen maturation (Segui-Simarro and Nuez
2008a). On the contrary, induced binucleate microspores showed two nuclei similar in

size and chromatin condensation (Fig. 2.1c), indicating their origin by a symmetric

division (SND).
-
.

Fig. 2.1 a Polarized-uninucleate microspore; b Bicellular pollen grains containing two different nuclei
(asymmetrical division); ¢ Microspore with two nuclei similar in size and chromatin condensation
(symmetrical division) of ‘Vayrd’; d Trinucleated microspore of ‘Vayro’ (Bars represent 20 pum)

Symmetric division is considered the first step of the sporophytic pathway followed by
the reprogramming to pollen embryogenesis (Segui-Simarro and Nuez 2008a; Germana
2011a, b; Soriano et al. 2013). The microspores that followed this pathway underwent
subsequent divisions and, later, trinucleated microspores (Fig. 2.1d) were also found.
Furthermore, observations carried out after 3 months of culture showed that many
anthers had increased their size (swollen anthers) and, some of them, had started to
produce green/yellowish calli of different texture (Fig. 2.2a, b).

Regarding the calli production, differences among genotypes were tested by one-way
analysis of variance (ANOVA). In general (pooled data), ‘Ferraduel’ showed the lowest
percentage (2.5) of anthers producing callus, while ‘Planeta’ exhibited a much greater

(58.6) callus production. Statistical analysis (Tukey’s test) showed, as expected, a very
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significant (p < 0.001) genotype effect (data not shown). For this reason, investigations
of the influence of temperature treatments and culture media, on almond anther

response, were carried out separately for each genotype (Multifactor ANOVA).

Fig. 2.2 a Anther with friable callus of ‘Planeta’; b Hard callus of ‘Tarraco’ after three months of culture
(Bars represent 0.5 cm)

The frequency of callus induction of the eight cultivars tested, recorded after three
months of culture, is reported in Table 2.2.

The response to the pre-treatment at 4 °C for 3 days and to the ‘control’ (no cold pre-
treatment) showed that in both cases, all genotypes tested produced calli, but the cold
pretreatment did not have any statistical significant effect, except in ‘Planeta’, in which
it had a significant negative effect when anthers were cultured onto the ‘BAP 1’
medium. Cold pretreatment of flower buds, before excising anthers for culture, is
commonly employed for induce pollen embryogenesis in many crops (Ferrie and
Caswell 2011; Zhang et al. 2013; Shahvali-Kohshour et al. 2013). Nevertheless, the
optimum temperature and duration of pretreatment vary with the genotype (Germana
2011a, b). Previous studies on anther culture, reported that pre-treatment with low
temperatures (4 °C for 2 days) promoted callus induction (Li et al. 2008). Conversely,
Blasco et al. (2015) stated that cold pretreatment of the loquat flower buds resulted in
total inhibition or a lower number of anthers producing calli, being the response
genotype dependent. This divergences results of the effect of cold pretreatments on the
microspore embryogenesis induction can be explained by the role of the physiological
and growth conditions of donor plants (especially if the plants are cultivated in open-

air), which result in differences in the physiological state of the anthers (Germana
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2011a). Type and concentration of plant growth regulators can strongly affect the anther
culture response (Germana 2011a, b; Cardoso et al. 2016). In fruit species, different
cytokinin types and concentrations, such as BAP, have already been employed to induce
callus production and organogenesis, also in Prunus species (Pérez-Jiménez et al.
2012). Concerning the four culture media tested, a significant (p < 0.05) culture medium
effect, related to the different BAP concentrations used, was observed. Indeed, calli
production was achieved in all cultivars only when the media were supplemented with
BAP, while no response (zero values) was observed when anthers were cultured on the
basal (‘BAP 0’) medium. Moreover, the percentage of anthers producing calli varies
according to the cultivar. In particular, ‘Ferraduel’ did not show any significant
difference between the culture media tested, while in all other cultivars, the addition of
BAP to the culture medium induced a significantly (p < 0.05) higher production of calli.

Nevertheless, no significant differences were detected between BAP doses (1, 1.5 and 2
mg L) applied, with the exception of ‘Ferragnes’ and ‘Tarraco’ in which, anthers
cultured onto the medium supplied with 1.0 mg L™ of BAP, without cold pretreatment,
showed a significant greater percentage of calli production when compared with others
doses applied (Table 2.2). In general, the highest percentages (87.5) of calli was
observed in ‘Planeta’ in ‘BAP 1’ medium without cold pretreatment (4 °C for 3 days),
while ‘Ferraduel’ anthers cultured on the same medium produced the lowest percentage
(2.0) when cold pretreatment was applied. Furthermore, the increase in concentration of
BAP apparently led to a reduction of callus production, being the response genotype-

dependent.
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Table 2.2 In vitro anther culture response of the eight almond cultivars tested after three months of culture

Cold BAP ‘Desmayo’  ‘Doble Fina’ ‘Ferraduel’ ‘Ferragnes’ ‘Marcona’  ‘Planeta’ ‘Tarraco’ ‘Vayro’
pre-treatment (mgL™) (%) (%) (%) (%) (%) (%) (%) (%)
0 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a
No cold 1.0 12.5Db 13.0b 25a 27.0c 14.0 ab 87.5¢c 21.5d 13.5b
treatment 1.5 20.5 be 12.5Db 45a 18.0 be 11.0b 80.0 be 95 b 12.0b
2.0 11.5ab 11.0b 35a 13.5b 12.0b 76.0 be 13.0 be 6.5 ab
0 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a
4°C for 1.0 18.5 be 13.5b 2.0a 20.5 be 5.5 ab 715D 13.5 bed 115D
3 days 1.5 295¢ 115D 4.0a 115D 9.5 ab 81.5 be 14.0 bed 5.5 ab
2.0 25.0c¢c 7.5 ab 33a 1450 8.5 ab 72.5b 20.5cd 9.5 ab
Medium p=<0.001 p=<0.001 p<0.055 p<0.001 p=<0.001 p<0.001 p<0.001 p<0.001
Treatment p<0.682 p=<0.561 p=<0.791 p=<0.082 p=<0.062 p<0.036 p<0.441 p<0.444
Medium x Treatment p<0.601 p=0.847 p=<0.998 p=<0.242 p<0.364 p<0.018  p<0.001 p=<0.301

Within each column, values followed by different letters are significantly different at p < 0.05 (Multifactor ANOVA, Tukey’s test)



Calli were monthly sub-cultured onto fresh medium and, after five month of culture,
when transferred onto a new organogenic medium (OM) described by Pérez-Jiménez et
al. (2012), finally resulted in browning without obtaining any organogenic response.

Flow cytometry is routinely used for measurement of the DNA content (Ochatt 2008).
Ploidy analysis revealed that, calli obtained though the in vitro almond anthers culture
showed histograms of fluorescence intensity equal to those of the mother plant (used as
diploid control). For this reason, they were considered diploids. Actually, through this
technique, it is possible to obtain heterozygous diploid embryoids from the somatic
tissue of the anther (Cardoso et al. 2016). In fact, anther culture is often used to achieve
somatic embryos, since they can be employed for clonal propagation, synthetic seed
production, protoplast fusion or genetic transformation (Germana 2005; Germana et al.

2011a, b).

2.4 Conclusions

In woody species, generally characterized by large-sized and long generation-time, such
as almond, the opportunities offered by new technologies applied to breeding are
notable (Martinez-Gomez et al. 2003; Gradziel 2009). Among the recent advances in the
application of the new biotechnologies, haploid technology, could be usefully applied to
almond, providing new opportunities for genetic improvement and for innovation in
breeding methods in this species. In this study, the presence of binucleated and
trinucleated microspores, involving SND and their switch to the sporophytic pathway,
indicates that first induction of pollen embryogenesis occurred. Regarding the culture
medium, generally the ‘BAP 1’ gave the best results, inducing higher formation of calli,
while increase in concentration apparently led to a reduction of callus production, being
the response genotype dependent. Doubtless, the presence of an appropriate
concentration of plant growth regulators in the medium plays a critical role in anther
callus formation. These results represent an advancement in the knowledge of
microspore embryogenesis in almond, however additional studies are necessary to better

understand this process and to achieve organogenesis or embryogenesis.
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MANDARIN ISOLATED MICROSPORE CULTURE

Introduction

Citrus are native to the tropical regions of southeast Asia and China and represent the
largest production of fruit worldwide, with over 136 million of tons produced during
2013 (FAOSTAT 2014). In particular, the FAO estimated the total mandarin production
of 2.5 million of tons (FAOSTAT 2014), characterized by different species and hybrids
throughout the world, including ‘Clementines’ in the Mediterreanean, ‘Satsumas’ in
Japan, ‘Ponkan’ in China and hybrids in California. In the Mediterranean regions, Spain
is the main producing country, followed by Italy and Turkey. In Italy, there has been a
great decrease in the ‘Avana’ mandarin cultivation as well as in the ‘Mandarino Tardivo
di Ciaculli’ (Vacante 2010).

The first formal Citrus breeding program was started in 1893 by the United States
Department of Agriculture (USDA) in Florida in 1924, which now is one of the largest
breeding programs, located at the Citrus Research and Education Center (CREC), Lake
Alfred (Cooper et al. 1962). Fruit quality (size, color, easy-peeling), seedlessness and
the extension of the harvest season are the main selection objectives for fresh market
cultivars.

Biotechnology methods can be used to enhance the efficiency of traditional breeding
programs. Haploid technology allows to achieve completely homozygous lines from
heterozygous parents just in one step, reducing significantly the time required to obtain
the same result with the conventional method, which involves several generations of
selfing. It is particularly useful for woody species characterized by long juvenility, a
high degree of heterozygosity and often self-incompatibility (Germana 2009). Gametic
embryogenesis leads to the production of Hs or DHs, homozygous at all /oci. They can
be used for important breeding applications such as mutation, selection, genetic
analysis, transformation and gene sequencing (Germana et al. 2013).

Anther culture is often the method of choice for gametic embryogenesis in many crops.
However, isolated microspore culture is a better way to investigate the processes at the
cellular, physiological, biochemical, and molecular levels as to avoid the influence of

anther somatic tissue.
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With regard to Citrus species, haploid plantlets have been recovered from C.
madurensis Lour. (Chen et al. 1980) and Poncirus trifoliata L. Raf. (Hidaka et al.
1979); homozygous plants and embryogenic calli with different ploidies have also been
obtained via anther culture of C. clementina Hort. ex Tan. (Germana et al. 1994, 2000,
2005), such as haploid embryos of Mapo tangelo (C. deliciosa * C. paradisi) (Germana
and Reforgiato 1997) and haploid and diploid calli, embryos and leafy structures of C.
limon L. (Germana et al. 1991). Moreover, one DH plantlet has been obtained from C.
ichangensis % C. reticulata (Deng et al. 1992). More recently, homozygous plantlets
have been recovered from the anthers of ‘Rhode Red Valencia’ sweet orange (Cao et al.
2011), such as homozygous callus from cv. ‘Hamlin’ (C. clementina % C. sinensis)
(Cardoso et al. 2014), homozygous microspore-derived embryos from cvs. ‘Monreal
Rosso’ and ‘Nules’ (Chiancone et al. 2015) and homozygous and triploid regenerants of
‘Hernandina’ and ‘Corsica’ clementines (Cardoso et al. 2016), were also obtained.
However, mandarin (C. reticulata Blanco) can still be considered a very recalcitrant
species to gametic embryogenesis. Futhermore, microspore embryogenesis response is
affected by several factors, such as the thermal shock applied and the culture medium
composition, particularly, the type and the concentration of plant growth regulators.
Meta-Topolin (mT), a natural aromatic cytokinin, is considered an alternative to benzyl-
adenine (BA), zeatin (ZEA), kinetin (KIN) in plant tissue culture (Aremu et al. 2012)
and it has been previously used to early embryo achievement through isolated
microspore culture in Citrus clementina (Chiancone et al. 2015).

In this study, the effect of mT instead of BA in the culture media, as well as of different
thermal treatments, were investigated in isolated microspore culture of mandarin,

‘Mandarino Tardivo di Ciaculli’.
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CHAPTER 3

Gametic embryogenesis through isolated microspore culture in

mandarin (Citrus reticulata Blanco), ‘Mandarino Tardivo di Ciaculli’

3.1 Abstract

Haploid technology, allowing the single-step development of complete homozygous
genotypes from heterozygous plants through gametic embryogenesis, has already an
enormous impact on breeding programs of many important crops. Microspore
embryogenesis can be carried out through in vitro culture of anther or isolated
microspore. Experiments have been carried out via isolated microspore culture in Citrus
reticulata Blanco, ‘Mandarino Tardivo di Ciaculli’ (MTC), investigating the influence
of two culture media, of two plant growth regulator types and of two temperature
treatments applied before the culture or just after the culture. After ten months of
culture, for all the media tested, different structural features have been observed and
registered: uninucleated, binucleated, multinucleated microspores, and, for the first time
in mandarin isolated culture, calli and microspore-derived embryos.

These results represent advancement in the knowledge of microspore embryogenesis in
mandarin. Actually, this is the first time that embryo regeneration from isolated
microspore cultures has been reported in mandarin, a genotype very recalcitrant to

pollen embryogenesis.

3.2 Material and methods

3.2.1 Plant material and pollen developmental stage

Flower buds were harvested from trees of mandarin cultivar Mandarino Tardivo di
Ciaculli (MTC), grown in the collection orchard (Campo d’Orl¢ans, Palermo 38°N) of
the Universita degli Studi di Palermo, Italy. Anthers from buds of different sizes were
squashed in a few drops of 4’,6’-diamidino-2-phenylindole dihydrochloride (DAPI)

solution (1 mg mL™") and observed under a fluorescent microscope (Zeiss, Axiophot,
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Germany) to determine the microspore developmental stage. Only flower buds of the
size, containing anthers with microspores at the uninucleated-vacuolated stage, were
selected for the culture. In Citrus, this stage was previously identified as the most
responsive for gametic embryogenesis (Cardoso et al. 2014; Chiancone et al. 2015;

Chiancone and Germana 2016).

3.2.2 Microspore isolation and culture

Firstly, flower buds were surface sterilized under a laminar flow hood by immersion in
70 % (v/v) ethyl alcohol for 5 min, followed by immersion in sodium hypochlorite
solution (0.5 % active chlorine) with few drops of Tween-20 for 20 min and finally
rinsed in sterile distilled water three times. After sterilization, petals were aseptically
removed using small forceps and anthers were carefully excised. Microspores were
isolated employing a Waring blender (Eberbach, Ann Arbor, MI, USA) as described by
Karasawa et al. (2016) and cultured at the concentration of 100,000 microspores per mL
in four liquid media: P (Germana et al. 1996), N6 (Karasawa et al. 2016) and replacing
0.5 mg/L of BA with 0.5 mg/L of mT, in both of them (PmT and N6mT). Media
composition (in g L™ or mg L) is reported in Table 3.1. Petri dishes (3001-type, 35
mm x 10 mm, BD Biosciences) were employed. All Petri dishes were put in the dark for
the first 30 days, and then placed under cool white fluorescent lamp (Philips TLM
30W/84, France), with a photosynthetic photon flux density of 35 pmolm ' s™' and a
photoperiod of 16 light h. In addition, two thermal treatments were tested: half of the
Petri dishes were directly put at 26 + 1 °C (Control, C), the other half were placed at 35
°C for 30 days (H). The experiments were repeated twice: in the first one, the flower
buds were processed immediately after the collection (TO). In the second one they were
subjected to a cold (4 °C) pre-treatment for a week (T7). For each test, fifteen Petri

dishes were prepared.

3.2.3 Evaluation of the microspore response

After several months in culture, per each thesis, 450 microspores (three replicates with
around 150 microspores each) were observed under a fluorescence microscope (Zeiss,
Axiophot, Germany) after DAPI staining to check their development. Moreover, the

number of embryos produced per each Petri dish was registered using a binocular
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microscope (Leica MZ 125). These values were used to calculate means. Statistical
analysis was carried out using Statgraphics software. Three factors were considered:
‘Cold treatment’, ‘Hot treatment’ and ‘Culture medium’. Differences between them
were tested by analysis of variance (ANOVA) at p < 0.05 level. Tukey’s test was, then,

used to separate means.

Table 3.1 Media composition (in g L™ or mg L™)

Components P N6 PmT N6mT
Chu Salts 1X 1X 1X 1X
N&N Vitamins 1X 1X 1X 1X
Galactose 18 ¢ 9¢g 18 ¢ Og
Lactose 36¢g 18 ¢ 36¢g 18 ¢
Ascorbic Acid 500 mg 500 mg 500 mg 500 mg
Myoinositol S5¢g - S5¢g -
Biotin 500 mg 500mg 500 mg 500 mg
Thiamine Smg - 5 mg -
Pyridoxine Smg - 5 mg -
2,4-Dichlorophenoxyacetic acid 0.5 mg 0.02 mg 0.5 mg 0.02 mg
1-Naphthaleneacetic acid - 0.02 mg - 0.02 mg
Kinetin 0.5 mg I mg 0.5 mg 1 mg
Zeatin 0.5 mg 0.5 mg 0.5 mg 0.5 mg
Gibberellic acid 0.5 mg 0.5 mg 0.5 mg 0.5 mg
Thidiazuron 0.5 mg 0.1 mg 0.5 mg 0.1 mg
Coconut water - 50 mL - 50 mL
Casein 500 mg 500mg 500 mg 500 mg
Serine 100 mg - 100 mg -
Glycine 2 mg - 2 mg -
Glutamine 800 mg 200mg 800 mg 200 mg
Malt extract 500 mg 800 mg 500 mg 800 mg
Benzyladenine 0.5 mg 0.5 mg - -
Meta-Topolin - - 0.5 mg 0.5 mg

P (Germana et al. 1996), N6 (Karasawa et al. 2016), N&N vitamins (Nitsch and Nitsch 1969), Chu salts
(Chu 1978)

3.2.4 Allelic pattern detection by SSR analysis

To check the homozygosity of the embryos, DNA was extracted from leaves of the
mother plant and from the embryos obtained by in vitro culture. The leaves were frozen
in liquid nitrogen and ground with mortar and pestle; the embryo was collected from the

culture medium by an insulin syringe, placed in a 1.5 mL eppendorf with a small
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amount of quartz powder and ground with 600 pL of extraction buffer directly in the
eppendorf. DNA extraction was then performed as described in Doyle and Doyle
(1987). The parent DNA was resuspended in 60 uL TE buffer (Tris-EDTA, pH 8.0) and
then diluted to 10 ng/uL. Embryo DNA was resuspended in 25 pL TE.

Ten SSR (Simple Sequence Repeats) loci isolated by Froelicher et al. (2008) from C.
reticulata and Novelli et al. (2006) from C. sinensis were screened on the DNA from
the leaves and 3 were selected for their heterozygosity in parental genotype: Ci08CO05,
mCrCIR01B10 (Froelicher et al. 2008) and CCSM147 (Novelli et al. 2006). These loci
were used for assessing the allelic pattern of the embryo, as described in Chiancone et
al. (2015).

Polymerase chain reactions (PCRs) were performed in two steps in a total volume of 10
uL containing 3uL DNA (corresponding to 30 ng of DNA for the parent plant), 0.25 U
of KAPA Taq DNA polymerase (KAPABIOSYSTEMS, Wilmington MA, USA), 1 uL
of 10X PCR buffer, 200 uM nucleotide mix and 0.5 uM of each primer. PCR conditions
were as follows: an initial denaturation step at 95 °C for 3 min followed by 34 cycles of
denaturation (30 s at 95 °C), annealing (45 s at 50 °C), and extension (90 s at 72 °C).
The final elongation step was at 72 °C for 30 min. Four pL of the product obtained from
the first amplification were then used as template for a second PCR, carried out for 28
cycles with the same conditions of the first one. PCR products were then analyzed by a
3130 Genetic Analyzer (Applied Biosystems, Foster City, CA,USA). Data were
processed using GeneMapper Software (ver. 4.0; Applied Biosystems) and alleles were
defined by their size in base pairs, by comparison with the standard size (GeneScan-500

LIZ, Applied Biosystems).

3.3 Results and discussion

The microspore culture response can be strongly affected by the microspore
development stage. The bud size and the petal length are very often used as an external
morphological indicator of the microspore stage for large-scale tests. Results of
preliminary investigation with DAPI staining showed a correlation between the floral
bud size and the microspore developmental stages. Bud sizes of 4.0 to 4.5 mm in length

Fig. 3.1a), corresponded to the highest percentage (>80 %) of the appropriate
(Fig ), p g p ge ( ) pprop
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uninucleate-vacuolated stage (Fig. 3.1b). This stage was previously identified as the
most responsive for gametic embryogenesis in Citrus (Cardoso et al. 2014; Chiancone

et al. 2015; Chiancone and Germana 2016).

Fig. 3.1 a Phenological stages of flower bud of MTC selected in relation to the microspore developmental
stage (best stage = vacuolate stage); b Uninucleate-vacuolate microspore of MTC; ¢ Multinucleated
structure of MTC (Bars represent 10 pm)

After several months of culture, for all the media tested, different structural features
have been observed. Among them, multinucleated structures (Fig. 3.1c), and, for the
first time in mandarin isolated microspore culture, calli and microspore-derived
embryos (Fig. 3.2a, b). These features indicate that these microspores switched their
developmental program from the normal gametophytic pathway toward the sporophytic

pathway (Segui’-Simarro and Nuez 2008a).

Fig. 3.2 a Miscrospore-derived calli and globular embryo of MTC; b Heart-shaped embryo of MTC (Bars
represent 150 um)
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Chiancone et al. (2015) previously reported the production of microspore-derived
embryos obtained through isolated microspore culture in Citrus.

The in vitro isolated microspore culture response after several months of culture is
showed in Table 3.2. The application of different cold or hot treatments, before or
during the culture, is commonly employed to improve the microspore embryogenesis
response (Germana 2011a, b). In this experiment, a marked and significant (p < 0.05)
‘Hot treatment’ effect was observed in the embryo production. In fact, only isolated
microspores cultured at 35 °C for 30 days (H) finally produced embryos. On the
contrary, no significant statistically differences were observed among microspores
immediately processed (T0) or subjected to the cold (T7) pre-treatment.

Regarding the four culture media tested, ‘P’ and ‘PmT’ induced a higher average
number of regenerated embryos per Petri dish, while the ‘N6mT’ medium the lowest. In
addition, Tukey’s test evidenced that ‘PmT’ medium produced a statistically significant
(» < 0.05) higher number of embryos per Petri dish when compared with ‘N6’ and
‘N6mT’ media (Table 3.2). The effect of mT on gametic embryogenesis induction could
be due to its anti-senescence and plant growth stimulation activities. However, as
reported in other studies, the response to mT in the culture media appears to be
genotype-dependent. For example, Chiancone et al. (2015) reported that in Citrus
clementina, microspore-derived embryo production seemed to be favored by mT

addition in cv. ‘Nules’ but not in ‘Monreal Rosso’.

Table 3.2 In vitro isolated microspore culture response after 10 months of culture

Factors Embryo/Petri dish
Cold treatment TO 0.11 a
T7 025 a
p value 0.304
Hot treatment C 0.0 a
H 035 b
p value 0.016
Medium N6 0.02 a
N6mT 0.0
P 0.11 ab
PmT 059 b
p value 0.012

TO: No treatment; T7: 4 °C for 7d; C: 26 £ 1 °C; H: 35°C for 30 d
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Recently, Esteves et al. (2014) tested mT in the isolated microspore culture medium of
recalcitrant barley genotypes, increasing embryo differentiation into green plants by 2.9-
fold. Although the microspore-derived embryos obtained were transferred to a solid
medium to achieve conversion and plantlet production, no germination was achieved,
probably due to immaturity and lack of accumulation of the storage compounds or a
deficiency in the media compositions, as already observed in somatic embryogenesis
process, that prevents maturation and germination (Ochatt and Revilla 2016). Since the
embryos were of reduced dimensions, ploidy level could not be determined by flow
cytometry. However, the analyses of the three SSR loci showed a clear amplification:
while the parental genotype was heterozygous, the allelic pattern of the embryo showed
a single allele, shared with the parental genotype (Fig. 3.3; Table 3.3). This result
confirms the origin of the embryo from the MTC microspore. In Fig. 3.3 the amplicons
of the SSR loci CCSM 147 and Ci08CO5 in the embryo and in the parental genotype are

showed.

80 120 160 200
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3000
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115
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115
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Fig. 3.3 Amplicons of the SSR loci CCSM147 (at left) and Ci08CO05 (at right) in embryo (top) and in the
parental genotype (bottom) of MTC. Values above each peak represent the allele size (bp). The allelic
pattern of the embryo shows a single allele, shared with the parental genotype
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Table 3.3 Allelic pattern in parental genotype and embryo. Allele size in bp

Parental genotype SSR locus Allelic pattern
Ci08C05 168-177

MTC mCrCIR01B10 156-160
CCSM147 115-127
Ci08C05 168

embryo mCrCIR01B10 156
CCSM147 115

MTC: ‘Mandarino Tardivo di Ciaculli’

3.4 Conclusions

The production of homozygous plants in fruit trees is a efficient method for increasing
breeding efficiency and for plant genome studies. In woody species, like Citrus,
characterized by flower self-incompatibility, prolonged juvenility and high degree of
heterozygosity, homozygous plant production is not possible through conventional
methods. The only way to obtain homozygous lines is through gametic embryogenesis.
Particularly, microspore embryogenesis is a promising tool for plant breeding as fully
homozygous plants can be generated with a single step starting from heterozygous
parents (Germana 2011a, b; Chiancone and Germana 2016). The potential value of this
technique is evident. However, a well-defined and efficient procedure of regeneration
through isolated microspore culture has to be set up.

These results represent an advancement in the knowledge of microspore embryogenesis
in C. reticulata Blanco, ‘Mandarino Tardivo di Ciaculli’. Actually, this is the first time
that embryo regeneration from isolated microspore cultures has been reported in
mandarin, a genotype extremely recalcitrant to pollen embryogenesis. However, further
studies are necessary to better understand the gametic embryogenesis process, to
optimize the rate of microspore-derived embryos and to achieve their germination into

plantlets.
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LOQUAT PLOIDY MANIPULATION

Introduction

Loquat (Eriobotrya japonica (Thunb.) Lindl.), belonging to the Maloideae subfamily of
the Rosaceae, is a subtropical evergreen fruit tree. It was introduced in the XII century
from China to Japan and, only in the XVIII century in Europe. The process of loquat
domestication has led to a large number of varieties emerged in the different countries
where it was cultivated (Lin 2004; Lin et al. 2004; Yang et al. 2005). In fact, this crop
showed a successful adaptation to the Mediterranean climate and now it is widely
grown in regular orchards. The main producing country in the world is China, although
there is production in Japan and in the Mediterranean countries. In Europe, Spain
represents more than 50 % of the total production, followed by Italy and Israel (Gisbert
et al. 2009). Loquat produces a non-climacteric fruit, generally containing between 2
and 5 large seeds, consumed largely fresh (Tian et al. 2007), although small amounts are
used in the preparation of jams, syrups and pies (Lin et al. 1999).

Loquat is a perennial fruit tree with a long juvenile period and high heterozygosity due
to its self-incompatibility trait. Specifically, it shares with the rest of the Rosaceae
species, a gametophytic self-incompatibility (GSI) system based on S-RNases (Igic and
Kohn 2001). The high number of alleles found at the S-locus is particularly interesting
for genetic diversity studies and it is essential for correct orchard planning and suitable
design of breeding programs (Badenes et al. 2013).

Loquat breeding programs are focused on new cultivars that meet farmers and
consumers demands. There are breeding programs in China, Japan and Spain. The
objectives of the different breeding programs are related to the production of more
competitive fruits and better adaptability to the environment. The breeding program
from Spain is carried out at the ‘Instituto Valenciano de Investigaciones Agrarias’
(IVIA), the main objective is to obtain new varieties with the positive agronomic
features of ‘Algerie’ but with more diversity in ripening date and fruit characteristics
(Gisbert et al. 2006). Development of molecular markers for assisted selection, genetic
diversity studies, haploidization and new breeding techniques are providing new tools

for breeding progress. For instance, in vitro anther or isolated microspore culture

73



(haploid technology) and poliploids production (chromosome duplication) have become
successful techniques for the breeding industry (Maluszynski et al. 2003; Germana
2011a, b; Sattler et al. 2016).

Regarding loquat, there have been reports on the establishment of plant regeneration
system and haploid induction through anthers (Li et al. 2008; Blasco et al. 2015b) or
isolated microspore culture (Padoan et al. 2010; Blasco et al. 2014). Haploids are of
great interest, since they can allow the fixation of interesting traits in a homozygous
state (Germana 2011b). Moreover, they are important in genetic studies, since they offer
higher efficiency in the selection of desired recombinants and recessive mutants
(Srivastava and Chaturvedi 2008). A tremendous effort has been made also in the field
of the conservation and evaluation of loquat biodiversity. One important tool for
breeding are the genetic resources kept at the germplasm collections. The most
important European collection is held at the IVIA, that includes more than 120 cultivars
(Soriano et al. 2005; Gisbert et al. 2009; Blasco et al. 2014). In terms of increasing the
diversity of fruit types, polyploidy has an important role in genetic and phenotype
diversity and breeding (Dhooghe et al. 2011; Xing et al. 2011). In fact, natural
polyploidy is considered to be one of the most frequent ways for generating new
variability. Polyploid genotypes include many commercially successful features, such as
large fruit size (Rugini et al. 1996), disease-resistance (Predieri 2001), good adaptability
(Liu et al. 2009), fruit quality (Wu et al. 2013) and seedless fruits (Kagan-Zur et al.
1991). Seedlessness in loquat is especially relevant because the fruits are small (40 to 50
g) and the edible proportion is often lower than 70 % (He et al. 2012). Loquat seedless
fruits have been achieved by selection of naturally occurring triploid clones, followed
by applications of gibberellic acid for fruit set (Mesejo et al. 2010) but the natural rate
of polyploidy in loquat is about 0.35 % (He et al. 2012). In the frame of developing new
poliploid genotypes of loquat, the induction of polyploidy by means of antimitotic
agents, such as colchicine, could be an efficient alternative.

The aim of this study was to induce gametic embryogenesis, through loquat anther
culture technique, to achieve calli and embryo production. In addition, aimed at
obtaining new genotypes, with different ploidy levels (polyploids), another
biotechnological tool (chromosome duplication) was also assessed applying colchicine

to loquat seeds before germination.
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CHAPTER 4

Morphogenic callus induction through in vitro anther culture of loquat

(Eriobotrya japonica (Thunb.) Lindl.)

4.1 Abstract

Breeding of perennial plants is usually difficult and time-consuming due to their high
degree of heterozygosity, long reproductive cycle and complex reproductive biology.
The potential of gamete biotechnology can represent, particularly for them, a great
advantage in comparison with the conventional methods. The aim of this investigation
was to induce callus and embryo production in loquat (Eriobotrya japonica (Thunb.)
Lindl.), through anther culture technique. With this objective, anthers bearing
microspore at the polarized uninucleate developmental stage were directly in vitro
cultured, and seven genotypes and four culture media were assessed. Production of calli
was achieved, in all cultivars, only when the media were supplemented with
1 _naphtalene acetic acid (NAA), being the response genotype dependent. Furthermore,
despite evidences of the beginning of the embryogenic program (microspore

symmetrical nucleus division) were observed, no embryo was achieved.

4.2 Materials and methods

4.2.1 Plant material

Seven different loquat cultivars were tested. In particular, five from Spain: ‘Algerie’,
‘Cayetano’, ‘Magdal’, ‘Peluche’, ‘Redonet’, one from Italy: ‘Sanfilippara’ and one from
China: ‘Zaozhong-6’, were selected for this experiment. Terminal racemose
inflorescences (panicles) of all the cultivars, bearing flower buds at different
developmental stages, were harvested in November in fields belong to the European
loquat germplasm collection located at IVIA, Valencia, Spain (latitude: 37° 45° 31.5 N;
longitude: 1° 01° 35.1 O).
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4.2.2 Bud size and microspore stage correlation

Flowers buds of different sizes (Fig. 4.1a) were selected to evaluate the pollen
developmental stage. Per each size group and per each genotype, ten anthers were
removed from distinct buds and squashed in a few drops of 4',6-diamidino-2-
phenylindole (DAPI, Partec, Miinster, Germany) staining solution. Microspores were
observed under a fluorescent microscope to identify the pollen development stage and to
determine the correct flower bud size (Fig. 4.1b), containing anthers with the highest
percentage of uninucleated-vacuolated microspores. Only flower buds containing
mostly anthers with microspores at the polarized uninucleate stage (Fig. 4.1c), were

finally selected for the in vitro culture.

Fig. 4.1 a Phenological stages of flower buds selected in relation to the microspore developmental stage
*(best stage = polarized uninucleated stage); b Flower bud containing anthers with the correct microspore
stage; ¢ Uninucleated-vacuolated microspore (Bars represent in a: 3 mm, in b: 10 um)
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4.2.3 Flower bud sterilization and anther culture

Flower buds were removed from the panicles and surface sterilized. The sterilization
was performed, under a laminar flow hood, by immersion in 70% (v/v) ethanol for 5
min followed by immersion in 4% (w/v) sodium hypochlorite with 0.1% (w/v) of
Tween-20® for 10 min, rinsed three times in sterile distilled water and finally processed
under aseptic conditions. Sepals and petals were aseptically removed using small
forceps, anthers were carefully excised and immediately placed in Petri dishes (60x15
mm) containing about 10 mL of solidified medium. Fifteen anthers were placed in each
Petri dish and sixty Petri dishes were prepared per each genotype (15 per each medium,
for a total of 900 anthers per each genotype). Cultures were incubated at 24+1 °C for
four weeks in the dark and, then, transferred under cool white fluorescent lamps Philips
TLM 30W/84 conditions (Philips, France), with a photosynthetic photon flux density of
35 umol m” s™ and a photoperiod of 16 h light.

4.2.4 Culture media

Anthers were cultured on a basal callus induction medium consisting of half-strength
MS inorganic basal salts, L-cysteine (16.5 uM), mixture of vitamins (26.6 mM glycine,
2.9 mM thiamine hydrochloride, 8.1 mM nicotinic acid, 2.4 mM pyridoxine
hydrochloride and 2.8 mM ascorbic acid), myo-inositol (1.1 mM) and sucrose (2%
w/v). Also, the solid medium was supplemented with growth regulators, 4.56 uM zeatin
(ZEA) versus four doses of 1 naphtalene acetic acid (NAA: 0, 0.5, 1 and 1.5 mg L) in
order to determine optimum conditions for callus induction.

The morphogenic calli (MC) produced were cultivated on a embryo differentiation
medium (EDM) (Li et al. 2008) containing MS basal salts, mixture vitamins, L-cysteine
(16.5 uM), myo-inositol (1.1 mM) and sucrose (2% w/v), supplemented with 0.23 uM
Z, 0.1 uM NAA and 0.1 pM Indole-3-butyric acid (IBA). Anthers and calli were sub-
cultured monthly onto new fresh medium. The composition of the different media is

resumed in Table 4.1.
4.2.5 Data collection and statistical analysis

Anthers, collected after one month of culture, were treated with a DAPI staining

solution to assess microspores structural features. For each thesis, about 300
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microspores were observed using a fluorescence microscope (Zeiss, Axiophot,
Germany). Moreover, the cultured anthers were observed weekly with a stereo-
microscope (Leica MZ 125) to follow their development. Three months after culturing,
the number of anthers producing calli were recorded per each Petri dish. These data
were used to calculate means and to perform statistical analysis. Differences among
genotypes were tested by one-way analysis of variance (ANOVA) with Tukey’s test (p
< 0.05), while, to avoid the genotype dependent effect, the influence of the four culture

media tested was analyzed separately for each cultivar (LSD test, p < 0.05).

Table 4.1 Media composition (in g L' or mg L™

Components NAA O NAA 0.5 NAA1 NAA 1.5 EDM
MS basal salt mixture 22¢g 22¢g 22¢g 22¢g 43¢
Glycine 2g 2g 2g 2g 2g
Thiamine lg lg lg lg lg
Nicotinic acid lg lg lg lg lg
Pyridoxine 05¢g 05¢g 05¢g 05¢g 05¢g
Ascorbic Acid 05¢g 05¢g 05¢g 05¢g 05¢g
Myoinositol 02¢g 02¢g 02¢g 02¢g 02¢g
L-Cysteine 2 mg 2 mg 2 mg 2 mg 2 mg
Sucrose 20g 20g 20g 20g 20g
Zeatin 1 mg 1 mg 1 mg 1 mg 0.05 mg
1-Naphthaleneacetic acid 0 mg 0.5 mg I mg I.5mg 0.018 mg
Indole-3-butyric acid - - - - 0.02 mg

MS (Murashige and Skoog 1962), EDM (Li et al. 2008)

4.2.6 Ploidy Analysis

Ploidy analysis of the calli obtained though in vifro anthers culture was performed by
flow cytometry. The unorganized parenchyma cells were chopped with a sharp razor
blade in 2.0 mL of nuclear extraction buffer (Partec, Miinster, Germany). Each nuclear
suspension was filtered through a 50 pm nylon filter (Nybolt, Ziirich, Switzerland) and
mixed with 4.0 mL of DAPI (1 mg L) staining solution. The fluorescence intensity of
the nuclear mixture was measured by a CyFlow® Counter (Partec) and compared with a

mother plant sample, used as diploid control.
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4.3 Results and discussion

The anthers culture response can be strongly affected by the microspore development
stage. In fact, the appropriate stage is critical to induce in vitro pollen embryogenesis
and, moreover, it varies among species (Dunwell 2010). Many studies report that, the
optimum phase to switch the microspore developmental pathway from gametophytic to
sporophytic, lies between the first pollen mitosis and the early bicellular pollen stage
(Touraev et al. 2001; Segui-Simarro and Nuez 2008a; Segui-Simarro 2010; Soriano et
al. 2013). With the assumption that, also for loquat (Li et al. 2008), this stage was the
most suitable to induce microspore embryogenesis, the flower bud size was used as
external morphological indicator of the microspore developmental stage, to select the
explants. Previous studies conducted on loquat demonstrated that different microspore
stages can be associated to the flower bud size. Recently, Padoan et al. (2010) and
Blasco et al. (2015b) reported that loquat flower buds, reached a length of
approximately 6.5-7.0 mm long, mostly contained microspores at the uninucleate-early
binucleate pollen stage. In our case, results of this preliminary investigation, confirmed
the correlation between the bud size and the microspore developmental stages. Indeed,
bud sizes from 6.0 to 7.5 mm in length (depending on genotype) (Fig. 4.l1a*),
corresponded to the highest percentage (>75 %) of the appropriate stage.

DAPI staining and fluorescence microscopy observations, carried out in anthers
collected one month after culture, revealed the induction of microspore with two
identical nuclei, equal in size and chromatin condensation patterns (Fig. 4.2a), derived
by a symmetrical nucleus division (SND). The SND of the nucleus is considered one of
the first signs of the switch from the gametophytic to the sporophytic pathway (Segui-
Simarro and Nuez 2008a). This feature indicate that these microspores had undertaken
their embryogenic program. On the contrary, also bicellular pollen grains, containing
nuclei with different chromatin condensation patterns (Fig. 4.2b), a larger vegetative
nucleus and a smaller generative one, were observed, denoting an asymmetrical nucleus

division (AND), which is typical of classic pollen maturation (Pacini 2012).
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Fig. 4.2 a Microspore with two equal nuclei (symmetrical division) of ‘Peluche’; b Bicellular pollen
grains (asymmetrical division) of ‘Algerie’ (Bars represent 25 pm)

In anthers culture, different features have been described as signs of initiation of the
embryogenic pathway. After the first month in the dark, some of the anthers already
showed androgenic response starting to produce a white and friable callus (Fig. 4.3a).
Androgenic anthers (AA) showing callus production were monthly sub-cultured onto
their corresponding (NAA 0, 0.5, 1 or 1.5) fresh callus induction medium. When
transferred under cool white light, some calli started to turn their color from white to
green, generating a different type of callus (morphogenic), showing organized tissues

(Fig. 4.3b).

Fig. 4.3 a Anther producing white and friable callus after one month of culture; b Morphogenic callus
showing organized tissues of ‘Zaozhong-6’ after three months of culture (Bars represent in a: 2 mm, in b:
5 mm)
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The morphogenic calli (MC) were isolated from the anthers tissues and transferred onto
the ‘EDM’ medium to induce cells organogenesis but, finally, most of them resulted in
browning, their tissues became necrotic and no embryogenic response was observed.
Many previous studies on anthers culture reported that, in woody plants, the effect of
the genotype of the donor plant can strongly affect the microspore embryogenic
response (Germana 2005; Germana 201 1a, b; Blasco et al. 2015b; Cimo et al. 2016). As
shown in Table 4.2, also in our case, the response to callus induction was, as expected,
highly genotype dependent. In fact, statistical analysis of variance (ANOVA, Tukey’s
test) highlighted significant (p < 0.01) differences among the seven cultivars tested.

Table 4.2 Anthers culture responses to the seven genotypes tested

CULTIVAR AA (%) MC (%)
‘Redonet’ 1.9 a 09 a
‘Algerie’ 29 a 1.1 a
‘Zaozhong-6’ 43 ab 2.7 ab
‘Peluche’ 6.8 ab 5.1 ab
‘Magdal’ 74 ab 53 ab
‘Cayetano’ 10.0 b 6.7 b
‘Sanfilippara’ 19.3 ¢ 12.7 ¢

Within each column, values followed by different letters are
significantly different (Tukey’s test, p <0.05). AA: androgenic
anthers, MC: morphogenic calli

In particular, for both registered parameters (AA: androgenic anthers and MC:
morphogenic calli), the highest percentages (19.3 and 12.7 respectively) were detected
in ‘Sanfilippara’, while the lowest percentages (1.94 and 0.97) were observed in
‘Redonet’. In anthers culture, the effect of type and concentration of plant growth
regulators has been widely studied (Oleszczuk et al. 2004; Perera et al. 2009;
Smykalova et al. 2009; Germana 2011a; Cardoso et al. 2016). In woody species,
different auxin types and concentrations, such as NAA, TDZ or 2.4-D, have been
already employed to induce callus production in mandarin (Germana and Chiancone
2003), papaya (Rimberia et al. 2007) and also in loquat (Li et al. 2008; Blasco et al.
2015b).

Concerning the culture media, a significant (p < 0.05) culture medium effect, related to

the different NAA concentrations used, was also observed. Indeed, calli production was
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achieved, in all cultivars tested, only when the media were supplemented with NAA,
while no response (zero values) was observed when anthers were cultured on the basal
(‘NAA 0’) medium (Table 4.3). In addition, the percentage of anthers producing calli
varies according to the genotype. For this reason, the investigation of the influence of
the four media used was carried out separately for each genotype (LSD test, p < 0.05).
Particularly, ‘Magdal’ and ‘Zaozhong-6’ did not show any significant difference
between the culture media tested, while in ‘Cayetano’ and in ‘Peluche’, the addition of
NAA to the culture medium induced a significantly (p < 0.05) higher percentage in the
production of both types of calli, even if no significant differences were detected among
the different NAA applied concentrations (2.68, 5.36 and 8§ uM). On the contrary, when
anthers were cultured onto the ‘NAA 1° and the ‘NAA 1.5° (5.36 and 8 pM) media,
‘Algerie’ exhibited a statistically significantly higher percentages of anthers producing
both types of calli, if compared with the ‘NAA 0.5’ (2.68 uM) medium. The highest
percentages of AA and MC (38.9 and 26.1 respectively) were obtained in ‘Sanfilippara’,
where the culture medium supplied with 1.5 mg L™ (8 uM) of NAA exhibited a very
significant (p < 0.001) effect when compared with all the others concentrations applied
(Table 4.3).

Recently, Blasco et al. (2015b) also obtained MC from anthers of different loquat
genotypes. In addition, sub-culturing these calli onto an embryogenesis inducing
medium (previously described by Li et al. (2008), they have been able to achieve
embryo production, but only from the Chinese cultivar Jiefanghong (the remaining
other callus did not show any response). Finally, in their experiment, only one of the
embryo progressed into a plantlet and was therefore analyzed. The ploidy analysis
results revealed that the obtained plantlet was triploid. Measurement of DNA content
using flow cytometry is commonly employed to detect ploidy levels, allowing the
analysis of a large number of samples in a short time (Bohanec 2003; Ochatt 2008). In
our case, ploidy analysis revealed that all the MC analyzed showed histograms of
fluorescence intensity in nuclei equal to those of the mother plant (used as diploid
control). For this reason, they were considered diploids. Actually, many investigations,
carried out to obtain Hs through anther culture, resulted instead in producing
heterozygous plantlets. Through this technique, it is possible to recover heterozygous

diploid embryoids from the somatic tissue of the anther (Cardoso et al. 2016).
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Table 4.3 Anthers culture responses to the four culture media tested three months after culture

NAA ‘Algerie’ ‘Cayetano’ ‘Magdal’ ‘Peluche’ ‘Redonet’ ‘Sanfilippara’ ‘Zaozhong-6’
AA MC AA MC AA MC AA MC AA MC AA MC AA MC

mg L™ % % % % % % % % % % % % % %
0 0O a 0a 0 a O a O a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a
0.5 09a 0 a 11.1b 66 b 1l.1a 84a 49 ab 39ab 05a 0.6 ab 156b 105b 45a 3.1a
1.0 53b 22b 122b 89 b 7.1 a 53a 122b 89b 05a 0.6 ab 227b 145b 6.2a 4.0a
1.5 53b 22b 167b 11.1b 1l.6a 7.6a 99 b 78b 66b 28b 389c 26.1c 66a 40a
pvalue 0.012 0.041 0.001 0.004 0.196 0.221 0.015 0.017 0.001 0.191 0.001 0.001 0.256 0.304

Within each column, values followed by different letters are significantly different among treatments (LSD test, p < 0.05). AA: androgenic

anthers, MC: morphogenic calli



In fact, anther culture is also employed to obtain somatic embryos or the regeneration of
many woody plants. Those somatic calli and plants can also have high value in fruit
trees breeding and propagation, since they can be used for protoplast fusion, genetic
transformation, clonal propagation, synthetic seed production or germplasm storage

(Germana 2005; Germana et al. 2011a, b).

4.4 Conclusions

In perennial woody species, like loquat, characterized by a long juvenile period, a high
degree of heterozygosity, large size and self-incompatibility, homozygous plant
production is not possible through conventional methods. Haploid technology is a
highly promising method for increasing breeding efficiency, as completely homozygous
plants can be generated in a single step (Germana 2011a, b; Chiancone and Germana
2016). However, a well-defined and efficient procedure of regeneration through in vitro
anthers culture is still necessary.

In this experiment, the anther culture response was, as expected and previously reported
in other fruit crops, highly genotype-dependent. Regarding the culture media tested, the
‘NAA 1.5° gave the highest results in inducing the production of both AA and MC.
Indeed, the increase in auxin concentration led, in general, to a greater callus formation.
The appropriate concentration of plant growth regulators can strongly affect the anther
culture response. Considering the influence of the genotype and of the medium
composition, it will be necessary to enlarge the number of genotypes analyzed and to
improve the experimental conditions. Further studies are, certainly, necessary to obtain

organogenesis and embryo production.
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CHAPTER S

Induced mutagenesis using colchicine for polyploids production in
loquat (Eriobotrya japonica (Thunb.) Lindl.), cultivars Cardona and
Magdal

Abstract

Plant breeding searchs for novel genetic combinations that allow to select varieties with
improved traits that meet farmers and consumers demands. In loquat (Eriobotrya
japonica (Thunb.) Lindl), induction of polyploidy have great interest for further
production of larger and seedless fruits.

The success of a polyploidization procedure depends on many factors, such as type,
concentration and time of exposure to the antimitotic agent plus type of explant used.
Colchicine was the first anti-mitotic agent to be discovered and has been already used to
induce polyploidy in a wide range of species. In this study we used colchicine aimed at
obtaining tetraploid plants of loquat for further use in breeding.

The experiments consisted in applying colchicine (0.5 %) for 24 and 48 h, on un-
germinated seeds of loquat cultivars, ‘Cardona’ and ‘Magdal’. Polyploidy levels were
detected by flow cytometry. Soaking un-germinated seeds to a 0.5 % (w/v) colchicine
solution for 48 h led to the production of one triploid and one tetraploid in ‘Cardona’,
while applying the same concentration of this antimitotic agent for 24 h resulted in two
triploids in ‘Magdal’ seeds. Results indicate that the induction of polyploidy by the
antimitotic agent colchicine is a reliable method for obtaining poliploid genotypes in

loquat species.
Material and Methods
Plant Material

Fruits from open-pollinated loquat trees, cvs ‘Cardona’ and ‘Magdal’, belong to the

European loquat germplasm collection located at IVIA, Valencia, Spain (latitude: 37°
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45’ 31.5 N; longitude: 1° 01’ 35.1 O), were collected in early April. Seeds were
carefully extracted and stored at 4 °C.

Seeds treatment

Seeds were piled and surface-sterilized by immersion in a diluted commercial bleach
solution (4 % w/v sodium hypochlorite) with 0.1 % (v/v) of Tween-20® for 5 min,
followed by rinses in distilled water. After sterilization, un-germinated seeds were
directly treated by immersion in a 0.5 % (w/v) colchicine solution for 24 h and 48 h at
room temperature (RT) in the dark. For each treatment and cultivar, a sample of 150
seeds was used. The experiments were repeated twice. Seeds soaked with distilled water
were used as controls. Treated and control seeds were germinated in pots (250 cc)
containing a mixture of peat and perlite (3:1). All plants were grown under natural

photoperiod in greenhouse (Fig. 5.1).

Fig. 5.1 Loquat seedlings growing in pots under natural photoperiod and greenhouse conditions
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Determination of ploidy level

DNA content was determined using a flow cytometer with fluorescence excitation
provided by a mercury arc lamp (PA-II Ploidy Analyzer; Partec). Each sample was
composed of a leaf-piece of the analyzed plant (approx 0.5 mm®) with a similar leaf-
piece from a diploid control plant. Samples were chopped on a 50 mm petri dish with a
sharp razor blade in 1.0 mL of nuclei isolation buffer (Partec, Miinster, Germany). Then
samples were re-suspended, filtered through a 50 um nylon filter (Nybolt, Ziirich,
Switzerland) and 3.0 mL of fluorescent DNA staining (Partec, Miinster, Germany)
containing 1 mg L™ of DAPI (4,6-diamino-2-phenyl-indole) were finally added. About
600 to 1200 nuclei per sample were measured. The plot of data on a semilogarithmic
scale resulted in histograms with peaks from 2C to 50C evenly distributed along the
abscise axe. Calibration was carried out using the 2C-peak of nuclei of leaves from the

diploids loquat (controls).

Statical analysis

Polyploid induction efficiency and survival rate of all colchicine treatments were
evaluated for both genotypes, ‘Cardona and ‘Magdal’. Analysis of Variance (ANOVA,
Tukey’s test, p < 0.05) was performed using the software Statgraphics Centurion XVI.I
(Statistical Graphics Corporation, USA).

Results and Discussion

Survival rate

Two months after the colchicine treatment, seeds did not exhibit any significant
difference in survival rate compared with control samples. Indeed, in the first
experiment, the rate of treated germinated seeds ranged from 88 % to 97.3 % (Table 1),
while in the second experiment ranged from 78.7 % to 87.3 % (Table 2), there were no
significant differences compared with the control samples.

The highest ‘lethality” was observed, in both experiments, in the cultivar Magdal,
treated with 0.5 % colchicine solution for 48 h (12 % and 20 % respectively). Other

authors described similar experiments on colchicine treated loquat seeds, they used
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different genotypes and colchicine dosis, being the survival rate significantly different

depending on colchicine dose, genotype and time of exposure (Blasco et al. 2015a).

Table 5.1 Effect of colchicine treatment and time of exposure on loquat un-germinated seed (Exp. 1)

Colchicine Genotype Time of N°Treated N° Survival N° Polyploids
concentration exposure explant explant (%) identified (%)
‘Cardona’ 24 h 24 21 (87.5) 0 (0.0)
0 (Control) 48 h 24 22 (91.7) 0 (0.0)
‘Magdal’ 24 h 24 21 (87.5) 0 (0.0)
48 h 24 20 (83.3) 0 (0.0)
‘Cardona’ 24 h 150 138 (92.0) 0 (0.0)
0.5 % 48 h 150 146 (97.3) 0 (0.0)
‘Magdal 24 h 150 139 (92.7) 2(1.4)*
48 h 150 132 (88.0) 0 (0.0)

* Significantly different to the control (One way ANOVA, Tukey’s test, p < 0.05)

The effect of colchicine in loquat observed in this study differs from the results obtained
in other species. The concentration of colchicine (0.5 %) that we used, in both
experiments, was higher than commonly doses used in other fruit crops, in which
usually range between 0.02 and 0.1 % (Dhooghe et al. 2011). In loquat, as already
obtained in previous studies by Blasco et al. (2015a), the lethality resulted by 0.5% dose

was lower than lethality observed in other species.

Table 5.2 Effect of colchicine treatment and time of exposure on loquat un-germinated seed (Exp. 2)

Colchicine Genotype Time of  N° Treated N° Survival N° Polyploids
concentration exposure explant explant (%) identified (%)
‘Cardona’ 24 h 24 20 (83.3) 0 (0.0)
0 (Control) 48 h 24 19 (79.2) 0 (0.0)
‘Magdal’ 24 h 24 20 (83.3) 0 (0.0)
48 h 24 19 (79.2) 0 (0.0)
. , 24 h 150 131 (87.3) 0 (0.0)
0.5 0, Cardona 48 h 150 121 (80.7) 2(1.7) *
‘Magdal’ 24 h 150 122 (81.3) 0 (0.0)
48 h 150 120 (80.0) 0 (0.0)

* Significantly different to the control (One way ANOVA, Tukey’s test, p < 0.05)
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It is well known that colchicine could have a highly toxic effect. High concentrations of
this antimitotic agent are often associated with plant cell death, because of the block of
the spindle fiber development and the alteration of the differentiation processes (Pintos
et al. 2007). Nevertheless, a strong interaction between antimitotic agents and species is
expected. Elyazid and El-Shereif (2014) stated that, in mandarin (Citrus reticulata
Blanco) seeds, soaked in different concentrations of colchicine (0.01, 0.05, 0.1 and 0.2
%) for different times of exposure (12, 24 and 48 h), the survival rate decreased by
increasing colchicine concentration and time of exposure, showing the lowest
percentage at 0.2 % for 48 h and indicating that colchicine treatment at 0.1 % for 48 h
had the highest tetraploid induction efficiency. Rubuluza et al. (2007) observed a high
polyploidy induction in un-germinated seeds of Colophospermum mopane exposed to
equal concentration of colchicine (0.1 % for 48 h), indicating that higher concentrations
were toxic and lethal, while Udensi and Ontui (2013) reported that the germination rate
of treated pigeon pea (Cajanus cajan L.) seeds decreased proportionately with the
increase in soaking duration and colchicine concentration, but the percentage of survival

seedling were not significantly affected.

Flow cytometric analysis

Three months after the colchicine treatments, when plants had unfolded 4 to 6 true
leaves, one leaf per seedling and treatment was subjected to flow cytometry to quantify
the DNA content and to detect the presence of polyploids plants. In the first experiment,
from 555 seedlings analyzed, only two triploids were detected, both of them obtained in
‘Magdal’ with the 24 h treatment (Table 1). The relative fluorescence was 1.5-fold
higher (= 52) in triploids when compared to diploid (= 34) controls (Fig 5.2).

In the second experiment, on a total of 494 seedlings analyzed, one triploid and one
tetraploid were detected, both of them obtained in ‘Cardona’ with the 48 h treatment
(Table 2). The relative fluorescence was 1.5-fold higher (= 55) in the triploid and 2-fold
higher (= 73) in the tetraploid seedling if compared to diploid (= 35) controls (Fig. 5.3).
Flow cytometry is the most efficient and precise method for determining the ploidy
levels of large numbers of samples (Bohanec 2003). It is a quick and reproducible
method and presents important advantages, e.g. samples are easily and rapidly prepared

and only a few milligrams of tissue are needed (Ochatt 2008).
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Fig. 5.2 Flow cytometry histogram of ‘Magdal’ plants obtained from un-germinated seeds treated with
colchicine (0.5%). a Diploid control plant (2x), b Triploid plant (3x)

Regarding the artificial induction of polyploidy, previous experiments had been carried
out in loquat. Yahata et al. (2004) obtained one tetraploid plant by either immersing
germinated shoot tips from loquat seeds in a 0.2 % colchicine solution for 14 days and
with a 2 % colchicine treatment for 4 days. Blasco et al. (2015a) conducted various in
vitro studies, employing diverse concentration of colchicine (from 0.01 to 0.5 %), times
of exposure (from 15 min to 48 h), and different type of explants (shoot apex, whole
plant or seeds). Early results (pre-screening) on whole plant and shoot apex treatments
showed the achievement of a total of 59 ‘putative’ polyploids but finally none of them
results on a stable tetraploid plant, maybe due to the production of chimeras, a common
effect of colchicine treatments (Tel-Zur et al. 2011). In addition, in meristem treatments
only part of the cells or cell layers could result affected, and reversion to a diploid status
would be expected (Viinold 2000; Harbard et al. 2012). However, on un-germinated
seed treated with colchicine (0.5 %), out of 8 putative polyploid obtained, two of them
(25 %) have been confirmed to be triploid and another one (12.5 %) a tetraploid stable

plant. Based on these results, in this study we decided to use un-germinated seeds as
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only type of explant and to perform the colchicine treatment at a concentration of 0.5 %

for 24 h and 48 h.
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Fig. 5.3 Flow cytometry histogram of ‘Cardona’ plants obtained from un-germinated seeds treated with
colchicine (0.5%). a Diploid control plant (2x), b Triploid plant (3x), ¢ Tetraploid plant (4x)

A very important application of horticultural triploids is the achievement of seedless
fruits, with great acceptance by the consumer. It is rather unusual to obtain triploids
without the mediation of diplod x tetraploid crosses. Triploids have been recovered
from interspecific crosses in different species (Hahn et al. 1990) or from selfing in the
same species (Ollitrault et al. 2007). Moreover, natural spontaneous triploids may came
from the union of a non-reduced (rarely caused by failures in chromosome reduction
during meiosis) and one normally reduced gamete (Ramsey and Schemske 1998, Tate et
al. 2005). In our case, triploids recovered from un-germinated seeds, treated with
colchicine, were probably been originated during previous hybridization. Guo et al.
(2007) proved a genotypic effect in diploid x diploid loquat crosses, in which the

spontaneous triploid recovery rates was between 0.18 % and 1.62 %.
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Polyploids generally show bigger leaves, flowers and fruit, larger stomatal density and
higher number of chloroplasts (Stebbins 1950). Previous studies reported that, loquat
tetraploid plant showed reduced plant height, higher number of internodes, shorter
internodal distances and higher number of chloroplasts per stomata, when compared
with diploid plants. Moreover, there were a significant reduction in stomatal frequency
among diploid (56.9/mm?), triploid (43.0/mm®) and tetraploid (35.7/mm?) plants
respectively (Blasco et al. 2015a).

Conclusions

Tetraploids can represent an advantage compared to diploids, increasing production and
adaptability (Liu et al. 2009), disease resistance (Predieri 2001) or/and producing fruits
of higher quality (Wu et al. 2013). They can be also used to develop new triploid
cultivars (Sedov 2014). Indeed, although recently induced polyploid forms have not yet
reached the required market qualities, they certainly constitute valuable germplasm
sources for their prospective application in fruit breeding programs. From the results
obtained we can conclude that,the antimitotic agent colchicine can induce artificial
tetraploids in loquat revealing a useful and reliable tool. Nevertheless, this method
needs to increase the efficiency and further studies are necessary to increase the
tetraploids achievement rate. The polyploid plants obtained in these experiments are
currently growing at the IVIA loquat germplasm collection field. Their morphological,
cytological and fertility characteristics will be investigated for their possible future use

in loquat breeding programs.
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DISCUSSION

The present study was carried out through years 2014, 2015 and 2016 at the ‘Universita
degli Studi di Palermo’ (UNIPA) as well as at the °‘Instituto Valenciano de
Investigaciones Agrarias’ (IVIA). The main objective of this thesis was to develop
efficient protocols for ploidy manipulation in some Mediterranean fruit crops. Almond
(Prunus dulcis Mill.), mandarin (Citrus reticulata Blanco) and loquat (Eriobotrya
Jjaponica (Thunb.) Lindl.) were the species selected for these experiments.

In woody species, genetic improvement through conventional methods is limited by
many factors, such as long juvenile period, high heterozygosity, large size of the plants
and sexual incompatibility (Germana 2009). Development of molecular markers for
assisted selection, genetic diversity studies, haploidization and new breeding techniques
are providing new tools for breeding progress. For instance, in vitro anther or isolated
microspore culture (gametic embryogenesis) and polypoids production (chromosome
duplication) have become in many cases successful techniques for breeding
(Maluszynski et al. 2003; Germana 2011a, b; Sattler et al. 2016). Haploids (Hs) and
double haploids (DHs), obtained through gametic embryogenesis, have a recognized
useful potential use in fruit crop breeding. They can be used in mutation research,
genetic analysis, plant transformation and production of homozygous genotypes.
Nevertheless, the switch of microspores from their standard gametophytic pathway
towards the sporophytic one is strongly affected by many factors, such as: genotype,
gamete development stage, stress treatments, medium composition, donor plant growth
situations and conditions of incubation (Germana 2011a, b).

In this thesis, factors affecting haploid induction, in anther and microspore culture
techniques, were studied. First, the identification of the most appropriate microspores
development stage, for reprogramming their pathway towards gametic embryogenesis,
was conducted in three selected species through 4',6-diamidino-2-phenylindole (DAPI)
staining. The flower bud size and the petal length are very often used as external
morphological indicators of the microspore stage. Results revealed that, the polarized
uninucleated stage, considered the most responsive to induce gametic embryogenesis
(Segui-Simarro 2010; Soriano et al. 2013), corresponded to a flower bud length of 7 to 9

mm in almond, 4 to 4.5 mm in mandarin and 6 to 7.5 mm in loquat, being the range
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depended on the cultivar. These results allowed to establish a quick selection criteria of
the pollen development stage, though, as mentioned before, there are many others
factors affecting the embryogenic process.

In almond, with the aim of regenerating Hs or DHs through anther culture technique,
two different experiments were carried out. In both experiments, DAPI staining and
fluorescence microscopy observations, carried out one month after culture, revealed the
presence of microspore with two identical nuclei, equal in size and chromatin
condensation patterns, derived by a symmetrical nucleus division (SND). Symmetric
division is considered one of the first signs of the beginning of the embryogenic
program (Segui-Simarro and Nuez 2008a). Later, these microspores underwent
subsequent divisions and trinucleated microspores, as well as multinucleated structures,
were detected, indicating that the induction of gametic embryogenesis occurred.
Moreover, in the first experiment (Chapter 1), almond anthers showed calli formation
and, for the first time to our knowledge, production of embryo was achieved through the
direct embryogenesis route. The application of different cold or hot treatments to the
anthers is commonly employed in many major crops for improving the embryogenic
response. In this experiment, the hot thermal shock (H: 35+1 °C for 7 days) induced a
higher production of calli in most of the genotypes tested (except ‘Ferragnes’) but not in
a statistically significant way. However, results showed a significant effect of culture
media (ANOVA, Tukey’s test), indeed, only anthers cultured on ‘P’ medium, in both
thermal treatments applied, produced calli and embryos. The highest rate (30.4) of calli
production was achieved in ‘Filippo Ceo’ with the H thermal treatments, while embryo
production was achieved only in ‘Filippo Ceo’, ‘Lauranne’ and ‘Genco’, when anthers
were directly cultured at 25+1 °C, without additional thermal shock (except the
common cold pre-treatment at 4 °C for one week). Nevertheless, anther culture
responses to the culture media and the temperature treatments employed was, as
expected and previously reported in other fruit crops, highly genotype-dependent.
Microsatellite analyses were performed in the regenerants of the three cultivars
producing embryos to discriminate between gametic and somatic origin of the embryos,
confirming the gametic origin of the embryos.

In the second experiment (Chapter 2), we compared the responses to almond anther

culture to four culture media supplemented with different 6-benzylaminopurine (BAP)
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concentrations (0, 1, 1.5 and 2.0 mg L™), using a cold pre-treatment (4 °C for 3 days)
and a ‘control’ (no cold pre-treatment). The optimum temperature and duration of pre-
treatment vary among species (Germana 2011b). In both cases, all genotypes tested
showed anthers producing calli, but the cold pretreatment did not have any statistical
significant effect (except in ‘Planeta’). Different responses to cold pre-treatments can be
explained by the role of the growth conditions of the mother plants, which resulted in
differences in the physiological state of the anthers (Germana 2011a), especially if the
trees are cultivated under field conditions. Concerning the four culture media tested, a
significant culture medium effect, related to the different BAP concentrations used, was
observed. Indeed, calli production was achieved in all cultivars only when the media
were supplemented with BAP, while no response (zero values) was observed when
anthers were cultured on the basal medium. Nevertheless, no significant differences
were detected between BAP doses (1, 1.5 and 2.0 mg L™) applied, with the exception of
‘Ferragnes’ and ‘Tarraco’ in which, anthers cultured on the medium supplied with 1.0
mg L of BAP, without cold pretreatment, showed a significant higher percentage of
calli production when compared with the other doses applied. The highest percentage
(87.5) of calli corresponded to the cultivar Planeta cultured in ‘BAP 1’ medium without
cold pre-treatment. Doubtless, the presence of an appropriate concentration of plant
growth regulators in the medium plays a critical role in anther callus formation. Flow
cytometry revealed that, the analyzed calli showed histograms of fluorescence intensity
equal to those of the mother plant (used as diploid control), and, for this reason, they
were considered diploids. Anther culture is often used to achieve embryos from the
somatic tissue of the anther (Cardoso et al. 2016), since they can be employed for clonal
propagation, synthetic seed production, protoplast fusion or genetic transformation
(Germana 2005; Germana et al. 2011a, b).

Regarding the experiment carried out via isolated microspore culture in mandarin,
‘Mandarino Tardivo di Ciaculli’ (Chapter 3), the study was focused on the influence of
culture media composition and incubation conditions. The experiment was repeated
twice: in the first one, the flower buds were processed immediately after the collection,
while in the second one, they were subjected to a cold pre-treatment (4 °C for 7 days)
before microspore culturing. Four different liquid media (P, N6 and replacing 0.5 mg L~

' of BAP with 0.5 mg L of meta-Topolin (mT) in both of them) and two thermal
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treatments (26+1 °C or 35 °C for 30 days) were tested. Different features indicated that,
after ten months of culture, the isolated microspores changed their developmental
program toward the sporophytic pathway. Indeed, for all the media tested, binucleated,
multinucleated microspores and, for the first time in mandarin, calli and isolated
microspore-derived embryos were detected. A significant effect of the thermal treatment
was observed in the embryo production rate. Hot temperature treatment (35 °C for 30
days) was essential for triggering pollen totipotency. On the other hand, no significant
differences were observed among microspores immediately processed or subjected to
the cold pre-treatment. The higher number of embryos per Petri dish was recorded in the
‘P’ media, especially when supplemented with mT, probably due to the anti-senescence
and growth stimulation activities of this plant growth regulator. Results of the simple
sequence repeat (SSR) loci analyses showed that, while the parental genotype was
heterozygous, the allelic pattern of the embryo showed a single allele shared with the
mother plant, confirming that the embryo originated from a haploid gametophyte.

In the fourth experiment (Chapter 4), anthers culture of seven loquat genotypes was
carried out using four solid media, supplemented with different concentrations (0, 2.68,
5.36 and 8 uM) of 1 _naphtalene acetic acid (NAA). After one month of culture, some
anthers already showed androgenic response starting to produce a white and friable
callus. When transferred under cool white light, some callus started to turn its color
from white to green, generating callus showing organized tissues. In this study, a
significant effect of culture medium, related to the different NAA concentrations used,
was observed. Indeed, calli production was achieved, in all cultivars tested, only when
the media were supplemented with this auxin, being the response highly genotype
dependent. Regarding the four media tested, no significant differences were detected in
cultivars Magdal and Zaozhong-6, while the addition of NAA to the culture medium,
induced a significant calli production in the rest of genotypes. The highest percentages
(26.1) of MC was observed in ‘Sanfilippara’, using the medium supplied with 1.5 mg L
' (8 uM) of NAA, which had a very significant (p < 0.001) effect compared with the rest
of concentrations applied. Again, the addition of plant growth regulators in the culture
medium affects strongly the microspore induction response. Ploidy analysis, carried out
through flow cytometry, revealed that the showed histograms of fluorescence intensity

equal to those of the parental plant, so they were considered diploids.
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The results obtained in this doctoral thesis represent a major advance in the research on
gametic embryogenesis in woody species. This finding constitutes a crucial step in
designing new protocols for regenerating microspore-derived embryos and plants,
providing new opportunities for genetic improvement and for innovation in breeding
methods. Further studies are, however, necessary to better understand the gametic
embryogenesis process, to increase the rate of regenerant obtainment and to achieve
their conversion into plantlets.

In addition, in the context of the breeding program carried out at the IVIA, another
biotechnological tool, the chemical mutagenesis, was explored for implementing the
program and increase the available diversity. Ploidy manipulation was investigated
through the application of the antimitotic agent colchicine on un-germinated loquat
seeds not obtaining any significant difference in survival rate, depending on the
different colchicine exposure times.

Flow cytometry showed the presence of three triploids (3x) and one tetraploid (4x). As
previously observed in banana (Rowe and Rosales 1993), watermelon (Ellul et al
2007), citrus (Ollitrault et al. 2008) and also in loquat (Naval et al. 2014), triploidy
generally lead to seedlessness. In loquat fruits, containing large seeds and with an edible
proportion often lower than 70 % (He et al. 2012), this achievement could result very
promising. Nevertheless, since colchicine causes chromosomal duplication, in our case,
the triploids recovered were probably been originated during the previous hybridization
process by the non-reduction of one of the gametes of the parent plants. Guo et al.
(2007) proved a genotypic effect in diploid x diploid loquat crosses, in which the
spontaneous triploid recovery rates was between 0.18 % and 1.62 %.

Tetraploids, as mentioned before, can represent an advantage compared to diploids,
increasing production, resistance, fruit quality and, moreover, they can also be used to
develop triploid cultivars. Breeding strategies involving crosses between different
ploidy levels are very common. Some crop species, such as apple, have been improved
by a complex chain of interspecific hybridizations and/or crosses between different
ploidy levels (Sedov 2014). Furthermore, although recently induced polyploid forms
have not yet reached the required market qualities, they certainly constitute valuable

germplasm sources for their prospective application in fruit breeding programs.
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In conclusion, the artificial induction of polyploidy, applying colchicine, could become
a reliable tool for breeding new loquat varieties. Nevertheless, this method is
susceptible of improvement and further studies are necessary to increase the tetraploids

achievement rate.
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CONCLUSIONS

IL.

I1I.

IV.

Callogenesis and embryo production were achieved in different almond (Prunus
dulcis Mill.) cultivars through in vitro anther culture technique. Simple sequence
repeat (SSR) loci analysis revealed that the embryos had a single allele for each

locus, indicating their homozygosity and gametic origins.

Homozygous embryo regeneration was obtained, for the first time, through
isolated microspore culture technique, in mandarin (Citrus reticulata Blanco),

‘Mandarino Tardivo di Ciaculli’.

Production of calli was achieved in different loquat (Eriobotrya japonica

(Thunb.) Lindl.) cultivars through in vitro anther culture.

Loquat polyploid plants, one tetraploid (4x) and three triploids (3x) were
obtained from seeds of ‘Cardona’ and ‘Magdal’ using the mutagenic agent
colchicine. The tetraploid has been incorporated to the IVIA plant material for

further characterization and potential use in breeding.
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