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Androgenesis induction is an experimental procedure by which microspores
are diverted from their original gametophytic pathway towards embryogenesis by
applying specific stresses in vitro. It allows for the production of doubled haploid
(DH) pure lines through anther culture or isolated microspore culture followed by
chromosome doubling. DH technology is interesting for both basic research and
plant breeding. In this Thesis, we studied microspore embryogenesis with two
parallel approaches: (I) an applied study directed to the development of the first
eggplant (Solanum melongena) highly embryogenic line and the improvement of
the efficiency of eggplant microspore cultures; and (II) a fundamental research
study focused on the relationship between microspore embryogenesis ability,
intracellular Ca?* levels and the dynamics of callose and cellulose deposition for
cell wall formation in microspore-derived structures, using rapeseed (Brassica

napus) as a model species.

As an applied research, we developed and evaluated an eggplant DH
population from a commercial hybrid, and identified and characterized the first
eggplant highly androgenic DH line (DH36), which may be used to facilitate the
study of eggplant androgenesis and for both basic and applied research. In
addition, we evaluated different factors involved in microspore embryogenesis
induction efficiency in eggplant and optimized the regeneration protocol for DH
production via microspore culture. Together, the applied research on eggplant
microspore embryogenesis made in this Thesis resulted in the most efficient

protocol existing to date for DH production in eggplant.

As a fundamental research, we studied the dynamics of Ca?* during in vivo
microsporogenesis and microgametogenesis, as well as during the first stages of in
vitro-induced microspore embryogenesis, establishing a link between microspore
embryogenesis and changes in Ca2* levels and subcellular distribution. In addition,
we studied the deposition of callose and cellulose during the first stages of
microspore embryogenesis and demonstrated that the abnormally increased
callose deposition and the inhibition of cellulose deposition observed in

embryogenic microspores is most likely caused by a transient increase in the



intracellular Ca2* levels that occurs right after microspore induction. We also found
that this particular dynamics of callose and cellulose deposition is related to
microspore embryogenesis ability and is essential for proper progression and

success of microspore embryogenesis.

In summary, the research made in this Thesis helps to further understand the
basis underlying microspore embryogenesis and cell totipotency, and to apply the

powerful DH technology to an economically important crop such as eggplant.
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La induccion de androgénesis es un procedimiento experimental en el cual las
microsporas se desvian de su via gametofitica original hacia embriogénesis,
mediante la aplicacion de estreses especificos in vitro. Este fenémeno permite la
produccion de lineas puras dobles haploides (DH) mediante cultivo de anteras o
cultivo de microsporas aisladas seguidos de duplicacion cromosdmica. La
tecnologia DH es interesante tanto para la investigacién bdasica como para su
aplicacién a la mejora genética vegetal. En esta Tesis se estudia la embriogénesis
de microsporas y la obtencién de DHs con dos enfoques paralelos: (I) un estudio
aplicado dirigido al desarrollo de la primera linea de berenjena (Solanum
melongena) con alta respuesta androgénica y a la mejora de la eficiencia de los
cultivos de microsporas de berenjena; y (II) un estudio de investigacion basica
centrado en la relacién entre la habilidad para la embriogénesis de microsporas,
los niveles intracelulares de Ca2* y la dindmica de la deposicién de calosa y celulosa
para la formacién de paredes celulares en estructuras derivadas de microsporas,

utilizando como especie modelo la colza (Brassica napus).

Como investigacidon aplicada, se desarrolldé y evalué una poblacion DH de
berenjena a partir de un hibrido comercial, y se identificé y caracterizé la primera
linea DH altamente androgénica de berenjena (DH36), que puede usarse para
facilitar el estudio de la androgénesis en berenjena y para otros estudios aplicados
o basicos. Ademas, se evaluaron diferentes factores implicados en la eficiencia de la
induccion de embriogénesis de microsporas en berenjena, y se optimizé el
protocolo de regeneraciéon para la produccion de DH mediante cultivo de
microsporas. En conjunto, la investigacion aplicada sobre la embriogénesis de
microsporas realizada en esta Tesis proporciona el protocolo mas eficiente

existente hasta la fecha para la produccién de DH en berenjena.

Como investigacion fundamental, se estudid la dinamica del CaZ* durante la
microsporogénesis y la microgametogénesis in vivo, asi como durante las primeras
etapas de la embriogénesis de microsporas inducida in vitro, y se estableci6 un
vinculo entre la embriogénesis de microsporas y los cambios en el nivel y

distribucién intracelular de Ca?*. Ademas, se estudié la deposiciéon de calosa y



celulosa durante las primeras etapas de la embriogénesis de microsporas y se
demostré que la excesiva deposicién de calosa y la inhibicién de la deposicion de
celulosa, exclusivas de las microsporas embriogénicas, estdn causadas por el
aumento transitorio de Ca%* intracelular que se produce justo tras la induccidn.
Hemos demostrado que esta particular dinamica de la deposicién de calosa y
celulosa esta relacionada con la capacidad androgénica, y que es fundamental para

la correcta progresion y éxito de la embriogénesis de microsporas.

En resumen, la investigaciéon realizada en esta Tesis ayuda a comprender
mejor la base de la embriogénesis de microsporas y de la totipotencia celular, y a
aplicar la potente tecnologia DH a un cultivo econémicamente importante como es

la berenjena.
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La induccié d’androgenesi és un procediment experimental en el qual les
microspores es desvien de la seua via gametofitica original cap a un nou desti
embriogenic, mitjangant l'aplicacié d'estressos especifics in vitro. Aquest fenomen
permet la producci6 de linies pures dobles haploides (DH) mitjangant cultiu
d'anteres o cultiu de microsporas aillades seguits de duplicacié cromosomica. La
tecnologia DH és interessant tant per a la recerca basica com per a la seua aplicaci6
a la millora genetica vegetal. En aquesta Tesi s'estudia l'embriogénesi de
microspores i I'obtencié6 de DHs amb dos enfocaments paral-lels: (I) un estudi
aplicat dirigit al desenvolupament de la primera linia d'albergina (Solanum
melongena) amb alta resposta androgénica i a la millora de I'eficiéncia dels cultius
de microspores d'albergina; i (II) un estudi de recerca basica centrat en la relacié
entre la capacitat per a 'embriogenesi de microspores, els nivells intracel-lulars de
Ca?*ila dinamica de la deposicié de cal-losa i cel-lulosa per a la formaci6 de parets
cel-lulars en estructures derivades de microsporas, utilitzant com a espécie model

la colza (Brassica napus).

Com a recerca aplicada, es va desenvolupar i avaluar una poblaci6 DH
d'albergina a partir d'un hibrid comercial, i es va identificar i caracteritzar la
primera linia DH altament androgénica d'albergina (DH36), que pot usar-se per a
facilitar 1'estudi de I'androgenesi en albergina i per a altres estudis aplicats o
basics. A més, es van avaluar diferents factors implicats en l'eficiencia de la
inducci6 d’embriogenesi de microspores en albergina, i es va optimitzar el protocol
de regeneraci6é per a la producci6 de DH mitjangant cultiu de microspores. En
conjunt, la recerca aplicada sobre 'embriogenesi de microspores realitzada en
aquesta Tesi proporciona el protocol més eficient existent fins avui per a la

producci6 de DH en albergina.

Com a recerca fonamental, es va estudiar la dinamica del Ca%* durant la
microsporogenesi i la microgametogeénesi in vivo, aixi com durant les primeres
etapes de I'embriogénesi de microspores induida in vitro, i es va establir un vincle
entre l'embriogénesi de microspores i els canvis en el nivell i distribucié

intracel-lular de Ca2*. A més, es va estudiar la deposicié de cal-losa i cel-lulosa



durant les primeres etapes de 'embriogénesi de microspores i es va demostrar que
I'excessiva deposicié de cal-losa i la inhibicié6 de la deposici6 de cel-lulosa,
exclusives de les microspores embriogéniques, estan causades per l'increment
transitori del Ca?* intracel-lular que es produeix just després de la inducci6. Hem
demostrat que aquesta particular dinamica de la deposicié de cal-losa i cel-lulosa
esta relacionada amb la capacitat androgénica, i que és fonamental per a la

correcta progressio i éxit de I'embriogénesi de microspores.

En resum, la recerca realitzada en aquesta Tesi ajuda a comprendre millor la
base de I'embriogénesi de microspores i de la totipoténcia cel-lular, i a aplicar la

potent tecnologia DH a un cultiu economicament important com és l'albergina.
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Introduction

1. Microspore embryogenesis

Microspore embryogenesis is an experimental androgenic process by which
the plant male gamete precursors are deviated from the gametophytic pathway to
a new sporophytic fate, and induced to form a new haploid individual without
fertilization (Segui-Simarro 2010). Spontaneously or artificially, the genome of
these individuals can be duplicated, giving rise to fully homozygous plants known
as doubled haploids (DH). DH technology is interesting both for breeding purposes
and for fundamental research. Although other ways of obtaining DHs exist, such as
gynogenesis and wide hybridization, the present Thesis will be focused on
microspore embryogenesis, the most deeply studied and effective androgenic
alternative in most of the species studied (Wedzony et al. 2009). Occurrence of
spontaneous haploid individuals was first reported in different species long ago
(Blakeslee et al. 1922; Gaines and Aase 1926), but it was only in 1964 when the
first protocol for in vitro haploid production, through anther culture, was
developed (Guha and Maheshwari 1964). Nowadays, microspore embryogenesis
can be induced in several angiosperm species. Up to 2003, DH production
protocols were described for more than 250 species (Maluszynski et al. 2003) and
DH cultivars are routinely used in agricultural production. The first DH crop plant
released was the rapeseed (Brassica napus) cultivar “Maris Haplona” (Thompson
1972), followed by the “Mingo” barley cultivar (Ho and Jones 1980). However, in
many crops of high agronomic interest, the efficiency of DH production is still very
low, as is the case in the Solanaceae family. DH technology is only efficiently
developed for tobacco, while the other major solanaceous crops (tomato, pepper,
eggplant and potato) are still considered recalcitrant species at different degrees

(Segui-Simarro 2016; Segui-Simarro et al. 2011b).



2. Methods for microspore embryogenesis

Most methods for microspore embryogenesis comprise two main in vitro
steps: the induction of the androgenic process, and the regeneration of haploid or
DH plants. The induction phase may be preceded by pretreatments of plants,
flowers or anthers and usually consists in a stress treatment. In some species,
embryos are directly obtained from the culture, and they can be transferred to a
germinating medium and acclimated ex vitro. In other species embryogenic
microspores develop into calli, and haploids or DHs can be obtained from them
through an organogenesis procedure that usually includes several steps such as
induction, elongation and rooting. These different developmental pathways often
coexist in the same culture and their proportion depends on the genotype and
culture conditions (Wedzony et al. 2009). From some haploid microspores,
spontaneous duplication through nuclear fusion leads to the production of DHs
(Segui-Simarro and Nuez 2008b). When the percentage of spontaneous DHs is not
enough for practical purposes, genome duplication treatments including

colchicine, among others, must be applied in order to obtain DH individuals.

There are two main experimental in vitro methods to induce microspore
embryogenesis: anther culture and microspore culture. Anther culture consists in
the culture of whole anthers on a semisolid, agar-based medium. Microspores
remain enclosed inside the anther locule and the surrounding anther tissues
provide a favorable environment for microspore development (Segui-Simarro and
Nuez 2008a). Embryogenic microspores grow inside the anther until microspore-
derived embryos (MDEs) are large enough to emerge from it. Anther culture is the
most universal method for microspore embryogenesis and for DH production in
general, since it is easy to perform and has lower technical requirements. However,
the efficiency of the process is generally low, and most of the individuals obtained
are haploid, which makes necessary the application of genome duplication

treatments (Forster et al. 2007).
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Microspore culture consists in isolating microspores from anther tissues and
culturing them in liquid medium. This is a higher technically demanding procedure
that implies more in vitro manipulation of the tissues. Since anther tissues are
removed, the culture media and conditions are more complex but also more
controlled (Kim et al. 2008). The fact that microspores are isolated also provides
the certainty of completely avoiding the possibility of diploid somatic regenerants.
Protocols for DH production via microspore culture are developed for a limited
number of species, but in those where it is optimized, the efficiency is usually much
higher than with anther culture and spontaneous chromosome duplication occurs
more frequently (Forster et al. 2007; Segui-Simarro 2010). A third method for
microspore embryogenesis, called shed microspore culture, is also available but
less used. In this method, a biphasic liquid-semisolid medium is created. Intact
anthers are cultured floating in liquid medium. When anthers dehisce and open,
microspores are spontaneously released, sinking and accumulating in the liquid-
semisolid interface. The advantage of this method is that microspores are not
mechanically released, they are cultured in liquid medium, but count with the
presence of the remaining anther tissues, which is usually helpful (Supena et al.

2006; Wedzony et al. 2009).

3. Main factors involved in microspore embryogenesis

Donor plants

The physiological stage of the donor plants, the growth conditions, the plant
age and the part of the plant from where the anthers are harvested have been
found to be factors influencing the efficiency of androgenic induction.
Unfortunately, there is not a gold rule to be applied to all species or genotypes,
since interactions between genotype and growing conditions play also a role. For
example, Burnett et al. (1992) found that embryo production increased with the

age of Brassica rapa donor plants, but after two months the plants were too old



and feeble to produce enough buds. They also found that microspores from the
primary inflorescences were unable to form any embryo, while anthers from
primary tillers in most cereals are more responsive than those from lateral tillers
(Dwivedi et al. 2015). Since the season has a strong effect over androgenic ability,
growth under controlled conditions of light and temperature can often give better
results both in terms of embryo production and in terms of regeneration. It has
been reported that donor plants of barley grown in growing chambers produced
less albino DH regenerants than donor plants grown in the greenhouse (Datta

2005).

The factors above mentioned are important, but less than the genotype.
Indeed, the genotype of the donor plant determines the efficiency of in vitro (Datta
2005) and in vivo (Prigge et al. 2012) haploid production. This was evident since
the very beginning of the development of microspore embryogenesis methods
(Nitsch 1972). The observed interspecific and intraspecific variation is usually so
pronounced that some lines or varieties of a species can be highly responsive while
others present extremely poor response or are completely nonresponsive (Ferrie
et al. 1995; Miah et al. 1985; Salas et al. 2011). Therefore, the identification of
genotypes with high androgenic ability is an important step for making androgenic
DH production a useful technology. This has been the goal of many studies in
different species (reviewed in Ferrie and Caswell, 2011). For example, Brassica
napus cv. Topas line DH4079 (Ferrie and Keller 1995), Brassica rapa cv. CV-2
(Ferrie et al. 1995), barley cv. Igri (Hoekstra et al. 1992), or wheat cv. Chris, cv.
Pavon 70 and cv. Bob White (Kasha et al. 2003) are some of the highly
embryogenic genotypes widely used both for basic and applied research, as well as
for the development of new cultivars. However, they have only been developed in a
very limited number of species where, in general, microspore embryogenesis
protocols are already well developed. The identification of highly responding
genotypes in other economically important crop species is a desirable event that
would lead to a better understanding of the process and a more universal
application. This is the case, for example, of eggplant, where despite its importance

in global agriculture, a high response DH line has not been developed so far.
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Developmental stage of the microspore

The stage of microspore development at the initiation of the culture is one of
the most important factors influencing the ability of microspores to become
totipotent and change their developmental fate. Microspores can only be switched
to a sporophytic pathway when they are not yet committed to develop into pollen
grains, but when they are sufficiently developed to be able to undergo a change in
developmental fate towards embryogenic growth (Zaki and Dickinson 1991). For
most species, the moment when microspores are susceptible to androgenic
induction is around the first pollen mitosis, which comprises late, vacuolate
microspores and early bicellular pollen. It has been suggested that this time point
may be especially responsive to external stimuli because it is also a critical
changing period during pollen development, the transition between
microsporogenesis to microgametogenesis (Reynolds 1997). In most crops,
microspore development inside the anthers is asynchronous, so the development
of methods to determine markers for the selection of buds with the maximum
proportion of potentially responsive microspores is essential for an efficient
microspore embryogenesis induction (Bhowmik et al. 2011; Parra-Vega et al.
2013; Salas et al. 2012).

Stress treatment

To induce embryogenesis in microspores, a triggering stress is a common
need in all the studied species. The most widely used stresses applied to induce
microspore embryogenesis are cold or heat shock and starvation of carbon,
nitrogen or both (Shariatpanahi et al. 2006). The way how stress treatments lead
to changes in the metabolic and developmental pathways of microspores will be
discussed later. Heat shock usually consists in incubation of anthers or isolated
microspores at sublethal temperatures between 31 and 37 2C for a variable time
ranging from some hours to some days. Cold treatment is carried out at 4-10 2C
from some days to some weeks, and it can be done over isolated microspores or

anthers, but also over buds, inflorescences, or even whole donor plants prior to



isolation (Islam and Tuteja 2012; Shariatpanahi et al. 2006). Besides the triggering
stress, cold shock slows down degradation processes and increases the survival
rate of microspores (Shariatpanahi et al. 2006). Sugar starvation can be achieved
by culturing the microspores in media containing non-metabolizable carbon
sources such as mannitol (Touraev et al. 2001), or by directly culturing
microspores in distilled water as it is the case of eggplant (Miyoshi 1996). One of
the main effects of starvation on microspore cultures is the re-entry of the
vegetative nucleus of young pollen grains into cell cycle (Zarsky et al. 1992), which
is normally arrested in G1 during gametophytic development shortly after the
pollen first mitosis. This event leads to new vegetative cell divisions. A high
number of other stresses have also been reported to induce microspore
embryogenesis in some species. These stresses include reduced atmospheric
pressure, colchicine, high pH, gamma irradiation, hypertonic shock, application of
abscisic acid, auxins, feminizing agents, heavy metals, carrageenan
oligosaccharides, mannitol, alcohols such as ethanol, benzyl alcohol or n-butanol,
and different inducer chemicals (reviewed in Maraschin et al. 2005b;

Shariatpanahi et al. 2006).

Medium and culture conditions

The constituents of the basal medium and combinations of growth regulators
play an important role in DH induction. The reprogramming of microspores from
gametophytic to sporophytic pathway depends upon the type and concentration of
carbohydrates and plant growth regulators. The requirement of culture medium is
species and genotype specific, and there is not a single culture medium suitable for
microspore embryogenesis in all crops. However, there are some commonly used
recipes for micro and macronutrients, such as potato-2, W-14, NLN, AT3 or A2
(reviewed in Murovec and Bohanec 2012), and they are often used for diverse
species. For example, NLN medium initially developed for Brassica napus is also
useful for Apiaceae (Ferrie et al. 2011) and Solanaceae (Kim et al. 2013; Miyoshi

1996). The type and concentration of carbohydrates is also essential. The most
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common used carbon source is sucrose, often at concentrations as high as 10%
(Kim et al. 2008) or 13% (Custers 2003), but the concentration has to be optimized
for each species or genotype (Ismaili and Mohammadi 2016; Kim et al. 2008). The
substitution of sucrose for maltose is sometimes beneficial for embryogenic
induction and plantlet regeneration (Gémes Juhasz et al. 2009; Nageli et al. 1999).
Auxins and cytokinins control cell division and morphogenesis (Zur et al. 2015),
hence an appropriate combination of growth regulators is essential for microspore
embryogenesis induction and regeneration. However, the addition of exogenous
growth regulators is not always needed. In fact, it is not needed in most of the
species with high embryogenic response, such as wheat (Touraev et al. 1996b),
tobacco (Touraev et al. 1996a), maize (Gaillard et al. 1991) or B. napus (Custers
2003), which suggests that these species have an endogenous concentration of
growth regulators suitable for microspore embryogenesis. Conversely, exogenous
application is needed for induction in species or genotypes with higher

recalcitrance, or to help proper MDE development (Zur et al. 2015).

Conversion to plantlets

Once the embryogenic pathway has been induced, microspores can take a
direct or indirect route to develop into a new individual, and both pathways often
occur at the same time. In the direct route, embryos develop directly and proceed
through the normal globular, heart-shaped, torpedo and cotyledonary embryo
stages, in a way similar to that of zygotic embryos. Once MDEs have been formed,
they are usually transferred to a solid germination media to promote their
conversion into plants. In the indirect route, random, asynchronous and irregular
divisions of the microspore result in the formation of a callus, from where it is
possible to obtain haploid or DH individuals through a process of embryogenesis
or organogenesis, which usually involves different steps for induction, elongation
and rooting. Regeneration of embryos or calli into normal plants can be very
difficult in some species, but little effort has been made in the study of

regeneration requirements, since it is believed that the induction phase



determines the quality of androgenic embryos or calli, and that is the main factor
influencing the regeneration capacity. However, great improvements could be
done optimizing regeneration media and protocols because in many studies, the
regeneration rate is low and a high quantity of promising induced structures are
lost (Wedzony et al. 2009). Genotype, developmental stage of the embryo or
physiological stage of the callus are important factors to take into consideration,
but many different culture conditions such as medium composition, temperature,
osmotic pressure, glutathione redox status, and concentration of growth
regulators, microelements or vitamins can be modified in order to enhance normal
development during the regeneration phase, improving the conversion into plants

(Belmonte et al. 2006; Huang et al. 1991; Tian et al. 2004).

Chromosome duplication

Haploid individuals are sterile, and usually present smaller size, less vigor and
higher susceptibility to stress and diseases. Therefore, for most practical uses it is
desired to obtain DHs. Chromosome doubling occurs spontaneously in a variable
percentage of regenerants after microspore embryogenesis, depending on the
genotype (Barnabas et al. 1999; Henry 1998) and the in vitro culture conditions
(Kasha et al. 2001; Shim et al. 2006). Different naturally occurring mechanisms can
lead to chromosome doubling in cell plants: endoreduplication (DNA duplication
without mitosis), nuclear fusion (mixing of two nuclei already separated) and
endomitosis (failed mitosis in the absence of both mitotic spindle and nuclear
envelope disassembly) (Segui-Simarro and Nuez 2008b). Endoreduplication seems
to be the most frequent mechanism in vivo (d'Amato 1984), but in the case of
microspore embryogenesis, numerous studies point to nuclear fusion as the
mechanism responsible for chromosome doubling during MDE development

(reviewed in Segui-Simarro and Nuez 2008b).

The ploidy level of the regenerated plants can be determined using flow
cytometry (Ochatt 2008), chromosome counting (Maluszynska 2003), and

molecular markers, especially SSR (Malik et al. 2011) and enzymatic mismatch
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cleavage (Hofinger et al. 2013). Other less reliable methods such as plant
morphology, size of stomata or chloroplast counting are also available (reviewed in
Dwivedi et al. 2015). When the frequency of spontaneous DHs is not high enough,
chemical treatments such as colchicine, trifluralin, oryzalin or amiprophos methyl
can be applied to induce chromosome doubling. Among them, colchicine is by far
the most frequently agent used. It binds to tubulin units, blocking polymerization
and promoting depolymerization of microtubules, which leads to failure in the
formation of the mitotic spindle (Segui-Simarro and Nuez 2008b). The effect of
colchicine results in a blockage of mitosis after DNA duplication, and therefore in
genome doubling. In addition, the interference with microtubule formation may
also affect other cytoskeletal structures, such as the phragmoplast, and facilitate
nuclear fusion due to defective cell wall formation (Kasha et al. 2006; Parra-Vega

etal. 2015Db).

4. Other methods for DH production

Other androgenic methods

Haploid or DH callus formation can be induced from meiocytes instead of
microspores. From these calli, plants are regenerated through organogenesis or
indirect embryogenesis (Segui-Simarro and Nuez 2007). This method is mostly
studied in tomato, where it was possible to obtain complete DH plants in some
cases (Segui-Simarro and Nuez 2005; Zagorska et al. 2004), and it was reported
possible in some other species such as Arabidopsis (Gresshoff and Doy 1972), Vitis
vinifera (Gresshoff and Doy 1974) or Digitalis purpurea (Corduan and Spix 1975).
However, this method has no practical use due to its low efficiency and the high
rate of mixoploidy in the regenerant material. In some rare in vivo cases, a haploid
embryo can be formed from a fertilized egg cell where the female nucleus has been
inactivated or eliminated. The haploid zygote containing only chromosomes

coming from the male parent develops into a haploid or DH embryo. This natural
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phenomenon was described by Kostoff (1929), and it has been studied in more
detail in maize (Chase 1969), but its extremely low frequency of occurrence makes

it useless for practical haploidy induction.

Gynogenesis

In gynogenesis, the unfertilized egg cell (female gamete) is induced to start a
sporophytic development. For that, flower buds or isolated ovaries or ovules are
cultured in solid media (Fayos et al. 2015). This DH production method presents
the advantage that reprogramming of the developmental pathway is not required,
since the egg cell is already prepared for embryo developing. However, the
embryogenic pathway has to be switched on without fertilization. In general, and
although regenerants obtained through gynogenesis show higher genetic stability
and a lower rate of albino plants (Dwivedi et al. 2015), this method is only selected
as an alternative when androgenic methods are not effective, mostly because
plants produce very fewer egg cells than pollen grains. In addition, gynogenesis
has usually a low efficiency. Currently, gynogenesis is the method of choice for
breeding species of the genera Allium and Beta, but a number of other species are
responsive, such as barley, wheat, maize, mulberry, coconut, saffron and different

Cucurbitaceae (Chen et al. 2011; Dong et al. 2016).

Wide hybridization

Wide hybridization or wide crossing is an in vivo method for haploid and DH
production, which exploits haploidy from the female gamete and consists in
pollination with pollen of a genetically distant species. Fertilization usually takes
place, but chromosomes coming from the male parent are eliminated during the
early stages of embryo development. For this reason, the endosperm fails to
develop properly, which makes it necessary the use of embryo rescue techniques
in order to obtain haploid regenerants. This in vivo method for haploid or DH

induction was first used in barley, using Hordeum bulbosum as pollen donor, hence
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the term “bulbosum method” to refer to this technique (Kasha and Kao 1970). It is
the most frequently used method for production of haploids in maize (Prigge and
Melchinger 2012) and a common technique in potato breeding (Rokka 2009).
Successful attempts were also reported in several other species and crops such as
fruit trees, tobacco, different cereals and Brassica spp. (reviewed in Dwivedi et al.

2015).

Irradiated pollen

Another alternative to produce DHs from unfertilized egg cells is the use of
pollen irradiated to inactivate the generative cell and therefore make it unfertile.
This has been used in some fruit trees, vegetables crops and ornamental plants
(Murovec and Bohanec 2012). Usually, pollen grains germinate on the stigma and
pollen tubes grow inside the style, which stimulates embryo development from the
egg cell without fertilization. This technique has low efficiency and, as wide

crosses, it requires embryo rescue due to the failure in endosperm formation.

Centromere-mediated chromosome elimination

In 2010, a new procedure for haploid production was developed. It is based in
genetic modification of the histone CENH3, found in centromeric nucleosomes
instead of the regular histone H3. CENH3 controls kinetochore assembly and
recruits spindle microtubule attachment factors, which are essential for proper
chromosome segregation during mitosis (Black and Bassett 2008). CENH3 is a
variable histone, and when different alleles are confronted in a hybrid zygote,
chromosomes with weaker alleles may lag behind those with stronger alleles,
eventually leading to the elimination of the genome with weaker alleles. This
mechanism could explain chromosome elimination phenomena in interspecific
crosses. Intentional genetic modification of CENH3 can be used to produce
mutated or truncated forms of CENH3 for selective uniparental genome

elimination leading to haploid embryo formation (Ravi and Chan 2010). The
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defective CENH3, when matched with a wild-type genome in a hybrid zygote,
results in failure of chromosome segregation and the progressive loss of the
chromosomes coming from the defective parent. The centromere-mediated
genome elimination method for haploid production was initially developed in
Arabidopsis (Ravi and Chan 2010), but several projects are currently running to
apply it to other species including barley, cotton, sugarbeet, banana, tobacco or

rice (reviewed in Tek et al. 2015).

5. Applications of DHs and DH technology

DHs in plant breeding

Pure lines or true breeding lines are highly homozygous plants traditionally
obtained with conventional breeding methods that perform several generations of
selfing and selection. The use of DH technology reduces the time and costs
required to produce homozygous plants, as it allows a single-step development of
complete homozygous lines from heterozygous donor plants (Germana 2011a).
The time saved for the development of a new cultivar using microspore
embryogenesis can be up to 50% of the time needed with conventional breeding
methods (Germana 2011b). Once obtained, DH lines may be directly used in
cultivar development or subjected to combinatorial ability tests to find the best
lines to be used as parentals to produce hybrids. The commercial exploitation of
heterosis and homogeneity in F1 hybrids makes the production of DHs an
important tool for plant breeding and seed production (Dunwell 2010), that can
even be used in woody species characterized by long generations and often self-
incompatibility, an additional difficulty for breeding (Chiancone et al. 2015). To
date, more than 300 DH-derived cultivars have been reported globally. From them,
more than 100 cultivars correspond to barley and rice and more than 50 are
rapeseed cultivars (Dwivedi et al. 2015). In Europe, half of the barley cultivars are

produced from pure lines obtained using DH technology (Dunwell 2010). DHs
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allow for a fast fixation of desirable traits in new lines or varieties, and it has been
demonstrated that, when developed from a F1 hybrid, they can keep or even
increase the advantage of heterosis achieved in the hybrid (El-Hennawy et al.
2011; Sanguineti et al. 1990). Moreover, the size reduction usually observed in
haploid individuals may be of horticultural interest in some cases, such as
ornamental plants or dwarfing rootstocks for fruit crops (Germana 2011a). The
major limitations for a more universal exploitation of DH technology and specially
microspore embryogenesis are the cost of producing DH lines in sufficient
quantities for a breeding program, and the recalcitrance of many species and
genotypes, hence the importance of continued research input for a better
understanding of the mechanistic underlying this process which would allow for

its broader application.

DHs as an assisting tool for plant breeding

DH technology is very effective for speeding up plant breeding, as it
represents a powerful tool for uncovering recessive traits, establishing marker-
trait associations, mapping populations, genetic transformation and for selection
and evaluation of lines, among other multiple applications. Most of these
applications of DH technology, and especially of microspore embryogenesis, take
advantage of the haploid nature of microspores, that can later become a totally
homozygous diploid individual, and of the fact that they are a large population of

single cells easy to manipulate.

The use of DH populations simplifies breeding and selection for recessive
traits, since they are revealed in homozygous recessive individuals (Pauls 1996).
DH populations are segregating populations of fully homozygous plants, where
dominance effects are avoided and phenotype and genotype are directly linked,
which makes easier marker-traits associations. The fact that they can be
propagated without further segregation allows for the precise measurement of
quantitative traits by repeated trials and for a reduction in the environmental

component of the total phenotypic variance (Lu et al. 1996). In addition, the
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simplified assembly of a haploid genome is the basis for several sequencing and
map developing programs (Dunwell 2010; Sato et al. 2009). During a backcross
process, DH individuals can be obtained at different generations, together with
marker-assisted selection, to help fix the introgressed character (Belicuas et al.
2007; Toojinda et al. 1998). In somatic interspecific hybrids between crop species
and their wild relatives, where often sterile and tetraploids individuals are
obtained, anther culture can be used to bring back the ploidy level to the diploid
status (Rotino et al. 2005).

Cultured microspores provide a large population of cells resulting from
recombination and therefore showing gametoclonal variation, a genetic variability
that could be exploited for breeding. In addition, they constitute an easy platform
to target haploid cells for mutation treatment, and then capture the mutation in a
homozygous line (Beversdorf and Kott 1987; Castillo et al. 2001). Regarding
genetic engineering, the haploid nature of microspores and the possibility of
culturing them as a population of single cells makes them a perfect target for
genetic transformation at the haploid level, avoiding hemizygous transformants
and allowing the elimination of detrimental random DNA integration in coding
regions (Eudes et al. 2014; Kumlehn 2009). In these three cases, selection of
specific traits can be made among in vitro cultured embryos, considerably reducing

the number of plants to be evaluated in the field.

Microspore embryogenesis as a research platform

Plants are characterized by a high level of developmental plasticity, including
the ability to form embryos from cells other than the zygote, in a phenomenon
known as totipotency (Soriano et al. 2013). It may be induced in vitro using tissue
culture procedures, and the relative ease with which microspores can be induced
to reset to the earlier stages of development makes microspore embryogenesis an
ideal system to study cell totipotency (Li et al. 2014; Pauls et al. 2006). Moreover,
due to the inaccessibility of the egg cell and the zygote in angiosperm seeds, in

vitro embryogenesis is a valuable tool to study important developmental events
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that take place during early stages of embryogenesis. Although in vitro fertilization
of egg cells is possible (Kranz and Lorz 1993; Kumlehn et al. 1999), it is a highly
labor demanding procedure. Somatic embryogenesis may also be a good approach
to study embryogenesis in vitro, but it presents several difficulties, especially for
identifying and tracking single cells committed to embryogenesis inside a tissue
(Zimmerman 1993). The fact that microspore derived embryos develop and grow
in a suspension culture makes this system a perfect model to study several other
plant processes related to embryo development, which are extremely challenging
to perform in zygotic embryos. Microspore cultures have been used as platform for
studies related to cell cycle regulation, cell division and proliferation (Daghma et
al. 2014), cell-to-cell communication, cell identity and tissue patterning (Soriano et
al. 2014) or autophagy (Corral-Martinez et al. 2013). These fundamental studies,
which address very important biological processes, have been carried out using
model species for microspore embryogenesis, such as barley and B. napus, since a
high response and a well stablished protocol are required in order to make this
system useful for basic and applied experimental research. However, a better
understanding of the mechanisms underlying microspore embryogenesis, as well
as cell totipotency and other developmental processes, are also needed in crop

species.

6. The basis of microspore embryogenesis

The microspore is a haploid cell initially programmed to become a pollen
grain. The asymmetric first pollen mitosis gives raise to two distinct, totally
differentiated and highly specialized cells: the vegetative and the generative cell.
The latter will eventually give rise to the two male gametes, the sperm cells. For
androgenesis to occur, the microspore is induced to start a sporophytic growth.
This fate change requires the complete reprogramming of the developmental plan,
from pollen grain formation to a zygotic-like route. The embryogenic process that

leads to MDEs can be divided in three overlapping phases (Maraschin et al. 2005b):
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the induction or acquisition of embryogenic potential, the first cell divisions that
form multicellular structures inside pollen exine, and the tissue patterning of the

embryo once released from the exine.

Role of stress in embryogenic induction

During the first phase, a stress is needed to trigger the repression of the
gametophytic pathway and the dedifferentiation of the microspore. The induction
of the sporophytic pathway is only possible at early developmental stages when
the microspore is still able to dedifferentiate and become totipotent (Touraev et al.
2001). It has been suggested that, in stress conditions, microspores change their

developmental pathway as a part of a survival strategy (Shariatpanahi et al. 2006).

Asymmetric division, such as the first pollen mitosis, is the primary
mechanism to generate cells with different fates (ten Hove and Heidstra 2008). In
zygotic development, the first division is also asymmetrical and it establishes the
apical-basal axis of the embryo (Friml et al. 2003). In conventional microspore
embryogenesis systems, when microspores commit to in vitro embryogenesis, the
occurrence of a symmetric cell division seems to be a general event to start the
sporophytic pathway (Indrianto et al. 2001; Maraschin et al. 2005b; Segui-Simarro
et al. 2003; Zaki and Dickinson 1991). In these cases, embryo polarity is usually not
established until the globular stage (Hause et al. 1994). Stress treatments applied
for microspore embryogenesis induction modify many cell processes, and one of
the most important for microspore embryogenesis is the occurrence of this
symmetrical cell division, instead of the asymmetrical cell division that leads to the
formation of the pollen grain. For example, heat stress causes a reorganization of
the cytoskeleton that allows for the formation of a preprophase band and thus for
symmetrical division (Simmonds and Keller 1999), cold pretreatment alters the
actin filament network involved in the reorganization of the cytoplasm that
contributes to microspore embryogenesis induction (Fabian et al. 2015) and the
microtubule depolymerization caused by colchicine repositions the nuclei of

vacuolate microspores in the center of the cell, which in turn leads to symmetric
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division (Zaki and Dickinson 1991). However, another microspore culture system
has been described in B. napus, which highly mimics zygotic embryo development
(Supena et al. 2008). In this system, a milder and shorter heat stress (Joosen et al.
2007) or a continuous low-temperature stress (Prem et al. 2012) leads to an
asymmetrical first cell division, which allows for the differentiation of an apical
and a basal cell and to the formation of embryos with well developed suspensors.
This milder stress induces cytoskeletal rearrangements in microspores that cause
them to re-enter the cell cycle and to undergo a predictable sequence of cell
divisions (Dubas et al. 2011). It has been demonstrated that, in this route, cell
polarity in embryogenic microspores is induced and controlled by early dehiscence
of the exine wall (Tang et al. 2013), accompanied by intracellular auxin polarity

(Dubas et al. 2014; Soriano et al. 2014).

The wide variety of stress factors able to trigger the developmental switch in
microspores may indicate that androgenesis induction is regulated by converging
signaling pathways, and that different stress signals may activate the same
downstream regulation events (Maraschin et al. 2005b). An analogous situation is
found in the induction of somatic embryogenesis, regulated by different hormones
and stresses, especially auxin (Filonova et al. 2000). Although stress is not directly
related to zygotic embryogenesis, the level of endogenous auxin also increases
after fertilization (Ribnicky et al. 2002). It has been suggested that downstream
regulatory proteins, such as mitogen-activated protein kinase (MAPK) cascades
may link auxin signaling to cell cycle regulation and cell fate determination in
different types of cells committed to embryogenesis, since they are activated by
auxin and stress-related signaling (Hirt 2000; Maraschin et al. 2005b; Segui-
Simarro et al. 2005).

Role of calcium in microspore embryogenesis

Heat stress, cold stress, application of alcohols, and possibly other stresses
used to induce embryogenesis cause alterations in the cell membrane fluidity

(Horvath et al. 1998; Vigh et al. 1985), and a transient increase in cytoplasmic CaZ*
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levels (Liu et al. 2005). Moreover, Saidi et al. (2009) confirmed the existence of a
Ca?*-permeable channel in the plasma membrane which is transiently activated
both by mild heating and by chemical perturbation of membrane fluidity. Calcium
can be stored within plant cells in different organelles and compartments. The
most important Ca%* stores are the vacuole and the cell wall, where it is tightly
bound to pectins, and it plays a key role in plant cell wall physiology (Demarty et
al. 1984). Recently, it was reported that cell wall AGPs act as calcium capacitors to
supply Ca?* to the cytosol on demand (Lamport and Varnai 2013). In the vacuole
(Rudd and Franklin-Tong 2001), Ca%* acts as a counter-cation for different
inorganic and organic anions (White and Broadley 2003). Ca2* stored in these
compartments is mobilized to produce changes in intracellular concentration,
which plays key signaling and regulating roles in multiple physiological and
developmental processes. First of all, the heat-induced Ca?* influx initiates a
signaling cascade that induces many components of the heat shock response
(HSR), but the function of Ca2* as intracellular messenger is involved in most cell
processes. As reviewed in White and Broadley (2003), gradients of Ca2+ are
essential to control cell division and growth, determine the polarity and the
location of pollen pores and the growing pollen tubes (Tirlapur and Willemse
1992) and play an important signaling role for the establishment of embryo
polarity and seed germination (Hause et al. 1994). In the experimental procedure
of microspore embryogenesis, CaZ* has been suggested to be either necessary or
helpful for embryogenesis induction in several plant species (Cho and Kasha 1995;
Pauls et al. 2006; Reynolds 2000), where it seems to activate different signaling
cascades, such as MAPK cascades and other phosphatase/kinase cascades (Pearce
and Humphrey 2001). After embryogenic induction, calcium has also been
reported to play an important role in germination of MDEs and their conversion

into plants (Hause et al. 1994; Tian et al. 2004).

In addition, callose deposition is known to be Ca%*-dependent in general
(Verma and Hong 2001). A rapid increase in cytoplasmic Ca2* levels is a common
response in plant cells to several stresses, after a pathogen attack (Blume et al.

2000) and wounding (Ledn et al. 2001), as well as a way to control stomatal
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closure, all processes related to callose deposition. Recently, we demonstrated that
the presence of callose in the newly formed cell walls of B. napus embryogenic
microspores is abnormally extended over time and gives rise to transient callose-
rich and cellulose-defective cell walls (Parra-Vega et al. 2015b), together with the
formation of a callose-rich layer below the intine, which is considered an early
marker of embryogenic commitment. It has been suggested that Ca2* levels may
play a regulating and controlling role in the altered dynamics of polysaccharide
deposition observed in embryogenic microspores, but the specific way this
regulation is performed and how it is related to the success of microspore

embryogenesis still have to be elucidated.

Structural markers related to embryogenic induction

In order to be able to study and control the process, a number of markers for
the acquisition of embryogenic potential and the initiation of cell division have
been identified, most of them related to the degree of cytoplasmic
dedifferentiation. Specific changes in the cell ultrastructure include organelle-free
regions, decrease in the number and size of starch granules and lipid bodies,
modification in the density of ribosomes, changes in the thickness of cell wall
layers or appearance of new ones, cytoskeletal rearrangements, morphologic
changes in mitochondria and migration of the nucleus to the center of the cell
(Fabian et al. 2015; Maraschin et al. 2005a; Parra-Vega et al. 2015b; Rashid et al.
1982; Telmer et al. 1995). All of these changes lead to a cytoplasmic remodeling
that allows for a symmetric division and the initiation of sporophytic development.
Cytoplasmic remodeling occurs both via ubiquitin-26S proteasomal selective
degradation of molecules (Maraschin et al. 2006) and via autophagy (Corral-
Martinez et al. 2013), the main intracellular mechanism to degrade and recycle
organelles. Both pathways have been showed to be activated under stress

conditions (Bassham et al. 2006; Smalle and Vierstra 2004).
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Tissue patterning and embryo development

After the initial induction and once the developmental pathway has changed,
a series of cell divisions lead to the formation of multicellular haploid structures
derived from the microspores. Two ways of embryo patterning have been
described using B. napus microspore cultures as model. As described in Telmer et
al. (1995), in the conventional microspore embryogenesis system (described in
most species), the first divisions are often disorganized, and the first sign of
pattern formation is the differentiation of the protoderm through periclinal
divisions of the cells that surround the multicellular structure. Later on, embryo
symmetry changes from radial to bilateral when cotyledon primordia show up at
both sides of the apical meristem at the early heart-shaped stage. In the novel
microspore culture system described by (Joosen et al. 2007) and (Supena et al.
2008), the embryogenic microspore undergoes an asymmetrical first cell division
which gives raise to a basal and an apical embryo cell. The basal cell divides
transversely to form a filamentous suspensor-like structure, and the apical cell
develops into the embryo proper, following the same ordered pattern of cell

division and early histodifferentiation as in zygotic embryos.

Embryo patterning mechanisms are complex, and multiple triggering and
control mechanisms have been identified. In Brassica napus, when a MDE with
suspensor is formed, the patterning of the embryo requires polar auxin transport,
while when in absence of suspensor, the patterning is auxin-independent at first,
but triggered by exine rupture accompanied by auxin gradient polarization (Dubas
et al. 2014; Soriano et al. 2014; Tang et al. 2013). Arabinogalactan proteins have
also been demonstrated to be involved in early pattern formation and polarity
establishment in MDEs (Tang et al. 2006). At a later stage, a proper balance of
auxins is needed to allow the switch from radial to bilateral symmetry (Ramesar-
Fortner and Yeung 2006). The progression in the process of histodifferentiation
gives raise to embryos containing all the tissues and organs found in zygotic
embryos produced in vivo (Yeung et al. 1996). However, the majority of the

sporophytic structures initially formed arrest and die after a few divisions. In
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addition, not all the structures that start dividing randomly are able to eventually
adopt an embryo tissue pattern, and the differentiation process can fail at different
time points. It may even not start (Fan et al. 1988), or it may start and then rapidly
switch to a callus-like undifferentiated growth (Corral-Martinez and Segui-Simarro

2012).

7. Limitations of microspore embryogenesis

Although microspore embryogenesis is undoubtedly a powerful technology
holding high interest in different research and development areas, there are still
some limitations that difficult its universal application. Some specific technical
limitations of the method are segregation distortion, the formation of unwanted
somatic diploid regenerants from anther tissues and the high frequency of
albinism in cereals. When DH individuals are obtained through duplication of a
haploid gamete genome, the possibility of obtaining heterozygous descendants is
eliminated, and the classical mendelian segregation is changed to a 1:1 ratio. The
expression of deleterious recessive alleles may also distort segregation of specific
genes. However, the most important factor affecting segregation distortion in DH
populations are the genomic regions controlling the androgenic response itself,
where the favorable alleles are usually overrepresented (Cloutier et al. 1995;
Yamagishi et al. 1996). In anther culture, somatic and therefore diploid cells of the
anther wall may proliferate and form unwanted somatic diploid callus or, to a
lower extent, embryos. These somatic regenerants may be identified using
molecular markers, but it implies an extra economic and labor effort. However, this
is a minor limitation, and it can easily be overcome by using isolated microspore
culture methods, when available. Finally, in the specific case of cereals, a variable
rate of albino regenerants is obtained. In these plants, proplastids are unable to
develop into functional chloroplasts, and the lack of chlorophyll makes them
unable to perform photosynthesis, therefore their development is arrested at early

stages. The biological reason for the high frequency of albinism in cereal MDEs is
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being studied but has not been elucidated yet (Kumari et al. 2009; Makowska and
Oleszczuk 2014).

Besides these technical inconveniences of the method, other main obstacles
have to be faced in order to achieve a wider exploitation of this powerful
technique. One of the main problems, already mentioned above, is the high
genotype dependence and the recalcitrance of many important crops, such as
solanaceous species, and research model species, such as Arabidopsis thaliana.
Hundreds of protocols for different species are already available, but the real
efficiency of most of them is still very low, and one of the most disregarded parts of
the process is the regeneration phase. One of the motivations of the applied part of
this Thesis is to improve the protocol for DH production in eggplant, a worldwide
important crop still considered recalcitrant to microspore culture because of the

formation of calli and the very low rate of conversion into plants.

Another important issue to be addressed is that, in general, basic research
about microspore embryogenesis is mainly limited to species and genotypes with
high embryogenic response, and fundamental research studies in important crop
species are scarce. Since a good embryogenic response facilitates the use of DH
technology as a research platform, the identification of genotypes with high
androgenic ability is of key importance, not only in model species but also in crop
species. To date they have only been identified in highly responding species such
as barley, wheat or Brassica sp. One of the motivations of this Thesis is to provide
further understanding of the basis underlying recalcitrance, by studying some
fundamental aspects related to microspore embryogenesis, such as calcium and
callose dynamics, and comparing the highly embryogenic Brassica napus to the still
recalcitrant eggplant. In addition, we identified the first highly embryogenic
eggplant DH line, that hopefully will help to achieve a better knowledge of the
processes involved in microspore embryogenesis and cell totipotency, and to the
development of efficient protocols, which is needed not only in model species but

also in crop species.
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Objectives

The main objective of this Thesis is the study of microspore embryogenesis,
with two parallel approaches: (I) an applied study directed to the development of
the first eggplant (Solanum melongena) highly embryogenic line and the
improvement of the efficiency of eggplant microspore cultures; and (II) a
fundamental research study focused on the relationship between microspore
embryogenesis ability, intracellular Ca?* levels and the dynamics of callose and
cellulose deposition for cell wall formation in microspore-derived structures.
These two approaches were organized in two main blocks, which in turn were

divided into different chapters.

In the First block, we optimized the protocol for eggplant DH production via
microspore culture, and provided new opportunities for the broader use of this

species in the study of microspore embryogenesis.

e In Chapter 1, we developed and evaluated an eggplant DH
population from a commercial hybrid, and identified the first
eggplant highly androgenic DH line (DH36), which may be used to
facilitate the study of eggplant androgenesis and embryogenesis for

both basic and applied research.

e In Chapter 2, we made a further characterization of the in vitro
performance of DH36 in microspore culture when exposed to
different culture conditions, comparing it to some eggplant
commercial hybrids. In this work we also provided more precise

knowledge about the microspore embryogenesis induction in

eggplant.

e In Chapter 3, we addressed the optimization of the process of
regeneration of eggplant DH plants from microspore-derived calli,
one of the main bottlenecks in eggplant DH production. We
developed a regeneration protocol that substantially improves the

efficiency of DH production published to date in eggplant.
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In the Second block, the dynamics of Ca?+, callose and cellulose deposition,

their role in microspore embryogenesis and their relationship with embryogenic

response were studied.

28

In Chapter 4, we tracked calcium dynamics during in vivo
microsporogenesis and microgametogenesis, as well as during the
first stages of in vitro-induced microspore embryogenesis,
establishing a link between microspore embryogenesis and changes

in Ca2* level and subcellular distribution.

In Chapter 5, we studied the deposition of callose and cellulose
during the first stages of microspore embryogenesis, and how it is
modulated by different Ca2* levels revealing a link between altered
deposition of these polysaccharides and the androgenic response by

comparing different genotypes.
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First Block

Common eggplant (Solanum melongena) is one of the most important
vegetable crops worldwide. Within vegetable crops, it was ranked in the sixth
position in 2014, with more than 50 million of tons produced in 2014, in the ninth
position in terms of area harvested, with almost 2 million of hectares (FAOSTAT
2017). China being the main producer country, the first eggplant haploids were
obtained through anther culture by a Chinese group of haploid breeding (1978)
and soon after by Isouard et al. (1979). However, the work of Dumas de Vaulx and
Chambonnet (1982) established the first reproducible anther culture protocol for
the production of DH plants in eggplant. In this protocol, haploid or DH embryos
are directly obtained from cultured anthers and can be germinated and
transformed into plants. Adaptations of this method are commonly used to
successfully obtain DHs useful for breeding programs (Segui-Simarro 2016). DH
eggplant pure lines obtained through anther culture have already been developed
and used to produce hybrids with high yield (Sanguineti et al. 1990) or resistant to
diseases (Rizza et al. 2002). The variability observed among androgenic DH
obtained in anther culture, both in quantitative and qualitative traits, makes them
useful for selection of lines with interesting characters for breeding (Rotino 1996).
They are also used as a tool to assist research, for example to assess gene
exchanges (Toppino et al. 2008) and to reduce the ploidy of tetraploid somatic
hybrids between common eggplant and wild relatives (Rizza et al. 2002; Rotino et
al. 2005). Anther culture, however, has several limitations, including the possible
occurrence of somatic regenerants derived from anther walls, the uncontrolled
contribution of tapetal cells to culture conditions, and the general low efficiency of
the technique (Segui-Simarro 2015; Segui-Simarro 2016; Segui-Simarro et al.
2011b). To avoid these problems, it is possible to perform isolated microspore

culture, which is usually much more efficient.

Although the first report on eggplant microspore culture was published by Gu
(in Chinese) in 1979, it was Miyoshi in 1996 who developed the first well
documented protocol for eggplant microspore culture. In this study, the basis of
the induction conditions, culture medium composition, calli production and

regeneration of DH were established, but microspore development produced calli,
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and regeneration of plants was achieved with a low frequency via indirect
organogenesis. In 2009, Bal et al. developed an alternative method of androgenesis
induction from eggplant microspores which gave rise to microspore divisions, but
they failed to get calli or embryos. Recently, the application of several external
factors proved to be useful to improve the induction efficiency (Corral-Martinez
and Segui-Simarro 2012; 2014). However, eggplant is still considered recalcitrant
to microspore culture because the procedure presents two main bottlenecks: the
production of calli instead of embryos and the low rate of plant regeneration from
these androgenic calli. Although microspore-derived embryos are initially formed,
they are unable to switch from radial to bilateral symmetry, and therefore they
dedifferentiate to calli before transitioning to heart-shaped embryo (Corral-
Martinez and Segui-Simarro 2012). This fact implies the need to regenerate DH
plants through organogenesis, but the studies performed to date achieved a very
low rate (Miyoshi 1996) or only focused in the induction of organogenesis, without
considering further steps of elongation and rooting (Corral-Martinez and Segui-
Simarro 2012). Overcoming these two main obstacles of eggplant microspore
cultures would allow for a wider use of eggplant microspore embryogenesis both

in applied plant breeding and in basic research.
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Eggplant DH population and highly androgenic DH line

Abstract

We developed an eggplant doubled haploid (DH) population from a
commercial hybrid through androgenesis in microspore culture. Morphological
variation, reproductive ability and androgenic responsiveness were evaluated. The
DH population showed segregation in vegetative traits related to leaf, flower and
fruit, and in reproductive traits such as fruit and seed setting or germination rate.
The DH population and subsequent generations also presented variation in the
androgenic response, with null, low and high response lines. From this population,
we were able to identify the first eggplant highly androgenic DH line (DH36),
remarkably similar to the donor hybrid in terms of morphology and reproductive
ability, but stably producing four times more calli than the hybrid. The segregating
DH population is potentially useful for genetic studies and mapping of several
traits, whereas the highly androgenic line DH36 may be used as a model line to
facilitate the study of eggplant androgenesis and embryogenesis for both basic and

applied research.
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Introduction

DH technology is of core importance in breeding programs, since it allows for
the production of true breeding (pure) lines, homozygous for all traits, in a way
faster and cheaper than classical breeding procedures. This reduces considerably
the number of generations needed to produce a pure line, thus decreasing the costs
of breeding programs (Germana 2011b). In addition, the fully homozygous
condition of DHs makes them a useful tool to facilitate the establishment of
chromosome maps, mapping of genetic markers, marker-trait association and

identification of recessive mutations (Forster et al. 2007).

One of the androgenic alternatives to obtain DH individuals is microspore
embryogenesis, an experimental pathway by which microspores are redirected
from their original gametophytic fate towards a new embryogenic program, giving
rise to haploid individuals that are converted to DHs either spontaneously or with
genome duplication techniques (Segui-Simarro and Nuez 2008). Microspore
embryogenesis is induced in vitro by applying specific stresses to microspores
either still enclosed inside the anther (anther culture), or isolated and inoculated
in liquid culture (isolated microspore culture). Anther culture is the most widely
applied method for DH production due to its simplicity (Germana 2011a).
However, isolated microspore culture, although more technically demanding,
presents additional advantages including a higher efficiency and the possibility to
avoid the occurrence of regenerated somatic plants from anther tissue. Therefore,
it constitutes a better way to investigate the biological processes involved in
microspore embryogenesis. Microspore cultures hold high interest for research
purposes, as they provide a large population of haploid cells in suspension. Any
modification made at the haploid level will be carried by the DH plant regenerated,
being especially useful for mutagenesis and genetic transformation (Eudes et al.
2014). In addition, isolated microspore cultures provide a unique opportunity to
study diverse topics related to embryo development, such as cell identity and

tissue patterning (Soriano et al. 2014), change of cell fate, cell proliferation
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(Daghma et al. 2014), autophagy (Corral-Martinez et al. 2013), totipotency (Li et al.
2014), cell-to-cell communication and diverse genetic and genomic studies (Ferrie

and Mollers 2011).

The efficiency of microspore embryogenesis varies greatly among species,
even among genotypes within the same species (Ferrie et al. 1995). The
determinant importance of the genotype in the efficiency of in vitro production of
haploids is known since the first attempts of inducing it (Nitsch 1972). A poor
embryogenic response limits the utility of DH technology in breeding programs
and in both basic and applied experimental research, so the identification of highly
embryogenic genotypes is a fundamental step for progressing in the practical
application of this technology. Therefore, countless studies have screened for high
androgenic response (reviewed in Ferrie and Caswell 2011). Highly embryogenic
genotypes have been identified or developed in some species, and they are widely
used for doubled haploidy research. For example, but not only, Brassica napus cv.
Topas line DH4079 (Ferrie and Keller 1995), barley cv. Igri (Hoekstra et al. 1992),
or wheat cv. Chris, cv. Pavon 70 and cv. Bob White (Kasha et al. 2003).

Common eggplant (Solanum melongena) is one of the most important
vegetable crops worldwide and important breeding efforts have been made to
improve its traits and performance. In terms of production, it was ranked in the
sixth position in 2013, with almost 50 million of tons produced (FAOSTAT 2016).
Eggplant DH embryos and plants can successfully be obtained through anther
culture, and adaptations of the method developed by Dumas de Vaulx and
Chambonnet (1982) are commonly used to obtain DHs useful for breeding
programs (Segui-Simarro 2016). They are also used as a tool to assist research, for
example to assess gene exchanges (Toppino et al. 2008) and to reduce the ploidy of
tetraploid somatic hybrids between common eggplant and wild relatives (Rizza et
al. 2002; Rotino et al. 2005). However, eggplant is still considered recalcitrant to
microspore culture because, although microspore-derived embryos are initially
formed, they do not complete embryogenesis and transform into calli (Corral-

Martinez and Segui-Simarro 2012), making it mandatory additional steps to
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regenerate DH plants from these calli through organogenesis (Rivas-Sendra et al.
2015). This is why the very scarce studies published about eggplant microspore
culture are focused on the improvement of not only induction, but also
regeneration rates (Corral-Martinez and Segui-Simarro 2012; 2014; Miyoshi 1996;
Rivas-Sendra et al. 2015), and no basic research has been done yet using eggplant

microspore cultures as platform.

In the present work we developed an eggplant DH segregating population,
characterized its phenotypic variation, and selected lines with high embryogenic
response and heritable and stable performance, which hopefully will pave the way
for a more intensive utilization of eggplant microspore cultures both in basic and

applied research.

Materials and methods

Plant material

In this study, we used eggplant donor plants of cv. Bandera, a commercial F1
hybrid (Seminis Vegetable Seeds Ibérica, S.A., Spain) that showed good androgenic
response in previous studies (Corral-Martinez and Segui-Simarro 2012; Salas et al.
2011). Bandera was used as a control reference at each stage of the experiments.
We also used a population of in vitro obtained DHs derived from Bandera, and a
second generation of Bandera-derived DH plants (DHS1) obtained after selfing of
the first DH population. Plants were grown in 30 cm pots under natural light at the
greenhouses of Universitat Politécnica de Valéncia (Spain). Experiments were
performed during five consecutive years. Twenty plants of Bandera were grown
from March to July of the first year. One plant of each genotype of the DH
population was grown from September of the second year to August of the third
year. Their androgenic capacity was evaluated through anther culture from
January to August of the third year. Twenty plants of each selected selfed DH

genotype (S1 lines) were grown from March to August of the fourth year and from
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February to May of the fifth year. Their androgenic capacity was evaluated through
microspore culture during July and August of the fourth year and during April and

May of the fifth year.

Generation of the DH population

Isolated microspore culture was performed according to Corral-Martinez and
Segui-Simarro (2014). Anthers containing mostly vacuolate microspores (Salas et
al. 2012) were dissected from the bud, surface sterilized with 70% ethanol for 30 s
and with 4 g/l sodium hypochlorite for 5 min, and rinsed three times in sterile
distilled water. Anthers were crushed in a small beaker with sterile distilled water
using a syringe piston, and the microspores contained in the locules were isolated
by filtration through a 41 pm nylon mesh (Millipore), followed by three
centrifugation steps at 100 g for 4 min each. Microspores were suspended in
sterile distilled water at a final cell density of 500,000 microspores/ml, plated and
incubated at 352C in darkness for 3 days to induce embryogenesis. After induction
treatment, microspores were collected by centrifugation, resuspended at the same
density in NLN medium (Nitsch and Nitsch 1967) supplemented with 20 g/l
sucrose, 0.5 mg/1 1-naphthaleneacetic acid and 0.5 mg/] 6-benzilaminopurine, and

incubated at 25°C in darkness.

After 30 days of culture, new individuals were regenerated according to
Rivas-Sendra et al. (2015). Calli larger than 1 mm were placed in MS medium
supplemented with 20 g/I sucrose, 8 g/l plant-agar, 0.2 mg/1 indole-3-acetic acid
and 4 mg/1 zeatin (Miyoshi 1996). Shoots showing a visible meristem surrounded
by leaf primordia were transferred to MS medium with 8 g/l plant-agar. Shoots
that did not develop roots before the stem elongated were cut and subcultured in
fresh basal MS medium with 8 g/1 plant-agar to induce rooting. Rooted shoots were
finally transferred to pots with substrate and acclimated in a growing chamber.
The ploidy of all the new individuals was checked by flow cytometry. DH
individuals were transferred to the greenhouse and constituted the DH population

used in this study.
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Flow cytometry

Small pieces of young leaves taken from in vitro-produced plantlets at the
moment of acclimatization (when at least 4 true leaves were formed) were
chopped with a razor blade in 0.5 ml of nuclei extraction buffer from CyStain UV
Precise P kit (Partec). Extracted nuclei was filtered through 30 um CellTricks filters
(Partec), 1.5 ml of DAPI-based staining buffer from CyStain UV Precise P kit
(Partec) was added and samples were incubated for 2 min. Samples were

immediately analyzed using a Partec CyFlow Ploidy Analyzer flow cytometer.

Anther culture of DH plants

Anther culture was performed according to Salas et al. (2011). Flower buds
were surface sterilized with 70% ethanol for 30 s and with 4 g/l sodium
hypochlorite for 5 min, and rinsed three times in sterile distilled water. Microspore
stage from one anther of each bud was assessed under a light microscope and only
anthers containing young and mid microspores were used for anther culture. As
demonstrated by Salas et al. (2012), the unusual thickness of eggplant anthers
makes that the best way to ensure that microspores are at the right stages
(vacuolate microspores and young bicellular pollen) when medium components
reach the anther locule, is to select anthers at previous stages (with young and mid
microspores). According to Dumas de Vaulx et al. (1981), anthers were plated in C
medium supplemented with 120 g/1 sucrose, 8 g/1 Bacto-agar, 5 mg/l kinetin and 5
mg/1 2,4-D, and incubated at 352C in darkness for 8 days, followed by 4 more days
at 25°C in 12/12 photoperiod. Then, they were transferred to R medium
supplemented with 30 g/l sucrose, 8% Bacto-agar and 0.1 mg/l kinetin, and
incubated in the same conditions. When embryos emerging from anthers were

visible, the total number of embryos was recorded for each donor genotype.
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Morphological characterization of the DH population

Morphological traits were recorded from individual plants of the original DH
population and the parental hybrid Bandera using 10 primary descriptors
developed by EGGNET (van der Weerden and Barendse 2007). These descriptors
included leaf, flower and fruit characteristics. Leaf prickles, leaf surface shape,
corolla color, fruit predominant color, fruit additional color, fruit additional color
distribution, fruit cross section, fruit color intensity under calix and fruit calix
prickles were measured in a scale with predetermined values corresponding to the
EGGNET descriptors. Since this was a characterization of individual DH plants, no
replicates could be made. The number of flowers per inflorescence was counted in
five inflorescences per plant and expressed as a quantitative trait. Besides these
primary descriptors, fruit production, seed production, and germination rate of the
DHS1 were also recorded (Table 1). To assess the germination rate, 20 seeds of
each line obtained after selfing were sterilized in 4 g/l sodium hypochlorite
solution for 5 min, rinsed three times for 5 min each in sterile distilled water and
plated in MS medium supplemented with 1.5% sucrose and 0.7% plant agar.
Dishes with seeds were incubated at 252C with a 12/12 photoperiod and

germination rate was recorded after 2 weeks.

Table 1. Morphological and reproductive traits evaluated and their description

Trait Code Units/description
Leaf prickles L-Prickles 0=none
1= very few (1-2)
3 = few (3-5)

5 = intermediate (6-10)

7 =many (11-20)

9 = very many (>20)
Leaf surface shape L-Surface 1 = flat

5 = intermediate
9 = very convex or bullate

Number of flowers per FI-Number Quantitative trait
inflorescence
Corolla color FI-Color 1 = greenish white
3 = white
5 = pale violet
7 = light violet
9 = bluish violet
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Fruit production Fr-Prod Yes/No

Fruit predominant color Fr-MainC 1 = milk white
2 = yellowish
3 =green
4 = unknown
5 =reddish
6 = lilac grey
7 =purple
8 = purple black
9 = black

Fruit additional color Fr-AddC 1 = milk white
2 = yellowish
3 =green
4 = unknown
5 =reddish
6 = lilac grey
7 =purple
8 = purple black
9 = black

Fruit additional color distribution Fr-CDistr 1 = uniform
3= mottled
5 = netted
7 = striped
9 = other

Fruit cross section Fr-Section 1=circular, no grooves
3 = elliptic
5 = few grooves (~4)
7 = many grooves (~8)
9 = very irregular

Fruit color intensity under calix Fr-UnderC 0 =none

1 = very weak

3 = weak

5 = medium

7 = strong

9 = very strong
Fruit calix prickles Fr-Prickles 0 =none

1= very few (<3)

3 = few (~5)

5 = intermediate (~10)

7 =many (~20)

9 = very many (>30)
Seed production S-Prod Yes/No
Germination rate S-Germ %
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Data collection and statistical analysis

In order to evaluate the androgenic ability of the DH genotypes in anther
culture, between 15 and 90 anthers of each genotype were cultured, except for the
Bandera hybrid, where more plants were available and 135 anthers could be used.
The number of embryos produced after 3 months was recorded and the efficiency
was expressed as number of embryos produced/100 anthers. In order to evaluate
the androgenic ability of the DH genotypes in isolated microspore culture, between
15 and 60 buds of each genotype were used. The number of calli produced was
recorded after 30 days of culture and the efficiency was expressed as number of
calli/ml of culture. Anther and microspore culture assays were repeated thrice. An
ANOVA test (p<0.05) was performed to assess global significant differences, and
then a Fisher's least significant difference (LSD) test for multiple comparisons was
performed in order to group the different genotypes in groups of homogeneity,

considering significant differences when p-value was <0.05.

Results and discussion

A population of 80 DH individuals was developed from Bandera microspore
cultures. Plantlets were regenerated through indirect organogenesis, acclimatized
and hardened in growth chambers, and then grown to flowering in the greenhouse.
Their ploidy was checked by flow cytometry, confirming their doubled haploidy.
To ensure that each individual of the DH population had a different genotype, only
one DH plantlet from each callus was selected and regenerated for this study. Their
characterization in terms of morphological traits, reproductive fitness and

androgenic competence is described and discussed next.
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The eggplant DH population presented moderate morphological

variability

Our population of regenerated DH plants showed variability in morphology
and performance, as revealed by the different values of the descriptors used. Table
2 shows the values of Bandera, of a chosen DH line (DH36), and the average and

ranges of the values of the entire DH population.

Table 2. Results of the evaluation of morphological and reproductive traits of the
donor Bandera hybrid, the DH population and a DH line (DH36).

Bandera DH population DH36
Value Mean [range] Value
L-Prickles 0 0.1 [0-7] 0
L-Surface 1 1.5 [1-3] 1
FI-Number 35 39 [2-7] 4-5
FI-Color 7 6.9 [4-8] 7
Fr-Prod Yes 85% Yes — 15% No Yes
Fr-MainC 7 48 [1-9] 1
Fr-AddC 1 35 [1-7] 7
Fr-CDistr 7 6.9 [1-7] 7
Fr-Section 1 1.0 [1-1] 1
Fr-UnderC 9 9.0 1[99 9
Fr-Prickles 7 52 [1-9] 9
S-Prod Yes 83% Yes - 17% No Yes
S-Germ 100% 84.9 [0-100] 95%

Data for Bandera and DH36 genotypes are values of each parameter. Data for the
DH population are expressed as the value average and range (bracketed) of each
parameter.

Two of the descriptors measured for the fruit, Fr-Section and Fr-UnderC,
showed no variability among the DH individuals or compared with the parental
hybrid. Fruits always presented a circular section and no grooves (value 1), and
the intensity of color under the calix was always the same as in the rest of the fruit
(value 9). For the descriptors that presented variability (Figure 1), the most
frequent group always corresponded to the value of cv. Bandera, except in the case
of Fr-Prickles. This character was highly variable, ranging from less than 3 (value
1) to more than 30 (value 9), but as a group, the DH individuals presented notably

fewer prickles in the fruit calix than the parental hybrid.
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Figure 1. Graphical representation of the variability shown by the DH population. Each chart
corresponds to each of the morphological descriptors used. The light grey columns correspond to
the values of DH lines, whereas the dark grey columns correspond to the values of cv. Bandera
which, with the exception of Fr-Prickles, were always the most frequent values in the DH
population.

Leaf related characters presented variability in a short range of values. Most
of the genotypes did not have prickles on the leaf, and the bullate of the leaf surface
was slightly variable. Flower color (Figures 2A-C) presented variability from
almost white (value 4) to strong pinkish-violet (value 8). The number of flowers
per inflorescence was highly variable among DH genotypes, ranging from 2 to 7. At

commercial ripeness, skin color of Bandera fruit (Figure 2D), which belongs to the
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varietal type ‘Listada’ (Nuez and Llacer 2001), was characterized as purple with
white stripes (Table 2). In our derived DH population, primary and secondary fruit
colors presented an interesting variability, being either white or with different
purple shades from lilac grey (value 6) to black (value 9). Color distribution was
mostly stripped, but 4% of the genotypes presented uniformly colored fruits. For
an easier comparison, fruit color patterns were grouped in 3 categories: white with
dark stripes (Figures 2E, F), dark with white stripes (Figures 2G, H) and uniformly
dark (Figures 21, ]).
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<« Figure 2. Morphological variability of the DH population. A-C: Flowers with different petal color
including white (A), pinkish (B) and purple (C). These flowers present unusual piece numbers (6-
7) and different levels of cohesion in some of their petals. D: Bandera fruits showing, as
expected, a remarkable phenotypical homogeneity. E, F: DH fruits with white background and
different levels of dark stripes. G, H: DH fruits with different levels of dark background and white
stripes. |, J: DH fruits with different levels of uniformly dark background.

All the variability above described was restricted within the ranges of
predetermined values of the primary morphological descriptors used. However,
we also found some characters not included in these descriptors or values. While
the standard number of petals in eggplant flowers is usually five (Frary et al.
2007), DHs frequently presented a higher number of whorl pieces, with anther and
petal numbers ranging from six to eight and with different degrees of cohesion, as
shown in Figures 2A-C. This feature is commonly found in eggplant varieties with
globose and round fruit types (Frary et al. 2007). Abnormalities were also
observed on the leaf surface. While the parental hybrid Bandera had no prickles on
the leaf surface (Figure 3A), 2.6% of the individuals showed prickles on the midrib
and secondary leaf veins (Figure 3B). However, the most striking abnormality was
the presence, in several DH individuals, of small leaf blades growing on the midrib,
perpendicular to the main leaf blade (Figures 3C, D). These ectopic leaf-like
structures were only observed in young plants cultured in growing chambers,
being absent in adult plants, once transferred to the greenhouse. The transient
nature of this trait suggests that it might be related to the different environmental
conditions of growth chambers and greenhouses, being light intensity and
duration the most likely influencing parameters. Indeed, eggplant is known to be
highly dependent on light conditions (Uzun 2007). Abnormal morphologic traits
were also found in other studies dealing with DH populations. For example, Malik
et al. (2008) found that some highly responding B. napus DH lines presented
epinastic leaves, non-abscised petals and pale flower color. Nevertheless, these
unusual traits appear irrelevant as long as they do not compromise biological

performance or agronomical usefulness.
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Figure 3. Examples of leaf surfaces of the Bandera hybrid (A) with no prickles, and of some DH
individuals with prickles (white arrows) on the midrib and secondary leaf veins (B), and with large
(C) and small (D) leaf blades (black arrows) on the midrib. Bars: 1 cm.

This variability generated in gametic cells cultured in vitro is referred to as
gametoclonal variation (Veilleux 1998) and may be caused by meiotic
recombination, by spontaneous mutations or by the process of in vitro culture
itself (Kaeppler et al. 2000; Malik et al. 2008). One advantage of doubled haploidy
is the possibility to unmask, fixing them in homozygosity, many of these events
that might otherwise remain silent due to dominance effects in heterozygous
individuals. Indeed, previous studies in eggplant demonstrated the convenience of
DH lines as a powerful tool to reveal variability in diverse important agronomical
traits, including fruit number and yield (Rotino et al. 1991), even in cases when
donor plants had a high level of homozygosity (Sanguineti et al. 1990). It is known
that the impact of gametoclonal variation differs among species from null to high

(Snape et al. 1988). Our study, together with others (Rotino et al. 1991), showed
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that in the particular case of eggplant, gametoclonal variation exists and may be

used for breeding purposes, but it is not dramatic.

The eggplant DH population presented a slightly reduced reproductive
ability

All individuals of the DH population were selfed to produce a second DH
generation (DHS1) through which we evaluated the reproductive ability of the DH
population. As seen in Table 2, 85% of the DHs were able to set fruits. From them,
83% produced seeds. The germination rate was higher than 70% in 87% of the
lines, and only 7% produced seeds unable to germinate in our conditions (two
weeks at 252C and 12/12 photoperiod). In summary, 63% of the individuals of the
total DH population could be reproduced by seed. These results indicate that the
reproductive traits of our DH population are slightly affected. This is not
surprising, since DH lines fully express deleterious recessive genes that may be
masked by dominance in the heterozygous parental. The strong selection pressure
during the in vitro regeneration eliminates genotypes with major lethal genes, but
this selection is only effective on genes related to vegetative growth, while no
selection pressure is exerted on reproductive traits (Bohanec 2002). Other
possible causes of the reduced reproductive ability include increased seed
dormancy, low pollen fertility due to high frequency of meiotic irregularities such
as formation of univalents, trivalents, or unequal chromosome segregation, known
to occur as a consequence of in vitro culture (Dogramaci-Altuntepe et al. 2001;
Immonen and Robinson 2000), or due to the particularities of the species used
(Oleszczuk et al. 2011). Alternatively, inbreeding depression may also be a source
of reduction in reproductive ability, which makes reasonable to expect the
moderate signs of reduced reproductive ability we found. However, eggplant is
generally considered a self-pollinating species (Frary et al. 2007), so it is expected
to be able to bear high or complete homozygosis without important detrimental

effects.

49



Chapter 1

The DH population showed a wide range of androgenic competence

The androgenic competence of the 66 surviving DHs (the rest up to 80 aged or
died before this assay started) and the donor hybrid Bandera was compared by
culturing anthers of each single plant. Although microspore culture is the method
of choice due to its higher efficiency, this method requires a minimum number of
buds at the right stage for microspore isolation. This is possible when working
with homogeneous populations (e.g. hybrids or DH lines), but when analyzing
individual plants, the amount of available buds at a given time is insufficient. This
is why we opted for anther culture. Bandera yielded 146.5 embryos/100 anthers, a
value that was set as the reference. The response of DHs was variable among lines,
ranging from 0 to 237.5 embryos/100 anthers (Table 3). 29 DHs did not produce
any embryo (omitted in Table 3). A Fisher's least significant difference (LSD) test
for multiple comparisons grouped the embryogenic yield of these DH lines in 5
categories of homogeneity. The individuals with highest yield, belonging to the
higher group (e in Table 3), included DH36, DH40, DH15, DH39, DH72, DH41 and
DH34, together with the parental hybrid Bandera. Five of them produced more
embryos than Bandera (up to 1.6x). However, these increased yields were not
significantly different from Bandera. The DH individual with the highest yield,
DH36, only appeared in the highest category, being absent from the others.

DH plants were selfed and DHS1 seed was collected separately from each line.
To further assess their androgenic competence, our goal was to evaluate to what
extent androgenic competence was inherited in the next seed generation. We
aimed to use DHS1 plants from the seven genotypes with the highest yield as
donor plants for isolated microspore cultures, and then compare their efficiency
with the parental hybrid. However, DH39 did not produce any fruit and DH34 and
DH72 produced very few seeds with a low germination rate (less than 60%), so

they were discarded.
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Table 3. Androgenic competence in anther culture of DH individuals and the donor hybrid
(Bandera). Fisher's least significant difference (LSD) test found statistically significant
differences among the androgenic competence of the DHs, as well as compared to Bandera.

Anthers Responding Embryos/100 anthers LSD
Genotype plated anthers (mean * SD) Gl G2 G3 G4 G5
DH47 86 1 1,19 +1.68 a
DH68 48 1 263 +3.72 a b
DH50 29 1 3.33 +4.71 a b
DH52 46 2 476 16.73 a b
DH76 32 1 7.14 +10.10 a b
DH13 71 4 769 +10.88 a b
DH46 87 4 8.54 +12.07 a b
DH33 28 1 8.82 11248 a b
DH22 37 1 9.09 +12.86 a b
DH14 28 1 10.00 +14.14 a b
DH20 23 1 10.00 +14.14 a b
DH75 38 1 10.00 +14.14 a b
DH64 19 1 10.71 +15.15 a b
DH21 23 1 11.76 +16.64 a b
DH66 24 2 1222 +1.57 a b
DH60 36 2 14.29 +20.20 a b
DH63 32 1 14.29 +20.20 a b
DH19 37 2 14.58 +20.62 a b
DH53 27 2 14.71 +20.80 a b
DH70 40 3 14.79 6.03 a b
DH37 62 2 2045 +28.93 a b ¢
DH43 33 2 2222 13143 a b ¢
DH42 23 2 22.35 +19.82 a b ¢
DH31 43 1 23.08 +32.64 a b ¢
DH29 60 2 2747 +11.91 a b ¢
DH65 29 2 30.28 +35.75 a b ¢
DH30 85 1 37.21 152.62 a b ¢
DH16 30 3 38.24 +54.07 a b ¢
DH17 35 2 47.37 166.99 a b ¢
DH74 33 5 68.33 £73.07 a b ¢
DH34 47 2 7222 £102.14 a b ¢ d e
DH41 54 5 7424 +£104.99 a b ¢ d e
Bandera 135 24 146.46 +137.45 b c d e
DH72 18 3 157.69 +201.25 a b ¢ d e
DH39 29 6 162.50 +229.81 a b ¢ d e
DH15 31 3 185.00 +261.63 c d e
DH40 23 5 231.82 +327.84 d e
DH36 22 1 237.50 +335.88 e

Means are placed in five homogeneity groups (a-€). Note that one DH individual can belong to
more than one homogeneity group, and means followed with at least a common letter are not
statistically different at p<0.05. All the non-responsive genotypes (not shown in this table)
belonged to group a.
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The androgenic ability in isolated microspore culture of the remaining four
DHS1 lines was higher than Bandera, which yielded 65.1 calli/ml (Table 4). The
differences in yield between the DH lines and ‘Bandera’ were higher than for
anther culture, ranging from 1.2 to 4.1-fold. DH36 was also in this case the line

with the highest callus yield (compare Figures 4A and B).

Table 4. Androgenic competence in isolated microspore
culture of DHS1 lines derived from DH individuals and the

donor hybrid (Bandera).
Calli/ml

Genotype (mean + SD) LSD?
Bandera 65.08 +54.11 a
DH15 76.85 168.56 a
DH41 92.00 *27.65 b
DH40 149.11 +79.49 c
DH36 267.36 +33.96 d

a Fisher's least significant difference (LSD) test found
statistically significant differences among the androgenic
competence of DHS1 lines and Bandera. Means are
placed in 4 homogeneity groups (a-d).

When evaluated in anther culture, the DH lines showed a high variability in
their androgenic response, as shown by the high values of SD in Table 3. This
variability was notably reduced when androgenic response was evaluated in
microspore culture, as shown in Table 4. A high number of factors, difficult to
control, influence the efficiency of microspore embryogenesis, including growing
conditions of donor plants, seasonal effects, and in vitro culture conditions (Rotino
1996). Among the in vitro conditions, anther tissues have a prominent role in the
excretion of different substances that may promote or inhibit embryo development
(Segui-Simarro et al. 2011), making the exact composition of the culture medium
more unpredictable than in microspore cultures. This is why it is not surprising to
find higher variability in the response of microspores to anther culture than to
microspore culture. Microspore culture is a more technically demanding

procedure, but once optimized it allows for a higher control of culture conditions,
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which in turn provides more stable efficiency (Forster et al. 2007), as it was the

case in our experiments.

Figure 4. Isolated microspore culture dishes of Bandera (A) and DH36 (B). Note the difference
between genotypes in terms of androgenic response. C shows a microspore-derived callus with
shoot organogenic nodules (arrows) developing on its surface. Bars: 1 cm.

Our results clearly showed that androgenic response is highly variable in the
segregating DH population. Since plants were cultured together under the same
conditions, such variability suggests that androgenic competence is a genetically
controlled trait, and not all DH regenerants in our population carry the most
favorable allele combinations. Genetic control of androgenic responsiveness has
already been studied in several species, including rice (Miah et al. 1985; Quimio
and Zapata 1990; Yamagishi et al. 1996), Brassica napus (Zhang and Takahata
2001) and even eggplant (Salas et al. 2011). In short, the conclusion of these
studies was that this is a recessive trait controlled by a few recessive nuclear
genes, with strong additive effects. Due to this, efforts have been made to breed for
improved androgenic response. In maize, Petolino et al. (1988) showed it possible,
and suggested that anther culture per se allows for the selection of genes favoring
an increased response. In their experiments, a single cycle of selection resulted in
more than a six-fold increase. Similarly, Malik et al. (2008) obtained dramatic
increases from initially recalcitrant genotypes in B. napus. The four-fold increase in
microspore culture after a single in vitro DH generation adds to these evidences,
including eggplant in the list of species where breeding for improved androgenic

response is possible.
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DH36 is a DH line with stably high embryogenic competence

Our DH36 line had an average yield of 237.5 embryos per 100 anthers
cultured, and 267.36 calli/ml in isolated microspore culture. Previous reports on
eggplant androgenesis with different genotypes found results far behind the yield
of DH36. In anther culture experiments, the response of the commercial hybrids
Ecavi (Salas et al. 2011) and Cristal (Salas et al. 2012) was reported to be 60.9 and
53 embryos/100 anthers, respectively. Other studies reported maximal responses
of 14.2 embryos (Basay et al. 2011) and 3.67 embryos/100 anthers with the most
responsive of the genotypes used (Alpsoy and Seniz 2007). In microspore culture,
Corral-Martinez and Segui-Simarro (2012) reported 5 calli/ml for Ecavi and 2
calli/ml for Cristal. The yield of the DH36 line obtained in our study greatly
surpassed all other genotypes previously tested, including Bandera donors. In
addition, DH36 calli showed a good organogenic and regenerative performance
(Figure 4C). In general, it is thought that genotypes with highly androgenic
response use to be recalcitrant to organogenesis and regeneration, which makes
them difficult to use for genetic transformation (Malik et al. 2008). Our
observations showed that this seems not the case for DH36. In addition, as seen in
Table 2, the values of morphological descriptors for DH36 were identical to
Bandera, with the exception of some fruit traits including predominant (1 vs 7) and
additional color (7 vs 1) and the presence of prickles (9 vs 7). In terms of
reproductive ability, the only difference (minor) was a seed germination rate of
95% vs 100% in Bandera. In conclusion, DH36 could be considered a high
response line, phenotypically and agronomically similar to the donor hybrid
(Bandera), genetically stable and self-perpetuating, and therefore useful for basic

and applied research in eggplant microspore embryogenesis.

Concluding remarks

We developed here an eggplant DH population from a commercial hybrid
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which showed variability in morphological and reproductive traits, as well as in
androgenic competence. This population can be perpetuated by seed without
further segregation, which makes it useful for genetic analysis and mapping of
segregating characters. It may also be used to facilitate the study of the genetic
control of androgenic competence in eggplant. We also developed the, to the best
of our knowledge, first eggplant DH line with high androgenic response. The use of
this line will provide material to be used both for basic research about
morphogenesis, and for applied research of in vitro DH production. It could even be
used to explore the possibility of using crosses to transfer its androgenic
competence to recalcitrant genotypes of agronomic interest. Hopefully, this high
response line will encourage the use of eggplant as a research platform for the

study of this fascinating experimental phenomenon.
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Abstract

Despite of the importance of eggplant in global horticulture, this species is
still considered recalcitrant for doubled haploid production, which precludes the
rapid generation of pure lines for breeding programs on a routine basis. We
recently developed an eggplant doubled haploid population from which a highly
embryogenic line (DH36) was selected. In this work, we present a characterization
of the in vitro performance of DH36 microspores when exposed to different culture
conditions, including modifications in concentrations of salts and vitamins,
sucrose, growth regulators and iron, and also modifications in the microspore
density used. We compared it with some eggplant commercial hybrids. Our work
builds up on the already existing studies about eggplant microspore culture by
providing more precise knowledge about the optimization of the different
parameters evaluated. But most importantly, our results lead us to think that DH36
approaches the features of the genotypes considered as models for the study of

microspore embryogenesis, at least in terms of induction rates.
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Introduction

Microspore embryogenesis is an androgenic pathway whereby immature
pollen grains (microspores) are able to form new haploid or doubled haploid (DH)
individuals in absence of egg fecundation. By the application of specific stresses in
vitro, microspores are deviated from their original gametophytic pathway and
induced to start dividing sporophytically. DH technology is highly interesting both
for plant breeding purposes, because it allows for a fast production of totally
homozygous plants useful in breeding programs, and for fundamental research,
since it provides an haploid platform for genetic studies and genetic
transformation, and an in vitro model system for embryogenesis. From the
different methods available to produce DHs, microspore culture is preferred in the
species where it is possible, since it is the method where conditions are most

controlled and provides a high efficiency.

The efficiency of microspore culture is hard to predict, because many factors
are involved. Perhaps, the genotype is the most important one. Its role in the
androgenic response is very well known (Dwivedi et al. 2015; Ferrie et al. 1995),
and the fact that different genotypes from the same species greatly vary in their
capacity to produce DHs indicates that the androgenic response is genetically
controlled. Studies in different species, including rice (Yamagishi et al. 1996), B.
napus (Zhang and Takahata 2001) and eggplant (Salas et al. 2011), pointed to a
genetic control by nuclear recessive genes with additive effects. On the other hand,
for most species there is a narrow window during anther development where
microspores are responsive to induction treatments. This window revolves around
the first pollen mitosis (Segui-Simarro et al. 2011). Finally, stress treatments and
culture conditions such as the culture medium composition and the plating density
are very important factors that regulate the efficiency of the process (Segui-

Simarro et al. 2011; Shariatpanabhi et al. 2006).

In eggplant, the most widely used method to obtain DH is still anther culture.

Advances have been made in microspore cultures, but this technique has still a

64



Evaluation of DH36 line

short history (reviewed in Segui-Simarro 2016). Miyoshi (1996) developed the
first well documented protocol for embryogenesis induction, calli production and
regeneration of DH from isolated eggplant microspores, establishing the basis of
the induction conditions and culture medium composition. Since then, several
medium modifications have been tested in order to improve the efficiency of the
procedure and to stimulate embryo progression, with different results. For
example, it was found that the addition of polyethylene glycol improved calli
induction and proliferation (Corral-Martinez and Segui-Simarro 2012), while the
addition of epibrassinolide improved calli induction but had a negative effect on
calli proliferation (Corral-Martinez and Segui-Simarro 2014). The addition of
abscisic acid prevented disorganization at the beginning of the culture, but could
not stop the dedifferentiation process that the initially formed microspore-derived
embryos (MDEs) undergo after the globular stage (Corral-Martinez and Segui-
Simarro 2014). Gum arabic, a mix of arabinogalactans and arabinogalactan
proteins, was the only compound able to promote embryo development beyond
the globular stage, but the MDEs formed presented an aberrant morphology and

were defective in shoot apices (Corral-Martinez and Segui-Simarro 2014).

Microspore embryogenesis is a powerful methodology that can provide a
large quantity of material useful both for breeding and for research purposes, since
a single anther contains thousands of potentially embryogenic microspores.
However, a low embryogenic response limits the use of DH technology and only
high responding species and genotypes can be successfully exploited. Recently, a
new highly androgenic eggplant DH line has been developed (Rivas-Sendra et al.
2017), with a high and stable response both in anther and in microspore culture.
The morphology, reproductive traits and agronomical behavior have already been
described as very similar to the parental line. In the present work, we aim to a
further characterization of the in vitro performance of the highly androgenic
eggplant DH36 line, and to study its response to culture conditions modifications,

in comparison with some eggplant commercial hybrids.
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Materials and methods

Plant material

Two eggplant F1 hybrids and one DH line were used in this study as donor
plants. The hybrids were provided by Vilmorin & Cie (France) and for this study,
they were named G1 and G3, since their identity is protected under a
confidentiality agreement. The DH line DH36 is a highly androgenic line developed
in our group (Rivas-Sendra et al. 2017), derived from the F1 hybrid cv. Bandera
originally commercialized by Seminis (Spain). Twenty plants of each line were
grown in 30 cm pots at the greenhouse under controlled temperature (252C) and

natural light.

Isolated microspore culture

Prior to performing isolated microspore cultures, the length of the anther
containing mostly vacuolate microspores and young bicellular pollen was
determined for each genotype. Isolated microspore culture was performed
according to Corral-Martinez and Segui-Simarro (2014). Anthers containing mostly
vacuolate microspores were dissected from the bud, surface sterilized with 70%
ethanol for 30 seconds and with 4g/l sodium hypochlorite for 5 minutes, and
rinsed three times in sterile distilled water. Anthers were crushed in a small
beaker with sterile distilled water using a syringe piston, and their locular content
was isolated by filtration through a 41 pum nylon mesh (Millipore), and by three
centrifugation steps at 100 g for 4 min each. Microspores were suspended in sterile
distilled water at a final cell density of 500,000 microspores/ml (if not specified
otherwise in Results), plated and incubated at 35°C in darkness for 3 days to
induce embryogenesis. After induction treatment, microspores were collected by
centrifugation, resuspended at the same density in the culture medium and
incubated at 252C in darkness for the progression of culture. The basal culture

medium used for eggplant microspore culture was NLN salts and vitamins (Nitsch
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and Nitsch 1967) supplemented with 2% sucrose, 0.5 mg/l 1-naphthaleneacetic
acid and 0.5 mg/l 6-benzylaminopurine. Different modifications of this culture

medium were tested, as explained in Results.

Data collection and statistical analysis

In order to evaluate the effect of different culture conditions on the
androgenic performance of the different genotypes used, embryo-like and callus-
like structures were observed and counted under a light microscope after 7 and 14
days of culture, and were expressed as number of structures per ml of culture.
After 30 days of culture, two more parameters were recorded: the total number of
calli as an estimation of induction efficiency, and the number of calli larger than 1
mm (calli>Imm) as an estimation of callus growth. Both parameters were
expressed per ml of culture medium. Microspore cultures performed in different
culture conditions were always repeated at least three times. An ANOVA test
(p<0.05) was performed to assess global significant differences, and then a Fisher's
least significant difference (LSD) test for multiple comparisons was performed in
order to group the effect of the treatments in groups of homogeneity, considering

significant differences when p-value was <0.05.

Results

In this work, we characterized the androgenic performance of DH36,
comparing it with that of some eggplant F1 hybrids, and evaluating its
embryogenic response in different in vitro conditions. The conditions included the
modification of experimental parameters such as the concentrations of NLN salts
and vitamins, sucrose, growth regulators (GR), chelated iron and the plating
microspore density as factors influencing the yield of cultures. Results are

presented next.
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Response to changes in GR, salts, vitamins and sucrose concentrations

The first assay performed was to increase the medium concentration (NLN
salts, vitamins and sucrose) combined with the reduction of the concentration of
GR. Two levels of medium concentration (1x NLN + 2% sucrose and 2x NLN + 4%
sucrose) and GR (100% and 20%) were tested. After 30 days of culture, the total
number of calli and the number of calli>1mm was recorded. Increased NLN and
sucrose concentration did not have any significantly positive effect on total callus
production (Figure 1A) nor on the number of calli>Imm (Figure 1B) in G1
microspore cultures with respect to controls (1x NLN + 2% sucrose + 100% GR).
Reducing the concentration of GR to 20% increased 3.4-fold the number of total
calli and 3.7-fold the number of calli>1mm compared to controls. The combination
of increased NLN and sucrose concentration and reduced GR concentration
interacted positively, increasing the number of total calli 4.6-fold respect to the
control conditions. However, it did not have any positive effect in the number of
calli>Imm (Figure 1B). For G3, the response to the modifications in GR
concentration was weaker than in G1, but the combination of increased NLN and
sucrose concentration and a reduced GR concentration had a strong positive effect
too (Figure 1C), although the number of calli>1mm remained unaffected (Figure
1D). Thus, it seemed clear that in F1 hybrids, an increase in NLN salts, vitamins and
sucrose concentration combined with a reduction of GR concentration (20%) were

beneficial in terms of increasing the efficiency of embryogenesis induction.

In DH36, as expected, callus production in control microspore cultures was
much higher than that of hybrid genotypes (11.4-fold more than G1 and 10.2-fold
more than G3). Interestingly, the response of the DH line to medium modifications
was also different from hybrids in qualitative terms (Figures 1E and 1F). Higher
NLN salts, vitamins and sucrose concentrations had a positive effect on the number
of total calli and multiplied the production by a factor of 2.1, but it was negative for
the number of calli>Imm. A reduced GR concentration did not have any positive
effect on the number of total calli, but slightly increased 1.4-fold the number of

calli>1mm. In addition, increased concentration of NLN and sucrose combined
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with reduced GR concentration had a negative effect on the number of calli>1mm.
This particular behavior of the DH line was confirmed in experiments excluding GR
from medium. In G1 and G3 hybrids, no embryos or calli were induced at all,
whereas in DH36, up to 4 calli/ml were formed. These calli presented a
characteristic external appearance, different from those of control conditions.
Regular calli were usually white and disorganized, with a dense core and a fluffy
appearance in the outer layers (Figure 2A), whereas calli formed in GR-free
medium (Figure 2B) showed lobulation, a creamy coloration and a smoother
surface, similar to that of eggplant zygotic embryos and MDEs (Segui-Simarro et al.
2011). Although they lacked the typical embryo pattern, they appeared to have a
higher tissue organization. Together, these results showed that hybrid genotypes
had, in general terms, a similar response to medium modifications, whereas the DH

line response was markedly different.
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Figure 1. Effect of increased medium (sucrose and NLN salts and vitamins) concentration and
reduced GR concentration on the three assayed genotypes. A, C and E represent the total
number of calli formed after 30 days of culture. B, D and F represent the number of calli>Imm
formed after 30 days of culture. Note that the scale of DH36 charts (E and F) is different. The first
column in each chart corresponds to the control conditions. Different letters indicate statistically
significant differences found by a Fisher's least significant difference (LSD) test. nt: not tested.
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Figure 2. Calli belonging to DH36 formed after 30 days of culture in control conditions (A) and in
absence of GR (B). Bars: 5 mm.

Next, we wanted to find out whether the above described effects were due to
sucrose alone, NLN (salts + vitamins), or both. Two levels of sucrose concentration
(2% and 5%) were tested in the three genotypes, keeping all other parameters
unchanged. As seen in Figure 3A, 5% sucrose greatly increased the number of total
calli in G1 and G3, improving callus production by 5.4 and 66.6-fold respectively,
but not in DH36. As to the number of calli>1mm, it was unaffected for G1 and G3,
but reduced for DH36 (Figure 3B). Additional experiments showed that a sucrose
concentration of 10% inhibited induction in all cases (data not shown). Thus, the
increase of sucrose alone up to 5% was clearly beneficial for hybrids, but not for
DH36, which suggested that the beneficial effects previously observed in DH36
would be due to the increase in NLN salts + vitamins concentration. To test this, we
checked in DH36 the effect of increasing only NLN salts and vitamins under two
levels of GR concentration, keeping fixed the rest of conditions. The trend was
similar to that observed when NLN and sucrose concentration were increased at
the same time (compare Figures 1E and 4A), although differences were not
significant in this case. Among all the combinations, the highest yields were
achieved with 2x NLN, but 100% GR was needed for highest total callus yield
(Figure 4A), and 20% GR for highest calli>1mm yield (Figure 4B), which was the
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only statistically significant result. However, the principal finding drawn from

these experiments was that the response of DH36 to changes in the culture

medium is markedly different from that of G1 and G3 hybrids.
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Figure 3. Effect of increased sucrose concentration on the three genotypes tested. A represents
the total number of calli formed after 30 days of culture. B represents the number of calli>1mm
formed after 30 days of culture. The first column of each genotype corresponds to the control
conditions. Different letters indicate statistically significant differences found by a Fisher's least
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significant difference (LSD) test.
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Response to different concentrations of chelated iron

We tested the effect of increasing the concentration of chelated iron in the
androgenic response of DH36. Embryo-like and callus-like structures were
recorded at different time points. After 7 days of culture, multicellular
embryogenic structures were observed. They presented spherical shape, internal
cell walls and several nuclei still enclosed within the exine coat (Figure 5A). Higher
concentrations of chelated iron in the culture medium increased the number of
embryogenic structures during the first days of culture. A clear dose-response
curve could be observed (Figure 6A), with an optimal concentration at 800 uM,
which produced 3.8-fold more embryogenic structures than control concentration.
After 14 days of culture, larger globular MDEs were observed, with dense cells
organized in layers and a clear, differentiated protoderm (Figure 5B). In addition,
callus-like structures began to be observed together with globular MDEs. In these
calli, tissue organization in layers was disrupted, and the cells were larger and
more translucent (Figure 5C). As reported by Corral-Martinez and Segui-Simarro
(2012), these callus-like structures are globular MDEs that entered a
dedifferentiation process. Increasing concentrations of chelated iron gave rise to
different rates of MDE dedifferentiation (Figure 6B). 54.6% of the structures
formed in control conditions (100 uM) were calli, while concentrations of 800 and
1600 pM produced, respectively, 33.9% and 42.0%, percentages significantly
lower than control. 1600 uM also produced a total number of structures slightly
higher (1.3x) than control. Increasing the concentration to 3200 pM produced the
highest number of total structures (1.9-fold more than control), but the rate of
dedifferentiation was comparable to control conditions. After 30 days of culture,
all the multicellular structures transformed into calli (Figure 5D). All the
concentrations produced more calli than control (Figure 6C), being 800 and 3200
uM the concentrations with the highest differences (1.4 and 1.5-fold, respectively).
It is interesting to note that the response curve observed at day 7 (Figure 6A)
gradually disappeared as the culture progressed (Figures 6B and 6C). In summary,
increasing the concentration of chelated iron in the culture medium greatly

increased the formation of embryogenic structures during the first culture stages,
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and delayed the embryo dedifferentiation process. It seemed, thus, that higher iron
levels were beneficial for the initial culture stages. However, the number of calli

obtained with the different treatments was almost leveled up after one month of

culture.

Figure 5. Structures found at different time points in cultures with increased chelated iron
concentration. A: embryo-like structure at 7 days. B: globular embryo at 14 days. Note the
differentiated protoderm (pd) surrounding the structure. C: callus-like structure at 14 days. D:
calli at 30 days. Bars: 20 ym in A-C, 200 ymin D.
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Response to different plating densities

To test whether cell density has an effect on DH36 callus production, we
tested a range of different initial plating densities from 50,000 to 2,000,000
microspores per ml. After 30 days of culture, the total number of calli and the
number of calli>Imm was recorded. In order to exclude the effect of the different
densities used, numbers of calli were expressed using a normalized parameter, the
number of calli per 500,000 microspores, which is the standard density used so far
in eggplant microspore cultures (Corral-Martinez and Segui-Simarro 2014;
Miyoshi 1996; Rivas-Sendra et al. 2015) and in this work as the control to compare
with.

As seen in Figure 7A, a slight reduction of the plating density below the
standard density had in general a positive effect on the number of total calli and
the number of calli>Imm. When 200,000 microspores/ml where plated, the total
number of calli reached a maximum (1.4-fold higher than the control). This density
increased the number of calli>1mm too, although the highest increase (1.6-fold
higher than control) was observed for 300,000 microspores/ml (Figure 7B). A
reduction to 100,000 microspores/ml reduced dramatically the total number of
calli (7.7-fold lower than control), and dishes with a density of 50,000
microspores/ml were unable to produce calli at all (Figure 7A). On the other side,
an increase to 1,000,000 microspores/ml showed no change versus control, and
dishes with 2,000,000 microspores/ml were unable to produce any calli, because
bacterial contamination appeared systematically in all the culture dishes (data not
shown). These results showed that DH36 responds differently to different
microspore plating densities. In general, the response is higher with densities
below the standard generally established for eggplant hybrids, but there is a lower

threshold below which, response is inhibited.
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Figure 7. Effect of different plating densities on DH36 microspore cultures. A represents the
number of total calli formed after 30 days of culture, B represents the number of calli>1mm after
30 days of culture. Note that the efficiency has been expressed in calli per 500,000 microspores
in order to allow an easy comparison between different conditions. Different letters indicate
statistically significant differences found by a Fisher's least significant difference (LSD) test.

Discussion

DH36 does not respond to changes in culture medium conditions as hybrid

genotypes do

Carbon source is a key factor for in vitro culture. Several studies have been
conducted to find the optimum type and concentration to induce microspore
embryogenesis in different species (Ismaili and Mohammadi 2016; Kim et al.
2008). In model species, or in species where high rates of MDEs are usually
obtained, sucrose concentration is generally high. For example, 13% is used for
Brassica napus (Custers 2003), 8.6% for tobacco (Touraev et al. 1996a), 5.1% for
maize (Gaillard et al. 1991) or 10% for hot pepper (Kim et al. 2008). In eggplant
anther culture, a sucrose concentration of 12% is used during the initial culture
stage (Chambonnet 1988), whereas for microspore culture, the standard culture
medium contains 2% (Corral-Martinez and Segui-Simarro 2012; 2014; Miyoshi

1996). These data made us think that higher sucrose concentrations could perhaps
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have a beneficial effect in callus production. However, results were not uniform.
Combined with 2x NLN concentration and 20% GR, sucrose gave rise to more calli
in G1 and G3, but not in DH36, where higher yields were only obtained when high
sucrose was combined with 2x NLN. In order to elucidate the source of such effect,
high sucrose alone was tested, evidencing a strongly positive effect in G1 and G3,
but not in DH36. Thus, it seems that medium concentration (NLN salts and
vitamins) does not influence callus production or size in hybrid genotypes, but is
positive for DH36. In contrast, sucrose concentration alone has a great impact in

callus production in both hybrids, but not in DH36.

With respect to GRs, Miyoshi (1996) obtained the best results with 0.5 mg/1
NAA and 0.5 mg/]1 BAP. Later studies indicated that eggplant microspores seem to
be more sensitive to absolute concentrations of GRs than to their relative ratios
(Corral-Martinez and Segui-Simarro 2014), reporting a higher production of calli
from eggplant hybrids when using reduced concentrations of NAA and BAP. In line
with this, we showed that a reduced concentration had a clear and strong positive
effect on G1 and G3 hybrids. However, this was not the case of DH36. Altogether,
these results evidence that the response of DH36 to modifications in the medium
composition is in general opposite to that of the hybrid genotypes, responding
negatively or not responding to these modifications. It seems that this line reached

a maximum of performance, difficult to increase by medium modifications.

Increased iron boosts embryo induction but does not prevent

dedifferentiation

Iron is an essential micronutrient for metabolic and developmental processes,
including photosynthesis (Briat et al. 2007) redox reactions (Briat et al. 1995) and
induction of somatic embryogenesis (Loh and Lim 1992). However, the key role of
iron in embryogenesis seems to be related to embryo progression. The
concentration of chelated iron in NLN medium was determined by Nitsch (1972).
Working with tobacco anther cultures, they found that when iron concentration

was too low, MDE development arrested at the globular stage. Recent studies
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suggested that, in the absence of surrounding anther tissues, the endogenous iron
level of cells would be enough to sustain just a limited number of divisions during
the very first stages of B. napus embryogenesis induction, and an exogenous
addition of chelated iron is necessary for further development of MDEs (Leroux et
al. 2016). Likewise, an optimal concentration of iron is needed for somatic embryo
progression through advanced stages in Pinus taeda (Pullman et al. 2003) and
cherry (Gutierrez and Rugini 2004). More specifically, Saha et al. (2010) analyzed
in Plantago ovata how the concentration of several metallic ions in embryonic
tissues changed during the different stages, and suggested that providing the
culture medium with the ion concentration optimal for each developmental stage
is key for a successful in vitro embryogenesis. In addition, an iron transporter
protein (ITP) has been found to be present in high concentrations during late
stages of embryogenesis in many species, suggesting that iron is an element
commonly needed for the development and progression of embryos (Kruger et al.
2002). These observations made us think that higher iron concentrations could
help MDE progression, overcoming the developmental arrest observed between
the globular and heart-shaped stages, which makes them become calli (Corral-
Martinez and Segui-Simarro 2012). Our results showed that increased iron
concentration boosted embryogenesis induction. It was also able to slow down the
dedifferentiation of MDEs into calli, reducing the callus rate after 14 days of culture
and allowing the globular MDEs to grow for a longer period before transformation
into calli. Such a positive effect had an optimum (800 uM FeNaEDTA) beyond
which the effect decreased. However, increased iron concentration was unable to
stop dedifferentiation, and calli were eventually obtained in any case. Thus, it
seems that, as opposed to its role in other systems, iron has a role in the initial
stages where microspores become embryogenic, but it is not the key factor needed

by DH36 MDE:s for a successful development.
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Lower plating density reduces competence and allows for a higher

efficiency

In most in vitro culture systems, determining the optimal plating density is
crucial for success. This may influence not only the number of calli or MDEs
produced, but also the quality and the speed of development (Castillo et al. 2000;
Kim et al. 2008).In the case of microspore cultures, a different plating density is
used in each species, from as low as 40,000 microspores/ml in B. napus (Robert et
al. 2015) and maize (Aulinger 2002), 50,000 in tobacco (Touraev and Heberle-Bors
2003), 100,000 in pepper (Kim et al. 2013) or wheat (Sinha and Eudes 2015), to
the very high 1,000,000 in barley (Esteves et al. 2014) or 1,400,000 in apple (Hofer
2004). In order to check whether cell density affected the efficiency of the process
in DH36, we tested a wide range of plating densities. Our results showed that lower
densities (200,000-300,000 microspores/ml) allowed for higher rates of total
callus production, but also of callus>1mm, confirming that high densities
negatively affect MDE induction. This might be due to excessive accumulation of
compounds, excreted by cells, that may be toxic and/or inhibitory for
embryogenesis induction, or simply due to the competence of more cells for a
limited amount of space and resources available. All our other experiments point
to the second option, since they showed a similar inverse relationship between the
total number of calli and the number of calli>Imm in G1 and G3 hybrids, but
especially in DH36, where induction efficiency is higher. It is interesting to note
that the experiment where more dramatic increases in number of calli were
observed in DH36 consisted in the addition of twice the normal amount of NLN
salts, vitamins and sucrose (Figure 1E). Doubling the amount of available nutrients
led to twice the regular amount of calli. These were already induced structures, not
affected by the putative presence of inhibitory substances. Thus, it seems that
when the embryogenesis rate is boosted, more MDEs are forced to share and
therefore to compete for a limited (fixed) amount of space and in vitro resources,

reducing the chances of reaching older stages.
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Our results also showed that a minimum cell density is needed for
embryogenesis to be induced, since very few calli were obtained at 100,000
microspores/ml and no one at 50,000 microspores/ml. A similar observation was
reported by Kim et al. (2008) in hot pepper microspore cultures. Embryogenic
microspores release different substances to the culture medium, including GRs and
arabinogalactan proteins among others, that have a positive effect in other
microspores, promoting their switch to embryogenesis (Borderies et al. 2004;
Paire et al. 2003; Zur et al. 2015). If cell density is too low, these substances are too
diluted to be effective. Other interesting observation was that bacterial
contamination systematically appeared at high densities (10x our optimal density).
The most likely explanation for this is the presence of endogenous bacteria inside
eggplant anthers, since during isolation, it is only possible to surface-sterilize them
before microspore extraction. Lower densities would contribute a bacterial
inoculum insufficient to proliferate, but there is a threshold beyond which
contamination is manifested. These observations are not exceptional, since
endogenous bacterial contamination has been repeatedly reported in pepper
microspore cultures, making the use of antibiotics mandatory (Lantos et al. 2012;

Parra-Vega and Segui-Simarro 2013; Supena et al. 2006).

DH36 embryogenic response approaches that of the model species

In this study we used two hybrid genotypes and one highly androgenic DH
line. Callus production of DH36 was in all our tests enormously higher than that of
hybrids, ranging from 10 to 85 times higher. A 4-fold increase in callus production
was reported when compared with the parental hybrid from which DH36 was
developed (Rivas-Sendra et al. 2017). Under the best experimental conditions, we
showed that DH36 may yield up to ~450 calli/ml, obviously coming from ~450
MDEs/ml. These numbers are comparable to those of the best performing
genotypes of model species. Our experiments also made clear that androgenic
efficiency of DH36 was difficult to increase with medium modifications. Most of the

treatments applied also had a negative effect on the size of the calli produced, and
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in general had an effect on DH36 opposite to that of the hybrid genotypes. This
would suggest that the homozygous nature of alleles present in DH36, already
highly favorable for embryogenesis induction, could approach the efficiency of this
line close to a maximum, being therefore non-responsive to minor medium
modifications. Indeed, the efficiency of its parental hybrid line (‘Bandera’) could
still be notably enhanced by altering medium composition (Corral-Martinez and

Segui-Simarro 2012; 2014).

Most of the model species with high embryogenic response in microspore
cultures do not need the addition of GRs to the culture medium. This is the case, for
example, of wheat (Touraev et al. 1996b), tobacco (Touraev et al. 1996a), maize
(Gaillard et al. 1991) and B. napus (Custers 2003). In these species, embryos are
produced instead of calli with none or very low GR addition needed for proper
embryo induction, which suggests that their endogenous GR production suffices
their needs. However, this is not the case of recalcitrant species, where exogenous
application of auxins and cytokinins is needed to control cell division and
morphogenesis. This GR unbalance may be negatively affecting eggplant MDE
progression and causing the transformation of globular MDEs into calli, the main
bottleneck in eggplant microspore culture. The fact that DH36 did not respond
positively to changes in GR concentration might indicate that this genotype
presents an endogenous GR balance better adapted for high embryogenesis
induction rates under the standard GR regime. However, it also seems able to
respond under other, lower GR regimes. Indeed DH36 was able to respond (though
at low frequency) even in absence of GRs, producing calli with an external
appearance closer to MDEs than to regular calli. These facts indirectly support the
notion that DH36 is sensitive but less dependent on exogenous GR application than
hybrid genotypes. The only step left to consider DH36 a model line would be to
overcome the blockage of globular embryos, in order to consistently achieve

successful embryogenesis.
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Regeneration of eggplant DH plants

Abstract

Doubled haploid (DH) technology allows for the production of pure lines,
useful for plant breeding, through a one-generation procedure that reduces
considerably the time and resources needed to produce them. Despite the
advantages of microspore culture to obtain DHs, this technique is still insufficiently
developed in eggplant, where DHs are produced from microspore-derived calli
through organogenesis. At present, very little is known on the best in vitro
conditions to promote this process. This is why in this work we addressed the
optimization of the process of regeneration of eggplant DH plants from
microspore-derived calli. We evaluated the effect of different media compositions
in the induction of organogenesis, in the promotion of shoot growth and
elongation, and in root growth. According to our results, we propose the repeated
subculture of the calli in MS medium with 0.2 mg/l IAA and 4 mg/] zeatin to
produce shoots, and then the repeated subculture of the excised shoots in basal MS
medium to promote their conversion into entire plantlets. This procedure yielded
7.6 plants per 100 cultured calli, which represents a ~4x increase with respect to
previous reports. We also evaluated by flow cytometry and SSR molecular markers
the effect of these in vitro culture conditions in the rate of DH plant production,
finding that ~70% of the regenerated plants were true DHs. These results
substantially improve the efficiencies of DH recovery published to date in eggplant,
and may be useful to those working in the field of eggplant doubled haploidy and
breeding.
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Production of DHs reduces the time and costs required to produce
homozygous, pure lines, essential for hybrid seed production. This is why there is
an increasing effort to extend this technology to new species and to optimize the
protocols already existing for agronomically interesting crops (Asif et al. 2014;
Castillo et al. 2014; Eshaghi et al. 2015; Kim et al. 2013; Parra-Vega et al. 2013). In
eggplant, doubled haploids (DHs) are typically produced through anther culture.
This approach, however, has several limitations, including the possible occurrence
of somatic regenerants derived from anther walls, the uncontrolled contribution of
tapetal cells to culture conditions, and the general low efficiency of the technique
(Segui-Simarro 2016; Segui-Simarro et al. 2011). To avoid these problems, it is
possible to perform isolated microspore culture, which is much more efficient
(Corral-Martinez and Segui-Simarro 2012, 2014). Unfortunately, microspore
culture in eggplant has a bottleneck still to be solved, which is the arrest of the
globular-to-heart-shaped embryo transition, producing undifferentiated calli
(Corral-Martinez and Segui-Simarro 2012). This implies that DHs must be obtained
through organogenesis from the microspore-derived calli. Although the first part
of the process (induction of microspore embryogenesis) is highly efficient, little
progress has been made in the second part (organogenesis from calli). In
literature, different authors working with different eggplant explants proposed
different protocols to regenerate plantlets (Franklin et al. 2004; Gisbert et al. 2006;
Borgato et al. 2007; Xing et al. 2010; Kaur et al. 2011). Only two studies addressed
the particular case of regeneration from microspore-derived callus (Miyoshi 1996;
Corral-Martinez and Segui-Simarro 2012), and their results were not conclusive.
Therefore, the aim of this work is to optimize the process of regeneration of DH

plants from androgenic calli obtained through isolated microspore culture.

We isolated and cultured microspores from ‘Bandera’ (a F1 hybrid from
Seminis Vegetable Seeds Ibérica, S.A., Spain) according to the protocol described in
Corral-Martinez and Segui-Simarro (2012, 2014). ‘Bandera’ was selected because
in previous studies, it showed the highest response among different eggplant
genotypes (Salas et al. 2011; Corral-Martinez and Segui-Simarro 2012). To

promote organogenesis, calli exceeding 1 mm after 30 days of culture were
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isolated and transferred to two modified MS media (pH 5.8) previously described
as useful to induce organogenesis in eggplant calli, explants or protoplasts. One of
them (M1) was supplemented with 2% sucrose, 0.8% plant-agar, 0.2 mg/l IAA and
4 mg/] zeatin (Miyoshi 1996), and the other (M4) was supplemented with 3%
sucrose, 0.4% Phytagel, 0.1 mg/l indole acetic acid (IAA) and 2 mg/] zeatin
(Borgato et al. 2007; Xing et al. 2010). In our previous studies using 8 different
media, M1 and M4 produced the best results in terms of organogenesis induction
(Corral-Martinez and Segui-Simarro 2012). Cultures were kept at 252C under a
12/12 photoperiod and subcultured every 5 weeks. Callus growth could be
observed 4-5 days after callus isolation. After 2 weeks of callus culture, the first
organogenic buds were formed on the callus surface (Figure 1A). After 5 weeks, we
were able to discriminate between two different types of calli. The first type
appeared as compact and hard cell masses, non friable, and sometimes greenish
(Figure 1B). This kind of callus is, in general, non organogenic (Segui-Simarro and
Nuez 2006; Corral-Martinez and Segui-Simarro 2012). We could confirm this since
no further development was observed in their surface. They eventually necrosed
and died. The second type consisted of white, spongy and friable masses. We
frequently observed the formation of shoot primordia in these organogenic calli,
normally surrounded by two or more leaf primordia (Figure 1C). After 4 months of
culture, calli in M1 produced 441 shoot primordia whereas calli in M4 produced 26
shoot primordia. 157 out of the 1,392 calli cultured in M1 (11.3%) produced at
least one shoot primordium, while this rate was reduced to 16 out of 1,311 calli
(1.2%) in M4. Most of the primordia produced were hyperhydrated and did not
develop further (data not shown). Differentiated shoots with an elongated stem, a
normal appearance, fully formed leaves, and no hyperhydration (i.e. ready for
rooting; Figure 1D) could only be observed in 51 out of the 2,703 calli (M1+M4).
M1 was also better than M4 in producing this type of shoot (37 vs 14 shoots,
respectively). All these results considered, M1 clearly appeared as better than M4
for organogenesis induction, but none of the media tested was appropriate to
promote shoot growth and elongation efficiently. It is interesting to note that, as

opposed to our results, Corral-Martinez and Segui-Simarro (2012) chose M4
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instead of M1. This apparent discrepancy can be explained by the time point used
for the analysis. In the previous work, shoots were studied after 5 weeks of culture
(not after 4 months as hereby). Although M1 and M4 produced callus growth and
shoot induction at a similar rate, M4 promoted rooting at a higher rate.
Nevertheless, the final percentage of entire DH plants was very low, justifying the

need for the improved regeneration protocol we hereby present.

Figure 1. Evolution of calli in shoot induction media. A: Organogenic callus after two
weeks in shoot induction media. Note the formation of shoot primordia (arrows) on the
callus surface. B: Non-organogenic callus after 5 weeks in shoot induction media. C:
organogenic callus after 5 weeks in shoot induction media. D: Shoot emerging from a
callus. Bars: 1 cm.
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To increase the rate of normal-appearing, elongated shoots, we tested the
effect of different media on shoot growth and elongation (Table 1) as a previous

step before rooting.

Table 1. Performance of the M11, M12, M13 and M14 media after 6 months expressed as the
number of shoots presenting spontaneous rooting, ready for transference to rooting medium
(RM), acclimated from RM, and total acclimated (spontaneous rooting + acclimated from RM).
Numbers between brackets express percentages.

Medium Shoots Calli Sponta_neous Transferred Acclimated T_otal (pIaYr:fslﬂ 00
rooting toRM fromRM  acclimated calli)
M11 150 501  19(12.7) 27 (18%) 19 (70.4) 38 (25.3) 7.6%
M12 128 428 1(0.8) 14 (10.9) 10 (71.4) 11 (8.6) 2.6%
M13 153 511 2(1.3) 40 (26.1) 29 (72.5) 31(20.3) 6.1%
M14 124 415 2(1.6) 19 (15.3) 13 (68.4) 15(12.1) 3.6%
Total 555 1855 24 100 71 95

We produced a new batch of 1,855 calli cultured in M1 medium. From them,
we excised 555 shoots with leaf primordia surrounding a visible meristem, and
transferred the shoots to four different media: M11, M12, M13 and M14. All of
them included MS medium (pH 5.8), 0.8% plant-agar and different growth
regulators, as follows. M11 included no regulators, M12 was supplemented with
0.3 g/l 6-benzyladenine (BA) according to Kaur et al. (2011), M13 was
supplemented with 1.5 mg/I giberellic acid (GAs; Shivaraj and Rao 2011) and M14
was supplemented with 1.5 mg/l GA3 and 8 mg/l AgNO3 (Xing et al. 2010). A
minimum of 124 shoots were cultured in each of the four media. First, we
evaluated shoot elongation after 30 days of culture, classifying them in five
discrete types: (0) dead shoots; (1) no growth, or formation of swollen,
hyperhydrated organs with no stem growth (Figure 2A); (2) formation of new, no
hyperhydrated organs, but no stem elongation (Figure 2B); (3) formation of new,
no hyperhydrated organs and stem elongation (Figure 2C); (4) root formation in

addition to all the features of type 3 (Figure 2D).
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Figure 2. Different types of shoots formed after 30 days in elongation media. A: type 1,
no shoot growth and formation of swollen, hyperhydrated organs with no stem growth;
B: type 2, formation of new, no hyperhydrated organs, but no stem elongation; C: type 3,
formation of new, no hyperhydrated organs and stem elongation; D: type 4, root
formation in addition to all the features of type 3. E: presence of necrotic lesions in
shoots cultured in AgNOs-containing M14 medium. F: Fully regenerated and acclimated,
microspore-derived eggplant DH plant. Bars: 1 cm.
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Shoot development was found to be dependent on the elongation medium
used according to a x2 test (p<0.05). As seen in Figure 3, 61% of the shoots
cultured in M11 formed new, normal-appearing organs (type 2, 3 and 4). From
them, elongation was limited to 11% of the shoots, and formation of roots was
observed in some cases (3%). In contrast, in GA3-containing media (M13 and M14)
the production of new organs was lower than in M11 (55 and 53%, respectively),
although elongation was induced in a percentage of shoots similar to M11 (11%).
In the particular case of M14, shoots elongated quickly, but many of the newly
formed organs presented necrotic spots (Figure 2E). Overall, M12 was the worst

medium in terms of promotion of shoot growth and elongation.
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Figure 3. Percentages of the different shoot types observed after 30 days in four elongation
media: M11 (A), M12 (B), M13 (C) and M14 (D). For each elongation medium the shoots
produced are classified in five types: type 0 (dead shoots), type 1 (no growth, or formation of
swollen, hyperhydrated organs with no stem growth), type 2 (formation of new, no
hyperhydrated organs, but no stem elongation), type 3 (formation of new, no hyperhydrated
organs and stem elongation) and type 4 (root formation in addition to all type 3 features. The
percentages above the brackets correspond to the sum of the shoot types forming new,
normal-appearing organs (types 2+3+4).
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Non-rooting shoots were kept in their elongation media beyond the 30-day
checkpoint, and individually transferred to rooting medium once they reached a
minimal length of 2 cm. During the 6-month period considered, M13 was the
medium that induced elongation in more shoots (Figure 4A; Table 1). Most of the
non-rooted shoots developed within the first 3 months (Figure 4B). In particular,
shoots in M14 reached the stage suitable for rooting faster than shoots from other
media, including M13. Both media have 1.5 mg/l GA3, known to be involved in
many developmental responses, including the promotion of stem elongation
(Moshkov et al. 2008). This would explain the higher shoot elongation in these
media. M14 included also AgNO3, an ethylene inhibitor known to promote shoot
growth and elongation in several species (Mohinuddin et al. 1997; Sgamma et al.
2015; Zhang et al. 2001) including eggplant (Xing et al. 2010). However, the results
of M14 after 6 months were clearly below those of M13. It is likely that the Ag+
cations present in M14 had a toxic effect (Veen and van de Geijn 1978) that
accounted for the necrosed areas observed in these explants (Figure 2E), and

prevented further development.

On the other hand, some shoots were able to form roots while they were
cultured in elongation medium, before the stem was 2 cm long, and therefore,
before being transferred to rooting medium. M11 induced rooting in 12.7% of the
shoots, while in the other media the frequency was much lower (Figure 4A; Table
1). These results pointed to M11 (basal MS medium) as the best medium to induce
the development of new normal-appearing organs, including roots, and therefore
the formation of entire plantlets. Previous studies also pointed to this medium as
the best to induce rooting in different explants and calli of eggplant and wild
relatives (Miyoshi 1996; Franklin et al. 2004; Gisbert et al. 2006; Xing et al. 2010).
However, the frequency of rooting in M11 during the elongation period was
relatively low (12.7%), possibly due to the fact that most these shoots were not
differentiated enough to be able to root spontaneously. This is why we considered
the addition of a rooting step (with M11) to the protocol. Around 71% of the
elongated shoots produced in M11, M12, M13 and M14 developed roots when

transferred to M11, forming entire in vitro plantlets. As seen in Table 1, the rooting
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percentages were remarkably similar, ruling out a different effect of the elongation
medium used in the rooting capacity of the shoots after transference to rooting
(basal) medium. Taken together, our short-term results (1 month) and mid-term
results (6 months) showed that M11 and M13 were the best performing media,
and while M13 produced more elongated shoots after 6 months, M11 produced
more entire plantlets. Besides, it appeared that the addition of an elongation step
after shoot initiation was beneficial not only to produce normal-appearing,

elongated shoots, but also to increase their rooting ability.
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Figure 4. A: Frequencies of the elongated and rooted shoots
observed after 6 months in the elongation media used. B: Time
needed by shoots cultured in different elongation media to be
ready for transference to rooting medium. See text for further
details.
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Rooted plants were transferred to pots with substrate and kept in a growth
chamber at 25°C and a 16/8 photoperiod (Figure 2F). For acclimatization and
hardening, a transparent plastic cup was placed covering the whole plant, and
humidity was progressively reduced by drilling the cup. Once plants were
acclimated, their ploidy was checked by flow cytometry. Small pieces of young
leaves were chopped, processed basically as described in Corral-Martinez and
Segui-Simarro (2012), and analyzed using a Partec PA-I Ploidy Analyzer. Ploidy
analysis of 88 microspore-derived plants revealed that 5 (5.7%) were haploid,
while 61 (69.3%) were diploid and 18 (20.5%) showed higher ploidies. The
histograms of 4 plants presented multiple peaks or excessive background noise
that precluded an unambiguous determination of their ploidy. Diploid plants were
analyzed with microsatellite (SSR) molecular markers using the procedure and
markers described in Corral-Martinez and Segui-Simarro (2012). These markers
were proven heterozygous for the ‘Bandera’ donor plants. The 61 diploid plants
analyzed were consistently found homozygous for all the SSR makers used, as
expected since they came from isolated microspore cultures where anther wall
tissue is filtered out. These results are in agreement with our previous studies with
these SSR markers in ‘Bandera’, where we repeatedly proved a gametophytic
(initially haploid) origin for all the regenerants obtained (Corral-Martinez and
Segui-Simarro 2012). Genetic variation, from gross ploidy differences to subtle
genetic changes, is a well-known phenomenon inherent to all in vitro culture
processes (reviewed in Dunwell 2010). However, the consistency of the SSR
analyses reported hereby and previously published make us think that in this
particular case, genetic variation should not have a great impact. In addition,
~70% of DHs is a percentage better than previous results from microspore
cultures in this and other eggplant cultivars, which revolved around 60% (Miyoshi
1996; Corral-Martinez and Segui-Simarro 2012). This percentage is much better
than those obtained through anther culture (46.4% of DHs in Salas et al. 2011,
25.6% in Rotino 1996, 23.5% in Tuberosa et al. 1987 and 15.4% in Dumas de Vaulx
and Chambonnet 1982). Thus, it appeared that the prolonged in vitro culture time
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did not affect the rate of occurrence of higher ploidies, while it seemed beneficial in

terms of reducing the rate of haploids.

In this work we addressed the main limiting step of DH production in
eggplant through microspore culture: the regeneration of entire DH plants from
microspore-derived calli. After testing several media previously proposed in the
literature to regenerate eggplant plantlets from explants of different origins, the
results presented hereby clearly point to the use of M1 (Miyoshi 1996) to obtain
the highest rate of shoot-producing organogenic calli. However, this medium alone
is not sufficient to promote shoot growth. According to our results, we propose the
repeated subculture (approximately on a monthly basis) of the microspore-
derived calli in M1, and then the repeated subculture of the excised shoots in basal
MS medium (M11) to promote the development of new normal-appearing organs
and the rooting of shoots, and therefore the formation of entire plantlets. As shown
in Table 1, this procedure allowed us to obtain 7.6 plants every 100 cultivated calli,
which represents a remarkable improvement (~4x) compared with the 2%
obtained in the only previous reference of entire plant regeneration from eggplant
microspore-derived calli (Miyoshi 1996). We also showed that media
supplemented with GA3, and in particular M13, produced more elongated shoots,
ready for rooting, than any other media. However, the inability of this medium to
promote root growth, and the increased time and expenses associated to the use of
an additional step with M13, make us to discourage its use. Finally, we obtained a
high frequency of DH individuals (69.3%), which is also higher than those
previously reported for eggplant DHs coming from both anther and microspore
culture. To increase this frequency, the genome of the 5.7% haploids might be
duplicated with colchicine or oryzalin (Dhooghe et al. 2011). However, ~70% of
DHs seems a percentage good enough for most breeding programs, and makes us
propose to discard the addition of a step for genome doubling of the haploid

individuals, which can just be disposed of.
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Rapeseed (Brassica napus) is an oilseed rape, also referred as canola, which
belongs to the Brassicaceae family. Brassica species are widely used in the cuisine
of many cultures, and different species and types of Brassicas are significant
oilseed crops, vegetables or forage crops, and are used in the production of
condiments, such as mustard. Within oilcrops, B. napus was ranked in the fourth
position in 2014 in terms of production, with almost 74 million of tons produced,
and in the second position in terms or area harvested, with more than 36 million of

hectares, Canada being the main producer (FAOSTAT 2017).

The first protocol for androgenic DH production in B. napus was published in
1975 for anther culture (Thomas and Wenzel 1975). Later, protocols for shed
microspore culture (Lichter 1981) and for isolated microspore culture (Lichter
1982) were also developed. Microspore culture showed to be much more efficient
than anther culture (Lichter et al. 1988; Siebel and Pauls 1989), and nowadays it is
a routine procedure in this species, but improvements of the protocol are
continuously being published (Ahmadi and Shariatpanahi 2015; Custers 2003;
Ferrie and Keller 2007; Leroux et al. 2016; Li et al. 2014; Mollers et al. 1994;
Telmer et al. 1992). B napus DHs have been used in breeding (Dormann et al. 1998;
Henderson and Pauls 1992; Zhang et al. 2006), and B. napus DH populations are
being used for mapping quantitative traits and establishing marker-traits
association (Fredua-Agyeman and Rahman 2016; Fu et al. 2017). Aside of the
applied use of B. napus DHs, a major interest of B. napus resides in its use as a
model species for microspore embryogenesis. B. napus microspore cultures
present several positive characteristics that make them an ideal system, including
a high rate of embryogenic cells, a quick embryo induction process, and no need
for exogenous addition of growth regulators. In addition, it belongs to the same
family as the model species Arabidopsis thaliana, where DH technology is not
developed yet due to its extreme recalcitrance. Homologues of genes identified in
Brassica are likely to be found in Arabidopsis genome and databases, so combined
studies for genetic and genomic analysis are possible (Custers et al. 2001). Indeed,
during the last 20 years, several genetic and genomic studies have been published

focusing on the genetic control of microspore embryogenesis ability (Foisset et al.
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1997; Zhang et al. 2003; Zhang and Takahata 2001) and on the identification of
genes expressed during early embryogenesis, potentially useful as markers for
embryo development (Elhiti et al. 2010; Joosen et al. 2007; Malik et al. 2007;
Tsuwamoto et al. 2007).

In parallel, many other works using B. napus microspore cultures focused on
the study of the events associated to embryogenesis induction, in an attempt to
find cellular markers of the embryogenic switch. These events include structural
and cellular changes during the first divisions (Dubas et al. 2011; Hause et al. 1993;
Satpute et al. 2005; Segui-Simarro et al. 2006; Telmer et al. 1995; Zaki and
Dickinson 1990), changes in DNA synthesis and gene expression (Binarova et al.
1993; Boutilier et al. 1994; Hays et al. 1999; Segui-Simarro et al. 2011a), the role of
epigenetic modifications (Li et al. 2014; Rodriguez-Sanz et al. 2014; Solis et al.
2012), regulatory cascades (Chan and Pauls 2007; Segui-Simarro et al. 2005),
autophagy and cytoplasmic cleaning (Corral-Martinez et al. 2013; Parra-Vega et al.
2015a), altered cytokinesis (Parra-Vega et al. 2015b), and changes in protein
synthesis (Cordewener et al. 2000; Cordewener et al. 1994; Pechan et al. 1991),
with special focus on heat-shock proteins expression (Cordewener et al. 1995;
Segui-Simarro et al. 2003; Testillano et al. 2000; Zhao et al. 2003). Comparative
studies between MDEs and zygotic embryos (Ilic-Grubor et al. 1998; Yeung et al.
1996) have shown that MDEs may hold a high morphologic similarity to zygotic
embryos, and they can be used as a model to study general embryogenesis
characteristics, as well as the role of different plant hormones during
embryogenesis initiation and embryo development (Belmonte et al. 2010; Hays et

al. 2001; Hays et al. 2000; Hays et al. 2002; Robert et al. 2015).

In 2015, using also B. napus microspore cultures as a model system, we
reported the formation of a callose-rich layer below the intine which was
considered an early marker of embryogenic commitment, and an abnormally
prolonged presence of callose in the newly formed cell walls (Parra-Vega et al.
2015b). This specific dynamics of callose gives rise to transient callose-rich and

cellulose-defective cell walls, which often leads to irregular and discontinuous cell
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walls, and eventually to nuclear fusions between coalescing nuclei. Indirect
evidence suggested that Ca?* levels might regulate the observed polysaccharide
deposition. In the following chapters we present a detailed study about the
relationship between Ca%* dynamics, polysaccharide deposition and success in

microspore embryogenesis.
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Calcium in microspore development and embryogenesis

Abstract

Calcium is widely known to have a role as a signaling molecule in many
different processes, including stress response and activation of the embryogenic
program. However, there are no direct clues about the role of calcium in
microspore embryogenesis, an experimental process that combines a
developmental switch towards embryogenesis and the simultaneous application of
different stressing factors. In this work, we used FluoForte, a calcium-specific
fluorescent vital dye, to track, by means of confocal microscopy, the changes in
levels and subcellular distribution of calcium in living microspores and pollen
grains during in vivo development, as well as during the first stages of in vitro-
induced microspore embryogenesis. During in vivo development, a clear peak of
cytosolic Ca%* was observed in vacuolate microspores and young pollen grains, the
stages more suitable for embryogenesis induction. Just after in vitro induction, Ca2*
levels increased specifically in embryogenic microspores at levels dramatically
higher than during in vivo development. The increase was observed in the cytosol,
but predominantly in the vacuoles. Non-embryogenic forms such as callus-like and
pollen-like structures presented remarkably different calcium patterns. After the
heat shock-based inductive treatment, Ca2* levels progressively decreased in all
cases. Together, our results reveal a unique calcium dynamics in cells
reprogrammed towards embryogenesis, establishing a link between changes in

Ca?* level and subcellular distribution, and microspore embryogenesis.
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Introduction

Microspores are the precursors of pollen grains, haploid gametophytes that
will give rise to the male gamete in plants. By applying specific stresses and
conditions in vitro, microspores can be deviated from the original gametophytic
pathway towards a new, experimentally induced embryogenic fate. These already
differentiated cells are then reprogrammed to become totipotent and start dividing
sporophytically to produce a new haploid microspore-derived embryo (MDE).
Either spontaneously or using genome duplication treatments, haploid MDEs may
become doubled haploid (DH) and therefore 100% homozygous. This
experimental process is highly interesting for both basic research and applied
plant breeding. At the basic research level, the main interest of microspore
embryogenesis resides on being an exceptional example of the fascinating
developmental plasticity of plant cells. The change in cell fate undergone by
microspores constitutes an excellent system to understand the cellular and
molecular mechanisms underlying cell totipotency. Once the particular
characteristics of this system are well understood, it may serve as a model for the
study of the very early stages of zygotic embryogenesis itself, overcoming the
technical difficulties imposed by the maternal tissues surrounding the zygotic

embryo.

In Brassica napus microspore cultures, embryogenic development starts from
late uninucleated microspores and young bicellular pollen. A series of sporophytic
divisions make the multicellular MDE grow inside the pollen exine, stretching and
thinning it until the increasing size causes its rupture (Hause et al. 1994). MDEs
that emerge from the exine follow the typical morphogenic pattern of zygotic
embryos through globular, heart-shaped, torpedo and cotyledonary stages, while
microspores in culture either arrest and die (Segui-Simarro and Nuez 2008), or
continue a gametophytic-like development to become pollen-like structures which,

after 5-6 days in culture, usually burst and therefore die (Soriano et al. 2013).
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To be induced to embryogenesis, microspores of most species, including those
of B. napus, are submitted to a heat stress treatment. The first perception of heat
stress occurs at the level of the plasma membrane via changes in its fluidity
(Horvath et al. 1998; Vigh et al. 1985), which, together with the activation of
stress-specific Ca2*-permeable channels, causes a transient increase in cytosolic
Caz* levels (Liu et al. 2005). Elevation of cytosolic calcium levels is thought to be a
primitive and universal response to stress (White and Broadley 2003). As a
response to specific Ca2+ perturbations, cells activate specific combinations of Ca2*
sensors (Ca%+-binding proteins). Binding to Ca2* change their properties, which in
turn modify the way they interact with target proteins, thereby altering many
different aspects of cell physiology which, altogether, may result in stress tolerance
and/or a developmental switch (White and Broadley 2003). However, the roles
and locations of calcium go far beyond being an intracellular messenger in the
cytoplasm. Plant cells store calcium in different compartments, including the
endoplasmic reticulum, nucleus, cell wall and vacuoles. At first, it was thought that
the major source of stored calcium was the cell wall, where it is tightly bound to
pectins and plays a key role in cell wall physiology (Demarty et al. 1984). Recently,
it was proposed that cell wall AGPs act as calcium capacitors to supply CaZ* to the
cytosol on demand (Lamport and Varnai 2013). However, other studies pointed
out that, regardless of the roles of other compartments as calcium stores, the major
calcium store in plants appeared to be the vacuole (Rudd and Franklin-Tong 2001),
where it acts as a counter-cation for different inorganic and organic anions (White
and Broadley 2003). From these compartments, calcium is mobilized to produce
fluctuations in cytoplasmic Ca?* levels that play key signaling and regulating roles
in multiple physiological and developmental processes, including cell division and
growth, stomatal closure, and response to several stresses, including pathogen
attack and wounding (reviewed in (White and Broadley 2003). Using the
potassium pyroantimonate technique, calcium distribution and levels have been
assessed during anther development in different species. From these and other
studies, it was deduced that calcium has a direct role in pollen development.

Indeed, altered calcium distribution in anther walls and pollen in tobacco, wheat
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and rice leads to pollen abortion (Li et al. 2001; Meng et al. 2000; Tian et al. 1998),
and gradients of Ca?* are important to determine the polarity and location of
pollen pores and growing pollen tubes (Tirlapur and Willemse 1992). Later, during
post-zygotic development, gradients of Ca?* are important for the establishment of

embryo polarity and seed germination (Hause et al. 1994).

Even in the context of the experimental induction of microspore
embryogenesis, Ca2* has been suggested to be either necessary or helpful for
microspore induction as well as for MDE germination and conversion into plants.
Experimenting with extracellular calcium concentrations and calcium signaling
modulators, a relationship between calcium modulation and embryogenesis
induction was proposed in B. napus (Pauls et al. 2006), barley (Cho and Kasha
1995) and bread wheat (Reynolds 2000). Usually, stresses mobilize calcium stores,
eliciting an increase in cytosolic free Ca2+ levels which, in turn, activates mitogen-
activated protein kinase (MAPK) cascades, among other protein
phosphatase/kinase cascades (Pearce and Humphrey). Interestingly, different
components of MAPK cascades have been found differentially regulated during
stress-mediated induction of microspore embryogenesis in B. napus and tobacco
(Coronado et al. 2002; Segui-Simarro et al. 2005). Hause et al. (1994) studied the
distribution of calmodulin and free cytosolic Ca2* in globular and elongated MDEs,
finding some degree of polarization in the latter. Calcium was also found helpful
for conversion of B. napus into plantlets (Tian et al. 2004). However, although its
role in embryogenesis induction is suspected from indirect evidences and
deductions, the knowledge about the precise role of calcium in this process is still
very scarce and poorly understood. Perhaps due to the technical difficulties of
detecting calcium in a complex in vitro system like this, to our knowledge nobody
has shown how calcium distributes and accumulates during microspore
embryogenesis. In this work we study the changes in levels and subcellular
distribution of calcium during microspore/pollen in vivo development and during
the first stages of in vitro-induced microspore embryogenesis, establishing a link

between calcium increases and microspore embryogenesis.
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Materials and methods

Plant material

Donor plants of Brassica napus L. cv. Topas line DH4079 were grown in
growing chambers of the COMAV Institute (Universitat Politecnica de Valéncia,
Valencia, Spain). Plants were grown in 20 cm pots at 60% humidity and 16/8
photoperiod, kept at 202C until flowering and then transferred to 152C.

Brassica napus microspore culture

Isolation, induction treatment and microspore culture were performed
according to Custers (2003). Flower buds containing mostly late uninucleated
microspores and young bicellular pollen were dissected from the plant, surface
sterilized with 2% sodium hypochlorite for 10 min, and washed three times in
sterile distilled water for a total of 15 min. Buds were crushed with a sterile
syringe piston in NLN-13 medium. NLN13 medium consist of NLN medium as
described by (Nitsch and Nitsch 1967) supplemented with 13 % sucrose and
sterilized by filtration though 0.22 pm filter. Microspores were isolated from the
suspension by filtration through 40 pm nylon mesh (Millipore) followed by three
rounds of centrifugation at 100 g for 4 min each. Microspore density was
calculated with a hemocytometer and adjusted to 4x10* microspores per ml. The
cellular suspension was plated, incubated in darkness for 3 days at 32.5 °C to
induce embryogenesis, and then at 25°C in darkness for embryogenesis

progression.

Callose and calcium staining and detection

B. napus microspores and pollen at different stages during microsporogenesis
and microgametogenesis were stained with FluoForte (FF; Enzo Life Sciences,

ENZ-52015) for calcium detection and with aniline blue (Fluka, 96290) for callose
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detection. Microspores and pollen were isolated from flower buds at different
stages. To minimize the stress, the extraction process was done as quickly as
possible and the solutions and plant material used were kept at 42C. Excised buds
were crushed with a syringe piston in phosphate-buffered saline (PBS), filtered
through a 40 pm nylon mesh and centrifuged at 100 g for 4 min. The supernatant
was discarded and the concentrated cell suspension was mixed with the same
volume of 0.2 g/l FF in PBS and incubated in darkness during 30 min. Then, cells
were washed with 1 ml PBS and centrifuged in an Eppendorf centrifuge at 200 g
for 2 min. The supernatant was discarded and pelleted cells were mounted in a
microscope slide and immediately observed. Microspore cultures were prepared
as described above, collected at different culture times and stained following the
same protocol, with two modifications: samples and solutions were kept at room
temperature and 0.2% aniline blue was also added to the staining mix. Stained
cells were mounted in a microscope slide and immediately observed. In all cases,
observations were carried out with a Zeiss LSM 780 confocal laser scanning

microscope.

Image analysis of fluorescence

Digital images were processed with Leica Application Suite Advanced
Fluorescence (LAS AF) and FIJI software. Spectral imaging of mature pollen grains
stained with FF was carried out in the confocal laser scanning microscope with
laser excitation at 488 nm. A set of images was obtained, with each image being
acquired with a separate narrow bandwidth (8.9 nm), representing the complete
spectral distribution of the fluorescence emission signals for every point of the
image. The spectral analysis of defined areas and the visualization of the images in
coded colors depending on the emission spectrum was performed using the
advanced linear unmixing function (LAS software), which separates mixed signals
pixel by pixel using the entire emission spectrum of each defined fluorescent
compound in the sample. Autofluorescence and FF signal were differentiated by

comparison with the reference emission spectrum of FF provided by the
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manufacturer (www.enzolifesciences.com). Using Fiji software, different cell
regions were selected (vacuoles, cytosol+nucleus, and exine) and their mean

fluorescence intensity was measured.

Results

Dynamics of FF during observation in living cells

FF has been successfully used in animal cells (Blaauw et al. 2012; Kim et al.
2013) but, to the best of our knowledge, has not yet been used to detect calcium in
plant cells. Conventional calcium-sensitive fluorescent dyes are known to undergo
compartmentalization after some time of incubation (Fricker et al. 2001).
Therefore, we performed some preliminary tests to adjust the best conditions to
study calcium levels and distribution in in vivo and in vitro cultured microspores.
Previous experiments with B. napus root tips (data not shown) helped us to adjust
the best working concentration of FF to 0.1 g/1. Then, we studied the dynamics of
FF staining in living, freshly isolated microspores and pollen grains at different
time points. Approximately 15 min after mounting samples in the slides (Fig. 1A),
both vacuolate microspores (Figs. 2A, A’) and pollen grains (Figs. 2B, B’) clearly
showed an intense nuclear-cytosolic FF signal, vacuoles exhibiting a very low
signal, barely eye-detectable. Prolonged observation of these cells revealed a
progressive decrease of the nuclear-cytosolic signal and a parallel increase of the
vacuolar signal. Thereby, 60 min after mounting (Fig. 1B), the FF signal was almost
excluded from the nucleus-cytosol and principally localized in the vacuoles. Such a
transition from cytosolic to vacuolar signal was observed in both vacuolate
microspores (Figs. 2C, C) and pollen grains (Figs. 2D, D’). After one hour, no
further changes were observed. Quantitatively, the nucleo-cytosol/vacuole ratio
averaged for the three stages shown in Fig. 1 was 4.2 (4-fold more signal in the
nucleus-cytosol than in vacuole) when observed within 15 min, and 0.03 (30-fold

less signal in nucleus-cytosol than in vacuole) when observed after 60 min. Thus,
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we concluded that prolonged incubation times caused a progressive loss of signal
together with a compartmentalization of the FF signal into vacuoles. However,
observation of cells around 15 min after incubation and mounting consistently

showed a clear nucleo-cytosolic signal in these cells. Thus, we assumed this time

point as the optimal to reliably detect calcium with FF in our cells.
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Figure 1. Fluorescence intensity of FF staining in the cytosol+nucleus region and in vacuoles
of vacuolated microspores and young bicellular pollen, 15 min (A) and 60 min (B) after
mounting the samples. VM: vacuolate microspore, YBP: young bicellular pollen.
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Figure 2. FF staining of microspores and pollen after 15 and 60 minutes of observation. Bright
field and FF staining pairs of pictures are shown. Vacuolate microspore (A, A’) and early
binucleated pollen (B, B’) after 15 min of observation. Vacuolated microspore (C, C') and early
binucleated pollen (D, D) after 60 min of observation. Note the change of FF staining localization
from nuclear-cytosolic to vacuolar in both cell types. ct: cytosol, v: vacuole. Bars: 10 pum.

Calcium distribution during microspore and pollen development

We carefully examined a minimum of 20 cells at each of the stages studied.
Observations were remarkably consistent for each stage. A representative example
of the calcium distribution at each stage during microsporogenesis and
microgametogenesis is shown in Fig. 3. Tetrads (Figs. 3A, A’) and young
microspores just released from the tetrad (Figs 3B, B’) presented a very low
calcium signal, principally located in few, small cytosolic foci, likely corresponding
to cytoplasmic organelles. Mid microspores showed no detectable calcium signal
(Figs 3C, C"). At the onset of microspore vacuolation, calcium signal accumulated in
the cytosol and nucleus, while no detectable signal was found in the vacuole (Figs.
2A, A’). Late unicellular, vacuolated microspores (Figs. 3D, D’) also showed a
nucleo-cytosolic signal, but brighter than in the previous stage. As in the previous
stage, the large, central vacuole was devoid of fluorescence, but in this stage, the
nuclear region appeared slightly brighter than the cytosol. The highest signal

intensity was observed after the first pollen mitosis, in early binucleated pollen
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(Figs. 3E, E’; Supplementary Movie S1). In this stage, an intense fluorescence was
observed in the cytosol and even more intense in the nuclei, but not in the mid-
sized vacuoles that resulted from fragmentation of the large vacuole. In the mid
pollen grain (Figs. 3F, F’) calcium staining was in general less intense, but it was
observed again in the cytosol and the centrally positioned nuclei. The small and
numerous vacuoles and the starch granules typical from this pollen stage showed
no detectable signal. In order to confirm our qualitative observations, we
calculated for all the cells studied at each stage, the average FF fluorescence
intensity/um2 in all the cell area and in each of the identifiable cell regions. As
seen in Table 1 and in Fig. 4A, this analysis confirmed that at the stages of
microspore vacuolation and first pollen division, calcium signal strongly increases
in the nuclear-cytosolic regions, staying very low in vacuoles. In mature pollen
grains (Figs. 5A, A’), a faint, barely detectable signal was observed inside the pollen
grain, in line with the progressive decrease observed after the first pollen mitosis.
However, numerous bright foci were detected in the exine, outside the cell. To
exclude exine autofluorescence, a known and well documented phenomenon
(Roshchina 2012), we analyzed both emission spectra. Spectral imaging as
described in Materials and Methods was carried out in preparations containing
both microspores and mature pollen grains and exposed to the same excitation
conditions. Small regions were selected in the pollen and microspore exine (Fig.
5C, green and pink arrowheads, respectively), and the fluorescence emission
spectra of the selected areas were analyzed. As seen in Fig. 5D, the pollen exine
spectrum (green curve) presented the characteristic emission spectrum of FF (one
neat peak with a maximum in 525 nm), whereas the microspore exine spectrum
(pink curve) showed multiple peaks at different wavelengths, typical of
autofluorescence. Indeed, when the linear unmixing procedure provided by the
LAS AF software was used to assign different color to areas with different emission
spectrum, both signals perfectly overlaid (Fig. 5E). Thus, the exine signal observed

in mature pollen grains was not due to autofluorescence.
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Figure 3. FF staining during in vivo
microspore/pollen  development.  Bright
field and FF staining pairs of pictures of a
tetrad (A, A’), young microspore (B, B’),
mid microspore (C, C’), vacuolated
microspore (D, D’), young bicellular pollen
(E, E") and mid pollen grain (F, F’) are
shown. ct: cytosol, v: vacuole, n: nucleus.
Bars: 10 ym.
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Table 1. Average intensities of FF fluorescent staining for different regions of microspores/pollen
during in vivo development. Fluorescence intensity is given in arbitrary units x103/um2.

Vacuoles Cytosol + nucleus Exine
Stage (mean £ SD) (mean  SD) (mean £ SD)
Mid microspore 0.01£0.01 0.01£0.01 n.a.a
Early vacuolated microspore 1.00£1.11 3.80£1.75 n.aa
Late vacuolated microspore 0.28+0.39 2.45+1.65 naa
Young bicellular pollen 0.52+0.29 2.94£2.27 naa
Mature pollen 0.034£0.02 0.03+0.02 4.04+1.63
anot available
s A C
B Cytosol+nucleus
OVacuole

Fluorescence Intensity/jym2 (arbitrary units x10%)
3

=

. i In vitro, non-

In vivo gametogenesis In vitro embryogenesis embryogenic

MM VM early VM late  YBP MP  1-cel(l) 1-cel () 1-cel(ll) 2-cel 4-cel Multicel Mot Callus- Follen-
induced  like like

Figure 4. Fluorescence intensity of FF staining in cytoplasm and vacuoles of cells at different
stages during in vivo gametogenesis (A), in vitro embryogenesis (B) and non-embryogenic in
vitro development (C). MM: mid microspore, VM: vacuolate microspore, YBP: young bicellular

pollen, MP: mature pollen, cel: cell/cells.
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Figure 5. Mature pollen grain observed under bright field (A) and stained with FF (A’). B-D show
the analysis of fluorescence emission spectra of exine autofluorescence and FF. B: Small areas
were selected from mature pollen exine (green arrowhead) and microspore exine (pink
arrowhead), C: Fluorescence emission spectrum of pollen exine (green) and microspore exine
(pink), D: Areas with different emission spectra are represented in coded colors, allowing the
identification of FF staining (green) and exine autofluorescence (pink). Note that in the pollen
wall, FF staining and exine autofluorescence are overlaid. Bars: 10 ym.

In conclusion, we showed that during in vivo development, calcium levels
increased progressively in the cytosol and nucleus (but not in vacuoles) from the
tetrad stage to the late vacuolate microspore stage, first as discrete foci and then as
a dispersed signal that reached a maximum at the young pollen stage. From then
on, calcium levels progressively decreased to become barely detectable in the
cytosol of mature pollen. However, an intense calcium signal was observed at this

stage in the pollen exine.
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Calcium distribution during induction of microspore embryogenesis

Next, we studied the intracellular levels and distribution of calcium signal in
microspores isolated and in vitro induced to embryogenesis. To identify them we
used different morphological markers (size, shape, cytoplasmic appearance, etc.),
amongst which the presence of internal cell walls was the most evident one. In
order to identify microspores committed to embryogenesis but still not divided,
we stained cells in parallel with aniline blue to identify the development of the
callose-rich subintinal layer, described as an early marker of embryogenic
commitment (Parra-Vega et al. 2015b). One day after induction (Figs. 64, A’), we
found many cells where the intracellular calcium signal increased dramatically
with respect to that found in in vivo isolated microspores. These cells also
presented aniline blue staining at discrete peripheral regions, indicative of the
onset of subintinal layer formation. The calculation of the average FF fluorescence
intensity/um2 showed that in these cells (1-cel (I) in Table 2 and Fig. 4B), in
addition to a ~2.5x increase in the nuclear-cytosolic signal, these microspores
accumulated signal in vacuoles at levels considerably higher (~19x) than during in
vivo development. Indeed, the most striking difference between in vivo and in vitro
development was the massive internalization of calcium signal to vacuoles. In one
day-old cultures we also observed microspores with larger peripheral regions
stained with aniline blue, indicating a later stage in subintinal layer formation.
Interestingly, these cells (1-cel (II) in Table 2 and Fig. 4B) showed a decrease in the
nuclear-cytosolic calcium signal, with nearly all the signal concentrated in
vacuoles, now located at the cell periphery (Figs. 6B, B’; Supplementary Movie S2).
A third type of unicellular microspores (1-cel (III) in Table 2 and Fig. 4B) was fully
surrounded by aniline blue-positive subintinal layer and showed a decrease in
vacuolar signal (Figs. 6C, C’), suggesting that as the cell progresses in
embryogenesis, calcium signal decreases. This notion was confirmed in
embryogenic structures with clearly visible cell divisions (Figs. 6D, D"), where
vacuoles showed no detectable signal, and the nuclear-cytosolic signal dropped
down to very low levels. Four-celled (Figs. 6E, E") and multicellular embryogenic

microspores (Figs. 6F, F’) from 6-day old cultures, where the subintinal layer is
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already dismantled (Parra-Vega et al. 2015b), followed this trend, with almost no

detectable calcium signal neither in the vacuoles nor in the rest of the cell.

Figure 6. FF and aniline blue staining during in
vitro microspore embryogenesis. A, A’: Induced
microspore showing high FF green signal, and
few aniline blue stained regions below the
intine. B, B Microspore showing FF staining
only in vacuoles, and aniline blue signal in the
subintinal layer. C, C': Embryogenic microspore
with decreased vacuolar FF signal and fully
surrounded by aniline blue-positive subintinal
layer. D, D’: Embryogenic microspore with a
clear aniline blue-stained cell division (arrows)
and very low level of FF staining. E, E": Four-
celled embryogenic structure (arrows indicate
inner cell walls), without detectable fluorescent
signal. F, F’: Multicellular embryogenic structure
without detectable fluorescent signal. Bars: 10
gm.
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Table 2. Average intensities of FF fluorescent staining for different regions
of in vitro- cultured structures. Fluorescence intensity is given in arbitrary
units x103/um?

Stage Vacuole Cytosol + nucleus
1-cel (1) 10.74+1.92 7.58+2.55
1-cel (1) 6.36+2.54 0.40+0.24
1-cel (Il) 3.54+2.20 0.69+0.87

2-cel 0.04+0.08 0.04+0.08

4-cel n.d n.d

Multicellularl 0.01+0.01 0.01+0.01
Not induced 0.01+0.01 0.01+0.01
Callus-like 0.05+0.08 0.31£0.20
Pollen-like 1.8412.12 1.8412.12

In light of these results, we concluded that the first signs of embryogenic
commitment are accompanied by an increase in intracellular calcium levels. In
particular, calcium accumulated in vacuoles, disappearing from the nucleus and
cytosol. However, later embryogenic stages, when microspores start the successive
division rounds, are characterized by a progressive decrease in calcium levels,

reaching undetectable levels not only in the cytosol, but also in vacuoles.

Calcium distribution in non-induced, in vitro cultured cells

In isolated microspore cultures, microspores induced to embryogenesis
coexist with other forms, non-sensitive to the inductive treatment and therefore,
not induced to embryogenesis. For instance, there are cells arrested or dead at
different culture stages (Fig. 7A), microspores induced to divide and proliferate but
in a non-embryogenic manner, giving rise to disorganized, callus-like structures
(Figs. 7B, C), and microspores that follow a gametophytic-like pathway, becoming
pollen-like grains (Figs. 7D, E) with many of the features typical from pollen grains,

including enlarged size, vegetative and generative nuclei, and starch granules,
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among others. Microspores apparently arrested or dead, not showing any sign of
development, showed no detectable signal in any case (Figs. 74, A’). Dividing cells
that followed a callus-like pathway showed a pattern of FF staining remarkably
different from embryogenic microspores. These structures presented a faint but
clearly detectable signal in the nucleo-cytosolic region (Figs. 7B, B’), combining a
dispersed pattern with the presence of some discrete foci as those observed in in
vivo microspores. Interestingly, we detected this pattern of calcium signal in these
structures even in three day-old cultures, a stage when calcium could not be
detected in embryogenic, dividing structures. In all cases, signal was not present in
vacuoles, at least at detectable levels. After 6 days of culture (Figs. 7C, C’), however,
calcium signal in callus-like structures became eventually non detectable in our
conditions. Pollen-like structures presented a dual pattern of calcium distribution.
Some of them presented very scarce signal, concentrated in few small, peripheral
foci (Figs. 7D, D’). Others presented abundant cytosolic signal, principally in
peripheral regions (Figs. 7E, E’). Interestingly, some of them showed a broken
exine and part of the cytoplasm emerging out of the grain, resembling germinating
pollen (Figs. 7F, F’). In any case we could find in pollen-like structures a calcium

distribution pattern similar to that found in embryogenic microspores.
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Figure 7. FF and aniline blue staining
during  non-embryogenic  in  vitro
development. A, A": Non-induced, arrested
or dead microspore. B, B’ Callus-like
structure  with  non-embryogenic  cell
divisions (arrows). C, C: Six day-old
multicellular callus-like structure (arrows
indicate inner cell walls). D, D’ and E, E"
Pollen-like structures with different levels
of FF signal, from low and concentrated in
discrete peripheral foci (D, D’) to intense
and distributed throughout the cytosol. F,
F’: Pollen-like structure with broken exine
resembling germinating pollen, showing FF
signal in the peripheral cytosolic area.
Bars: 10 pum.
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Discussion

FluoForte staining is a convenient way to detect intracellular Ca?* in living

in vivo and in vitro cultured microspores

Despite the interest of the long pursued study of the changes in intracellular
calcium levels and distribution in plant cells, this study has not been always easy.
Among the different technical alternatives, the most used have been Ca%*-sensitive
fluorescent dyes. Different dyes are commercially available, but they generally do
not diffuse well into cells because at physiological pH, they are negatively charged
(Grynkiewicz et al. 1985). The alternative, uncharged acetoxymethyl (AM) esters of
the dyes are able to passively enter the cytosol, where they interact with
intracellular esterases that switch them to the negatively charged, Ca%*-sensitive
form (Tsien 1981). In plants, this approach may be limited by the presence of
esterases (pectin methyl-esterases, PMEs) in the cell wall (Micheli 2001), which
hydrolyze AM-esters in the extracellular space prior to access the cytosol.
However, Solis et al. (2016) found that the expression of PMEs in B. napus
vacuolated microspores, pollen grains and embryogenic microspores was very low.
Thus, it seems that the presence of cell wall PMEs should not be a problem in our
case. Our results confirmed it, since we were able to detect an intense signal within
microspores and pollen grains. As to the presence of FF signal in the exine of
mature pollen, it could be due to the presence of other, mature pollen-specific
PMEs, or to the contribution of the senescing inner anther wall layers which,
together with the release of calcium (Ge et al. 2007b; Kuang and Liao 2015; Qiu et
al. 2009) and of partially and non methyl-esterified pectins to the locular fluid
(Corral-Martinez et al. 2016), could be delivering pectin-associated PMEs.

Another problem previously documented with the use of fluorescent calcium
dyes in plant cells is intracellular compartmentalization after loading (Fricker et al.
2001). However, this event strongly depends on the cell type and the dye used. For
example, Bush and Jones (1987) used two AM-ester dyes, Indo-1 and Fura-2, to

image Ca?* in barley aleurone protoplasts, finding that while Indo-1 was not well
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hydrolyzed, Fura-2 compartmentalized in the vacuole. Similarly, in rhizoid cells of
Fucus serratus, Fura-2 was found sequestered into vacuoles and vesicles (Brownlee
and Pulsford 1988). Using FF in B. napus microspores, we also found some degree
of dye compartmentalization in the vacuole, but one hour was needed to observe it.
When observed within 15 min after mounting, calcium signal was most
predominantly cytosolic. Other studies, using absolutely different approaches and
species (Ge et al. 2007b; Kong and JIA 2004; Kuang and Liao 2015; Qiu et al. 2009;
Wei et al. 2015), consistently showed a clearly cytoplasmic signal, which counts in
favor of this notion, too. Thus, we can assume that in in vivo microspores, the signal
we observed corresponded to cytosolic Ca2*. Similarly, we can also assume that
when we see, under identical preparative conditions, cells with mostly vacuolar
signal (as in embryogenic microspores), we are detecting Ca2* initially located in
vacuoles, and not compartmentalized. It must be noted, though, that
compartmentalization prevented us from using live imaging of Ca2* changes in the
same microspores during the first embryogenic stages. This was the reason to take
different samples for different time points, instead of observing the same cells over
time. Since we kept our in vivo samples at 4°C to avoid the putative effect of heat
on calcium levels, it could also be argued that cold might also have an effect.
However, calcium oscillations due to cold shock are brief (seconds, according to
Knight 1999; White and Broadley 2003), which implies that after a 15 min
incubation, we should not observe them. All this considered, we can rely on the use

of FF to detect calcium in in vivo and in vitro cultured B. napus microspores.

B. napus shows a particular calcium dynamics during in vivo development

From the tetrad stage on, cytosolic CaZ* progressively increased from a very
low level in tetrads up to a maximum in late microspores and young pollen grains.
From that stage on, Ca%* progressively disappeared, reaching in mature pollen
cytosolic levels as low as those of tetrads. The pattern of Ca2* dynamics during
microsporogenesis and microgametogenesis seems to be species-specific. For

example, using the potassium pyroantimonate cytochemistry for electron
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microscopy, in Larix principis-rupprechtii, calcium was almost undetectable during
microspore development, whereas in pollen grains, it was only clearly observed in
the pollen coat (Kong and JIA 2004). In lettuce and oil tea, a progressive increase
during microsporogenesis, a decrease during vacuolation, a second increase in
young pollen grains, and a final decrease in mature pollen was described (Qiu et al.
2009). In Uncaria hirsuta, calcium precipitates increased as microsporogenesis
proceeded, with a peak in bicellular pollen and a decrease in mature pollen (Kuang
and Liao 2015). In tobacco, calcium was detected in the cytoplasm and nucleus of
vacuolated microspores and bicellular pollen, decreasing at late pollen stages (Ge
et al. 2007b). As seen, there are species where the level of calcium in vacuolated
microspores is low, and others where it is remarkably high, accumulating
preferentially in the nuclei. The observed sharp calcium peak at the microspore-
pollen transition seems to be not exclusive of B. napus, but also occurring, for
example, in tobacco. Interestingly, these two species are considered model species
in terms of response to induction of microspore embryogenesis. Perhaps, this
particularly high Ca?* level just at the stages more suitable for embryogenesis

induction is related to their ability to undergo embryogenesis.

The unique calcium pattern of embryogenic microspores would reflect the

simultaneous occurrence of multiple stresses

In microspores induced to embryogenesis, Ca2+ was found in the cytosol and
nucleus at levels remarkably higher than in in vivo vacuolated microspores and
young pollen grains. This is not surprising, since cultured microspores are
suspended in a calcium-rich medium (500 mg/l Ca(NO3)2), and it is known that
one of the consequences of heat shock exposure is fluidization of the plasma
membrane, which makes it more permeable to cations such as Ca2*, among others.
Thus, it seems reasonable to deduce that the dramatic increase in embryogenic
microspores is due to the entry of Ca2* from the culture medium. According to
White and Broadley (2003), the magnitude and duration of a stress-associated

calcium increase depends on the severity of the stress and the number of different
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stresses acting together. B. napus isolated microspore culture is a system where
different stress sources are simultaneously applied to the same population. These
stresses include, at least, a mechanical stress from isolation procedures, an osmotic
stress from culture in a medium with high sucrose levels (130 g/1), and a 24 h-long
heat stress at 32.52C. In turn, they induce the production of reactive oxygen species
which generate additional oxidative stress. It is known that some stresses, such as
mechanical stress or cold shock induce immediate, transient Ca2+ short pulses,
whereas heat shock, hyper-osmotic stress, and exposure to oxidative stress first
elicit an immediate, short CaZ* pulse, but also a second, prolonged elevation that
may last even hours (reviewed in White and Broadley 2003). Our experimental
conditions precluded us from detecting the first short pulse, but the extremely
elevated Ca2* levels observed after 24 h of in vitro culture would reflect the second,
prolonged elevation of such biphasic calcium signature caused not only by
exposition to heat stress, but also to hyper-osmotic and oxidative stress. Thus, just
induced embryogenic microspores combine, simultaneously, high initial Ca2+ levels
and a series of stress-inducing factors characterized by prolonged Ca2* elevations.

Such unique combination would be the cause of their disparate Ca?+ levels.

The unique calcium pattern of embryogenic microspores might be

involved in the developmental switch

In this cellular scenario, it is tempting to speculate with the consequences of
this unique Ca?* perturbation. First, it might be related to autophagy. We
demonstrated that induction of embryogenesis in B. napus is tightly associated
with massive autophagy and excretion processes involving the formation of
autophagosomes and plastolysomes (Corral-Martinez et al. 2013; Parra-Vega et al.
2015a). On the other hand, a clear link between calcium signaling and autophagy
induction through regulation of PPP3/calcineurin (a calcium-dependent
phosphatase) was recently demonstrated in mammal cells (Medina et al. 2015).
Although possible, this hypothesis is still weak, since a similar link between

calcium and autophagy is still to be demonstrated in plants. However, the links
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between CaZ* perturbations and plant embryogenesis induction are significantly
stronger and well founded. It is widely accepted that during zygotic
embryogenesis, calcium is needed for egg cell activation. In both plants and
animals, the initial step of egg activation involves dramatic CaZ* increase and
oscillations. In mouse oocytes, it was demonstrated that the promotion of calcium
uptake with the A23187 ionophore was sufficient to activate nearly 50% of the
treated oocytes (Nakasaka et al. 2000). In plants, there are multiple evidences of
CaZ* increases upon fertilization that point to a key role of calcium in egg cell
activation (reviewed in Ge et al. 2007a). The most notable example comes from
maize, where the first events of the embryogenic program can be induced just by
triggering Ca2* influx (Antoine et al. 2001). In other embryo-forming processes, the
involvement of calcium is similar. Experimentally elevated Ca2+ levels were found
to stimulate somatic embryogenesis in Coffea canephora (Ramakrishna et al. 2012)
and carrot (Takeda et al. 2003), where initiation of somatic embryogenesis was
found to coincide with a rise in the level of cytosolic Caz* (Timmers et al. 1996).
Although there is no evidence for an androgenesis-specific calcium signature, the
calcium pattern we hereby describe is the most detailed description of calcium
dynamics during the first stages of MDE induction, and presents remarkable
similarities with calcium dynamics in other embryo-forming processes. Since it is
widely accepted that explicit calcium perturbations produce specific signatures
which trigger defined physiological responses (reviewed in White and Broadley
2003), we speculate that the unique combination of elevated initial Ca2* levels and
additional stresses in embryogenic microspores would be somehow mimicking the
specific calcium perturbations that appear to initiate embryogenesis in egg and

somatic cells under defined circumstances.

Interestingly, calcium increase is not the only common link with other
embryogenic processes. The formation of a callose-rich layer surrounding the cell
as soon as it acquires embryogenic identity is a common feature of embryogenic
microspores (Parra-Vega et al. 2015b), somatic embryos (Dubois et al. 1991;
Maheswaran and Williams 1985; You et al. 2006) and zygotic embryos as well

(Jensen 1968; Williams et al. 1984). The similarities between calcium patterns
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would add to the growing body of evidences that relate the different embryogenic
pathways not only ant the genetic level, but also at the cellular and physiological

levels.

Vacuolar calcium internalization could help cells prevent toxicity of

calcium excess

An additional difference with in vivo microspores was the massive
internalization of calcium in vacuoles during the inductive treatment. It is known
that there is a maximal concentration and duration beyond which, prolonged
increases in cytosolic Ca?* become toxic and even lethal for cells (White and
Broadley 2003). Indeed, sustained high Ca2* levels were shown involved in
programmed cell death during both normal development and abnormal situations
such as hypersensitive responses to pathogens (Levine et al. 1996). Thus, vacuolar
storage of calcium excess in embryogenic microspores may be a mechanism to
keep calcium homeostasis under control and therefore avoid calcium toxicity or
death induction. It is interesting to note that the presence of markers of
embryogenic commitment such as the callose-rich subintinal layer (Parra-Vega et
al. 2015b) was inversely related to the presence of Ca%* in vacuoles. A callose-rich,
impermeable wall may constitute an effective barrier against Ca2+ influx across a
plasma membrane permeabilized during heat shock. Therefore, as the subintinal
layer grows and covers progressively more plasma membrane, it will be less
necessary to store CaZ* excess in vacuoles. In line with this, once cells were
transferred to 252C, no Ca2* was detected in vacuoles, reaching a situation similar
to that of young microspores or mature pollen. In conclusion, the storage of
calcium in vacuoles during heat shock exposure seems to be a cellular response to

reduce excessive concentration to safe cytosolic levels.
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Stress-induced calcium perturbations are not the only players involved

A remarkable feature of microspore cultures is that all microspores are
initially exposed to the same in vitro conditions, but not all adopt the same
developmental pathway nor present the same calcium patterns, as we
demonstrated hereby. Embryogenic microspores showed a dramatic rise during
the first stages, accumulating most of the Ca?* in vacuoles, whereas callus-like
structures presented almost no calcium increase, being always cytosolic, not
vacuolar. In turn, pollen-like structures showed either very scarce signal, which
might indicate pollen latency, or abundant peripheral signal associated in some
cases to morphological evidences of pollen germination. In vivo, this calcium
distribution pattern has been associated to germinating pollen (Ge et al. 2007a),
which confirms the pollen-like behavior of these in vitro induced structures. In
summary, we showed three defined calcium patterns associated to three
developmental fates, all triggered in adjacent cells exposed to identical stress
conditions. Thus, the question arises as to why there are different responses to
identical stimuli? According to Gilroy and Trewavas (2001), this phenotypic
plasticity may be explained because calcium levels are not the only players
involved on these responses. The levels and activity of Ca?* sensors and target
proteins, among other elements, are also important, and they may not be the same
in all cells, probably due to subtle developmental differences (even being at the
same microspore stage) which lead to minute differences in transcript, protein
and/or enzyme profiles. This is why identical stimuli may give rise to different Ca2*
perturbations which, in turn, may lead to different developmental fates in two

adjacent microspores.
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Callose, cellulose and Ca?* in microspore embryogenesis

Abstract

Induction of microspore embryogenesis in Brassica napus is associated to
dramatic alterations of intracellular Ca2* concentrations, and to the formation of a
callose-rich subintinal layer exclusive for embryogenic microspores. In this work,
we studied the deposition of callose and cellulose during the first stages of
microspore embryogenesis in a highly responding (DH4079) B. napus line, and in
an eggplant DH line (DH36). Our results revealed that the formation of a callose-
rich subintinal layer is a common feature of microspore embryogenesis in different
species, but the amount of callose in this layer is related to the androgenic
response, being higher in the highly responding genotype of B. napus. In this
genotype, we studied the relationship between Ca?* and callose and cellulose
deposition by modulating intracellular Ca?+ levels with caffeine, digitonin, chitosan
and endosidin 7. Abnormal callose deposition in the inner cell walls was found
CaZ*-dependent, whereas deposition in the subintinal layer was also modulated by
Ca?*, but to a lower extent. Callose deposition was inversely related to cellulose
deposition, indicating that these are incompatible processes. In turn, callose
deposition in the cell wall and the subintinal layer are independent processes,
likely regulated by different callose synthases. The significance and implications of

these findings are discussed.
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Introduction

Microspore embryogenesis is an experimental, in vitro-induced system
whereby embryogenic development can be induced in cells initially programmed
to become male gametophytes, i.e, male gamete precursors. Through the
application of specific abiotic stresses, haploid microspores are pushed to exit their
original gametophytic program and proliferate first, and then to differentiate into
haploid or doubled haploid (DH) microspore-derived embryos (MDEs). In
microspore cultures, different developmental fates coexist. Some microspores
arrest and die, while others continue a gametophytic-like development to become
pollen-like structures which, after 5-6 days in culture, usually burst and therefore
die (Soriano et al. 2013). Among the dividing individuals, some adopt a
proliferative, callus-like pathway that sooner or later will end up in cell arrest and
death, and only a few of them are effectively induced to embryogenesis (Segui-
Simarro and Nuez 2008). In them, a series of symmetrical division are triggered,
following a pattern and mechanism more similar to cytokinesis of somatic cells
than to the typical asymmetric division of the first pollen mitosis (Parra-Vega et al.
2015; Zaki and Dickinson 1991). In conventional, somatic-type cytokinesis, the
first polysaccharides that form the new inner cell walls are pectins and
hemicelluloses transported to the nascent cell plate via Golgi-derived vesicles,
whereas callose is synthesized in situ and deposited in the cell plate lumen
(reviewed in Drakakaki 2015). By the widening force of callose accumulation in the
cell plate lumen, the initial tubulo-vesicular membranous network develops into a
wide tubular network and finally into a fenestrated-sheet cell plate (Segui-Simarro
et al. 2004). At this stage, callose walls are discontinuous, flexible and delicate.
Transient callose walls serve as a stabilizing scaffold to expand the cell plate prior
to deposition of cellulose fibrils and callose removal by (3-1,3-glucanases (reviewed
in Segui-Simarro et al. 2008). At the end of the process, the primary cell wall is
formed by a cellulose-hemicellulose network where pectins arrange in the middle

lamella, and callose is only present around plasmodesmata (Levy et al. 2007).
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As opposed to this pattern, embryogenic microspores produce cell walls with
altered polysaccharide composition. Induction of embryogenesis was associated to
a particular composition in terms of pectins and xyloglucans in Capsicum annuum
(Barany et al. 2010) and of arabinogalactan proteins in B. napus (El-Tantawy et al.
2013). Cellulose was found to be absent from the first, newly formed cell walls of B.
napus embryogenic microspores of up to 6 days in culture (Dubas et al. 2013).
With respect to callose, its presence seems to be extended over time. It was
recently demonstrated that the cell walls of few-celled B. napus MDEs accumulate
callose in cell plate stages beyond the fenestrated-sheet, even in mature cell walls
where cellulose should already have replaced it, giving rise to callose-rich and
cellulose-defective cell walls (Parra-Vega et al. 2015). This characteristic feature of
cytokinesis in embryogenic microspores appeared to be transient, associated to
the first stages of the process, since no abnormal callose presence was detected in
advanced MDEs. At the same time, Parra-Vega et al. (2015) described a callose-rich
subintinal layer (SL) formed between the intine and the plasma membrane in B.
napus embryogenic microspores, even before the first embryogenic division is
observed. The SL was variable in thickness, but fully surrounded the cells of the
structure during the first stages of embryogenic commitment. The SL was found to
be exclusive from induced microspores, being absent in pollen-like structures
exposed to the same induction and culture conditions. All these features led to the
notion that the presence of a callose-rich subintinal layer could be an early marker

of embryogenic commitment (Parra-Vega et al. 2015).

The stress used to induce embryogenesis in most species, including B. napus,
is heat. The way cells perceive heat involves transient increases in cytoplasmic Ca2*
levels mediated by changes in plasma membrane fluidity and activation of Ca%*-
permeable channels (Horvath et al. 1998; Liu et al. 2005; Saidi et al. 2009). The
signaling cascade initiated by heat-induced Ca?* influx acts as an inducer of many
components of the heat shock response (HSR), but the effects of Ca?* as
intracellular messenger go far beyond. As reviewed in White and Broadley (2003),
cytosolic Ca2* levels play a key role in the regulation of many different processes,

including those occurring during microspore embryogenesis: induction of

145



Chapter 5

embryogenesis and response to several stresses. In this context, calcium was
traditionally suspected to have a role, principally during the first stages of the
process (Pauls et al. 2006). However, its precise role has not been elucidated yet.
Recently, we demonstrated that, as a consequence of induction, embryogenic
microspores accumulate Ca2* in the cytosol, but principally in vacuoles, at levels
dramatically higher than during in vivo development (Rivas-Sendra and Segui-
Simarro 2017). The increase was specifically associated to the change in
developmental fate, since non-embryogenic callus-like and pollen-like structures
exhibited remarkably different calcium patterns. Plant cells store Ca2* in different
compartments such as the endoplasmic reticulum, the vacuole or the cell wall,
where it is tightly bound to pectins. It plays a key role in cell wall formation and in
the regulation of specific callose synthase (CalS) complexes, either interacting with
CaZ*-sensitive proteins such as annexins or directly with the Ca?*-binding domain
of CalS, when present (Verma and Hong 2001). Twelve different callose synthase
genes have been described in Arabidopsis thaliana (Hong et al. 2001), named CalS
(from callose synthase) or GLS (from GLUCAN SYNTHASE-LIKE) indistinctly. From
them, five CalS have been found in microspores and pollen, CalS5 (GSL2) being the
CalS with higher level of expression (Dong et al. 2008). CalS11 and CalS12 (GSL1
and GSL5, respectively) are present at all pollen developmental stages, but their
role is the synthesis of callose walls during post-meiotic cytokinesis (Enns et al.
2005). CalS5 is responsible for the formation of a thin callose layer in the cell wall
of young microspores, needed as a scaffold for proper exine deposition and
patterning (Dong et al. 2005). CalS9 and CalS10 (GSL10 and GSL8, respectively)
produce the callose wall separating the generative and vegetative cell after the first
pollen mitosis (Toller et al. 2008). Finally, callose deposition in walls and plugs of
pollen tubes is brought about by CalS5 (Nishikawa et al. 2005) and CalS11 (Doblin
etal.2001).

Considering the link between heat stress, alteration of membrane fluidity and
CaZ* increase, together with the role of Ca%* in pollen development, microspore
embryogenesis and callose synthesis, it was tempting to speculate that Ca2*

regulation is involved in the formation of the abnormal, callose-rich inner cell walls
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and the SL that define the first stages of microspore embryogenesis (Parra-Vega et
al. 2015). To shed light on this hypothesis, in this work we characterized the
dynamics of cell wall formation, including callose and cellulose deposition during
normal B. napus microspore embryogenesis, and in cultured microspores exposed
to several compounds known to interfere with intracellular Ca?* levels, with
plasma membrane fluidity and/or with callose synthesis and deposition. These
compounds include caffeine, chitosan, digitonin, and endosidin 7 (ES7). Caffeine
and related methylxanthines are known for their ability to inhibit cell plate
formation during plant cytokinesis (Becerra and Lopez-Saez 1978; Lopez-Saez et
al. 1966). By altering the intracellular Ca?* levels, and specially by reducing
membrane-associated Ca?+* (Paul and Goff 1973), caffeine causes phragmoplast
microtubule depolymerization (Yasuhara 2005), inhibition of callose synthesis
(Samuels and Staehelin 1996) and blockage of the last steps of vesicle fusion
(Rasmussen and Tenenhouse 1968), therefore preventing the conversion of the
tubulo-vesicular network into a more stable tubular network cell plate (Samuels
and Staehelin 1996). Chitosan is a naturally occurring polymer of f-1,4-
glucosamine derived from chitin and found as a structural component of fungal
walls. In turn, chitin is the main protein component of the insect exoskeleton.
These facts make chitosan to act as a strong elicitor of plant anti-pathogen
response, triggering a huge variety of events. As a polycation (positive
polyelectrolyte), it is able to bind to all negatively charged places, thus causing
many biochemical and molecular changes in plant cells (Hadwiger 2013) including
the displacement of membrane-bound cations such as Ca2* from anionic centers
(Siegel and Daly 1966), disturbance of plasma membrane stability and increase of
its fluidity (Young et al. 1982). Together with digitonin, a detergent well known to
increase membrane permeability (Wu and Wasserman 1993), both compounds
were found to increase membrane fluidity, Ca?* uptake and callose synthesis in in
vitro-cultured cells (Hirano et al. 2012; Waldmann et al. 1988; Zuppini et al. 2003).
ES7 was found by Drakakaki et al. (2011) and further characterized by Park et al.
(2014) to inhibit callose deposition specifically during somatic-type cytokinesis

and during pollen tube growth, but not in other processes such as the pathogen
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response in physically wounded tissues and the formation of the sieve plate in
sieve elements. We used all these compounds to interfere with normal Ca2+ levels,
membrane fluidity and callose deposition in order to know to what extent these
processes are related. To find out whether these abnormal callose deposition
events are specific of embryogenic microspores of the highly responding B. napus
cv. Topas DH4079 or it is a more general feature of embryogenesis induction, we
also studied the dynamics of callose deposition in a recalcitrant species, eggplant
(Solanum melongena). Together, our results shed light on the relationship between
Ca?* levels, membrane fluidity and callose deposition, establishing a link between

them and induction of microspore embryogenesis.

Materials and methods

Plant materials

Donor plants of Brassica napus L. cv. Topas line DH4079 were grown in
growing chambers of the COMAV Institute (Universitat Politecnica de Valéncia,
Valencia, Spain) and the Plant Research International (Wageningen, The
Netherlands). Plants were grown in 20 cm pots at 60% humidity and 16/8
photoperiod, kept at 202C until flowering and then transferred to 102C. Donor
plants of Solanum melongena cv. Bandera line DH36 (Rivas-Sendra et al. 2017)
were grown in 30 cm pots under natural light in the greenhouse of the COMAV

Institute.

B. napus microspore culture

Isolation, induction treatment and microspore culture were performed
according to Custers (2003). Flower buds containing mostly late uninucleated

microspores and early binucleated pollen were dissected from the plant, surface
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sterilized with 2% sodium hypochlorite for 10 min, and washed three times in
sterile distilled water for a total of 15 min. Buds were crushed with a sterile
syringe piston in NLN-13 medium. NLN-13 medium consist of NLN medium as
described by (Nitsch and Nitsch 1967) supplemented with 13% sucrose and
sterilized by filtration though 0.22 pum filter. Microspores were isolated from the
suspension by filtration through 30 um nylon mesh (Millipore) followed by three
rounds of centrifugation at 100 g, 4 min each. Microspore density was calculated
with a hemacytometer and adjusted to 4x10* microspores per ml. The cellular
suspension was plated, incubated in darkness for 24 h at 32.52C to induce

embryogenesis, and then at 252C in darkness for embryogenesis progression.

S. melongena microspore culture

Isolated microspore culture of eggplant was performed according to (Rivas-
Sendra et al. 2017). Anthers containing mostly vacuolate microspores were
dissected from the bud, surface sterilized with 70% ethanol for 30 seconds and
with 4g/l sodium hypochlorite for 5 minutes, and rinsed three times in sterile
distilled water. Anthers were crushed in sterile distilled water using a syringe
piston, and their locular content was isolated by filtration through a 41 pm nylon
mesh and successive retention in a 11 pm nylon mesh (both from Millipore), and
three centrifugation steps at 100 g, 4 min each. Microspores were resuspended in
sterile distilled water at a final cell density of 5x105 microspores per ml, plated and
incubated at 35°2C in darkness for 3 days to induce embryogenesis. After the
induction treatment, microspores were collected by centrifugation in the same
conditions, resuspended at the same density in NLN medium (Nitsch and Nitsch
1967) supplemented with 2% sucrose, 0.5 mg/l 1-naphthaleneacetic acid and 0.5
mg/l 6-benzilaminopurine, and incubated at 252C in darkness for embryogenesis

progression.
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Chemicals

For caffeine experiments, caffeine at the working concentration was added
directly to the culture medium prior to sterilization. The rest of chemicals were
diluted to working concentration from stock solutions previously prepared. Stock
solution of 1 g/I digitonin was prepared in distilled water. Stock solution of 1 g/1 of
chitosan was prepared in acetic acid 1%; the solution was stirred overnight at 42C
and pH was adjusted to 5.8 with sodium hydroxide. Stock solutions of 5 and 20 mM
ES7 were prepared in DMSO. All chemicals were purchased from Sigma-Aldrich
with the exception of ES7 (Hit2Lead). All stock solutions were sterilized by
filtration through 0.22 pm filters and stored at -202C. The corresponding volumes
of each stock solution were added to microspore cultures to reach the desired final

concentration in cultures, as explained in Results.

Callose and cellulose staining and detection

Samples of B. napus microspore cultures were collected at days 3 and 6 after
isolation, and fixed overnight at 42C with 4% paraformaldehyde in phosphate
saline buffer (PBS) with pH 7.4. After three washings with PBS, samples were
stored at 42C in 0.1% paraformaldehyde in PBS until use. Before staining, samples
were immobilized by mixing 10 ul of microspore pellet with the same volume of
1.8% agarose, letting it to solidify on a microscope slide. Staining and detection of
callose and cellulose in microspores was performed according to Parra-Vega et al.
(2015). For callose detection, aniline blue (AB; Fluka) was used (Evans et al. 1984),
together with propidium iodide (PI; Fluka) to counterstain. Samples were
incubated with 10 pg/ml PI in PBS for 10 min, washed three times with PBS,
stained with 0.1% AB in PBS for 20 min, washed three times with the same buffer
and mounted with Mowiol antifading mounting solution. Mowiol solution was
prepared with 17% Mowiol 4-88 (Sigma-Aldrich) and 33% glicerol (v/v) in PBS.
For cellulose detection, Pontamine Fast Scarlet (S4B) was used for cellulose
staining and 4',6-diamidine-2'-phenylindole dihydrochloride (DAPI; Sigma-
Aldrich) for nuclei staining. Samples were stained with 0.01% S4B in 0.1 M PBS for
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30 min (Anderson et al. 2010), washed three times with PBS, mounted with a 1:1
mix of Mowiol solution and 2.5 pg/ml DAPI prepared as described in Custers
(2003), and incubated for at least 15 minutes. All incubations were performed in
darkness. Samples were observed with a Leica CTR 5500 and a Zeiss LSM 780
confocal laser scanning microscopes. Digital images were processed with Leica

Application Suite Advanced Fluorescence (LAS AF) and FIJI software.

Processing and inmunogold labelling of B. napus and eggplant

microspore cultures for transmission electron microscopy

For immunogold labelling of callose, we used OsOs-treated, epoxy-embedded
samples. Although these procedures are not generally used for immunolabeling
because they alter the conformation of protein epitopes, the fact that our epitope
was a carbohydrate allowed us to use this procedure which, in addition to provide
an excellent ultrastructural preservation, does not interfere with carbohydrate
epitopes, as shown in Corral-Martinez et al. (2016) and Parra-Vega et al. (2015).
Samples of B. napus and eggplant microspore cultures were collected at day 3 and
day 9 after isolation, respectively. These time points correspond to equivalent
development stages. Microspores were concentrated by centrifugation,
cryoprotected with 20% dextran, transferred to aluminum sample holders and
high pressure frozen in a Leica HPM100 high-pressure freezer (Leica
Microsystems, Vienna, Austria). The samples were then freeze substituted in 2%
0s04 in anhydrous acetone at -802C for 4 days, followed by slow warming to room
temperature over a period of 24 h. After rinsing in several acetone washes, they
were removed from the holders and infiltrated with increasing concentrations of
Spurr resin (Ted Pella, Redding, CA) in acetone according to the following
schedule: 4 h in 2% and 5% resin, 12 h in 10%, 25%, 50% and 75% resin, and 40 h
in 100% resin. Polymerization was performed at 702C for 30 h. Using a Leica UC6
ultramicrotome, thin sections (1 pm) were obtained for light microscopy
observation, and ultrathin sections (~80 nm) were obtained for electron

microscopy.
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Ultrathin sections were mounted on Formvar and carbon-coated, 150 mesh
nickel grids and were used for inmunodetection of callose with an anti-callose
monoclonal antibody (mouse IgG) crossreacting with linear $-1,3-oligosaccharide
segments in B-1,3-glucans (Meikle et al. 1991). Sections were hydrated with
distilled water for 1 min, with PBS for 1 min, and blocked with 5% BSA in PBS for 5
min. Then, sections were incubated for 1 h at 25°C with anti-callose antibody,
diluted 1:5,000 in 1% BSA. Next, sections were washed three times with PBS and
incubated for 45 min at 252C with a goat anti-mouse secondary antibody
conjugated with 10 nm colloidal gold (BBI Solutions, UK), diluted 1:25 in 1% BSA.
Then, sections were washed three times with PBS, incubated 10 min with 1%
formaldehyde in PBS, and washed again three times with PBS and three times with
distilled water. Finally, sections were counterstained with uranyl acetate and lead

citrate and observed in a Jeol JEM 1010 transmission electron microscope.

Results

In B. napus microspore cultures, freshly isolated microspores (Fig. 1A) are
isolated and inoculated into in vitro culture dishes. Some microspores are not
sensitive to the heat-based inductive treatment, and follow a gametophytic-like
program to become pollen-like structures (Fig. 1B). Many other microspores or
pollen-like structures do not longer develop and eventually arrest and die (Fig. 1C).
However, those microspores sensitive to the inductive treatment are
reprogrammed towards embryogenesis, reabsorbing the large vacuole and
dividing symmetrically. 2-4-celled embryogenic structures could be observed just
three days after inoculation (Fig. 1D). In the highly embryogenic DH4079 line,
many of these cells presented AB-stained (callosic) walls and SL, being thick in
general but discontinuous (Fig. 1D’). In some instances, we also observed
embryogenic structures with thin, continuous, but not always complete S4B-

positive (cellulosic) inner cell walls, suggesting the onset of callose replacement by
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cellulose. However, we never observed a similar S4B-positive signal in the SL in
these structures (Fig. 1D”). In parallel, pollen-like grains in culture increased
considerably in volume and, in some instances, underwent the second pollen
mitosis (Fig. 1E). Pollen-like grains showed no detectable callose staining (Fig. 1E"),
whereas S4B staining revealed a thick and intensely stained cellulose layer
beneath the exine, likely corresponding to the intine (Fig. 1E”). Multicellular
structures (around 8 cells) can be found in 6-day old cultures (Fig. 1F). These
structures showed no callose in inner cell walls, and thin SL residuals were
occasionally observed, in general only around apertures (Fig. 1F’). At this stage, we
observed continuous but irregularly thick cellulose walls surrounding all cells (Fig.
1F”), which indicated that in 6-day old embryogenic structures, the SL was almost
dismantled and callose of the inner cell walls was replaced by cellulose. In
summary, callose was considerably more abundant than cellulose at the beginning
of the development of embryogenic structures, but in the transition from day 3 to
day 6, inner cell walls had callose progressively replaced by cellulose and in
parallel, the callose-rich SL was dismantled. These observations indicated that
inner cell walls and SL have a different timing for their formation and development

during the early stages of microspore embryogenesis.
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S4B + DAPI
Day 3

S4B + DAPI
Day 3

S4B + DAPI
Day 6

Figure 1. Development of B. napus untreated microspores. A: isolated microspores before
induction. B: Pollen-like development in culture. C: Dead structure in culture. D-D”; 3-day old
embryogenic microspore. E-E”: pollen-like development in culture. F-F": 6-day old multicellular
embryogenic structure. Bright field (A, B, C, D, E, F), callose staining (blue) with aniline blue and
propidium iodide (D', E’, F’), and cellulose staining (red) with S4B and DAPI (F, F’, F”) sets of
pictures are shown. Bars: 10 pum.
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Caffeine reduced callose and cellulose deposition and prevented cell wall

formation

To test whether the formation of cell walls and SL is affected by changes in
intracellular CaZ*, microspore cultures were performed in the presence of 1 and 10
mM caffeine. 3-day old microspores treated with 1 mM caffeine (Fig. 2A) presented
thinner, spottier and more discontinuous callose walls than untreated (control)
microspores. The overall appearance of the SL was similar to untreated cultures.
S4B staining showed a thin but continuous cellulose wall around the different cells
of the structure (Fig. 2A’), remarkably similar to that produced in conventional
somatic-type cytokinesis. At the 6-day stage, the presence of callose (Fig. 2B) and
cellulose (Fig. 2B’) showed no remarkable differences with the untreated cultures,
except for some ectopic wall fragments positive for AB staining (arrowheads in Fig.
2B). When cultures were treated with 10 mM caffeine, embryogenic structures
were unable to develop beyond the first round of division. At the 3-day stage,
binucleated cells without inner cell walls were often observed, with the two nuclei
closely apposed (Fig. 2C) or even fused (Fig. 2C"). When present, cell walls were
very thin, discontinuous, fragmented and faintly stained for both callose (Fig. 2D)
and cellulose (Fig. 2D’). Treatment with 10 mM caffeine did not have an equivalent
effect in the formation of the SL. Callose was present in a discontinuous and
irregular layer, even in cells where inner cell walls were absent (Fig. 2C), and
cellulose staining was negative (Fig. 2C"). Six days after isolation all cells were
dead. Together, these results showed a dose-dependent effect of caffeine in callose
deposition. At low doses, a slight reduction in callose synthesis was accompanied
by a slight increase for cellulose. At higher doses, caffeine prevented the formation

of inner cell walls, while SL was considerably less affected.
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A

S4B + DAPI
Day 3

S4B + DAPI
Day 6

S4B + DAPI
Day 3

S4B + DAPI
Day 3

Figure 2. B. napus
microspores  ftreated  with
caffeine. A-A:  3-day old
embryogenic microspores
treated with 1 mM caffeine. B-
B: 6-day old embryogenic
microspores treated with 1 mM
caffeine. C-C: 3-day old
embryogenic microspores
treated with 10mM caffeine. D-
D: 6-day old embryogenic
microspores treated with 10
mM caffeine. Callose staining
(blue) with aniline blue and
propidium iodide, and cellulose
staining (red) with S4B and
DAPI pairs of pictures are
shown. Bars: 10 ym.



Callose, cellulose and Ca2* in microspore embryogenesis

Digitonin caused an increase of callose and reduction of cellulose

We used digitonin to increase membrane fluidity and therefore Ca%* uptake, in
order to check out whether such alteration affects callose deposition. Microspores
were cultured with 1, 5, 10 and 100 mg/1 digitonin. When digitonin was added at 5,
10 and 100 mg/l, cells were all dead after 3 days of culture. However, microspores
treated with 1 mg/1 digitonin survived, and at the 3-day stage (Fig. 3A) presented
callose walls more continuous and uniform than untreated, control cells. Cellulose
deposition pattern, as revealed by S4B staining, was abnormal, with multiple
ectopic, cytoplasmic wall fragments (Fig. 3A’). At the 6-day stage, callose was
observed in inner cell walls and in the SL, forming thin, discontinuous and
fragmented deposits (Fig. 3B). Most of the multicellular structures observed
presented diffuse and weak S4B staining in the SL and in inner cell walls, revealing
thin and incomplete cellulose deposits (Fig. 3B’). These results indicated that low
concentrations of digitonin increased callose deposition and extended callose
presence over time, while cellulose deposition was reduced and severely altered.

CEISR ]l Figure 3. B. napus

BEVR]  microspores  treated

with 1 mg/l digitonin.

A-A:  3-day old
embryogenic

microspores. B-B’: 6-

day old embryogenic

microspores. Callose

staining (blue) with

aniline  blue and

propidium iodide,
and cellulose

MRl staining (red) with

S4B and DAPI are
shown. Bars: 10 um.
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Chitosan induced callose plugs and abnormal cellulose deposition

As with digitonin, chitosan was used in an attempt to increase membrane
fluidity and therefore intracellular Ca2+ levels. To test whether this had any effect
in the formation of cell walls and the SL, 1, 10 and 100 pg/1 chitosan was added to
microspore cultures. No changes with respect to control cultures were observed
when 1 pg/l1 chitosan was used, whereas cells exposed to 100 pg/l were unable to
develop (data not shown). Thus, we focused on the study of the effects of 10 pg/l,
which in general reduced the embryogenic response and favoured the
development of callus-like structures. These structures showed a combination of
sporophytic and gametophytic features, with cell divisions and a characteristic
granulated cytoplasm resembling that of pollen-like structures (Fig. 4A). At the 3-
day stage, callose was scarce, and only present in some fragments of the SL and
some small cytoplasmic deposits, being never observed in inner cell walls (Fig. 4A).
In general, cellulose was abundant in all inner and outer walls, completely
surrounding all cells of the structure, as well as in small cytoplasmic spots (Fig
4A’). Chitosan treatment also produced binucleated cells, with no callose and a
severely altered pattern of cellulose deposition, showing fragmented and wrinkled
wall stubs, but no clear cell walls (Fig. 4B). Pollen-like structures seemed also
affected, as cytoplasmic cellulose dots and ectopic wall stubs were formed beneath
the pollen wall (Fig. 4C). At the 6-day stage, AB staining revealed unusual, compact
and well delimited cytoplasmic plugs of callose, especially in non embryogenic
cells and burst pollen (Fig. 4D). S4B staining revealed a thick and intensely stained
wall of cellulose entirely surrounding each individual cell, together with small
cytoplasmic dots (Fig. 4D’). In summary, chitosan presence clearly reduced callose
synthesis and increased cellulose synthesis both in cell walls and the SL. However,
the most remarkable effect was the induction of abnormal patterns of ectopic

deposition for both polysaccharides.
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AB +PI| A S4B + DAPI
Day 3

S4B + DAPI|C S4B + DAPI
Day 3

S4B + DAPI

Day 6

Figure 4. Structures formed in B. napus microspore cultures treated with
chitosan 10 ug/l. A-A’: 3-day old callus-like structures. Callose staining (blue)
with aniline blue and propidium iodide (A), and cellulose staining (red) with S4B
and DAPI (B) are shown. B: cellulose staining of a 3-day old binucleated cell. C:
Cellulose staining of a 3-day old pollen-like cell. D-D’: 6-day old structures
stained for callose (D) and cellulose (D’). Bars: 10 pym.
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ES7 prevents callose deposition in the cell walls but not in the SL and other

callose-containing structures

We used ES7 to shed light on the mechanism responsible for callose
deposition in cell walls and the SL of embryogenic microspores. Microspores were
cultured in the presence of 10 uM and 25 uM ES7. As ES7 was dissolved in DMSO, a
control with DMSO alone was also considered. DMSO at the used concentration
slightly reduced the efficiency of embryogenic induction, but it did not have a
noticeable effect in polysaccharide deposition (data not shown). With 10 uM ES7,
in 3-day old embryogenic microspores, callose was found in the SL and beneath the
apertures, but it was rarely or not detected at all in inner cell walls (Fig. 5A).
Cellulose was found in some inner cell walls, but never in the SL (Fig. 5A’). At the 6-
day stage, very small callose residuals, if any, were found beneath the intine, but
never in inner cell walls (Fig. 5B). Cellulose deposition was unaffected, as it was
found in the thin inner cell walls and surrounding each cell (Fig. 5B’). Treatment
with 25 pM ES7 had an effect even stronger than 10 pM. Binucleated cells were
frequently observed in day 3 cultures, occasionally showing fusing nuclei
(Supplementary Fig. S1A). Structures with more than 3 nuclei were never
observed. At this stage, callose was present in the SL (Supplementary Fig. S1B),
with an amount and pattern similar to control and 10 uM ES7 cultures. However,
no callose was found in inner cell walls. Cellulose was faintly detected in the
scarce, thin and fragmented cell walls and SL present in these structures
(Supplementary Fig. S1C). At the 6-day stage most cell walls were broken and the
cytoplasm, shrunk and fragmented, was poured out of the cell. The only callose
observed was in the form of large cytoplasmic plugs (Supplementary Fig. S1D), and

no cellulose walls were observed (data not shown).
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S4B + DAPI
Day 3

S4B + DAPI
Day 6

Figure 5. B. napus microspores treated with ES7 10 yM. A-A’: 3-
days old embryogenic microspores. B-B’: 6-day old embryogenic
microspores. Callose staining (blue) with aniline blue and
propidium iodide, and cellulose staining (red) with S4B and DAPI
are shown. Bars: 10 um.

S4B + DAPI|D AB+PI
Day 3 Day 6

Figure S1. B. napus microspores treated with ES7 25 uM. A: DAPI stained 3-day old microspore
showing two fusing nuclei. B: 3 day-old embryogenic microspore stained for callose (blue) with
aniline blue and propidium iodide. C: 3-day old embryogenic microspore stained for cellulose
(red) with S4B and DAPI. D: 6-day old burst cell showing callose plugs (blue). Bars: 10 pum.
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Interestingly, the effect of ES7 (either at 10 uM and 25 puM) in pollen-like
structures, following a gametophytic-like pathway, was remarkably different from
that observed in dividing microspores. We found a clear callose wall beneath the
exine, thickened just below the apertures (Fig. 6A), as opposed to that of control
(untreated) pollen grains, devoid of callose (Fig. 1E") and with cellulose (Fig. 1E”).
In those cases where the pollen-like structure germinated in vitro and initiated
pollen tube emission, the tube wall was intensely stained with AB, indicating the
presence of callose (Fig. 6B). In addition, unusual callose depositions, forming large

plugs in the cytoplasm, were also observed in 6 day-old pollen-like grains (Fig. 6C).

A AB +PI|B AB+PIIC AB + PI
Day 3 Day 3 Day 6

Figure 6. Effect of 10 uM ES7 treatment in B. napus pollen-like structures. A: 3-day old pollen
grain in culture. B: pollen grain forming a pollen-tube structure. C: 6-day old pollen-like cell.
Callose staining (blue) with aniline blue and propidium iodide is shown. Bars: 10 pum.

From the experiments shown above, we deduced that the application of ES7
affected the cells in a dose-dependent manner. At a low concentration, ES7
strongly reduced callose deposition while cellulose deposition was slightly
increased. At a higher concentration, it clearly blocked callose deposition in the cell
plate and therefore, cells failed to divide. However, the SL remained unaffected and
developed normally. Most importantly, pollen-like grains underwent an unusual
accumulation of callose beneath the exine, in the pollen tube wall and in the form
of large cytoplasmic plugs. These results suggested that while somatic-type
cytokinesis is severely affected by ES7, callose deposition associated to
gametophytic-like development was not negatively affected, or even promoted, at

least for callose related to pollen tube growth.
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Eggplant embryogenic microspores develop thinner SL and callose cell

walls

In order to test whether the development of callosic rich SL and inner cell
walls is exclusive for B. napus embryogenic microspores, we studied the
ultrastructure of the cell walls of embryogenic microspores from a recalcitrant
species (eggplant), and compared it with that of B. napus embryogenic
microspores. The callosic SL of B. napus embryogenic microspores presented an
electron light appearance and an irregular thickness (Fig. 7A). The SL was
continuous with the inner cell walls, which presented the same electron light
appearance when observed under the TEM, except in the places where excreted
cytoplasmic material (asterisk in Fig. 7B) was deposited (Corral-Martinez et al.
2013). As expected, anti-callose immunogold labelling revealed the callosic
composition of both the SL and the inner cell walls (Fig. 7B). In eggplant
embryogenic microspores, an electron light layer between the plasma membrane
and the intine, distinct from the intine, irregular in thickness and continuous with
the inner cell walls, was also found (Fig. 7C). However, this layer was thinner than
that of B. napus. The layer was identical in appearance to the callosic SL of B. napus
embryogenic microspores, and immunogold labelling with anti-callose antibodies
revealed the presence of this carbohydrate in its composition (Fig. 7D). Callose was
also detected in the inner cell walls of eggplant embryogenic microspores (Fig. 7E),
but labelling was in general reduced to few, isolated gold particles, much scarcer
than in B. napus inner walls. Particle clusters were only found around
plasmodesmata (Fig. 7F), which is not surprising since callose is known to be
present in plasmodesmata as part of the regulatory mechanism of symplastic
transport (Vatén et al. 2011). All these observations suggested that the
development of a callose rich SL observed in embryogenic microspores is not a
unique feature of the model species B. napus, but it is also extensible to other,
recalcitrant species such as eggplant. However, in eggplant it is not as evident as in
B. napus. In line with this, the presence of callose in inner cell walls was also

different, being almost negligible in eggplant.
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Figure 7. Anti-callose immunogold labeling of B. napus and eggplant embryogenic
microspores. A: B. napus embryogenic microspore. B: Detail of the cell wall (cw) and
subintinal layer (sl) showing abundant gold particles. Asterisk indicates deposits of excreted
material. C: Eggplant embryogenic microspore. D: Detail of the subintinal layer. ct: cytoplasm;
cw: cell wall; ex: exine; in: intine; v: vacuole. Bars: A, C: 10 um. B, D: 500 nm.
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Discussion

In this work, we studied the relationship between intracellular Ca%* levels and
the dynamics of callose and cellulose deposition for cell wall formation during
microspore embryogenesis. For this, we used a series of chemicals to (1) decrease
Ca?+ cytoplasmic levels (caffeine), (2) increase Ca?* levels through alteration of
plasma membrane fluidity (chitosan and digitonin), and (3) selectively inhibit
some callose synthases (ES7). The regulatory mechanisms, the putative enzymes
involved and the implications of callose walls in microspore embryogenesis are

discussed next.

The formation of a callosic SL is a common feature of microspore

embryogenesis in different species

Our results confirmed that two types of callose-rich walls are formed during
the first stages of B. napus microspore embryogenesis. As previously reported
(Parra-Vega et al. 2015), induction of microspore embryogenesis in B. napus is
associated to the de novo formation of a SL mostly made of callose, and with the
presence of abnormal cell walls where callose persists and cellulose is absent. In
the present study, we compared B. napus and eggplant embryogenic microspores
and found that eggplant embryogenic microspores also develop a new layer
beneath the intine. This SL is clearly distinct from the intine and its electron light
appearance, remarkably similar to that of B. napus embryogenic microspores,
suggests that they may have the same nature. Indeed, we confirmed the presence
of callose in both SLs. Therefore, we demonstrate that the presence of callosic SLs
is an inherent characteristic of embryogenic induction, not only in the highly
embryogenic B. napus line DH4079, but also in other, less responsive species such

as eggplant.
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Callose layers have been described at the onset of other natural and in vitro
developmental processes such as male and female meiosis (Abramova et al. 2003),
male gamete formation (Toller et al. 2008), in vitro-induced organogenesis (Fortes
et al. 2002), zygotic embryogenesis (Jensen 1968; Williams et al. 1984) and
somatic embryogenesis (Maheswaran and Williams 1985). In the latter, Dubois et
al. (1991) found that callose presence in the cell surface initiated exactly when
mesophyll cells showed the first signs of dedifferentiation, even before the onset of
the first division. Interestingly, this is what we showed to happen in B. napus
microspores. In this case, callose deposition was considered as the first sign of the
entrance of cells into a new morphogenic program. Callose seems to form a
protective layer that isolates specific cells from the influence of surrounding cells,
which indicates that limiting exchange and/or communication with the
surroundings is essential for cells to be able to commit to a change of their
developmental fate. Callose deposition stands therefore as a marker for cell fate
change and embryogenic commitment not only in B. napus microspores. It may
serve to identify embryogenic microspores even before the first visual evidence of

division.

Callose deposition associated to induction of microspore embryogenesis is

modulated by calcium

The relationship of Ca2?+ with microspore embryogenesis has been long
suspected, as reviewed in Pauls et al. (2006). Working with a microspore
embryogenesis model in wheat, Reynolds (2000) found that the expression of an
early cysteine-labeled metallothionein (EcMt) transcript was a marker of
embryogenic commitment, since it was expressed only during the first moments of
the developmental switch. He also deduced that external Ca?* is required for such a
switch, since reduced Ca2* concentrations in the medium suppressed both EcMt
transcript accumulation and embryogenesis induction. The calmodulin antagonist
W-7 suppressed embryogenesis induction and EcMt levels. These results led him

to propose that Ca?* might play a role in signal transduction during microspore
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embryogenesis. Similarly, Ca?* was associated to enhanced induction frequency
and improved MDE structure in Solanum carolinense (Reynolds 1990), Hordeum
vulgare (Hoekstra et al. 1997) or Triticum aestivum (Cho and Kasha 1995).
Recently, we demonstrated that just after induction, intracellular CaZ* transiently
increased in embryogenic microspores at levels dramatically higher than before
induction, whereas non-embryogenic forms such as callus-like and pollen-like
structures presented remarkably different calcium patterns (Rivas-Sendra and

Segui-Simarro 2017).

In an attempt to reproduce in B. napus the positive results of Ca2* increase, we
used digitonin and chitosan, known to rise intracellular Ca2* levels and induce
callose synthesis stronger and more specifically than the ionophore A23187
(Pfeiffer et al. 1974; Waldmann et al. 1988). Our results with digitonin resulted, as
expected, in an increased initial deposition of callose in the inner cell walls, and in
the persistence of callose in time. These results confirmed the link between
increased Ca?* internalization and callose deposition during the initial stages of the
embryogenic switch in B. napus isolated microspore culture. Moreover, the
reduction of intracellular Ca2?+ induced by caffeine treatment clearly blocked
callose deposition in the cell plate and prevented cell division. Microspores
cultured in the presence of 10 mM caffeine were induced to start their
embryogenic development, but the lack of a properly formed cell wall precluded
further nuclei division without cytokinesis, and eventually caused cell arrest and
death. These results indicate that CaZ* plays a regulatory role over callose
deposition in the cell plate, essential for proper microspore embryogenesis

progression and success.

Callose and cellulose deposition are incompatible processes

In somatic-type cytokinesis, proper callose deposition is needed for
subsequent deposition of cellulose. However, the high level of Ca2* needed for
callose synthesis prevents the premature cellulose synthesis (Verma 2001). When

CaZ* level decreases, callose synthesis is reduced and cellulose synthesis starts. Our
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experiments with digitonin showed that a moderate increase in callose deposition
is accompanied by a moderate reduction in cellulose deposition. In parallel,
experiments with chitosan and with low concentration of caffeine showed that
limiting the level of Ca2+ gave rise to a reduction of callose deposition, and lead to a
premature and increased cellulose deposition. Nevertheless, the results with
higher doses of caffeine and with ES7 showed that when callose deposition in the
cell plate is completely inhibited, cellulose is unable to deposit. This indicates that,
as in conventional somatic-type cytokinesis (Verma 2001), the presence of a
preliminary callose layer is needed as a scaffold to stabilize the cell plate and for
proper cellulose deposition. However, callose must be removed to allow for
cellulose deposition. Therefore, callose and cellulose synthesis would be related

but incompatible processes.

Callose deposition in the cell wall and the SL are independent processes

The different timing and pattern of callose deposition in different locations
and in response to different stimuli, even when occurring at the same time,
indicate a local stimulation of callose synthases present, although possibly inactive,
in microspores. Our results consistently showed that during the first stages of
microspore embryogenesis, the dynamics of carbohydrate deposition is different
in the newly formed inner cell walls and the SL. While callose accumulated in the
SL of B. napus and eggplant microspores, it was significantly present only in inner
cell walls of B. napus, but not eggplant microspores. In B. napus, the replacement of
callose by cellulose seemed to be slower in the SL. Our experiments with caffeine
showed that a reduction in intracellular Ca2?* concentration led to reduced callose
deposition at the nascent cell plate, but the callose content of the SL was
unaffected, irrespective of the caffeine dose used. In parallel, cytokinesis in
microspores was affected by ES7, while the development of the SL proceeded
normally. These evidences indicate that the formation of inner cell walls and the SL
are two independent processes with different timing, responding to different

stimuli and therefore subjected to different regulatory mechanisms. Considering
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that some callose synthases are activated by Ca2?* whereas others are Ca?*-
insensitive, and that ES7 inhibits callose synthesis specifically associated to
somatic-type cytokinesis and pollen tube germination, but not to other processes
(Park et al. 2014), it is reasonable to deduce that different sets of callose synthases

are involved in the formation of the SL and inner cell walls.

CalS9 and CalS10 could be involved in callose deposition in the first inner

walls

In Brassica napus, more than 50 genes orthologous to arabidopsis CalS genes,
including several duplicates, have been found. They have been divided in 11
groups and named after their counterparts in arabidopsis, with the exception of
CalS4 (GSL9) (Wang et al. 2014). Considering the short phylogenetic distance
between B. napus and arabidopsis, we assume that B. napus CalS functions and
characteristics would be related to the equivalent and highly homologous genes of
arabidopsis. Vacuolate microspores are programmed to undergo the first pollen
mitosis to produce the generative and vegetative cells. This division is
asymmetrical and the wall formed around the generative cell is a transient,
hemispherical wall made of callose (Park and Twell 2001). The enzymes
responsible for the synthesis of this wall, CalS9 and CalS10, would already be
present or ready for delivery to the cell plate when a microspore changes its fate,
so they are the most reasonable candidates for callose deposition in the first walls
formed in embryogenic microspores. Moreover, CalS10 is also involved in somatic-
type cytokinesis (Chen et al. 2009; Thiele et al. 2009), being functionally redundant
with the cell plate-specific CalS1 (GSL6) enzyme (Hong et al. 2001; Verma and
Hong 2001). This implies that CalS10 must be Ca2*-dependent and inhibited by ES7
when interfering with cytokinesis, which is consistent with our results. Although
CalS1 is believed to be the most important CalS operating in somatic-type
cytokinesis, knockout mutants did not display cytokinesis-defective phenotypes,
suggesting the involvement of more than one CalS (Hong and Verma 2007). In

addition, CalS1 was found in tissues all over the plant except for petals, pollen and
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embryos (Dong et al. 2008), which supports the hypothesis of this enzyme not

being involved in at least the first cytokinesis rounds of embryogenic microspores.

CalS5 and CalS12 could be involved in the formation of the subintinal

layer

The pattern of callose deposition in the SL resembles that of the callose
deposited between the plasma membrane and the cell wall as a defense barrier
against external conditions or pathogen attack. Callose is rapidly deposited
forming plugs called papillae, but it also forms layers beneath the cell wall. By
aniline blue staining, Jacobs et al. (2003) showed how a continuous layer of callose
was deposited by CalS12 in the periphery of epidermal cells in response to the
penetration of fungal haustoria. On the other hand, the location of the SL could also
be related to the callose layer deposited by CalS5 surrounding young microspores
to serve as a scaffold for exine formation. Our experiments repeatedly showed that
changes in intracellular Ca?+ altered callose deposition at the inner cell walls, but
the SL was much less (or not) affected, being always a basal level of callose
deposition. This suggests that in callose deposition at the SL, more than one CalS
would be involved, and one would be sensitive to CaZ* changes while the other
would not. Our hypothesis is that these two enzymes could well be CalS12 and
CalS5. CalS12 was suggested to be Ca2+-sensitive (Jacobs et al. 2003). CalS5
presents a Ca%*-binding domain in the central cytoplasmic hydrophilic loop and is
involved in callose deposition during pollen tube growth (Dong et al. 2005).
However, it was shown that such a deposition does not need Ca2?*, which was
interpreted as CalS5 being Ca2+-independent, at least in the context of pollen tube
growth (Schliipmann et al. 1993). This is not surprising, since multiple CalS genes
are known to be expressed in the same tissues or cell types, being functionally
redundant but responding to different regulatory cues (Dong et al. 2008). In our
system, the Ca?*-independent but sensitive to ES7 CalS5 and the Ca?*-dependent

but insensitive to ES7 CalS12 would perfectly complement each other and make
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callose deposition at the SL a robust event, relatively insensitive to Ca%* levels

modification and independent from cytokinesis.

Chitosan appears to elicit callose synthesis related to pathogen attack

response

Our results with chitosan were somehow unexpected, since a beneficial effect
was previously reported (Ahmadi and Shariatpanahi 2015). We applied a long
treatment, so the observed effects are probably due to the toxicity of the
compound. Indeed, shorter treatments with higher doses showed a similar
negative effect, causing high callus formation (Ahmadi and Shariatpanahi 2015).
Anyway, the most striking result at the cell wall level was the pattern of callose
deposition, remarkably different from that of other callose-inducing compounds.
The level of callose deposition in cell plates was reduced, while large cytoplasmic
plugs were formed. Previous works reported similar structures described as ‘big
plugs’ and ‘cap-like’ areas, heavily stained by aniline blue (Kohle et al. 1985;
Waldmann et al. 1988). Chitosan is a derivative of chitin, a naturally occurring
polymer present in fungal cell walls and in the exoskeleton of insects, which elicits
a pathogenesis-related (PR) response upon pathogen attack (Hadwiger 2013). As a
part of this response, chitosan produces rapid membrane transient depolarization
(Amborabé et al. 2008), which causes influx of H* and Ca2* which, in turn, elicits
callose synthesis and lignification (Pearce and Ride 1982) as a physical barrier
against pathogen penetration. PR response also includes the synthesis of chitinases
to fight against the pathogen. Interestingly, a series of enzymes involved in PR
response were strongly upregulated upon stress treatment in barley anther
cultures (Jacquard et al. 2009). Some of these enzymes were chitinases. Two
chitinase isoforms were found to be excreted by developing maize MDEs
(Borderies et al. 2004). As seen, there are interesting coincidences between PR
response and microspore embryogenesis. It seems that in vitro cultured
microspores perceive heat and chitosan as stressors and react by triggering

general plant defense mechanisms which would include chitinase and callose

171



Chapter 5

synthesis. CalS12, the main CalS related to pathogen defense, is present in B. napus
microspores and a good candidate to be activated by the heat shock-related Ca2*

influx to produce the SL and, in a stronger and more specific way, by chitosan.

Concluding remarks

When entering the embryogenic pathway, a transient additional wall may be
needed to isolate the cell and to protect it from the in vitro environment. But why
callose? There are several reasons to choose callose for this. First, because the SL
must be transient. As opposed to cellulose, callose can be easily degraded into its
glucose building blocks by specific cell wall enzymes (Verma and Hong 2001).
Interestingly, among the different proteins secreted to the culture medium by
maize embryogenic microspores, one f-1,3-glucanase and two isoforms of
thaumatin, a PR protein with 1,3 glucan-hydrolyzing activity, were found
(Borderies et al. 2004). In addition, the gel-like properties of callose may confer
embryogenic microspore cells the high wall plasticity needed during the first
stages of rapid growth while still encaged within the exine coat. However, the main
reason to use callose may be related to viability of these delicate cells in an
artificial, osmotically unbalanced in vitro environment. Callose walls are known to
be formed as a response to osmotic stress in cells cultured in vitro in hypertonic
media, which in turn allows them to enter embryogenesis (You et al. 2006). In
these conditions, BY-2 cells that developed a thick callose wall produced by altered
expression of CalS5, were more tolerant to osmotic stress, preventing them from
plasmolysis (Xie et al. 2012). On the other hand, these callosic walls made cells
more prone to cytolysis, due to the above mentioned plasticity of callose. This
means that these cells are more likely to burst when cytoplasmic turgor increases.
This may well be the situation in our B. napus DH4079 microspores with callose
walls, exposed to a hypertonic medium with, among others, 130 g/I sucrose. Thick
callose walls may provide them the impermeability needed to prevent water loss

and plasmolysis. This would be beneficial in terms of prevention of plasmolysis,
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but in parallel, it would prevent proper cellulose deposition, which would produce
the abnormal walls we observed, for example, with digitonin treatments. The
plasticity of the walls formed would also allow to premature exine rupture, which
is also a phenomenon frequently observed in microspore cultures of different
species, and determinant for MDE fate (Tang et al. 2013). Indeed, we have
repeatedly observed in different species that when exine is ruptured prematurely,
microspores usually develop as loose callus-like structures (our unpublished
observations). This hypothesis also explains why less responsive species such as

eggplant show thinner callosic SLs and they are less protected against plasmolysis.

Our present and previous (Parra-Vega et al. 2015; Rivas-Sendra and Segui-
Simarro 2017) results establish a clear link between Ca?* influx, callose deposition,
abnormal cellulose synthesis and induction of microspore embryogenesis. It is not
clear whether the former are a cause or a consequence of the latter. We showed
that two different species, with markedly different androgenic response, produce
different amounts of callose, clearly related to their response. Our data point to a
sequence of events starting with the application of the stress treatment. This stress
would be perceived differently in different genotypes, generating a different
embryogenic response. In highly responsive genotypes, stress response would
generate an increased Ca?* influx and in turn an increased and excessive callose
synthesis, preventing cellulose synthesis and producing abnormal callose-rich
inner walls and the callosic SL which would isolate microspores from their
environments and would therefore allow for proper initial MDE development. In
less responsive genotypes, callose synthesis is much less induced, producing inner
cell walls with little or no callose and thinner SLs with less callose, but leaving
microspores more exposed to the environment, and therefore increasing the
chances of developmental abortion and collapse. In conclusion, the species-specific
differences in embryogenic response might be related to differences in response
against abiotic stresses (involving the heat shock response, for example) or even

biotic stresses, involving perhaps the PR response genes.
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General discussion

Microspore embryogenesis is an experimental procedure by which
microspores are diverted from their original gametophytic pathway towards a new
embryogenic fate by applying specific stresses in vitro. It allows for the production
of DH (pure) lines through anther culture or isolated microspore culture followed
by chromosome doubling. DH technology is interesting for both basic research and
plant breeding. In this Thesis, we studied both applied and fundamental aspects of
microspore embryogenesis, with the final goal to know them better and improve

the efficiency of the process.

Importance of highly androgenic lines

In Chapter 1 of this Thesis we developed an eggplant DH population from a
commercial hybrid through microspore culture (Rivas-Sendra et al. 2017). The DH
population showed segregation in vegetative and reproductive traits, and due to its
totally homozygous condition, it can be perpetuated by seed without further
segregation, which makes it useful for genetic analysis and mapping of segregating
traits. From this population, we were able to identify the first highly androgenic
DH eggplant line (DH36), which is remarkably similar to the donor hybrid in terms
of morphology and reproductive ability, but which stably produces four times
more calli than the parental hybrid and has a much higher response than other
genotypes. In Chapter 2 we compared the in vitro behavior of this highly
responsive DH line to other eggplant commercial hybrids. These studies confirmed
that the DH36 response is stable and much higher than responsive commercial
hybrids. Two evidences strongly indicate that the genetic combination present in
this line produces an endogenous concentration of growth regulators that is highly
favorable for embryogenic response. On the one hand, DH36 embryogenic
response was almost irresponsive to modifications of the concentration of growth
regulators in the culture medium, while reducing this concentration increased the
response of the commercial hybrids. On the other hand, in DH36 microspore
cultures, embryogenesis could take place, although at a very low rate, in absence of

exogenous growth regulators. Highly responsive species, usually considered model
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species, do not need exogenous application of growth regulators to undergo
microspore embryogenesis, as it is the case of wheat (Touraev et al. 1996b),
tobacco (Touraev et al. 1996a), maize (Gaillard et al. 1991) and B. napus (Custers
2003), among others. Since the genotype-dependence in androgenic response is
one of the main limitations of the DH technology, the identification of genotypes
with high androgenic response is necessary not only in model species but also in
crop species. To date, highly androgenic lines have been identified only in a limited
number of species that usually already present good androgenic ability, such as
some Brassicas and cereals (Ferrie et al. 1995; Ferrie and Keller 1995; Hoekstra et
al. 1992; Kasha et al. 2003), but less efforts have been made in identifying highly
responding genotypes in other economically important crop species. Our results
suggest that the eggplant DH36 line could be used as a model line to provide
material both for basic research on induced totipotency and embryo
morphogenesis, and for applied research on in vitro DH production. The
availability of a genotype with high and stable response to androgenesis induction,
but still presenting some of the problems associated to recalcitrance, such the
production of calli instead of embryos, may be very helpful to reach a better
understanding of the mechanisms controlling androgenic ability and recalcitrance
by comparison with model species, as we made in Chapter 5 of this Thesis.
Hopefully, this high response line will encourage the use of eggplant as a research
platform for the study of the fascinating experimental phenomenon of microspore
embryogenesis. Obviously, a highly androgenic line belonging to an economically
important crop such as eggplant holds great interest for breeding purposes as well.
For example, it could be used to transfer its androgenic competence to other

recalcitrant genotypes of agronomic interest.

DH production in eggplant

One of the main applied interests of DH technology in general and microspore
embryogenesis in particular is the use of DH as pure lines for hybrid production. In

certain species such as rice, corn, wheat, barley, tobacco, or different Brassicas, the
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protocols for DH production are efficient enough to allow for routine use in
breeding programs. However, other species with high agronomic and economic
interest, including solanaceous crops such as tomato or eggplant, or species with
high scientific interest such as arabidopsis, are to some extent still recalcitrant to

microspore embryogenesis.

Production of DHs in eggplant through microspore cultures is possible since
1996 (Miyoshi 1996), but it presents two main bottlenecks: the formation of calli
instead of embryos, and the low frequency of plant regeneration from these calli.
(Corral-Martinez and Segui-Simarro 2012) demonstrated that embryos are initially
formed in eggplant microspore cultures but they fail to transition from radial to
bilateral symmetry after the globular stage. Production of embryos would be
desirable since they are more genetically stable than calli and easier to transform
into plants. By increasing chelated iron concentration during the microspore
cultures, in Chapter 2 of this Thesis we made a step towards the improvement of
the embryo patterning in eggplant MDEs. Although we were not able to overcome
the conversion into calli we were able to slow down the process of
dedifferentiation. That is a promising result, since evidence suggest that
optimization of the concentration and timing of the treatment could lead to better
control of the process. However, the fact that exogenous growth regulators are
needed for eggplant microspore embryogenesis might be the cause for the failure
in embryo development. Therefore, the most straightforward approach to improve
the protocol for eggplant DH production through microspore at present is to obtain
a high number of good quality androgenic calli, and to be able to transform them
into entire DH plants. In Chapter 2 we showed that adjusting the basic
components of the culture medium, such as NLN salts and vitamins or sucrose,
highly increases the efficiency of eggplant microspore cultures in different
genotypes, and allows for a reduction of growth regulators in the culture medium
without reducing efficiency. On the other hand, we addressed the problem of the
low rate of regeneration of eggplant DH plants from microspore-derived calli. In
Chapter 3 we evaluated the effect of different media compositions in the induction

of organogenesis, in the promotion of shoot growth and elongation, and in root
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growth (Rivas-Sendra et al. 2015). The protocol we developed, with 70% of the
regenerated plants being true DHs, represents a four-fold increase in plant
production with respect to previous reports (Miyoshi 1996). Together, the applied
research on eggplant microspore embryogenesis made in this Thesis resulted in

the most efficient protocol existing to date for DH production in eggplant.

The role of calcium in microspore embryogenesis induction

The signaling and regulatory role of calcium in many cell processes, including
stress response and activation of the embryogenic program, is widely known and
studied. Indirect evidence drawn from experimenting with extracellular calcium
concentrations and calcium signaling modulators in different species suggested a
relationship between calcium regulation and microspore embryogenesis induction
(Cho and Kasha 1995; Pauls et al. 2006; Reynolds 2000), and exogenous
application of calcium has been found to improve microspore induction and MDEs
germination and conversion into plants. However, up to date there were no direct

clues about the precise role of calcium in microspore embryogenesis.

In Chapter 4 of this Thesis, we used a Ca2+*-specific fluorescent vital dye to
track and describe the changes in levels and in subcellular distribution of free
cytosolic Ca2* in living microspores and pollen grains during in vivo development,
as well as during the first stages of in vitro-induced microspore embryogenesis.
During in vivo development, we observed a clear peak of cytosolic Ca?* in vacuolate
microspores and young pollen grains, the stages more suitable for embryogenesis
induction. The dynamics of Ca2?* accumulation during the in vivo process of
microsporogenesis and microgametogenesis seems to be different for every
species (Ge et al. 2007b; Kong and JIA 2004; Kuang and Liao 2015; Qiu et al. 2009),

but the sharp peak in vacuolate microspores and young pollen is not only observed

in B. napus, but also in other highly responding species such as tobacco (Ge et al.

2007b). Our observations suggest that this particularly high Ca2* level just at the
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stages more suitable for embryogenesis induction could be related to the

microspore embryogenesis ability.

Just after in vitro induction of microspore embryogenesis, the first signs of
embryogenic commitment are accompanied by a dramatic increase in intracellular
Ca?* levels, which becomes much higher than during in vivo development. We
observed a transition of Ca2* from the cytoplasm to the vacuoles during first stages
of induction, probably as a mechanism to avoid calcium toxicity in the cytosol, and
a progressive decrease in Ca?* as embryogenesis proceeds. When microspores
have wundergone successive division rounds, Ca2?* concentration reaches
undetectable levels both in vacuoles and cytosol. At the same time, non-
embryogenic forms such as callus-like and pollen-like structures, although
subjected to the same culture conditions, presented very different calcium
patterns. For the first time, we described a detailed pattern of Ca%* dynamics
during the early stages of MDE induction. Other embryogenesis processes, such as
somatic and zygotic embryogenesis, are also characterized by specific intracellular
calcium perturbations, specifically transient Ca2* peaks (Antoine et al. 2001; Ge et
al. 2007a; Timmers et al. 1996), which suggests that the elevated Ca2+ levels we
found during the initials of microspore embryogenesis play a key role in
developmental switch and embryogenesis initiation. The similarities between
calcium patterns would add to the growing body of evidences that relate the
different embryogenic pathways not only ant the genetic level, but also at the

cellular and physiological levels.

The role of callose in microspore embryogenesis

In previous studies of our group, we used HPF/FS to study B. napus
embryogenic microspores, and showed for the first time that a dramatic and
transient increase in callose in the newly formed cell walls is an inherent
characteristic of embryogenic induction (Parra-Vega et al. 2015b). Abnormally
increased levels of callose in B. napus embryogenic microspores were found both

in the newly formed inner cell walls and in a new layer beneath the pollen intine.
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In Chapter 4 of this Thesis we showed how the presence of the callose-rich
subintinal layer, considered a marker of embryogenic commitment (Parra-Vega et
al. 2015b), was inversely related to the presence of Ca2* in vacuoles, which is most
likely a mechanism to avoid the potentially toxic effect of a high Ca2* concentration
in the cytosol. As a callose-rich, impermeable new cell wall is formed and
progressively covers more area of the plasma membrane, which was
permeabilized during heat shock, the influx of Ca2+ decreases, and the protective
storage of Ca2* in vacuoles is no longer needed. In Chapter 5 of this Thesis, we
showed that Ca2* increase is not the only common link of microspore
embryogenesis with other embryogenic processes. We studied the relationship
between intracellular Ca?* levels and the dynamics of callose and cellulose
deposition for cell wall formation during microspore embryogenesis in B. napus,
and demonstrated that the formation of a callose-rich subintinal layer is not an
exclusive feature of B. napus, but also occurs in different species, such as eggplant
(Solanum melongena). Our results revealed that the amount of callose in this layer,
and in the newly formed inner cell walls, is related to the androgenic response,
being higher in the highly responding genotype. The formation of a callose-rich
layer surrounding the cell during the very first stages of embryogenic commitment
is a common event of embryogenic microspores, somatic embryos (Dubois et al.
1991; Maheswaran and Williams 1985; You et al. 2006) and also zygotic embryos
(Jensen 1968; Williams et al. 1984).

In Chapter 5, we used different chemical compounds known to interfere with
normal Ca?* levels, membrane fluidity and callose synthesis in order to determine
to what extent these processes are related. Our experiments proved that the
transient intracellular Ca2?* increase observed just after microspore induction,
previously described in Chapter 4, is most likely causing the abnormally increased
callose deposition observed in B. napus embryogenic microspores and early MDEs.
We also demonstrated that this prolonged and increased callose deposition in the
cell wall is essential for proper microspore embryogenesis progression and
success, since cell walls defective in callose prevented cell division and led to cell

arrest and death. The presence of a preliminary callose layer is needed as a scaffold
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to stabilize the cell plate and mandatory for proper cellulose deposition. However,
callose must be removed to allow for cellulose deposition, since they showed to be
consecutive but incompatible processes. In addition, our results clearly indicated
that callose deposition in the cell plate and in the subintinal layer are independent
and differently regulated, since they follow different rhythms and patterns. While
callose deposition in the cell plate showed to be completely Ca?+*-dependent,
callose deposition in the subintinal layer was much less (or not) affected by Ca2*
concentration alteration, and a basal level of callose deposition was always present
irrespective to the treatment applied, which demonstrates that different sets of
callose synthases must be involved in each process. We proposed that callose
synthases which already have a function in pollen grains are most likely the
responsible for the wunique callose deposition observed in embryogenic
microspores. Although initially programmed to perform specific functions during
pollen grain development in vivo, some CalS may participate in microspore
embryogenesis as well, and carry out the synthesis and deposition of callose in
different cellular events. Taking together all our results, and the known specific
characteristics of the B. napus CalSs, which present high homology with those of
Arabidopsis, we hypothesized a model where, on the one hand, CalS9 and CalS10,
could be the enzymes responsible for callose deposition in the cell walls of
embryogenic microspores, and on the other hand, CalS5 and CalS12 may be
responsible for the formation of the subintinal layer. Being CalS5 Ca2*-independent
and sensitive to ES7, and CalS12 CaZ*-dependent but insensitive to ES7 (Jacobs et
al. 2003; Park et al. 2014; Schlipmann et al. 1993), they would perfectly
complement each other and make callose deposition in the subintinal layer a

robust event.
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Conclusions

In this Thesis:

1. We obtained a hybrid-derived eggplant DH population segregating for
vegetative and reproductive traits as well as for androgenic response. This

population may be useful for genetic studies and mapping of several traits.

2. We generated the first eggplant highly androgenic DH line, which presents a
stable androgenic response that may be comparable to that of the best
performing genotypes of model species, although proper embryo progression has
still to be achieved. The highly androgenic line DH36 may facilitate the study of

eggplant androgenesis and embryogenesis for both basic and applied research.

3. We developed the most efficient protocol existing to date for eggplant DH
regeneration from microspore culture, which implies a reduced use of growth

regulators while providing a high DH rate.

4. We made a detailed study of Ca2* dynamics during microsporogenesis and
microgametogenesis, revealing a sharp peak during the androgenesis-responsive
stages that may be related to the ability of these stages to undergo microspore

embryogenesis.

5. We studied Ca?* during microspore embryogenesis and found that the first
signs of embryogenic commitment are accompanied by a dramatic increase in
intracellular Ca2* level, which progressively decreases as embryogenesis
proceeds. This increase, similar to that observed in cells committed to

embryogenic fates, may be behind such a commitment.
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6. We confirmed that this transient intracellular Ca2* increase is causing the
abnormally increased callose deposition observed in B. napus embryogenic
microspores and early MDEs, found to be essential for proper microspore

embryogenesis progression and success.

7. We demonstrated that the formation of callose-rich subintinal layer and cell
walls is not an exclusive feature of B. napus embryogenic microspores, and that it

is related to the androgenic ability of the genotype.

8. We proved that callose deposition in the subintinal layer and cell plate are
independent processes, and proposed a model where different sets of callose

synthases are responsible for these two processes.
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