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Abstract: Olive (Olea europaea L.) is the most characteristic and important oil crop of the Mediter-
ranean region. Traditional olive cultivation is based on few tens cultivars of ancient origin. To
improve this crop, novel selections with higher tolerance to biotic and abiotic stress, adaptable
to high-density planting systems and resilient to climate change are needed; however, breeding
programs are hindered by the long juvenile period of this species and few improved genotypes have
been released so far. Genetic transformation could be of great value, in the near future, to develop
new varieties or rootstocks in a shorter time; in addition, it has currently become an essential tool for
functional genomic studies. The recalcitrance of olive tissues to their in vitro manipulation has been
the main bottleneck in the development of genetic transformation procedures in this species; however,
some important traits such as fungal resistance, flowering or lipid composition have successfully
been manipulated through the genetic transformation of somatic embryos of juvenile or adult ori-
gin, providing a proof of the potential role that this technology could have in olive improvement.
However, the optimization of these protocols for explants of adult origin is a prerequisite to obtain
useful materials for the olive industry. In this review, initially, factors affecting plant regeneration
via somatic embryogenesis are discussed. Subsequently, the different transformation approaches
explored in olive are reviewed. Finally, transgenic experiments with genes of interest undertaken to
manipulate selected traits are discussed.

Keywords: Agrobacterium rhizogenes; Agrobacterium tumefaciens; biolistic; olive; somatic embryogene-
sis; transgenic plant

1. Introduction

Olive (O. europaea L.) is one of the most important fruit crops, and the main oil
crop, in the Mediterranean basin, although its cultivation has extended throughout the
world. O. europaea ssp. europaea belongs to the family Oleaceae and includes cultivated (var.
europaea) and wild olives (var. sylvestris) [1]. The species is diploid (2n = 2X = 46), although
many authors have described polyploidy in both mutants [2] and natural populations [3,4];
its genome size is ca. 1800 Mb in both cultivated and wild varieties [5].

Olive is a long-lived tree with a long juvenile stage that can reach up to ten years.
Although there have been several breeding programs devoted to obtaining new varieties
with desired characters, the long juvenile period of this species has hampered this objective,
and most traditional olive cultivars had been the result of ancient grower selections [6].
Some management techniques can be used to reduce the juvenile period with different
success rates depending on the genotype; however, these practices are not fast enough
to meet the industry requirements. Consequently, in the last 20 years, only relatively few
numbers of varieties have been released as a result of conventional breeding [7]. The first
crossbreeding programs in olive were developed between 1960 and 1971 in Israel [8] and
Italy [9]; since then, more than 50 countries maintain around 100 regional, national and
international olive collections [10,11]. The main aims in olive breeding are early bearing,
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high yield, and adaptability to the high-density planting system for mechanical harvesting.
More recently, programs also include resistance to Verticillium wilt and other diseases
among their targets [12].

Due to the constraints imposed by the reproductive behavior and high level of het-
erozygosity of woody species, genetic transformation has emerged as a powerful tool for
the genetic improvement of fruit trees, allowing the introduction of selected traits into
elite cultivars in a short period of time [13]. Efficient procedures for in vitro regeneration
are needed to develop successful genetic transformation protocols in any species. In this
regard, olive is a recalcitrant species to in vitro manipulation [14]; however, in the last two
decades, a small number of studies reported the development of olive genetic transforma-
tion protocols, which have been used for obtaining transgenic plants expressing reporter
genes and even transgenes of interest, although in most cases transformed explants were of
juvenile origin. The importance of this technology will increase in the near future with the
advancement in the olive genome sequence projects that are currently underway [15–17],
which could allow the identification of genes of interest for future breeding programs. In
addition, protocols for the regeneration of somatic embryos (SE)from explants of adult
origin are needed to develop new cultivars or rootstocks useful for breeders.

In this review, we describe the main advances in the genetic transformation of this
species, the current and future challenges of this technology and its potential use for olive
improvement. Initially, in vitro tissue culture protocols for olive regeneration via somatic
embryogenesis are discussed since most transformation studies use somatic embryos as
initial explants.

2. Somatic Embryogenesis

As in many other woody species, somatic embryogenesis, a process in which em-
bryos derive from somatic cells, is the most used system for the in vitro regeneration of
olive plants. The genotype and ontogenetic age of the material are determinant factors
in the success of the process. Different explants of juvenile (seed derived) origin have
been employed for this purpose, such as immature zygotic embryos [18], radicles from
mature embryos [19,20], cotyledon fragments [21,22], and seedling roots [23,24]. In the first
study [18], full immature embryos, 75 days after pollination (dap.), from cvs. “Morailo”,
“Frantoio” and “Dolce Agogia” were used to induce somatic embryogenesis. The embryo-
genic potential of these explants could be maintained by storing the fruits at 14–15 ◦C for
2–3 months [25]. Cotyledons from 60 to 90 dap. immature embryos, depending on the
genotype, were also suitable for the establishment of embryogenic cultures [21]. Similarly,
cotyledons from 70 dap. embryos from two Tunisian cultivars were successfully used
to induce somatic embryogenesis [26]. In the case of mature zygotic embryos, radicle
segments showed a high embryogenic response, while cotyledonary segments yielded
poor results, both in wild [19] and cultivated olive [20]. Although other protocols have also
been successful, the use of radicle segments from mature zygotic embryos appears to be
the preferred choice to obtain successful results [27–31].

The culture media most widely used for embryogenic induction are OM (olive
medium) [32] and its modifications, i.e., OMc [19,20,31,33,34], and olive cyclic embryoge-
nesis (ECO) medium (a modified OMc with a lower ionic strength) [35]. Murashige and
Skoog (MS) medium [36] and 1/2 MS have also given good results [18,25,26,37]. Contrary
to these studies, a different salt formulation, Schenk and Hildebrandt (SH) [38], has also
been employed, but only cv. “Frangivento” could be maintained in culture [21]. The
results obtained in these reports varied greatly with the genotype used, which could reflect
different nutritional requirements.

Regarding the hormonal balance, most studies found that the addition of auxins and
cytokinins to the culture medium was essential in the induction phase, keeping a high auxin/
cytokinin ratio [19–24,29,34,37], followed by a reduction in auxin concentration [19,20] or
even auxin elimination [21,34] for somatic embryo expression and maintenance. Gener-
ally, explants are incubated in darkness for embryogenic induction. The maturation and
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conversion of SE are the main bottleneck in olive due to the low number of SE converted
into plants [39,40]. Few reports have addressed SE maturation in olive. Sucrose has been
found to be better than glucose for maturation [34]. Other treatments such as chilling and
growth regulator inhibitors have not given good results [41]. Abscisic acid has been used
to synchronize embryo maturation [41]. In a different maturation approach, embryogenic
masses were cultured into liquid medium followed by filtering through a 3 × 3 mm mesh,
and the subsequent structures of lower size were cultured on maturation medium (ECO
medium without plant growth regulators (PGRs), supplemented with 1 g/L activated
charcoal (AC) [28]. Maturated embryos of higher quality were obtained when globular
embryos were incubated for 4 weeks onto this medium, followed by 4 weeks over cellulose
acetate semi-permeable membranes [28]. This treatment could decrease embryo water po-
tential and increase solute accumulation, improving the germination percentage. Figure 1
shows the steps followed in this protocol, from SE to obtaining acclimatized plants.
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Figure 1. Images of the steps of olive somatic embryos (SE) maturation and plant regeneration
protocol [28].

MS mineral formulation [24,37] and modified MS of lower strength, 1/3 or 1/4
MS [23,25,28], have been used to germinate mature olive embryos. A low concentra-
tion of cytokinin in the culture medium is also recommended by some authors during this
process [18,23,34].

Somatic embryogenesis from mature (after plant has reached reproductive capacity)
tissues of elite cultivars is one of the main challenges of olive tissue culture. Some successful
studies have been reported, although the methodology and efficiency strongly depend on
the genotype used. Somatic embryogenesis from cultivars “Canino” and “Moraiolo” has
been obtained using a double regeneration system [42]. In the first stage, shoot organo-
genesis was induced from petioles of micropropagated plants. The cells from these shoots
suffered a rejuvenation process that allowed the formation of embryogenic cultures in the
second phase, when the small new leaves formed from the adventitious buds were used
as explants. Leaves and petioles from plants rejuvenated through in vitro culture have
also been used to obtain embryogenic callus from cvs. “Dahbia” [43] and “Picual” [44].
The in vitro rejuvenation of adult tissue is not strictly necessary to obtain embryogenic
callus. Somatic embryogenesis from leaves and petioles obtained from adult plants of wild
olive growing in the greenhouse has also been observed [45]. In the case of wild olive cvs.
“StopVert”, “OutVert”, “Ac-18” (resistant to Verticillium dahliae) and “Ac-15” (susceptible
to this fungus), shoot apex (apical meristem with one or two leaf primordia), petiole and



Genes 2021, 12, 386 4 of 16

leaf sections from in vitro micropropagated shoots were used as explants, although only
the shoot apex showed a positive response in two (“StopVert”, “Ac-18”) out of the four
genotypes tested [46]. The strong genotype effect on SE induction in explants of adult
origin has previously been reported in olive [47] and other woody perennials [48]. Differ-
ent culture media have been used for embryogenic induction in adult explants, e.g., OM
formulation [42,44], MS and 1/2 MS [43,45,46]. Contrary to observations in explants of
juvenile origin, a low auxin-cytokinin ratio was required in most cases to induce embryo-
genesis from adult material, ca. in the case of cvs. “Canino” and “Moraiolo”, the medium
was supplemented with N6-(2-Isopentenyl)adenine (2iP) (0.5 µM), N6-benzyladenine (BA)
(0.44 µM) and indole-3-butyric acid (IBA) (0.25 µM) [42]; a high concentration of thidi-
azuron (TDZ) (30 µM) in combination with naphthalene acetic acid (NAA) (0.5 µM) has
been employed in other genotypes [43,44,46]. By contrast, embryogenic cultures in wild
olive explants have also been obtained in the presence of IBA (12.25 µM) and zeatin
(4.56 µM) [45]. Despite these successful reports, the percentages of somatic embryogene-
sis induction obtained are, in general, lower than those obtained with juvenile explants.
Proembryogenic masses (PEM) from explants of adult origin can be maintained in the same
medium used for culture initiation [42,46], in OM or ECO media supplemented with 2iP
(0.5 µM), BA (0.44 µM) and IBA (0.25 µM); for embryo maturation, PEM of cvs. “Canino”
and “Moraiolo” were placed on filter paper soaked with liquid basal OMc medium with
subsequent transfer to the same medium in semisolid form and supplemented with AC
(1 g/L); under these conditions, several cycles of secondary embryogenesis could be ob-
tained by monthly subcultures. Embryo germination required culture in liquid OMc
medium, under agitation at 80 rpm, and supplemented with zeatin (1.3 µM). In the case of
wild olive genotype “StopVert”, maturation and germination conditions were as previously
described for juvenile material and explained in Figure 1 [28,46].

3. Genetic Transformation Procedures

Biolistic and Agrobacterium tumefaciens mediated transformation have been reported
in olive, using SE as explants in both cases. A. rhizogenes has also been used to obtain olive
chimeric plants with transgenic roots.

3.1. Biolistics

Early works in olive genetic engineering aimed to develop a transient transforma-
tion protocol using a biolistic approach. Large-size somatic embryos (>5 mm length), cv.
“Canino”, were transformed with two plasmids, pZ085 and pCGUδ0, both containing
the β-glucuronidase (GUS) reporter gene [49]. The use of different particles, tungsten vs.
gold, and different bombardment devices, Particle Inflow Gun (PIG) vs. PDS-1000/He,
did not affect the results; a GUS histological signal was obtained with each experimental
condition when a 580-kPa shoot pressure was applied. Later, the optimal conditions for
the transient transformation of SE derived from a mature “Picual” zygotic embryo using
the PDS-1000/He system were analyzed [35]. The best results were obtained when a
target distance of 6 cm and a bombardment pressure of 900-psi were employed, using
gold particles of about 1 µm. The plasmid pCGU∆1, containing the GUS gene under
the control of the sunflower ubiquitin promoter, yielded higher transient transformation
rates than pGUSInt containing the CaMV35S-GUS chimeric gene. Similar results had been
previously obtained [49] when SE of a small size were used for bombardment. Although
transgene expression was detected in the embryogenic callus 12 weeks after bombardment,
a uniform selection of the transgenic material was not possible, and transgenic plants were
not regenerated [35].

3.2. A. Rhizogenes Transformation

A. rhizogenes mediated transformation can be used to produce composite plants formed
by transgenic roots attached to a wild-type shoot, providing an excellent tool for studying
root biology [50]. The first application of this technology in olive was reported using in vitro
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grown shoots of “Dolce Agogia” and “Moraiolo” [51]. The basal surface of the shoots
was wounded and infected with a razor blade previously submerged in an A. rhizogenes
culture; then, the shoots were cultured in 1

2 MS medium. Roots appeared 10 days after
infection. Later, the protocol was modified, supplementing the bacterial culture with 1 mM
putrescine to increase rooting [52]. Using this protocol, more than 50% of the inoculated
shoots produced roots, but transformation efficiency was lower since only a few plants
(<20%) had agropine-positive roots.

In a different approach, olive plants from cv. “Manzanillo” growing in the glasshouse
were used for A. rhizogenes transformation [53]. The roots of these plants were trimmed to
4–5 cm and infected with the wild A. rhizogenes super rooting strain 232. Inoculated plants
showed enhanced growth and superior reproductive behavior than non-infected plants.
The authors suggested that this technique could be used as a standard agricultural practice,
although further studies on this issue have not been reported.

3.3. A. Tumefaciens Transformation

The efficiency of the A. tumefaciens transformation system depends on multiple factors,
such as bacterial strain, type of explant, selectable marker gene and approach for the
selection of transgenic cells and the regeneration system [54]. Along this line, the choice of
the selection agent and its concentration during the selection phase is particularly relevant,
e.g., a low amount of antibiotic or herbicide for selection could lead to the appearance of
chimeric tissues containing transgenic and non-transgenic cells, or escapes; on the contrary,
an excessively high concentration could provoke the death of transgenic cells and prevent
their regeneration, especially during the early selection phase. The antibiotic kanamycin
has been recommended to select olive cells transformed with the neomycin phosphotransferase
(nptII) gene in the range 50–100 mg/L; it is necessary to previously evaluate the antibiotic
concentration and the time of culture of explants to obtain the best results because each
explant has a different sensitivity to kanamycin [54]. In this regard, the use of different
aminoglycoside antibiotics, i.e., paromomycin, kanamycin and neomycin, has been studied
for the selection of an olive embryogenic culture obtained from a radicle of a seed of the
cv. “Picual” [35]. Embryogenic masses and isolated embryos showed a high tolerance
to paromomycin and kanamycin when cultured on solid medium, being the optimal
concentration required to impair callus growth higher than 200 mg/L. However, a very
low concentration of paromomycin, 3 mg/L, was sufficient to restrain the growth of callus
cultured in liquid medium [35]. The herbicide phosphinotricin (PPT) is commonly used
as a selectable agent in transformation experiments with the bar or pat marker genes from
Streptomyces spp. The growth of olive embryogenic callus in solid medium was partially
inhibited at 2.5–10 mg/L PPT [55]. These authors recommended selection of three weeks
in liquid medium supplemented with 10 mg/L PPT as the most effective treatment.

The first studies on the stable transformation of olive via A. tumefaciens were reported
using SE from adult origin, cv. “Canino” [54]. These embryos were inoculated with A. tume-
faciens, strain LBA4404, carrying the binary plasmid pBIN19 that contains the selectable
gene nptII [54]. Embryogenic masses were inoculated with the bacterial suspension and
incubated for 48 h in flasks under agitation, 80 rpm, in darkness. Afterwards, embryogenic
masses were rinsed in sterile distilled water, blotted dry over sterile paper, and cultured on
solid embryogenic medium [42] containing 250 mg/L cefotaxime for a month. The authors
pointed out that cefotaxime was the best antibiotic for controlling A. tumefaciens growth,
and its use improved plant regeneration [54]. Afterwards, the embryogenic masses were
cultured on the same medium, but supplemented with the selectable agent kanamycin
at 100 mg/L. To control bacterial growth and improve the selection process, drops of the
melted medium were added over the embryogenic masses. Later, these masses and isolated
embryos were cultured in liquid medium supplemented with 0.3 mg/L zeatin, under light.
Green embryos obtained after 15–20 days were cultured individually on solid medium
containing 150 mg/L kanamycin, in darkness, to produce new SE. Afterwards, SE derived
from the green embryos that had survived the selection phase were cultured in liquid
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medium supplemented with zeatin, without selectable antibiotics, under light to recover
plants. Unfortunately, the transformation rate using this protocol was not reported.

In a different approach, isolated globular SE were employed for inoculation with
A. tumefaciens and a selection phase in liquid medium was introduced [56]. Briefly, SE
(1–2 mm diameter) were incubated with the diluted bacterial suspension, blotted dry over
sterile filter paper, and cultured on solid embryogenic medium (ECO) for 48 h in darkness.
After co-culture, SE were washed for 2 h with liquid ECO medium containing cefotaxime
and timentin, each at 250 mg/L, to restrict bacterial growth. Then, the globular embryos
were transferred to solid selection medium, ECO medium with cefotaxime, timentin
and paromomycin at 200 mg/L. After 3 months of culture, disaggregated embryogenic
calli resistant to paromomycin were cultured in liquid ECO medium supplemented with
50 mg/L paromomycin for 3 weeks. Then, calli were filtered and globular embryos were
cultured individually on solid ECO selection medium with 200 mg/L paromomycin for at
least two additional months. Somatic embryos surviving this exposure were considered to
be transgenic. In this study, the authors evaluated the effect of bacterial strain and binary
vector on transformation efficiency. The best results were obtained with the hypervirulent
A. tumefaciens strain AGL1 and the plasmid pBINUbiGUSInt, a combination that yielded
transformation rates higher than 10% based on GUS assays. Additionally, the incubation of
the Agrobacterium inoculated embryos in small clusters of three units during the selection
in solid medium slightly increased the transformation efficiency. This treatment probably
allowed transformed embryos with a low level of expression of the selectable marker gene
to withstand the selection pressure. Maturation was carried out using cellulose acetate
membranes [28], while for germination, a basal medium with low sucrose and a diluted
salt formulation [28,57], as previously described for non-transgenic material, was used,
although it was supplemented with the same concentration of selective antibiotic to assure
the recovery of transgenic plants. The transgenic nature of olive plants was confirmed
by both polymerase chain reaction (PCR) amplification and Southern blot analysis. All
putative transgenic plants showed PCR amplification of a fragment of the nptII gene;
regarding the Southern blot analysis, 1–3 copies of the transgene were found in the different
transgenic lines analyzed [56]. One of the embryogenic lines used for transformation did
not yield any transgenic callus [56], which points out the important effect of the genotype
in the transformation process. A workflow chart of this protocol is shown in Figure 2.

The size of the transgenes inserted could affect regeneration efficiency; hence, the
protocol described above was adapted to different constructs by employing a progressive
selection strategy, which would be less stressful for the globular embryos than the continu-
ous high selection pressure used in the original protocol [58]. It is then recommended to
start the selection phase using a medium supplemented with 50 mg/L paromomycin and
progressively increase the concentration to reach 150 mg/L at the end of the process.

Marker genes encoding fluorescent proteins have been proposed as an alternative to
avoid the use of selectable antibiotics or to help in the early selection of transgenic cells [59,60].
In embryogenic cultures, these genes could allow the use of lower selection pressures and
shorter selection times, yielding higher transformation efficiencies [61,62]. The utility of
green (gfp) and red (DsRed) fluorescent marker genes in the A. tumefaciens transformation of
olive SE has been analyzed [63]. Both proteins could be detected in transformed embryos
after Agrobacterium infection using an epifluorescence microscope. Embryos transformed
with the DsRed gene showed the highest fluorescent signal throughout the transformation
procedure (Figure 3); moreover, a signal could also be detected in the leaves and roots of
regenerated plants using a confocal microscope. The DsRed fluorescent signal overcame the
threshold level to be detected 6 weeks after Agrobacterium inoculation of the embryos and
maintained a stable signal thereafter. The combined use of DsRed and antibiotic selection
is a promising approach to improve olive transformation rates.
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4. Genetic Transformation with Genes of Interest

The genetic transformation technologies developed in olive have been applied to
improve different traits that are difficult to accomplish with traditional breeding. The
main objective in most research works has been to increase tolerance to fungal pathogens,
particularly Verticillium wilt and Spilocea oleagina, but other important traits have also been
modified (Table 1).

Table 1. Summary of olive transformation studies with genes of interest.

Trait Gene Olive Genotype Type of Material Used References

Fungal tolerance
Osmotin (Nicotiana tabacum) Canino Somatic embryos from adult origin [64]

afp (Aspergillus giganteus) Picual Somatic embryos from a mature seed [65]
AtNPR1 (Arabidopsis thaliana) Picual Somatic embryos from a mature seed [58]

Resistance to
abiotic stress Osmotin (Nicotiana tabacum) Canino Somatic embryos from adult origin [64,66,67]

Olive oil quality 13-HPL (O. europaea) Picual Somatic embryos from a mature seed [68]

Plant architec-
ture/Flowering

rolABC (A. rhizogenes) Canino Somatic embryos from adult origin [64]
MtFTa (Medicago truncatula) Picual Somatic embryos from a mature seed [69]

4.1. Fungal Tolerance

Transgenic olive plants with higher tolerance to Spilocaea oleagina, the causal agent of
peacock leaf spot, by overexpressing an osmotin gene from tobacco, have been obtained [64].
Embryogenic cultures were inoculated with A. tumefaciens strain LBA4404 containing the
osmotin gene under the control of the constitutive promoter CaMV35S [54]. This gene en-
codes for one of the Pathogen Related Proteins family 5 (PR5), present in all plant genomes
analyzed so far. Transgenic plants were evaluated for 10 years in field trials, showing a
phenotype similar to control non-transformed plants, although the leaf lamina was slightly
narrower. High amounts of osmotin were found in the epidermal and subepidermal cells
of transgenic plants [70]. These plants showed higher resistance to S. oleagina than controls,
but unexpectedly they were more susceptible to other pests, such as the insects Otiorrynchus
cribricollis G. and Lychtensia viburnii S. [71].

Fungal resistance has been achieved in other species through the ectopic expression of
genes from fungal or bacterial origin encoding antimicrobial proteins, such as chitinase or
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glucanase from Trichoderma harzianum [72,73] or the antifungal protein AFP from Aspergillus
giganteus [74]. AFP is a small protein that disturbs the integrity of the plasma membrane
and inhibits chitin biosynthesis in sensitive fungi [74]. This protein has been expressed in
different crops, improving their resistance to fungal diseases, e.g., rice [75,76], wheat [77,78]
and pearl millet [79]. In olive, globular SE derived from a seed of “Picual” were transformed
with the AGL1 A. tumefaciens strain harboring the afp gene under the control of the CaMV35S
promoter [65]. The transgenic plants obtained did not show any phenotypic difference
with the control when growing in the greenhouse. Plants from five independent transgenic
lines were tested against Verticillium dahliae, defoliant pathotype, and the necrotrophic
pathogen Rosellinia necatrix, the causal agent of white root rot in fruit trees. Constitutive afp
expression did not affect the response of olive plants to Verticillium, and transgenic plants
were as susceptible to the pathogen as the control. However, two transgenic lines showing
the highest levels of afp expression displayed an enhanced degree of incomplete resistance
to R. necatrix. These results indicate that AFP may operate in a species-specific manner, as
previously suggested [80], being effective against some ascomycetes at low concentration
but not against others.

The NPR1 gene, a key regulator of the systemic acquired resistance (SAR), a resis-
tance response at the whole plant level occurring after a previous localized exposure to a
pathogen, has been used to enhance resistance to a broad spectrum of pathogens [81]. Sev-
eral species were transformed with the AtNPR1 gene from Arabidopsis thaliana to achieve
this goal, e.g., tomato plants with enhanced resistance to Fusarium wilt and bacterial
wilt [82], cotton plants with improved resistant to several fungi (Fusarium, Rhizoctonia and
Alternaria) and the reniform nematode [83]. Transgenic AtNPR1 cotton plants were also
resistant to non-defoliating (ND) strains of V. dahliae, but not to defoliating (D) ones [84]. In
olive, three transgenic lines expressing the AtNPR1 gene under the control of the CaMV35S
promoter were recovered and tested against V. dahliae, D and ND pathotypes, and R. neca-
trix [58]. Two of these lines showed an overexpression of a PR1-homologue gene, but
endochitinase activity levels were not affected. The infection assay with V. dahliae D patho-
type did not yield any difference between transgenic and control, non-transgenic, plants,
and all Verticillium inoculated plants eventually died. However, the transgenic line with
the highest AtNPR1 expression level showed less severe symptoms than control plants
after inoculation with ND pathotype. Regarding the infection test with R. necatrix, all the
transgenic lines showed a slower disease progression than control plants, but it was not
sufficient to control the disease.

4.2. Resistance to Abiotic Stress

Besides its antifungal activity, the transgenic expression of osmotin genes turned out
to induce a better response to different abiotic stresses. Transgenic olive plants expressing
the tobacco osmotin gene [54] displayed better performance when subjected to basal irriga-
tion conditions in the field compared to control plants, which eventually died with this
irrigation regime [71]. Under in vitro conditions, osmotin transformed shoots cultured in
medium supplemented with PEG 8000 (1, 2 and 4%) for 28 days showed normal growth,
accompanied by the accumulation of proline and enzymes related to drought stress toler-
ance in leaves, while non-transformed plants presented symptoms of damage and reduced
growth [66]. The results obtained following the analysis of these plants confirmed that
osmotin protects the plant membrane from lipid peroxidation, conferring increased toler-
ance to drought stress. Additionally, osmotin also induced cold protection in these olive
transgenic plants by altering programmed cell death and cytoskeleton organization [67].

4.3. Olive Oil Quality

Genetic transformation has been used to study olive oil quality, particularly the role of
the 13-hydroperoxide lyase gene (13-HPL) in volatile formation [68]. It is believed that this
enzyme plays a key role in the lipoxygenase pathway, regulating the C6 volatile content
mainly responsible for virgin olive oil aroma [85]. Globular SE were transformed with
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binary vectors for the constitutive overexpression and interfering RNA (RNAi) silencing of
the 13-HPL gene [68]. The 13-HPL enzyme activity increased in leaves of overexpressed
transgenic lines, as well as the C6 volatile compounds, whereas opposite results were
found in leaves of silenced plants, showing a significant reduction in 13-HPL activity and
C6 volatile content, linked to an increase in the amount of C5 compounds. Although the
profile compounds of olive oil from transgenic plants have not been reported, it is likely
that results similar to those described for leaves could be obtained, since previous studies
showed that leaves, fruit mesocarp and calli derived from cotyledons displayed a similar
lipid composition [86]. Interestingly, 13-HPL silencing severely reduced plant growth and
vigor (Elena Palomo-Ríos, personal communication, University of Málaga, August 2020),
as observed in some hpl rice mutants [87,88].

4.4. Plant Architecture/Flowering

Modern agricultural practices in olive include high planting density for mechanical
pruning and harvesting; plants of reduced size and altered architecture are required for
these new orchards. To meet these requirements, both immature zygotic embryos of
the cv. “Moraiolo” and embryogenic cultures from mature tissue of cv. “Canino” were
transformed with rolABC genes from A. rhizogenes [64] using the LBA4404 A. tumefaciens
strain. Transformed SE from both experiments were selected, and plants from transformed
embryos of cv. “Canino” were recovered. In vitro, these plants displayed a high rooting
capacity without the addition of auxins and showed the typical hairy root phenotype; a
similar phenotype was observed in field trials. Additionally, transgenic plants showed a
long juvenile phase and their development was altered, with morphological changes in the
leaf blade, reduced leaf area and wider angles of insertion on the stem, reduced internode
length and a higher number of internodes, and less apical dominance, showing a bushing
structure [89]. Unfortunately, this trial had to be discontinued after intervention by the
Italian Minister of Environment [90].

As in most woody species, the long juvenile period in olive, usually longer than
10 years, is one of the main bottlenecks in breeding programs. The overexpression of
flowering genes, such as Flowering Locus T (FT), in transgenic plants shortens the juvenile
period and induces continuous flowering. FT is expressed in the leaves under appropriate
environmental conditions, and the protein is translocated via the phloem to the meristem,
inducing flowering. FT overexpression has been attempted in a few woody species [91–93].
The use of these early flowering plants has been proposed as a novel method to reduce
the generation time in woody species, accelerating breeding programs. In this system,
called fast track breeding, an early flowering transgenic plant containing a single copy
of the transgene is crossed with a parent line harboring the trait of interest. Offspring
showing early flowering and the desired phenotype are selected and backcrossed with
the elite commercial line. This process is repeated several times but, in the last backcross,
early flowering plants are discarded, selecting the individuals with the desired trait but
free of early flowering transgenes. Thus, improved plants devoid of transgenes could be
generated in a short time. The proof-of-concept of this system was performed to obtain
apple plants resistant to fire blight [94]. With the aim of accelerating the onset of flowering
in olive, globular SE of a “Picual” embryogenic line were transformed with the FT gene
from Medicago truncatula, MtFTa1, under the control of the CaMV35S promoter [69]. Some
of the transgenic plants overexpressing MtFTa1 showed the flowering of apical meristems
in vitro. After acclimatization, plants of one of these transgenic lines flowered throughout
the entire year in the glasshouse, with flowers being more abundant in spring (Figure 4).
The growth pattern of the plants in some FT transgenic lines was altered, with a profuse
axillary branching and reduced size [69]. Two of these lines showed the profuse branching
phenotype but did not form flowers.
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5. Future Prospects

Traditional olive breeding cannot fulfil current agricultural necessities. In this regard,
genetic transformation and gene editing could be useful tools to generate novel genotypes
with improved traits. The development of these biotechnological applications has been
hampered by the recalcitrant nature of olive tissue. Protocols for gene manipulation in
juvenile tissues are well established, although the recovery rates of transgenic plants
are generally low and highly genotype dependent. The combined use of fluorescent
markers with more efficient selection systems could help to increase transformation rates.
The use of this methodology with SE of adult origin is still the main challenge for olive
biotechnology, although successful results have been reported in one genotype. A more
thorough understanding of the role played by osmotic [95,96] and demethylating [97,98]
agents in improving embryogenic responses in recalcitrant genotypes could be of great
help to overcome this problem. Moreover, the use of rejuvenation techniques has also been
shown to increase the morphogenetic capacity of adult material; ca. in Sequoia sempervirens,
the successive grafting of adult scions onto juvenile rootstocks allowed an improvement in
the growth rate and rooting capacity of the adult scion [99]. These changes were linked
to an increase in the levels of miR156, a key factor in the maintenance of juvenility in
several woody perennials, olive included [100,101]. In any case and despite the limitations
indicated above, some advances have been made in the genetic modification of important
characteristics, such as disease tolerance, abiotic resistance, volatile production, and plant
growth in juvenile and adult materials. The development and exploration of the olive
genome sequence projects will surely speed up the discovery of novel genes with key roles
in agronomical traits, opening new possibilities for olive improvement through cisgenesis,
a genetic modification in which the genes used are from crossable species and which should
be considered as a different breeding strategy than transgenesis [102]. In poplar, after the
insertion of several copies of native genes related to gibberellin metabolism and signaling,
trees with modified morphology and plant architecture were obtained [103]. Taking into
account the importance of European countries in olive production and consumption and
the strict rules regarding transgenic crop cultivation in the European Union (EU), the use of
cisgenic material would become of particular importance for the acceptance of genetically
modified olives; until then, olive transformation will basically remain as a useful tool
for functional studies. Along this line, new outcomes in genomic information will also
facilitate the application of gene editing technologies in this species.



Genes 2021, 12, 386 12 of 16

Author Contributions: Conceptualization, F.P.-A.; investigation, E.P.-R. and I.N.; writing—original
draft preparation, E.P.-R. and I.N.; writing—review and editing, F.P.-A., J.A.M. and E.P.-R.; fund-
ing acquisition, F.P.-A. and J.A.M. All authors have read and agreed to the published version of
the manuscript.

Funding: Part of the research included in this manuscript was funded by Consejería de Transformación
Económica, Industria, Conocimiento y Universidades, Junta de Andalucía, grant number P18-RT-1933,
and University of Malaga-Programa Operativo Feder Andalucía, UMA18-FEDERJA-096.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Baldoni, L.; Belaj, A. Olive. In Oil Crops. Handbook of Plant Breeding; Springer: New York, NY, USA, 2009; Volume 4, pp. 397–421.

[CrossRef]
2. Rugini, E.; Pannelli, G.; Ceccarelli, M.; Muganu, M. Isolation of triploid and tetraploid olive (Olea europaea L.) plants from

mixoploid cv. ‘Frantoio’ and ‘Leccino’ mutants by in vivo and in vitro selection. Plant. Breed. 1996, 115, 23–27. [CrossRef]
3. Rallo, P.; Tenzer, I.; Gessler, C.; Baldoni, L.; Dorado, G.; Martin, A. Transferability of olive microsatellite loci across the genus Olea.

Theor. Appl. Genet. 2003, 107, 940–946. [CrossRef] [PubMed]
4. Besnard, G.; García-Verdugo, C.; De Casas, R.; Treier, U.A.; Galland, N.; Vargas, P. Polyploidy in the olive complex (Olea europaea):

Evidence from flow cytometry and nuclear microsatellite analyses. Ann. Bot. 2008, 101, 25–30. [CrossRef] [PubMed]
5. de la Rosa, R.; Angiolillo, A.; Guerrero, C.; Pellegrini, M.; Rallo, L.; Besnard, G.; Berville, A.; Martin, A.; Baldoni, L. A first linkage

map of olive (Olea europaea L.) cultivars using RAPD, AFLP, RFLP and SSR markers. Theor. Appl. Genet. 2003, 106, 1273–1282.
[CrossRef]

6. Rugini, E.; Fedeli, E. Olive (Olea europaea L.) as an Oilseed Crop. In Biotechnology in Agriculture and Forestry; Bajaj, Y.P.S., Ed.;
Springer: Berlin, Germany, 1990; Volume 10, Legumes and Oilseed Crops I; pp. 593–641. [CrossRef]

7. Rallo, L. Breeding oil and table olives for mechanical harvesting in Spain. Horttechology 2014, 24, 295–300. [CrossRef]
8. Lavee, S. Aims, methods, and advances in breeding of new olive (Olea europaea L) cultivars. Acta Hortic. 1990, 286, 23–36.

[CrossRef]
9. Bellini, E.; Giordani, E.; Parlati, M.V.; Pandolfi, S. Olive genetic improvement: Thirty years of research. Acta Hortic. 2002, 586,

105–108. [CrossRef]
10. Bartolini, G. Olive germplasm (Olea europaea L.). 2018. Available online: http://www.oleadb.it/olivodb.html (accessed on

21 January 2021).
11. Belaj, A.; Veral, M.G.; Sikaoui, H.; Moukhli, A.; Khadari, B.; Mariotti, R.; Baldoni, L. Olive Genetic Resources. In The Olive Tree

Genome. Compendium of Plant Genomes; Rugini, E., Baldoni, L., Muleo, R., Sebastiani, L., Eds.; Springer: Cham, Switzerland, 2016;
pp. 27–54. [CrossRef]

12. Rallo, L.; Barranco, D.; de la Rosa, R.; León, L. New olive cultivars and selections in Spain: Results after 25 years of breeding. Acta
Hortic. 2018, 1199, 21–25. [CrossRef]

13. Gambino, G.; Gribaudo, I. Genetic transformation of fruit trees: Current status and remaining challenges. Transgenic Res. 2012, 21,
1163–1181. [CrossRef]

14. Rugini, E.; Bashir, M.A.; Cristofori, V.; Ruggiero, B.; Silvestri, C. A review of genetic improvement of main fruit trees through
modern biotechnological tools and considerations of the cultivation and research of the engineered plant restrictions. Pak. J. Agric.
Sci. 2020, 57, 17–41. [CrossRef]

15. Cruz, F.; Julca, I.; Gómez-Garrido, J.; Loska, D.; Marcet-Houben, M.; Cano, E.; Galán, B.; Frias, L.; Ribeca, P.; Derdak, S.; et al.
Genome sequence of the olive tree, Olea europaea. Gigascience 2016, 5. [CrossRef]

16. Unver, T.; Wu, Z.; Sterck, L.; Turktas, M.; Lohaus, R.; Li, Z.; Yang, M.; He, L.; Deng, T.; Escalante, F.J.; et al. Genome of wild olive
and the evolution of oil biosynthesis. Proc. Nat. Acad. Sci. USA 2017, 114, E9413–E9422. [CrossRef] [PubMed]

17. Julca, I.; Marcet-Houben, M.; Cruz, F.; Gómez-Garrido, J.; Gaut, B.S.; Díez, C.M.; Gut, I.G.; Alioto, T.S.; Vargas, P.; Gabaldón, T.
Genomic evidence for recurrent genetic admixture during the domestication of Mediterranean olive trees (Olea europaea L.). BMC
Biol. 2020, 18, 148. [CrossRef]

18. Rugini, E. Somatic embryogenesis and plant-regeneration in olive (Olea europaea L). Plant. Cell Tiss. Organ. Cult. 1988, 14, 207–214.
[CrossRef]

19. Orinos, T.; Mitrakos, K. Rhizogenesis and somatic embryogenesis in calli from wild olive (Olea europaea var. sylvestris (Miller)
Lehr) mature zygotic embryos. Plant. Cell Tiss. Organ. Cult. 1991, 27, 183–187. [CrossRef]

20. Mitrakos, K.; Alexaki, A.; Papadimitriou, P. Dependence of olive morphogenesis on callus origin and age. J. Plant. Physiol. 1992,
139, 269–271. [CrossRef]

http://doi.org/10.1007/978-0-387-77594-4_13
http://doi.org/10.1111/j.1439-0523.1996.tb00865.x
http://doi.org/10.1007/s00122-003-1332-y
http://www.ncbi.nlm.nih.gov/pubmed/12827252
http://doi.org/10.1093/aob/mcm275
http://www.ncbi.nlm.nih.gov/pubmed/18024415
http://doi.org/10.1007/s00122-002-1189-5
http://doi.org/10.1007/978-3-642-74448-8_29
http://doi.org/10.21273/HORTTECH.24.3.295
http://doi.org/10.17660/ActaHortic.1990.286.1
http://doi.org/10.17660/ActaHortic.2002.586.13
http://www.oleadb.it/olivodb.html
http://doi.org/10.1007/978-3-319-48887-5_3
http://doi.org/10.17660/ActaHortic.2018.1199.4
http://doi.org/10.1007/s11248-012-9602-6
http://doi.org/10.21162/pakjas/20.8361
http://doi.org/10.1186/s13742-016-0134-5
http://doi.org/10.1073/pnas.1708621114
http://www.ncbi.nlm.nih.gov/pubmed/29078332
http://doi.org/10.1186/s12915-020-00881-6
http://doi.org/10.1007/BF00043411
http://doi.org/10.1007/BF00041288
http://doi.org/10.1016/S0176-1617(11)80335-4


Genes 2021, 12, 386 13 of 16

21. Leva, A.; Muleo, R.; Petruccelli, R. Long-term somatic embryogenesis from immature olive cotyledons. J. Hortic. Sci. 1995, 70,
417–421. [CrossRef]

22. Peyvandi, M.; Farahzadi, H.N.; Arbabian, S.; Noormohammadi, Z.; Hosseini-Mazinani, M. Somaclonal variation among
somatic-embryo derived plants of Olea europaea L “cv. Koroneiki”. J. Sci. Islam Repub. Iran 2010, 21, 7–14. Available online:
https://jsciences.ut.ac.ir/article_20133_e6d7a10e07f85f79ba2801ca9ff8ac46.pdf (accessed on 21 January 2021).

23. Rugini, E.; Pezza, A.; Muganu, M.; Caricato, G. Somatic embryogenesis in olive (Olea europaea L.). In Biotechnology in Agriculture
and Forestry; Bajaj, Y.P.S., Ed.; Springer: Berlin/Heidelberg, Germany, 1995; Volume 30, Somatic embryogenesis and synthetic
seed I; pp. 404–414. [CrossRef]

24. Shibli, R.A.; Shatnawi, M.; Abu, E.; Al-Juboory, K.H. Somatic embryogenesis and plant recovery from callus of ‘Nabali’ olive
(Olea europaea L.). Sci. Hortic. 2001, 88, 243–256. [CrossRef]

25. Rugini, E. Somatic embryogenesis in olive. In Somatic Embryogenesis in Woody Plants; Jain, S.M., Gupta, P., Newton, R., Eds.;
Kluwer Academic Publishers: Dordrecht, The Netherlands, 1995; Volume 2, pp. 171–189.

26. Maalej, M.; Drira, N.; Chaari-Rkhis, A.; Trigui, A. Preliminary results of somatic embryogenesis from young zygotic embryos of
olive tree. Acta Hortic. 2002, 586, 899–902. [CrossRef]

27. Pérez-Barranco, G.; Mercado, J.A.; Pliego-Alfaro, F.; Sánchez-Romero, C. Genetic transformation of olive somatic embryos through
biolistics. Acta Hortic. 2007, 738, 473–477. [CrossRef]

28. Cerezo, S.; Mercado, J.A.; Pliego-Alfaro, F. An efficient regeneration system via somatic embryogenesis in olive. Plant. Cell Tiss.
Organ. Cult. 2011, 106, 337–344. [CrossRef]

29. Mazri, M.A.; Elbakkali, A.; Belkoura, M.; Belkoura, I. Embryogenic competence of calli and embryos regeneration from various
explants of Dahbia cv., a Moroccan olive tree (Olea europaea L.). Afr. J. Biotechnol. 2011, 10, 19089–19095. [CrossRef]

30. Mazri, M.A.; Belkoura, I.; Pliego-Alfaro, F.; Belkoura, M. Embryogenic capacity of embryo-derived explants from different olive
cultivars. Acta Hortic. 2012, 929, 397–403. [CrossRef]

31. Bradaï, F.; Pliego-Alfaro, F.; Sánchez-Romero, C. Somaclonal variation in olive (Olea europaea L.) plants regenerated via somatic
embryogenesis: Influence of genotype and culture age on phenotypic stability. Sci. Hortic. 2016, 213, 208–215. [CrossRef]

32. Rugini, E. In vitro-propagation of some olive (Olea europaea sativa L.) cultivars with different root-ability, and medium development
using analytical data from developing shoots and embryos. Sci. Hortic. 1984, 24, 123–134. [CrossRef]

33. Canas, L.A.; Benbadis, A. In vitro plant-regeneration from cotyledon fragments of the olive tree (Olea europaea L). Plant Sci. 1988,
54, 65–74. [CrossRef]

34. Trabelsi, E.B.; Bouzid, S.; Bouzid, M.; Elloumi, N.; Belfeleh, Z.; Benabdallah, A.; Ghezel, R. In-vitro regeneration of olive tree by
somatic embryogenesis. J. Plant. Biol. 2003, 46, 173–180. [CrossRef]

35. Pérez-Barranco, G.; Torreblanca, R.; Padilla, I.M.G.; Sánchez-Romero, C.; Pliego-Alfaro, F.; Mercado, J.A. Studies on genetic
transformation of olive (Olea europaea L.) somatic embryos: I. Evaluation of different aminoglycoside antibiotics for nptII selection;
II. Transient transformation via particle bombardment. Plant. Cell Tiss. Organ Cult. 2009, 97, 243–251. [CrossRef]

36. Murashige, T.; Skoog, F. A revised medium for rapid growth and bio assays with tobacco tissue cultures. Physiol. Plant. 1962, 15,
473–497. [CrossRef]

37. Brhadda, N.; Abousalim, A.; Walali, L.D.E. Effects of culture medium and light on somatic embryogenesis of olive tree (Olea eu-
ropaea L.) cv. Picholine marocaine. Fruits 2003, 58, 167–174. [CrossRef]

38. Schenk, R.U.; Hildebrandt, A.C. Medium and techniques for induction and growth of monocotyledonous and dicotyledonous
plant cell cultures. Can. J. Bot. 1972, 50, 199–204. [CrossRef]

39. Benelli, C.; Fabbri, A.; Grassi, S.; Lambardi, M.; Rugini, E. Histology of somatic embryogenesis in mature tissues of olive
(Olea europaea L.). J. Hortic. Sci. Biotechnol. 2001, 76, 112–119. [CrossRef]

40. Rugini, E.; Mencuccini, M.; Biasi, R.; Altamura, M.M. Olive (Olea europaea L.). In Protocol for Somatic Embryogenesis in Woody Plants,
Forestry Sciences; Jain, S.M., Gupta, P.K., Eds.; Springer: Dordrecht, The Netherlands, 2005; pp. 345–360. [CrossRef]

41. Rugini, E.; Baldoni, L.; Silvestri, C.; Mariotti, R.; Narváez, I.; Cultrera, N.; Cristofori, V.; Bashir, M.A.; Mousavi, S.;
Palomo-Ríos, E.; et al. Olea europaea Olive. In Biotechnology of Fruit and Nut Crops, 2nd ed.; Litz, R.E., Pliego-Alfaro, F.,
Hormaza, J.I., Eds.; CABI: Wallingford, Oxfordshire, UK; Boston, MA, USA, 2020; pp. 343–376.

42. Rugini, E.; Caricato, G. Somatic embryogenesis and plant recovery from mature tissues of olive cultivars (Olea europaea L.) Canino
and Moraiolo. Plant. Cell Rep. 1995, 14, 257–260. [CrossRef]

43. Mazri, M.A.; Belkoura, I.; Pliego-Alfaro, F.; Belkoura, M. Somatic embryogenesis from leaf and petiole explants of the Moroccan
olive cultivar Dahbia. Sci. Hortic. 2013, 159, 88–95. [CrossRef]

44. Toufik, I.; Guenoun, F.; Belkoura, I. Embryogenesis expression from somatic explants of olive (Olea europaea L.) cv Picual. Moroccan
J. Biol. 2014, 11, 17–25.

45. Capelo, A.M.; Silva, S.; Brito, G.; Santos, C. Somatic embryogenesis induction in leaves and petioles of a mature wild olive. Plant.
Cell Tiss. Organ. Cult. 2010, 103, 237–242. [CrossRef]

46. Narváez, I.; Martín, C.; Jiménez-Díaz, R.M.; Mercado, J.A.; Pliego-Alfaro, F. Plant regeneration via somatic embryogenesis
in mature wild olive genotypes resistant to the defoliating pathotype of Verticillium dahliae. Front. Plant. Sci. 2019, 10, 1471.
[CrossRef]

http://doi.org/10.1080/14620316.1995.11515311
https://jsciences.ut.ac.ir/article_20133_e6d7a10e07f85f79ba2801ca9ff8ac46.pdf
http://doi.org/10.1007/978-3-662-03091-2_2
http://doi.org/10.1016/S0304-4238(00)00241-7
http://doi.org/10.17660/ActaHortic.2002.586.196
http://doi.org/10.17660/ActaHortic.2007.738.59
http://doi.org/10.1007/s11240-011-9926-6
http://doi.org/10.5897/AJB11.1908
http://doi.org/10.17660/ActaHortic.2012.929.57
http://doi.org/10.1016/j.scienta.2016.10.031
http://doi.org/10.1016/0304-4238(84)90143-2
http://doi.org/10.1016/0168-9452(88)90056-8
http://doi.org/10.1007/BF03030446
http://doi.org/10.1007/s11240-009-9520-3
http://doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://doi.org/10.1051/fruits:2003005
http://doi.org/10.1139/b72-026
http://doi.org/10.1080/14620316.2001.11511336
http://doi.org/10.1007/1-4020-2985-3_27
http://doi.org/10.1007/BF00233645
http://doi.org/10.1016/j.scienta.2013.05.002
http://doi.org/10.1007/s11240-010-9773-x
http://doi.org/10.3389/fpls.2019.01471


Genes 2021, 12, 386 14 of 16

47. Rugini, E.; Silvestri, C. Somatic embryogenesis in olive (Olea europaea L. subsp. europaea var. sativa and var. sylvestris). In In Vitro
Embryogenesis in Higher Plants. Methods in Molecular Biology; Germanà, M.A., Lambardi, M., Eds.; Springer: New York, NY, USA,
2016; Volume 1359, pp. 341–349.

48. Corredoira, E.; Merkle, S.A.; Martínez, M.T.; Toribio, M.; Canhoto, J.M.; Correia, S.I.; Ballester, A.; Vieitez, A.M. Non-zygotic
embryogenesis in hardwood species. Crit. Rev. Plant. Sci. 2019, 38, 29–97. [CrossRef]

49. Lambardi, M.; Amorosi, S.; Caricato, G.; Benelli, C.; Branca, C.; Rugini, E. Microprojectile-DNA delivery in somatic embryos of
olive (Olea europaea L.). Acta Hortic. 1999, 474, 505–509. [CrossRef]

50. Taylor, C.G.; Fuchs, B.; Collier, R.; Lutke, W.K. Generation of composite plants using Agrobacterium rhizogenes. In Agrobacterium
Protocols. Methods in Molecular Biology; Wang, K., Ed.; Humana Press: Totowa, NJ, USA, 2006; Volume 343, pp. 155–167. [CrossRef]

51. Rugini, E. Olive (Olea europaea L.). In Biotechnology in Agriculture and Forestry; Bajaj, Y.P.S., Ed.; Springer: Berlin, Germany, 1986;
Volume 1 Trees, pp. 253–267.

52. Rugini, E. Involvement of polyamines in auxin and Agrobacterium rhizogenes induced rooting of fruit trees in vitro. J. Am. Soc.
Hort. Sci. 1992, 117, 532–536. [CrossRef]

53. Strobel, G.A.; Nachmias, A.; Hess, W.M. Improvements in the growth and yield of olive trees by transformation with the Ri
plasmid of Agrobacterium rhizogenes. Can. J. Bot. 1988, 66, 2581–2585. [CrossRef]

54. Rugini, E.; Biasi, R.; Muleo, R. Olive (Olea europaea var. sativa) transformation. In Molecular Biology of Woody Plants; Forestry
Sciences; Jain, S.M., Minocha, S.C., Eds.; Springer: Dordrecht, The Netherlands, 2000; Volume 66, pp. 245–279.

55. Khayreddine, T.; Khelifi, L.; Moussa, K.T.H.; Cerezo-Medina, S.; Mercado, J.A.; Pliego-Alfaro, F. Evaluation of the effect of
phosphinothricin, as selection agent, on the growth of olive somatic embryos. Acta Hortic. 2014, 1057, 533–542.

56. Torreblanca, R.; Cerezo, S.; Palomo-Ríos, E.; Mercado, J.A.; Pliego-Alfaro, F. Development of a high throughput system for genetic
transformation of olive (Olea europaea L.) plants. Plant. Cell Tiss. Organ. Cult. 2010, 103, 61–69. [CrossRef]

57. Clavero-Ramírez, I.; Pliego-Alfaro, F. Germinación in vitro de embriones maduros de olivo (Olea europaea). Acta Hortic. 1990, 1,
512–516.

58. Narváez, I.; Pliego Prieto, C.; Palomo-Ríos, E.; Fresta, L.; Jiménez-Díaz, R.M.; Trapero-Casas, J.L.; López-Herrera, C.; Arjona-López,
J.M.; Mercado, J.A.; Pliego-Alfaro, F. Heterologous expression of the AtNPR1 gene in olive and its effects on fungal tolerance.
Front. Plant Sci. 2020, 11, 308. [CrossRef]

59. Duque, A.S.; de Sousa Araújo, S.; Cordeiro, M.A.; Santos, D.M.; Fevereiro, M.P. Use of fused gfp and gus reporters for the recovery
of transformed Medicago truncatula somatic embryos without selective pressure. Plant. Cell Tiss. Organ. Cult. 2007, 90, 325–330.
[CrossRef]

60. Khan, T.; Reddy, V.S.; Leelavathi, S. High-frequency regeneration via somatic embryogenesis of an elite recalcitrant cotton
genotype (Gossypium hirsutum L.) and efficient Agrobacterium-mediated transformation. Plant. Cell Tiss. Organ. Cult. 2010, 101,
323–330. [CrossRef]

61. Leclercq, J.; Lardet, L.; Martin, F.; Chapuset, T.; Oliver, G.; Montoro, P. The green fluorescent protein as an efficient selection
marker for Agrobacterium tumefaciens-mediated transformation in Hevea brasiliensis (Mull. Arg). Plant. Cell Rep. 2010, 29, 513–522.
[CrossRef]

62. Corredoira, E.; Valladares, S.; Allona, I.; Aragoncillo, C.; Vieitez, A.M.; Ballester, A. Genetic transformation of European chestnut
somatic embryos with a native thaumatin-like protein (CsTL1) gene isolated from Castanea sativa seeds. Tree Physiol. 2012, 32,
1389–1402. [CrossRef]

63. Cerezo, S.; Palomo-Ríos, E.; Ben Mariem, S.; Mercado, J.A.; Pliego-Alfaro, F. Use of fluorescent reporter genes in olive (Olea europaea
L.) transformation. Acta Physiol. Plant. 2019, 41. [CrossRef]

64. Rugini, E.; Gutierrez-Pesce, P.; Spampinato, P.L. New perspective for biotechnologies in olive breeding: Morphogenesis, in vitro
selection and gene transformation. Acta Hortic. 1999, 474, 107–110. [CrossRef]

65. Narvaez, I.; Khayreddine, T.; Pliego, C.; Cerezo, S.; Jiménez-Díaz, R.M.; Trapero-Casas, J.L.; López-Herrera, C.; Arjona-Girona, I.;
Marín, C.; Mercado, J.A.; et al. Usage of the heterologous expression of the antimicrobial gene afp from Aspergillus giganteus for
increasing fungal resistance in olive. Front. Plant. Sci. 2018, 9, 680. [CrossRef] [PubMed]

66. Silvestri, C.; Celletti, S.; Cristofori, V.; Astolfi, S.; Ruggiero, B.; Rugini, E. Olive (Olea europaea L.) plants transgenic for tobacco
osmotin gene are less sensitive to in vitro-induced drought stress. Acta Physiol. Plant. 2017, 39. [CrossRef]

67. D’Angeli, S.; Altamura, M.M. Osmotin induces cold protection in olive trees by affecting programmed cell death and cytoskeleton
organization. Planta 2007, 225, 1147–1163. [CrossRef]

68. Hernández, M.L.; Sicardo, M.D.; Cerezo, S.; García-Vico, L.; Mercado, J.A.; Sanz, C.; Pliego-Alfaro, F.; Martínez-Rivas, J.M.
Functional genomics of unsaturated fatty acid metabolism in olive fruit. In Proceedings of the 22nd International Symposium on
Plant Lipids, Ghent, Belgium, 23–26 September 2016; p. 52.

69. Haberman, A.; Bakhshian, O.; Cerezo-Medina, S.; Paltiel, J.; Adler, C.; Ben-Ari, G.; Mercado, J.A.; Pliego-Alfaro, F.; Lavee, S.;
Samach, A. A possible role for flowering locus T-encoding genes in interpreting environmental and internal cues affecting olive
(Olea europaea L.) flower induction. Plant. Cell Environ. 2017, 40, 1263–1280. [CrossRef] [PubMed]

70. D’Angeli, S.; Gutiérrez-Pesce, P.; Altamura, M.; Biasi, R.; Ruggiero, B.; Muganu, M.; Bressan, R.; Rugini, E. Genetic transformation
of olive tree (Olea europaea L.) with osmotin gene and in situ protein localisation in the transgenic tissues. In Proceedings
of the XLV Italian Society of Agricultural Genetics—SIGA Annual Congress Salsomaggiore, Terme, 2001. Available online:
http://www.geneticagraria.it/siga_2001/4_40.html (accessed on 20 January 2021).

http://doi.org/10.1080/07352689.2018.1551122
http://doi.org/10.17660/ActaHortic.1999.474.104
http://doi.org/10.1385/1-59745-130-4:155
http://doi.org/10.21273/JASHS.117.3.532
http://doi.org/10.1139/b88-349
http://doi.org/10.1007/s11240-010-9754-0
http://doi.org/10.3389/fpls.2020.00308
http://doi.org/10.1007/s11240-007-9268-6
http://doi.org/10.1007/s11240-010-9691-y
http://doi.org/10.1007/s00299-010-0840-x
http://doi.org/10.1093/treephys/tps098
http://doi.org/10.1007/s11738-019-2839-4
http://doi.org/10.17660/ActaHortic.1999.474.18
http://doi.org/10.3389/fpls.2018.00680
http://www.ncbi.nlm.nih.gov/pubmed/29875785
http://doi.org/10.1007/s11738-017-2535-1
http://doi.org/10.1007/s00425-006-0426-6
http://doi.org/10.1111/pce.12922
http://www.ncbi.nlm.nih.gov/pubmed/28103403
http://www.geneticagraria.it/siga_2001/4_40.html


Genes 2021, 12, 386 15 of 16

71. Rugini, E.; De Pace, C. Olive breeding with classical and modern approaches. In Olive Tree Genome. Compendium of Plant Genomes;
Rugini, E., Baldoni, L., Muleo, R., Sebastiani, L., Eds.; Springer: Cham, Switzerland, 2016; pp. 163–193. [CrossRef]

72. Bolar, J.P.; Norelli, J.L.; Harman, G.E.; Brown, S.K.; Aldwinckle, H.S. Synergistic activity of endochitinase and exochitinase from
Trichoderma atroviride (T-harzianum) against the pathogenic fungus (Venturia inaequalis) in transgenic apple plants. Transgenic Res.
2001, 10, 533–543. [CrossRef]

73. Mercado, J.A.; Barceló, M.; Pliego, C.; Rey, M.; Caballero, J.L.; Muñoz-Blanco, J.; Ruano-Rosa, D.; López-Herrera, C.; de los
Santos, B.; Romero-Muñoz, F.; et al. Expression of the β-1,3-glucanase gene bgn13.1 from Trichoderma harzianum in strawberry
increases tolerance to crown rot diseases but interferes with plant growth. Transgenic Res. 2015, 24, 979–989. [CrossRef]

74. Leiter, E.; Gall, T.; Csernoch, L.; Pocsi, I. Biofungicide utilizations of antifungal proteins of filamentous ascomycetes: Current and
foreseeable future developments. Biocontrol 2017, 62, 125–138. [CrossRef]

75. Coca, M.; Bortolotti, C.; Rufat, M.; Penas, G.; Eritja, R.; Tharreau, D.; del Pozo, A.M.; Messeguer, J.; San Segundo, B. Transgenic
rice plants expressing the antifungal AFP protein from Aspergillus giganteus show enhanced resistance to the rice blast fungus
Magnaporthe grisea. Plant. Mol. Biol. 2004, 54, 245–259. [CrossRef]

76. Moreno, A.B.; Penas, G.; Rufat, M.; Bravo, J.M.; Estopa, M.; Messeguer, J.; San Segundo, B. Pathogen-induced production of the
antifungal AFP protein from Aspergillus giganteus confers resistance to the blast fungus Magnaporthe grisea in transgenic rice. Mol.
Plant. Microbe Interact. 2005, 18, 960–972. [CrossRef]

77. Oldach, K.H.; Becker, D.; Lorz, H. Heterologous expression of genes mediating enhanced fungal resistance in transgenic wheat.
Mol. Plant. Microbe Interact. 2001, 14, 832–838. [CrossRef] [PubMed]

78. Li, H.P.; Zhang, J.B.; Shi, R.P.; Huang, T.; Fischer, R.; Liao, Y.C. Engineering Fusarium head blight resistance in wheat by expression
of a fusion protein containing a Fusarium-specific antibody and an antifungal peptide. Mol. Plant. Microbe Interact. 2008, 21,
1242–1248. [CrossRef]

79. Girgi, M.; Breese, W.A.; Lorz, H.; Oldach, K.H. Rust and downy mildew resistance in pearl millet (Pennisetum glaucum) mediated
by heterologous expression of the afp gene from Aspergillus giganteus. Transgenic Res. 2006, 15, 313–324. [CrossRef] [PubMed]

80. Theis, T.; Wedde, M.; Meyer, V.; Stahl, U. The antifungal protein from Aspergillus giganteus causes membrane permeabilization.
Antimicrob. Agents Chemother. 2003, 47, 588–593. [CrossRef]

81. Cao, H.; Glazebrook, J.; Clarke, J.D.; Volko, S.; Dong, X.N. The Arabidopsis NPR1 gene that controls systemic acquired resistance
encodes a novel protein containing ankyrin repeats. Cell 1997, 88, 57–63. [CrossRef]

82. Lin, W.C.; Lu, C.F.; Wu, J.W.; Cheng, M.L.; Lin, Y.M.; Yang, N.S.; Black, L.; Green, S.K.; Wang, J.F.; Cheng, C.P. Transgenic
tomato plants expressing the Arabidopsis NPR1 gene display enhanced resistance to a spectrum of fungal and bacterial diseases.
Transgenic Res. 2004, 13, 567–581. [CrossRef] [PubMed]

83. Parkhi, V.; Kumar, V.; Campbell, L.M.; Bell, A.A.; Shah, J.; Rathore, K.S. Resistance against various fungal pathogens and reniform
nematode in transgenic cotton plants expressing Arabidopsis NPR1. Transgenic Res. 2010, 19, 959–975. [CrossRef]

84. Parkhi, V.; Kumar, V.; Campbell, L.M.; Bell, A.A.; Shah, J.; Rathore, K.S. Expression of Arabidopsis NPR1 in transgenic cotton
confers resistance to non-defoliating isolates of Verticillium dahliae but not the defoliating isolates. J. Phytopathol. 2010, 158, 822–825.
[CrossRef]

85. Padilla, M.N.; Hernández, M.L.; Pérez, A.G.; Sanz, C.; Martínez-Rivas, J.M. Isolation, expression, and characterization of a
13-Hydroperoxide lyase gene from olive fruit related to the biosynthesis of the main virgin olive oil aroma compounds. J. Agric.
Food Chem. 2010, 58, 5649–5657. [CrossRef]

86. Williams, M.; Morales, M.T.; Aparicio, R.; Harwood, J.L. Analysis of volatiles from callus cultures of olive Olea europaea.
Phytochemistry 1998, 47, 1253–1259. [CrossRef]

87. Tong, X.; Qi, J.; Zhu, X.; Mao, B.; Zeng, L.; Wang, B.; Li, Q.; Zhou, G.; Xu, X.; Lou, Y.; et al. The rice hydroperoxide lyase OsHPL3
functions in defense responses by modulating the oxylipin pathway. Plant. J. 2012, 71, 763–775. [CrossRef]

88. Liu, X.; Li, F.; Tang, J.; Wang, W.; Zhang, F.; Wang, G.; Chu, J.; Yan, C.; Wang, T.; Chu, C.; et al. Activation of the jasmonic acid
pathway by depletion of the Hydroperoxide Lyase OsHPL3 reveals crosstalk between the HPL and AOS branches of the oxylipin
pathway in rice. PLoS ONE 2012, 7, e50089. [CrossRef]

89. Rugini, E.; De Pace, C.; Gutiérrez-Pesce, P.; Muleo, R. Olea. In Wild Crop Relatives: Genomic and Breeding Resources; Springer:
Berlin/Heidelberg, Germany, 2011; pp. 79–117. [CrossRef]

90. Rugini, E. State of the art on transgenic fruit trees and considerations on the consequences of the prohibitions imposed on research
in Italy. Italus Hortus 2015, 22, 31–57.

91. Endo, T.; Shimada, T.; Fujii, H.; Kobayashi, Y.; Araki, T.; Omura, M. Ectopic expression of an FT homolog from Citrus confers an
early flowering phenotype on trifoliate orange (Poncirus trifoliata L. Raf.). Transgenic Res. 2005, 14, 703–712. [CrossRef]

92. Traenkner, C.; Lehmann, S.; Hoenicka, H.; Hanke, M.V.; Fladung, M.; Lenhardt, D.; Dunemann, F.; Gau, A.; Schlangen, K.;
Malnoy, M.; et al. Over-expression of an FT-homologous gene of apple induces early flowering in annual and perennial plants.
Planta 2010, 232, 1309–1324. [CrossRef]

93. Wenzel, S.; Flachowsky, H.; Hanke, M.V. Preliminary results to establish a speed-breed program based on heat-induced precocious
flowering of apple plants containing the FLOWERING LOCUS T gene from poplar (Populus trichocarpa). In Proceedings of the XIII
Eucarpia Symposium on Fruit Breeding and Genetics, Warsaw, Poland, 11–15 September 2011; 2013; 976, pp. 471–476.

http://doi.org/10.1007/978-3-319-48887-5_10
http://doi.org/10.1023/A:1013036732691
http://doi.org/10.1007/s11248-015-9895-3
http://doi.org/10.1007/s10526-016-9781-9
http://doi.org/10.1023/B:PLAN.0000028791.34706.80
http://doi.org/10.1094/MPMI-18-0960
http://doi.org/10.1094/MPMI.2001.14.7.832
http://www.ncbi.nlm.nih.gov/pubmed/11437256
http://doi.org/10.1094/MPMI-21-9-1242
http://doi.org/10.1007/s11248-006-0001-8
http://www.ncbi.nlm.nih.gov/pubmed/16779647
http://doi.org/10.1128/AAC.47.2.588-593.2003
http://doi.org/10.1016/S0092-8674(00)81858-9
http://doi.org/10.1007/s11248-004-2375-9
http://www.ncbi.nlm.nih.gov/pubmed/15672838
http://doi.org/10.1007/s11248-010-9374-9
http://doi.org/10.1111/j.1439-0434.2010.01714.x
http://doi.org/10.1021/jf9045396
http://doi.org/10.1016/S0031-9422(97)00730-9
http://doi.org/10.1111/j.1365-313X.2012.05027.x
http://doi.org/10.1371/journal.pone.0050089
http://doi.org/10.1007/978-3-642-16057-8_5
http://doi.org/10.1007/s11248-005-6632-3
http://doi.org/10.1007/s00425-010-1254-2


Genes 2021, 12, 386 16 of 16

94. Flachowsky, H.; Le Roux, P.M.; Peil, A.; Patocchi, A.; Richter, K.; Hanke, M.V. Application of a high-speed breeding technology
to apple (Malus x domestica) based on transgenic early flowering plants and marker-assisted selection. New Phytol. 2011, 192,
364–377. [CrossRef]

95. Ikeda-Iwai, M.; Umehara, M.; Satoh, S.; Kamada, H. Stress-induced somatic embryogenesis in vegetative tissues of Arabidopsis
thaliana. Plant. J. 2013, 34, 107–114. [CrossRef]

96. Moon, H.K.; Lee, H.; Paek, K.Y.; Park, S.Y. Osmotic stress and strong 2,4-D shock stimulate somatic-to embryogenic transition in
Kalopanax septemlobus (Thunb.) Koidz. Acta Physiol. Plant. 2015, 37, 1710. [CrossRef]

97. Li, H.; Soriano, M.; Cordewener, J.; Muiño, J.M.; Riksen, T.; Fukuoka, H.; Angenent, G.C.; Boutilier, K. The histone deacetylase
inhibitor Trichostatin A promotes totipotency in the male gametophyte. Plant. Cell 2014, 26, 195–209. [CrossRef] [PubMed]
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