Differences in microspore developmental responses were observed in anthers collected
one month after culture by DAPI staining and fluorescence microscopy observations.
Already after one month, microspore with two identical nuclei equal in size and
chromatin condensation patterns (Fig. 1.1d) derived by a symmetrical nucleus division
(SND), as well as multinucleated structures (Fig. 1.1e), were detected. The SND of the
nucleus is considered one of the first signs of the beginning of the embryogenic
program (Segui-Simarro and Nuez 2008a). This is highlighted in Table 1.2, where the
percentages of uninucleated, binucleated by asymmetrical nucleus division (AND) and
SND, trinucleated microspores and multinucleated structures are reported. No
statistically significant differences were recorded among cultivars in the percentage of
uninucleated, binucleated (AND) and trinucleated microspores. Trinucleated
microspores were separately counted, instead than added to the multinucleated, because
in a previous research carried out on Citrus clementina anther culture, ploidy analysis
by flow cytometry of 94 regenerants showed that as many as 82% of them were tri-

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

breeding (Gradziel 2009).

49



(=
L=
5]

214 216 218 220

190 192 194 196 108 200 202 204 206 208 210
{

4000f EPPCU-5990 j f ‘Filippo Ceo’ donor plant
/ |

3000 l
2000

1000 "

190 192 194 196 198 200 202 204 206 208 210 212 214 216 218
60007 EPPCU-5990

o
S

‘Filippo Ceo’ microspore derived embryo

3.
5000 i

|
4000 j
3000 f f |
2000

1000

190 192 194 196 198 200 202 204 206 208 210 212 214 216 218 220

EPPCU-5990 l ! ‘Filippo Ceo’ microspore derived embryo
5000 1

3000
3000 J l
2000 I |

1000 R

0 —_— —~ SNV -

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

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

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

Application of different BAP concentrations for in vitro callus

induction in almond (Prunus dulcis Mill.) anther culture

2.1 Abstract

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

2.2 Materials and methods

2.2.1 Plant material

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

experiment.
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2.2.2 Bud size and microspore stage correlation

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

the in vitro culture.

2.2.3 Flower bud sterilization and anther culture

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

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

genotype).
2.2.4 Experimental design

Culture media

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

the culture medium and pH was adjusted to 5.8 before autoclaving (20 min, 120 °C).
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Anthers and calli were sub-cultured monthly onto new fresh medium. The composition

of the four culture media is resumed in Table 2.1.

Table 2.1 Media composition (in g L ormg L)

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

MS (Murashige and Skoog 1962)

Temperature treatments

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

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

Data collection and statistical analysis

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

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

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

Ploidy Analysis

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

abscissa axe.

2.3 Results and discussion

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

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

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

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

division (SND).
-
.

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

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

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

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

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

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

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

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

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

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

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

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

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



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

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

2011a, b).

2.4 Conclusions

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

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

Introduction

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

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

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

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

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

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

‘Mandarino Tardivo di Ciaculli’.
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CHAPTER 3

Gametic embryogenesis through isolated microspore culture in

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

3.1 Abstract

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

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

pollen embryogenesis.

3.2 Material and methods

3.2.1 Plant material and pollen developmental stage

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

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

Chiancone and Germana 2016).

3.2.2 Microspore isolation and culture

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

dishes were prepared.

3.2.3 Evaluation of the microspore response

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

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

used to separate means.

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

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

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

3.2.4 Allelic pattern detection by SSR analysis

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

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

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

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

LIZ, Applied Biosystems).

3.3 Results and discussion

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

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

et al. 2015; Chiancone and Germana 2016).

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

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

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

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

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

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

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

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

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

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

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

Parental genotype SSR locus Allelic pattern
Ci08C05 168-177

MTC mCrCIR01B10 156-160
CCSM147 115-127
Ci08C05 168

embryo mCrCIR01B10 156
CCSM147 115

MTC: ‘Mandarino Tardivo di Ciaculli’

3.4 Conclusions

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

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

plantlets.
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LOQUAT PLOIDY MANIPULATION

Introduction

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

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

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

for breeding progress. For instance, in vitro anther or isolated microspore culture
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(haploid technology) and poliploids production (chromosome duplication) have become
successful techniques for the breeding industry (Maluszynski et al. 2003; Germana
2011a, b; Sattler et al. 2016).

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

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

to loquat seeds before germination.
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CHAPTER 4

Morphogenic callus induction through in vitro anther culture of loquat

(Eriobotrya japonica (Thunb.) Lindl.)

4.1 Abstract

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

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

4.2 Materials and methods

4.2.1 Plant material

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

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

finally selected for the in vitro culture.

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

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

4.2.4 Culture media

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

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

resumed in Table 4.1.
4.2.5 Data collection and statistical analysis

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

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

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

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

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

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

4.2.6 Ploidy Analysis

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

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

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

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

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

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

(Fig. 4.3b).

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

Table 4.2 Anthers culture responses to the seven genotypes tested

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

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

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

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

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

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

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

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

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

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

anthers, MC: morphogenic calli



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

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

4.4 Conclusions

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

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

organogenesis and embryo production.
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CHAPTER S

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

Abstract

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

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

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

loquat species.
Material and Methods
Plant Material

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

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

Seeds treatment

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

photoperiod in greenhouse (Fig. 5.1).

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

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

diploids loquat (controls).

Statical analysis

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

Results and Discussion

Survival rate

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

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

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

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

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

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

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

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

was lower than lethality observed in other species.

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

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

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

seedling were not significantly affected.

Flow cytometric analysis

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

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

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

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

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

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

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

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

Conclusions

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

in loquat breeding programs.
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DISCUSSION

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

achievement rate.
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CONCLUSIONS

IL.

I1I.

IV.

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

locus, indicating their homozygosity and gametic origins.

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

‘Mandarino Tardivo di Ciaculli’.

Production of calli was achieved in different loquat (Eriobotrya japonica

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

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

further characterization and potential use in breeding.
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