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Abstract Embryo rescue is a tissue culture tool that is greatly used to facilitate
breeding in plants. Embryo rescue provides an effective means for recovering hybrid
embryos resulting from wide hybridizations, which often fail to develop in vivo into
plants. Embryo rescue is mainly used to develop interspecific or intergeneric distant
hybrids. This review elucidates the salient aspects of wide hybridizations toward
plant improvement. The main causes of hybrid embryo failures in wide crosses that
have been discussed are precocious seed germination, nutritional starvation of
developing embryo, cytological aberrations in embryogenesis, endosperm balance
number discrepancy, polar-nuclei activation hypothesis deviations, and post-zygotic
barrier limitations in endosperm and embryo development. Wide hybridizations
related to frequent embryo failures arising from pre-fertilization or postfertilization
barriers are usually overcome through embryo rescue. In this chapter, various limi-
tations of pre-fertilization and postfertilization barriers that are encountered in wide
hybridizations have been reviewed. In addition, some significant factors that influ-
ence the success of embryo culture, such as embryo genotypic background, embryo
developmental stage, nutrient media composition and growth temperature, and light
conditions, have been elaborated. Furthermore, considerations such as the determi-
nation of appropriate embryo stage for rescue, nature of the embryo excision tech-
niques, and media manipulations for efficient embryo culture are noteworthy for
success in embryo rescuing. Discussed also are the following very useful embryo
rescue techniques: embryo-nurse endosperm transplant method, in vitro ovary and
ovule culture techniques, as well as the ovary and ovule slice or perforation proce-
dure. Some important applications of the embryo rescue technique that have been
mentioned include overcoming seed dormancy and embryo abortion, plants devel-
opment in seedless varieties, germplasm conservation, and homozygous monoploid
production. The most recent uses of embryo rescue in successful wide hybridiza-
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tions and the achieved improved agronomic traits in various plant genera or species
have been highlighted.

Keywords Wide hybridization - Interspecific and intergeneric - Pre- and
postfertilization barriers - Embryo rescue - Hybrid plant development

1 Introduction

Crop improvement is successfully achieved by the introduction of wide genetic
variability through various plant breeding techniques. In this regard, the enhance-
ment in the quality and yield of virtually all major crops has been realized through
interspecific and intergeneric hybridizations, followed by selection (Araujo et al.,
2021; Hristova-Cherbadzhi, 2020; Mahoney & Brand, 2021). Interspecific and
intergeneric hybridization enables the transfer of desirable genes or traits from wild
relatives to the respective domesticated plants through wide crosses between or
among species. Unfortunately, in wide sexual crosses, most often than not, the
endosperm fails to properly develop and causes majority of the embryos to abort
in vivo or switch into dormancy for prolonged periods (Sahijram et al., 2013). It has
been established that low fertility or poor survival of endosperm or hybrid embryos
is largely due to the effects of pre-fertilization (pre-zygotic) and postfertilization
(post-zygotic) physiological barriers (Okamoto & Ureshino, 2015; Sun et al., 2018).
Quite frequently, zygotic development barriers prevent distant hybridizations from
going through the normal sexual reproductive physiological processes to yield via-
ble plants. Notably, inherent physiological incompatibility in wide hybridizations
causes abortion of embryos at virtually any developmental stages (Okamoto &
Ureshino, 2015; Sun et al., 2018). The achievement of successful wide hybridiza-
tions in various species or genera is, therefore, arduous due to hindering physiologi-
cal barriers.

The most useful approach and widely employed method for overcoming
postfertilization barriers has been the application of the technology of embryo
rescue or culture (Hristova-Cherbadzhi, 2020). This in vitro tissue culture approach
involves the removal of immature, mature, or defective hybrid embryo from ovule
and nurturing it in culture into a whole plant. This practice releases the hybrid
embryo obtained through wide crosses from the hindering influence of hybridization
barriers and enables the embryo that hitherto would have aborted or degenerated to
instead develop into a viable plant. The essence of embryo rescue is, therefore, to
enable the limitations imposed by post-zygotic or fertilization barriers to be circum-
vented. The embryo rescue approach facilitates the development of interspecific and
intergeneric plant hybrids.

The rescue and culture of embryos are relatively quite an easy technique to carry
out and requires basically a simple agar-based nutrient medium incorporated with
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sugar and minerals. Furthermore, using embryo rescue, embryonic development in
relation to the physical and nutritional requirements has been elucidated through the
study of the physiological processes involved in the growth of rescued young hybrid
embryos. To a great extent, successful embryo rescue depends largely upon explant
maturation, medium nutrient content, as well as the genotype (Okamoto & Ureshino,
2015; Sun et al., 2018). The embryo rescue technology aids effective rescue of
hybrid embryos from wide hybridizations (Hu & Wang, 1986). The technique also
enables haploid plant production and reduction in the duration of the breeding cycle,
in cases of prolonged dormancy. Embryos from ripened seeds could be isolated and
cultured to eliminate the influence of seed germination inhibitors in instances where
dormancy is the identified constraint to hybrid embryo development. In addition,
embryo culture presents a reliable means for testing seed viability and provides
material for micro-propagation.

Using embryo rescue, young immature, mature, or weak defective embryos have
been effectively rescued in a number of crops, forests, ornamentals, and wild plant
species (Araujo et al., 2021; Buteme et al., 2021; Kuang et al., 2021; Mahoney &
Brand, 2021). For example, embryo rescue and interspecific pollination techniques
were combined in an attempt to produce doubled haploids in castor bean (Ricinus
communis) (Baguma et al., 2019). In this instance, embryo rescue was used to save
the resulting embryos that would have otherwise aborted. The procedure of embryo
rescue has been extensively applied to achieve varied objectives for successful plant
improvement. This review presents an update on the current knowledge and achieve-
ments made in the improvement of useful traits in plants through wide hybridiza-
tions mediated by embryo rescue.

2 Interspecific and Intergeneric Hybridization:
Associated Constraints

Plant genetic hybridization is a breeding procedure in which parents derived from
different species belonging to a genus (interspecific) or parents from different gen-
era of a family (intergeneric) are crossed to combine their genomes through pollina-
tion, either naturally or by induction (Table 1). Hybridization in plant improvement
also involves crosses between diploid and tetraploid species (Mwangangi et al.,
2019). Furthermore, through backcrossing, successful gene transfer has been per-
formed between two species of different genetic constitution leading to the develop-
ment of cytoplasmic sterile male plants (Premjet et al., 2019). Wide hybridization is,
therefore, a powerful approach used to facilitate gene transfer by overcoming the
species barrier (Huylenbroeck et al., 2020). A summary of the main steps involved
in hybrid plant generation through wide hybridizations and the validation processes
commonly carried out for verifying the hybrid state is presented in Fig. 1a, b. The
main target of such wide hybridization procedures is usually to successfully obtain
interspecific or intergeneric gene transfer, with the aim of creating more variation in
plants for desirable traits. Unfortunately, such crosses that involve distant genetic
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Table 1 Embryo rescue mediated wide hybridizations in various plants

S. Amiteye

Interspecific and intergeneric

hybridization Outcome of hybridization References
Aronia melanocarpa x Pyrus Hybrid showed early-stage hybrid necrosis | Mahoney and
communis Brand (2021)
Sorbaronia dippelii x Pyrus Hybrids exhibited a late-stage hybrid Mahoney and
communis necrosis Brand (2021)
Goyazia petraea x Mandirola Structural abnormalities (monads, dyads, Araujo et al.
hirsuta triads, and micronuclei) were observed at the | (2021)

final of the hybrid’s meiosis
Helianthus annuus x Carduus F, plants strongly resembled the cultivated Hristova-
acanthoides sunflower but had an intermediate type of Cherbadzhi

heritability (2020)
Jatropha curcas x Ricinus F, hybrid plant seeds were shrunken with Premjet et al.
communis slimmed embryos. (2019)
Saccharum spp. x Erianthus F, hybrids were relatively weak had lower Pachakkil

arundinaceus dry matter yield and lower millable stalk et al. (2019)

weight
Manihot esculenta x Ricinus Haploids were induction of in cassava Baguma et al.
communis (2019)
Oryza sativa x Leersia perrieri | Plant height of the F, hybrids was very short | Ballesfin et al.
(2018)
Brassica oleracea x Sinapis alba | Majority of F; plants obtained sufficient Lietal.
resistance to Alternaria brassicae (2017)
Brassica napus x brassica rapa | Pollen grains of B. rapa germinated well on | Niemannet al.
the stigmas in crosses with B. napus as a (2015)

maternal parent; crossability was relatively
higher in crosses with B. rapa ssp. chinensis
as the pistillate parent.

Virus-like-syndrome or dwarfism was
observed in F; hybrids when both C.
chinense and C. frutescens were used as
female parents

Manzur et al.
(2015)

[Capsicum baccatum (Q) x C.
chinense (3)] () x C. annuum
(8); [Capsicum annuum (Q) x C.
baccatum (3)] (?) x C. annuum

3

backgrounds more often than not fail and do not produce viable plants (Premjet
et al., 2019). There are several physiological barriers that cause endosperm and
embryo development to fail at the pre- and postfertilization phases and, thus, hinder
the introgression of genes from wild relatives to crops (Mahoney & Brand, 2021).
Pre-fertilization barriers comprise impediments that prevent successful
fertilization. For instance, ineffective fertilization is usually caused by the prevention
of proper pollen germination, tube growth and guidance, due to low pollen quality
or lack of stigma receptivity (Buteme et al., 2021). Other factors that have been
implicated to cause pre-fertilization limitations in wide crosses include dissimilarities
in flower morphology, failure of pollen capture, adhesion or hydration, impaired
pollen-pistil or pollen-ovule interactions, and fertilization failure (Kohler et al.,
2021). Table 2 contains some recently identified pre-fertilization barriers encoun-
tered in wide hybridizations in various plants. Postfertilization barriers on the other
hand arise due to ploidy differences, chromosome elimination, and seed dormancy
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Fig. 1 (a) Schematic presentation of the main steps involved in hybrid plant generation through
wide hybridizations. (b) Validation processes for verifying the hybrid state of obtained putative
hybrids from wide hybridizations
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Table 2 Identified pre-fertilization barriers in plant hybridizations

Plant hybridization Pre-fertilization barriers References
Kalanchoe garambiensis x other long | Failure of pollen release from anther, Kuang et al.
stem Kalanchoe species pollen aggregation, and absence of (2021)
pollen germination
Cross compatibility in Solanum Pollen-pistil incompatibility occurred on | Buteme
aethiopicum the stigma, upper style, and lower style | et al. (2021)
Brassica carinata x Brassica nigra; Defect in pollen tubes, for example, Pant et al.
Brassica carinata x Brassica napus; coiling and bending of pollen tube, (2021)
Brassica napus x Brassica carinata; hairpin-shaped pollen tube, swelling of
Brassica nigra x Brassica carinata; tube tip, tube bifurcation, more than one
Brassica rapa x Brassica carinata tube emerging from pollen, tubes
growing in wrong direction
Nymphaea odorata “Peter Impaired pollen grains germination on | Sun et al.
Slocum” x nymphaea gigantea the sigma (2018)
Crosses among single-, double-, and Variation in pollen viability and stigma | Deng et al.
multi-petal jasmine cultivars (Jasminum | receptivity or incompatibilities; poor (2017)
sambac) pollen quality caused defective pollen

germination and growth and pollen
tubes arrest in pistils

Crosses with Kalanchoé nyikae as Inhibition of pollen germination on the | Kuligowska
maternal plant x K. blossfeldiana, K. stigma; abnormal growth of pollen tubes | et al. (2015)
blossfeldiana, K. marnieriana

Evergreen azalea species X Many pollen tubes stopped elongating in | Okamoto
rhododendron uwaense the style in crosses with azalea species | and
as a seed parent; reverse crosses Ureshino
exhibited inhibition of pollen tube (2015)
penetration into ovules
Abelmoschus manihot subsp. Delayed pollen tube; coupled with Patil et al.
Tetraphyllus var. pungens x structural abnormalities such as (2013)
Abelmoschus esculentus twisting, swelling, high branching,
bifurcated tip
Nelumbo nucifera cross Low pistil receptivity caused low seed | Wang et al.
“Qinhuaihuadeng” x “Jinsenianhua” set in (2012)
“Qinhuaihuadeng” x “Jinsenianhua”
Juglans nigra x Juglans regia Disjunction in flowering time; Pollegioni
differences in floral size; conspecific et al. (2013)

pollen advance

(Premjet et al., 2019). Postfertilization barriers also occur as mitotic mismatch of
parental genomes, defective endosperm growth and embryo malnutrition, as well as
hybrid weakness or sterility, arising from ploidy or parental incompatibilities
(Kohler et al., 2021).

Post-zygotic barriers inhibit zygote growth after fertilization has occurred,
leading to abnormal seed formation. Seed malformation often emanates from
physiologically defective hybrid endosperm, which causes acute failure in nutrient
supply to the hybrid embryo (Okamoto & Ureshino, 2015; Sun et al., 2018).
Moreover, endosperm or embryo failure could also be due to embryo-endosperm
physiological mismatch induced by the exudation of lethal toxins from the
endosperm to poison the embryo (Okamoto & Ureshino, 2015; Sun et al., 2018). In
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principle, embryos of nonviable hybrids have an innate competence to transform
into plantlets, but their development is hindered by failure to undergo normal
differentiation.

2.1 Interspecific and Intergeneric Hybrid Failures:
Main Causes

2.1.1 Effects of Precocious Seed Germination

Precocious seed germination is characterized by the germination of seeds on the
parent plant before the crop is harvested. In this abnormal form of seed germination,
embryos initiate germination prior to full normal embryo development and maturity
(Cota-Sanchez, 2018). Generally, precocious germination arises due to the elimina-
tion of the influence of endogenous germination inhibitors through the removal of
the seed testa. Precocious germination is also induced by higher negative osmotic
potential in vivo. Usually, precocious seed germination produces weak developing
plantlets. This phenomenon has been observed to be generally widespread in plants
that lack seed dormancy (Cota-Sanchez, 2018). This seed dormancy trait is gener-
ally characteristic of many wild plant species. Similarly, some crops inherently
undergo short-duration seed dormancy. In some crops, the wild ancestors possessed
seed dormancy traits; however, such plants lost the dormancy trait through the
period of adaptation from the wild (Nakamura et al., 2017; Subburaj et al., 2016).

The absence of dormancy sometimes causes precocious seed germination
particularly, in the form of preharvest sprouting of grains on the maternal plants
when conditions of high humidity prevail (Cota-Sanchez, 2018; Subburaj et al.,
2016). The culture or rescue of embryos could be employed to resolve and guide
proper growth of embryos. The rescue and nurture of embryos can be achieved
under different established culture conditions to stimulate embryological
transformation into healthy plants. Ramming (1985) reported that the precocious
germination of seeds can be circumvented through ovule rescue and culture in
appropriate media. In Prunus, Ramming (1985) successfully used ovule culture to
overcome the limitations posed by the integuments and, thus, prevent precocious
germination.

2.1.2 Influence of Nutritional Starvation on Embryo Development

In making a transition to become a mature plant, the embryo first forms multiple
tissues that subsequently result into a whole plant. Initially, an asymmetric zygotic
differentiation produces the embryo and a suspensor, with both localized in the
endosperm (Hristova-Cherbadzhi, 2020). The embryo is nourished with nutrients
through the suspensor at the early developmental stages. It is known that the embryo
and endosperm undergo parallel as well as interconnected developmental processes.
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The hybrid embryo size, for example, is regulated by the endosperm enveloping it.
Similarly, the embryo also influences the developmental faith of the endosperm.
This interdependence is an indication that there might be an exchange or sharing of
some metabolic factors between endosperm and embryo that tune their develop-
mental processes. In instances of embryo development failure, therefore, nutritional
starvation of the embryo has been implicated as the main cause of the failure, which
then hinders the efficient development of both the endosperm and embryo in par-
ticularly interspecific hybrids (Dziasek et al., 2021). In Capsella, crosses of Capsella
rubella and C. grandiflora produce unviable hybrids linked to chromatin abnormali-
ties in the endosperm, which subsequently led to abortion (Dziasek et al., 2021).
Hybrid seed collapse could also be due to nutrient starvation of the embryo arising
from early retardation and disintegration of the endosperm as a result of overgrowth
of the endothelium.

2.1.3 Implications of Cytological Aberrations in Embryogenesis

In eukaryotic organisms, it is essential that gene dosage exists in the right balance
to enable normal physiological, biochemical, or gene function. Factors including
ploidy level differences, chromosome structural changes that cause gene dosage
disproportion in organisms, eventually lead to phenotypic abnormalities. Irregular
cell divisions during mitosis are comparatively common and result in an increase or
decrease in chromosomes during meiosis (Heslop-Harrison & Schwarzacher, 2011).
Commonly, the phenomena of nondisjunction, aberrant spindles, lagging chromo-
somes, or chromosome breakages create mitotic abnormalities in in vitro culture
that bring about the incidence of chromosomal variations and genome alterations.
During in vitro culture, major genome changes produce karyotypic instability and
cytogenetic irregularities such as ploidy level variation and chromosomal structure
alterations due to chromosomal breakages that are often created in the course of
in vitro multiplication (Neelakandan & Wang, 2012). Chromosome breakages cause
rearrangements that induce direct mutational alterations in gene expression. In oat
and maize, it was found that chromosome breakage occurred more frequently than
ploidy variations (Kaeppler et al., 1998).

The introduction of polyploidy disparities during embryogenesis is more
predominant compared to the occurrence of aneuploidy-chromosome karyotype
deviation from the normal precise multiple of the haploid set (Kaeppler et al., 2000).
Ploidy level variations in in vitro culture or embryogenesis are mostly associated
with the phenomenon of endo-reduplication or nuclear fusion (Kaeppler et al.,
2000). Lee et al. (2009) explained that endo-reduplication gives rise to polyploidy
in instances where replication proceeds devoid of the successive cell division and
eventually culminate in higher gene content in the nucleus. Aneuploidy manifests as
monosomy or trisomy, which represents, respectively, the loss or gain of one or
more specific chromosomes or, in some cases, large chromosomal fragments.
Aneuploidy is generally observed during the initial stages of callus initiation and
suspension cultures (Kaeppler et al., 1998, 2000). Aneuploidy is induced via nuclear
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fragmentation occurring prior to mitosis or by irregular chromosome actions in the
course of mitosis. In embryogenesis, long-term callus cultures are more frequently
prone to cytogenetic abnormalities in especially regenerated plants of a variety of
species (Rodriguez-Loépez et al., 2010). Some cytological aberrations are usually
checked at the initial phases of embryogenesis via the transfer of growth-regulating
substances from the endosperm to the embryo.

2.1.4 Biological Significance of the Endosperm Balance Number

The entirety of the factors that drive successful seed development is still not fully
understood and is very much speculative. Many different postulates or hypotheses
have been put forward by some plant biologists to explain some likely factors
responsible for the successful development of seeds in plants. One such hypothesis
is the Endosperm Balance Number (Johnston et al., 1996). The Endosperm Balance
Number hypothesis has been used to generally interpret and predict the success or
failure of interspecific and interploidy hybridizations in plants (Carputo et al.,
1999). Also, this hypothesis emphasizes the significance of a balanced parental
genome mix that enables formation of physiologically normal endosperm. Some
opinions state that a ploidy ratio of 2:3:2 of maternal tissue: endosperm: Embryo is
an important consideration for viable seed formation. Others emphasize that the
endosperm: embryo ratio is most important (Johnston et al., 1996; Katsiotis et al.,
1995). Another school of thought considers the maternal tissue: endosperm ratio as
the most crucial cytological balance ideal for successful seed development. Some
plant biologists, however, suggest that endosperm function is autonomous and has
no significant dependence on the maternal tissue and the embryo (Shukla, 2016).

Furthermore, other views stress the effectiveness of the 2 maternal: 1 paternal
ratio for maternal and paternal genomes in the endosperm (Lester & Kang, 1998;
Johnston, et al. 1996; Katsiotis et al., 1995). It has been emphasized that the
Endosperm Balance 2: 1 ratio of maternal: paternal is an important prerequisite for
successful interspecific crossability (Katsiotis et al., 1995). Despite the fact that
such inconsistencies exist in opinion regarding the Endosperm Balance Number, the
hypothesis has served as a useful measure toward the achievement of complex inter-
specific hybridizations involving various ploidy levels irrespective of the criterion
relied on for selection (Hawkes & Jackson, 1992). Normal seeds have been obtained
by some researchers without consideration for the Endosperm Balance Number
(Katsiotis et al., 1995). The role of the histology of the endosperm in normal devel-
opment must, therefore, be further investigated and better established.

2.1.5 Importance of the Polar-Nuclei Activation Hypothesis
The polar-nuclei activation hypothesis establishes the linkage of endosperm

development to the activation of the two polar nuclei by fusion with a compatible
male nucleus. The hypothesis is, therefore, dependent on the intensity of the
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activating influence of the male nucleus and the reactive response of the female
nucleus (Nishiyama et al., 1991; Nishiyama & Yabuno, 1978). The activation effect
of the male nucleus is expressed as the activating value, and the reactive action of
the female nucleus is expressed as the response value. Successful endosperm
development or failure is closely linked to the difference in the Activation Index
defined as the ratio of the activating value (AV) to the response value (RV). The
physiological capability of the male nuclei to appropriately undergo mitotic
divisions in the primary endosperm nucleus is dependent on a 2: 1 ratio between the
AV and the RV (i.e., AV/2RV) (Nishiyama et al., 1991). The degree of endosperm
development or failure is closely related to this ratio. Nishiyama and Yabuno (1978)
recounted the achievement of crosses between various species of Avena, Triticum,
and Aegilops based on the polar-nuclei activation hypothesis. Furthermore, in
Brassica species, Nishiyama et al. (1991) estimated the relative activating value
(AV) of diploid and tetraploid species to be, respectively, in the range 1.0-3.5 and
2.7-5.2. In addition, Nishiyama et al. (1991) found that hybridization based on the
polar nuclei activation index of between 15% and 87% was effective, whereas
crosses at activation index of less than 15% or more than 87% were incompatible.

2.1.6 Effects of Pre- or Post-Zygotic Barriers
on Endosperm Development

Fertilization or zygotic barriers to endosperm development are broadly described as
pre-zygotic (pre-fertilization) or post-zygotic (postfertilization). These barriers
include factors such as pollen interactions with the pistil, hybrid zygote abnormal-
ity, and low hybrid fertility or sterility (Table 3). Lester and Kang (1998) described

Table 3 Postfertilization barriers identified in plant hybridizations

Plant hybridization Postfertilization barriers References
Wild diploid species x cultivated Sterility of the triploid mainly due to Konan et al.
tetraploid cotton Gossypium hirsutum | ploidy (2020)
Nymphaea odorata “Peter Defective embryos were observed in Sun et al.
Slocum” x nymphaea colorata embryo development (2018)
Crosses with Kalanchoé nyikae as Endosperm degeneration Kuligowska

maternal plant x K. blossfeldiana, K.
blossfeldiana, K. marnieriana

etal. (2015)

Evergreen azalea species X Defective endosperm development; Okamoto
rhododendron uwaense impaired photosynthetic activity of and
cotyledons due to chlorophyll Ureshino
deficiency; death of young seedlings (2015)
Capsicum annuum X capsicum Embryo death; hybrid weakness Martins
baccatum (necrosis), lack of vigor; hybrid sterility |et al. (2015)
Nelumbo nucifera cross Low fecundity attributable to embryo Wang et al.
“Jinsenianhua” X “Qinhuaihuadeng” abortion in (2012)
“Jinsenianhua” x “Qinhuaihuadeng”
Reciprocal crosses of Nierembergia N. ericoides as pollen donor gave rise to | Soto et al.
ericoides x Nierembergia linariifolia | normal gamete fusion but zygote (2012)

abortions occurred
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various postfertilization barriers to endosperm or seed development. Some of these
barriers include embryo malformation or degeneration, endosperm and embryo
death leading to abortion of ovules, early stage collapse of seeds during develop-
ment, failure of hybridization between diploids, and their own autotetraploids as a
result of embryo abortion. These barriers can be bypassed with the application of
embryo rescue techniques (Okamoto & Ureshino, 2015; Sun et al., 2018).
Appropriate pollinations or crosses within same species usually give rise to physi-
ologically normal endosperm and embryo and, thus, result in viable seeds. Similarly,
in some instances, no post-zygotic barriers arise in crosses between individuals of
different species. In such cases also, the formation of normal zygotes or hybrids is
achieved.

Nonetheless, instances arise where post hybrid zygote development and
reproduction turn out unsuccessful. Gametes from different species can in some
instances hybridize to produce hybrid zygotes, most of which turn out abnormal and
never reach sexual maturity (Okamoto & Ureshino, 2015). Moreover, cases exist
where reproduction is successful, and the resulting hybrids reach sexual maturity
but are usually unable to reproduce. The reason is because an appreciable proportion
of hybrid embryos turn out sterile and fail to produce viable gametes. In these
examples, the reproduction of the different species fails because the offspring
obtained are incapable of passing on their genes to the next generation. It is probable
that the parents engaged in the hybridization have expended the energy involved in
pollination and for producing hybrid offspring and yet end up with no transfer of
their genetic materials to subsequent generations. The fitness of the hybrids is,
therefore, considered to be zero due to the effect of zygotic barriers in reproduction.

3 Embryo Rescue Techniques and Essence of Application

An embryo in plants is a part of the seed that is formed after double fertilization and
contains the preform of the plant organs. Embryo rescue and culture involve the
nurturing of isolated defective hybrid embryos, under suitable sterile in vitro culture
conditions in order to surmount the inhibiting effects of post-zygotic barriers on
embryo initiation, growth, and development. Embryo rescue is, therefore, used to
obtain fertile hybrid plants (Sahijram et al., 2013). Usually, the improper develop-
ment of hybrid endosperm creates defective hybrid embryos from wide crosses.
These failing embryos are saved from degenerating by isolating the embryo prior to
its abortion and aseptically culturing the embryo under in vitro conditions. This
strategy helps to circumvent the barriers that induce hybridization abortion (Konan
et al., 2020; Okamoto & Ureshino, 2015; Sun et al., 2018).

In normal seed development, good physiological functioning of the embryo-
nourishing tissue, the endosperm enables proper embryo development, which
subsequently culminates into viable seeds. On the other hand, defective
malfunctioning endosperm causes nutritional starvation which hinders proper
embryo development and, consequently, gives rise to nonviable plants (Premjet
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et al., 2019; Sun et al., 2018; Okamotoan Ureshino, 2015). Frequently, endosperm
resulting from crosses between two distant species or diploids and tetraploids
hybridizations more often than not fail to properly develop and thus cause embryo
abortion, degeneration, or nonviable embryos (Konan et al., 2020; Sun et al., 2018).
Improper development of hybrid embryo usually causes flowers to abort and drop
due to distinct physiological differences in the parental embryos (Konan et al.,
2020; Sun et al., 2018; Okamotoan Ureshino, 2015). Furthermore, the release of
toxic inhibitory metabolic substances from the hybrid endosperm is also known to
hinderembryo growth (Okamoto & Ureshino, 2015; Sunetal.,2018). Physiologically,
however, the otherwise defective hybrid embryos indeed have inherent ability to
start growth and subsequently develop into viable seeds if aided. The embryo rescue
and culture technique are, therefore, carried out to save and aid the recovery of
defective hybrid embryos which hitherto would have aborted.

The embryo rescue and culture technique generally involves a careful aseptic
isolation of immature or mature embryos without injuring the embryos. The isolated
embryos are then cultured in an appropriate nutrient medium supplemented with
suitable carbon and inorganic nitrogen sources. The embryo is subsequently nur-
tured under suitable in vitro temperature, light, humidity, and osmotic conditions to
induce continued embryogenic growth and seedling development into viable plants
(Fathi & Jahani, 2012) and, thereby, circumventing the hindering influence of
hybridization barriers. The embryo culture approach has proven very useful in the
rescue of embryos that would normally abort or fail to follow the normal progres-
sive sequence of ontogeny. The most valuable use of the embryo rescue technology
has been the success in the development of interspecific and intergeneric hybrid
plants (Pratap et al., 2021; Kaminski et al., 2020; Yin et al., 2020).

Through embryo rescue, it has been practicable to obtain viable seeds by
circumventing most of the physiological barriers arising through wide crosses.
Embryo rescue is used to successfully recover crosses between diploids and
tetraploid species (Fathi & Jahani, 2012; Pachakkil et al., 2019). Furthermore,
embryo culture has also proven to be an effective technique for resynthesizing some
plant hybrids. The technology has, therefore, been the most effective method of
valuable gene transfer from wild species. In addition, zygotic or seed embryos from
embryo rescue have often been used as explants to initiate, for instance, callus
cultures for crop improvement (Debnath & Arigundam, 2020; Koltunow et al.,
1996). Over the years, embryo rescue and culture have become an attractive and
valuable in vitro tool for plant tissue culture and breeding. Embryo culture has
enabled the rescue of embryos from interspecific and intergeneric wide crosses as
well as the achievement of seedless triploid embryos and haploids production.
Embryo culture has also made it possible to circumvent the effect of germination
inhibitors and thereby overcome seed dormancy and shortening the breeding cycle
in some plant species (Fathi & Jahani, 2012). Embryo rescue has aided in bypassing
germination inhibitions, for example, dormancy or sterility characteristics that are
linked to the first filial or F; crossing generation in crop breeding (Pachakkil et al.,
2019). The technique of embryo culture has also been effective in determining seed
viability and development of plant variety from embryos that more often than not
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fail to fully develop naturally or the embryo aborts under the inhibiting influence of
physiological factors.

3.1 Historical Notes on the Embryo Rescue
and Culture Technology

Embryo rescue application began as early as the eighteenth century. This landmark
in plant tissue culture is credited to Charles Bonnet who successfully regenerated
whole plants from hybrid embryos obtained from crosses between Phaseolus and
Fagopyrum. The procedure he carried out produced plants that were characteristi-
cally dwarf (Sharma et al., 1996). After that success by Charles Bonnet, many other
plant scientists followed suit by culturing embryos in varied types of nutrient cul-
ture media. The period between 1890 and 1904 saw tremendous advancements in
the efficiency of embryo rescue and culture techniques. Embryo culture became
more systematic with the use of precise protocols of nutrient solutions supple-
mented with inorganic salts and carbon energy sources in the form of sugars and
enhanced by aseptic manipulations (Amanate-Bordeos et al., 1992).

In 1904, Hanning became one of the first to succeed in obtaining viable plants
in vitro from mature embryo culture (Hanning, 1904). He aseptically extracted
mature embryos of two crucifers and cultured the embryos on a growth medium
incorporated with minerals and sugar. Hanning (1904) described precocious germi-
nation tendencies in the embryos where he observed instantaneous initiation of
growth in mature embryos, and thus, overcoming dormancy. The precocious germi-
nation characterized embryos developed into abnormal plantlets with small, weak
architecture and nonviable (Mehetre & Aher, 2004). Subsequently, a successful cul-
ture of embryos of cherry by Tukey (1933) served as one of the very important
advancements in the embryo rescue and culturing of fruit crops. Another authority
in the applications of tissue culture whose work contributed greatly advanced the
field was R. J. Gautheret. He was the first to obtain true plants from tissue cultures
using cambial tissue of Acer pseudoplatanus (Gautheret, 1934, 1935). That feat at
the time ushered in various different plant tissue culture procedures. Some of these
culture methods include embryo culture, anther culture, pollen culture, shoot tip
culture, root culture, and many others.

One of the early in vitro tissue culture methods that was effectively carried out to
achieve efficient plant regeneration in crop improvement is embryo rescue. Yeung
et al. (1981) indicated that embryo rescue is a useful tool for achieving a significant
shortening in the breeding period by avoiding the delay that arises due to seed dor-
mancy. In addition, embryo rescue is an appropriate approach to apply when the
investigation of the endosperm and embryo germination involves a destructive anal-
ysis. Hu and Wang (1986) described several crosses that failed due to embryo abor-
tion. Early embryo abortion is associated with failure of the endosperm to properly
progress into physiological maturity or does not develop at all. The constraint of
embryo failure or abortion is usually resolved by culturing the embryos in appropriate



432 S. Amiteye

nutrient medium to aid the embryo bypass post-zygotic barriers within the parental
plant. Many successful examples of embryo rescue assisted interspecific and
intergeneric generated hybrid plants have been described (Kaminski et al., 2020;
Bridgen, 1994). Li et al. (2014) presented an exceedingly efficient procedure for
hybrid embryo rescue from wide crosses that gave rise to important enhancement in
effective breeding for disease-resistant trait in seedless grapes. During the past
decades, embryo rescue or culture has enabled better appreciation of the physiology
of embryonic development.

Furthermore, embryo rescue has been a very useful tool for bypassing seed
dormancy to significantly reduce the duration of breeding, assessing seed viability,
enhancing micro propagation efficiency, and rescuing undeveloped hybrid embryos
from mismatched hybridizations (Caruso et al., 2020; Uma et al., 2011). To date,
embryo rescue is extensively applied routinely in several fruit crops, for varied
objectives, for example, breeding for seedless fruits, triploid plants, and interspe-
cific hybridization. Some of the fruit crops in which embryo rescue has been suc-
cessfully applied include banana (Uma et al., 2011), citrus (Caruso et al., 2020),
persimmon (Hu et al., 2013), and watermelon (Taskin et al., 2013).

3.2 Types of Embryo Culture Technique

Depending on the histological source from where the embryo explants were
extracted for culture, two broad classes of embryo rescue techniques termed zygotic
and somatic embryo culture are practiced. The embryo rescue technique is also clas-
sified as mature embryo culture and immature embryo culture based on the maturity
level of the isolated explants. The mature embryo culture is used to circumvent seed
dormancy in order to decrease duration of germination. Immature embryo culture
on the other hand is carried out to achieve early embryo rescue. Practically, all the
four broad types of embryo rescue or culture somewhat interconnect.

3.2.1 Mature Embryo Culture

Mature embryo rescue basically involves nurturing in vitro, the growth of mature
embryos that are isolated out of ripe seeds. Mature embryo rescue or culture is car-
ried out in instances where embryos fail to survive in vivo (Lentini et al., 2020).
This in vitro procedure is also employed to remove restriction on seed germination,
which causes seeds to stay dormant for protracted periods. In most plant species,
seed dormancy is induced by chemical inhibitors in the embryonic tissue (Buteme
etal., 2021). Another cause of seed dormancy is the effect of mechanical resistance
created by structures casing the embryo. Some plant species also yield infertile
seeds due to the defective physiological formation of embryos (Okamoto &
Ureshino, 2015; Sun et al., 2018). Mature embryo rescue is done by surgically iso-
lating the embryos that are autotrophic, out of the testa of the dormant seed that is
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at the stage of maturity. In seeds with hard coats, the seeds are first disinfected by
sterilization and then soaked in sterile distilled water for an appropriate duration,
which could be a few hours or even days. The soaked seeds are cut open and appro-
priately dissected to remove the embryos. The isolated embryos are then cultured
using basal inorganic medium with sucrose incorporated as energy source in order
to circumvent seed dormancy and enable germination (Lentini et al., 2020). Embryo
rescue protocols may culminate in viable plants. Mature embryo culture is employed
in instances where seed dormancy of the hybrids is protracted. In cases of poor
survival of embryos in vivo, the mature embryo culture technique is a useful tool for
deriving viable seedlings.

3.2.2 Immature Embryo Culture

Embryo culture involving immature explants is also referred to as embryo rescue.
The embryo rescue approach is also carried out as pre- or post-germinal immature
embryo culture. Pre-germinal embryo culture is usually performed to regenerate
plantlets. On the other hand, post-germinal embryo culture is done to boost embryo
growth and development after germination. The embryo rescue approach funda-
mentally involves in vitro nurturing of immature embryos in order to rescue hybrid
embryos prone to failure that result from wide hybridizations (Ren et al., 2019).
Immature embryo rescue also aids to regenerate plantlets, in instances where par-
ents are seedless, or in cases of heavy premature fruit fall during the initial stages of
embryo development. In addition, the method of immature embryo rescue is applied
to save seedless triploid embryos. The technique has also proven very valuable in
the creation of haploids, bypassing of seed dormancy, and estimating of seed viabil-
ity (Lentini et al., 2020). Immature embryo rescue is frequently used to overcome
embryo abortion in order to create viable hybrid plants. Improper functioning of the
endosperm usually culminates in malnourishment of the failing embryo. Ren et al.
(2019) established an efficient immature embryo rescue protocol for the improve-
ment of the plant Ziziphus jujuba.

3.3 Factors That Influence the Success of Embryo Culture
3.3.1 Genotypic Background of Embryo

The genotype of the plant species involved in embryo rescue or culture is a key
factor that determines the success or otherwise of the technique. In closely related
or distant cultivars, embryos of some genotypes respond to in vitro culture conditions
far more effectively and are easier to grow in culture than other genotypes whose
culture in vitro is more daunting (Rangan, 1984). The ease of achievement of regen-
eration of whole physiologically normal plantlets through embryo culture, there-
fore, differs from genotype to genotype. Vidhanaarachchi et al. (2016) observed
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significant differences in in vitro culture germination response in embryos of differ-
ent selected genotypes of coconut. Lu and Bridgen (1996) also reported significant
effect of parental genotypes on embryo germination, callus, and shoot induction in
interspecific hybridization of Alstroemeria.

3.3.2 Developmental Stage of the Isolated Embryo

The growth of immature embryos in culture is quite daunting in spite of the
remarkable progress made and the successes attained in the application of embryo
culture (Pen et al., 2018). In instances where the abortion or degeneration of the
embryo sets in very early, embryo rescue turns out to be extremely difficult and
most often unsuccessful. Practically, an important strategy used to achieve effective
rescue of immature embryos has been to carry out a technique referred to as the
embryo-nurse endosperm transplant (Sect. 15.5.2). In this procedure, the immature
embryo of a species is isolated and placed in the endosperm of a different seed of
the same species. For instance, a 30—40% survival rate was achieved with the
implantation method in the hybridization of Hordeum x Secale, compared to one
percent survival rate using the traditional approach of embryo rescue (Kruse, 1974).
Invariably, the more mature the isolated embryo, the easier it is to culture in vitro
and more likely to successfully achieve regeneration of physiologically normal plants.

3.3.3 Composition of the Nutrient Media

One of the essential prerequisites toward any successful embryo rescue undertaking
is the choice of suitable in vitro culture medium to nurture orderly differentiation
and development of cultured embryos. The formulation of the culture medium used
is determined primarily by the nature of embryo culture which could be either pre-
germinal or post-germinal (Kumari et al., 2018). Pre-germinal immature embryo
culture is purposely for obtaining plantlets regeneration. In such instances, the
embryos require a complex nutrient medium. On the other hand, the aim of post-
germinal immature embryo culture is usually carried out to hasten the development
of the embryo after germination. Comparatively, post-germinal embryo culture is
attained with less complex medium which could be as simple as just sucrose or
glucose solution. Nonetheless, for embryo rescue generally, the culture media com-
position of mineral salts, organic nutrients, or growth regulators may be an impor-
tant consideration and useful for the efficient culture of embryos (Lentini et al.,
2020; Li et al., 2014). The formulation of the culture medium must take cognizance
of the developmental phase of the isolated embryo to be cultured. Embryos at a
heterotrophic phase of development depend on the endosperm and the surrounding
maternal tissues for nutrients, whereas autotrophic stage embryos metabolically
produce growth substances required for development (Lentini et al., 2020; Li
etal., 2014).
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3.3.4 Growth Temperature and Light Conditions

Light and temperature are environmental factors that have been identified to be very
important for the efficient culture of embryos (Narayanaswamy and Norstog, 1964).
Embryo rescue protocols usually have integrated in them a step of incubating
cultures the in dark for the first 1 to 2 weeks until embryos or calluses appear. The
embryos are subsequently transferred to appropriate light and temperature condi-
tions to enable the embryo to begin synthesizing chlorophyll (Kumari et al., 2018).
Compared to intact seeds, it has been realized that isolated embryos frequently ger-
minate, grow, and develop better in a wider temperature range. Narayanaswamy and
Norstog (1964) explained that the plant species from which the embryo explant was
taken influences the optimum temperature depending on the plant species from
which the embryo was obtained. Nonetheless, normally a temperature range as high
as 25-30 °C is used (Brits et al., 2015). Cultured embryos usually germinate in a
wider temperature range than whole seeds. Meanwhile, embryos from plant species
such as Allium require a lower temperature of around 17 °C, whereas in some other
plant species, cold treatment of 4 °C is usually essential for the establishment and
growth of embryos in in vitro culture. For example, the growth and development of
embryos of sweet cherry were significantly enhanced when immature and mature
embryos were subjected to 40 and 60 days of cold treatment, respectively
(Hajmansoor et al., 2009).

3.4 Salient Considerations Involved in Embryo Rescue
and Culture

3.4.1 Determination of Appropriate Embryo Stage for Rescue

Prior to carrying out embryo rescue, it is very useful to determine the physiological
maturity stage of the embryos to be cultured. It is also helpful to know when abor-
tion sets in for the particular plant species so that the dissection and isolation of the
embryo can be carried out timely before the embryo degenerates or aborts. One of
the recommended approaches for determining the stages of development of embryos
is to make histological sections. Accurate establishment of the embryo development
stage guides the appropriate medium formulation that is to be used (Haslam &
Yeung, 2011). It is recommended that preliminary development of an efficient pro-
tocol for the selection of the right embryo development stage is very useful even
though it could take appreciable time and some financial investment to achieve.
However, such a tool, once in place, guides subsequent embryo isolation and collec-
tion at exactly the established most competent stage. This greatly enhances the suc-
cess of the embryo rescue.

Another essential consideration in embryo culture is the condition under which
the mother plant was growing prior to the isolation of the explant for culture
initiation. The endosperm and the cotyledons have been found to develop more
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efficiently in cases where the mother plant was maintained under strictly controlled
environments. Consequently, the embryo growth and development is well pro-
moted. It has been established that the younger the embryo chosen for rescue, the
more complex the nutritional formulation that is used to sustain its culture and
growth. Maturing embryos are subsequently transferred to less complex inorganic
salt culture media (Yeung et al., 2001). Yan et al. (2014), for instance, intimated that
in cassava, the rescue of embryos should be initiated at immature stages before 38
DAP, the time when the highest proportion of embryos is at the cotyledonary stage
with an already fully developed endosperm. At the cotyledonary stage, the embryos
can be seen and are easier to dissect and isolate from pollinated ovules without any
damage or injury to the embryos. After 38 DAP, the seeds become too hard, and
high rate of injury is usually caused to the embryo during the excision and isolation
procedure (Lentini et al., 2020; Yan et al., 2014).

3.4.2 Embryo Excision Techniques

More often than not embryos are found within the ovule which presents a sterile
environment. For this reason, carrying out surface sterilization to make the isolated
embryos aseptic is of no practical value. Instead, in most protocols, the more com-
mon practice is that the florets are removed and the ovules are isolated from the
ovaries. This is followed by surface sterilization of whole ovules or ovaries. The
embryo is normally effectively protected from the usually severe surface steriliza-
tion procedures, by the bordering tissues. In plant species such as corn (Zea mays
L.), to assess the embryo, it is required that hard seed coats are broken. Furthermore,
in some cases, endophytic pathogens may be present in the seed coats. For plants
with such type of seeds, direct disinfection of embryos by sterilization is necessary
in order to establish an aseptic culture. The surface sterilization procedure of the
entire ovules or ovaries is followed by aseptic excision and isolation of embryos
from the ovules or ovaries and surrounding tissues. The dissection and excision of
large embryos pose little difficulty.

However, to isolate small embryos without injury, appropriate tools are used to
carry out micro-excision and isolation procedure aided by a dissecting microscope.
It is precautionary worthy to note that embryos are quite fragile when the seed coat
is broken. In addition, another essential precaution is that isolated embryos must not
be subjected to desiccation during in vitro culture (Rangan, 1984). The technique or
protocol for efficient isolation of immature embryos is usually tailored specific for
the particular plant species. However, quite often, incision of the immature ovule is
targeted at the micropylar end, and with exertion of appropriate pressure at the other
end, the embryo is released through the incision. In applying the pressure, caution
must be exercised not to injure the delicate embryonic tissue. Hu and Wang (1986)
indicated that in the isolation of heart-stage or immature embryos, it is essential that
the suspensors are not damaged or impaired to boost the growth and development of
the embryos in culture. For the rescue of mature embryo, usually isolated seeds that
are physiologically mature are decontaminated or disinfected by surface steriliza-
tion prior to embryo isolation.
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3.4.3 Media Manipulations for Efficient Embryo Culture

Raghavan (1966) described the two main stages of embryo development as
heterotrophic and autotrophic. In the heterotrophic phase, the immature embryo
relies primarily on the endosperm and the neighboring maternal tissues. During this
phase, the young embryo requires a medium with more complicated media
composition and osmotic potential that is higher than required for mature embryos.
As the initially immature embryo further grows in culture, its efficient development
is promoted by culturing it on complex media augmented with appropriate
combinations of amino acids, growth hormones or regulators, and vitamins. In
addition, the incorporation of plant extracts, for example, coconut milk, also helps
embryo development. At the autotrophic phase, the embryo is physiologically more
mature. During this stage, the embryo is metabolically able to synthesize most
essential biomolecules needed to support its growth and development using available
salts and sugar. The embryos at this stage are now capable of germination and
development on basic inorganic medium augmented with as sucrose a carbon source.

The choice of the appropriate culture medium and growth conditions is some of
the most essential considerations for a successful embryo rescue procedure. The
application of suitable culture conditions enables effective physiological growth of
the embryo, its maturation, and regeneration into whole plants. A key factor in a
successful embryo rescue is the optimal composition of the culture medium used.
The optimal medium nutrient composition depends on the embryo stage, and the
medium constituents vary during the development process of the embryo. The two
extensively used basal media are the Murashige and Skoog (1962) and Gamborg’s
B5 medium (Gamborg et al., 1968), usually applied with some appropriate modifi-
cations to enhance efficient embryo culture growth. The required complexity or
stringency of the media composition or growth conditions used is influenced by the
level of maturity of the target embryo for rescue. In this regard, it has been success-
ful to grow mature embryos using basal salt media with sucrose as an organic car-
bon source of energy. However, for immature embryos, in addition to the basal salt
media and sucrose, different vitamins, amino acids, and growth regulators are incor-
porated in the culture medium. Varied compositions of mineral salts are incorpo-
rated in order to manipulate the growth of embryo cultures. In many protocols of
embryo rescue and culture, amino acids and amino acid complexes such as casein
hydrolysate as well as the vitamins, biotin, thiamine, pantothenic acid, and nicotinic
have been widely used as additives in culture media to promote the development of
the embryo. The various amino acids are also important components of culture
media. Generally, the use of malic acid and trace amounts of organic nitrogen, for
example, asparagine, glutamine, or casein hydrolysate, have often been observed to
be useful. Pawar et al. (2015) reported that proline and glutamine improve in vitro
callus induction and subsequent shooting in rice.

Sucrose is also a very important component in embryo culture media and serves
two main purposes. The primary energy source in culture media is sucrose. Another
important role of sucrose is that it stabilizes and maintains appropriate osmotic
potential of the culture medium. Usually, mature embryos and immature embryos
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are cultured on media with 2-3% sucrose concentration. Immature embryos are
commonly cultured on media with high sucrose concentration between 8% and
12%, which in principle mimics the high osmotic potential of the embryo sac’s
intracellular environment and conditions. It has been found that generally, the more
immature the isolated embryo, the higher the osmolarity condition required in the
culture medium to promote growth and development of the embryo. Reinert et al.
(1977) observed that high osmolarity inhibits precocious germination and prevents
dividing cells from switching into a state of elongation. Moreover, the high osmotic
environment together with the addition of hormones such as auxin and cytokinin in
moderate amounts promotes the development of heart-stage embryos (Din et al.,
2016). Mature embryos have been found to grow well on semisolid medium supple-
mented with only Knop’s mineral salts and 2-5% sucrose. Generally, the most
effective sources of inorganic N in media for embryo cultures have been ammonium
nitrate and potassium nitrate. Essentially, ammonium boosts appropriate growth and
differentiation of immature embryos in culture (Umbeck & Norstog, 1979).
Ammonium is often incorporated together with mainly malate or citrate anions as a
source of organic acid. The use of natural plant extracts as media constituents has
also been found useful in attaining greater recovery of growth and development of
embryos. The commonly used natural extract from plants is coconut milk. Similarly,
tomato juice and extracts of banana are also useful in culture media.

The incorporation of plant growth regulators in embryo culture media generally
plays significant role in boosting embryo growth and development (Ming et al.,
2019). However, it must be noted that high concentrations of exogenous auxins
appear to induce inhibitory effect on plant embryo growth in vitro (Din et al., 2016;
Manzur et al., 2014). Therefore, the induction of somatic embryo is better stimu-
lated rather by low concentrations of exogenous auxin in the culture media.
Exogenous use of growth regulators such as kinetin (Kin), benzyl-amino-purine
(BAP), and naphthalene acetic acid (NAA) or thidiazuron (TDZ) improved regen-
eration frequency (Din et al., 2016). Similarly, high levels of cytokinins, for exam-
ple, zeatin, have been found to only slightly promote young embryo growth, when
used as the sole media hormone additive (Manzur et al., 2014). Auxins and cytoki-
nins are, therefore, not generally used for embryo culture except in cases where the
aim is to induce callus. However, some cytokinins and auxins combinations show
better performance in boosting the growth and differentiation of embryos (Din
et al., 2016). It has been found that hormones induce plant architectural abnormali-
ties when included in an embryo culture media. For example, gibberellins in some
cases stimulate precocious germination (White et al., 2000). Therefore, the use of
hormones in media for embryo cultures is generally avoided or used with precaution.

Commonly, in the preparation of embryo rescue media, agar at 0.5-1.5% is used
as the main solidifying agent (Hu & Wang, 1986). Higher concentrations of agar
hold less water and likely presence of higher contaminating salts. The use of higher
concentrations of agar is, therefore, not recommended because that could inhibit
growth. Alternatively, Pinto et al. (1994) successfully used a vermiculite support
system for small embryos obtained at fruit maturity. As earlier explained in Sect.
3.4, light and temperature conditions are very essential considerations in the
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technique of embryo culture. Light regulates cell division and rate of ethylene
emission, a factor that affects caulogenesis—shoot initiation and rhizogenesis—
root initiation. Timing and duration of exposure of explants to light play a vital role
in the morphogenesis of embryos. In most species, the embryo stops growing
between one and two weeks after inoculation. The embryos are then moved on to
another medium with regular sucrose concentration as well as low levels of auxin
and cytokinin in order to cause the embryo to regain growth and direct shoot
initiation. In cases where the embryo fails to grow shoots directly, callus induction
is performed followed by shoot induction and then eventually the development of
plantlets in vitro. The plantlets are weaned on soil treated to become sterile and
nurtured to develop under greenhouse conditions.

3.5 Major Embryo Rescue and Culture Procedures
3.5.1 Rescue and Culture of Embryos

Usually, hybrid embryos obtained from interspecific and intergeneric crosses turn
out to be defective and more often abort at a point during development or yield
nonviable seeds (Araujo et al., 2021; Hristova-Cherbadzhi, 2020). Embryo rescue is
used to resolve this constraint of failure in embryo development or abortion follow-
ing hybridization. Embryo culture serves as a tool of great value to plant breeding,
particularly in interspecific hybridization (Hristova-Cherbadzhi, 2020). The tech-
nique of embryo culture serves as a very effective and useful means of creating
normal hybrid plants and producing viable seeds. Usually, seeds of fruits obtained
from controlled pollination of plants are collected at an appropriate stage in order to
avoid the period embryo abortion is known to set in. The embryo rescue procedure
is achieved by the excision of the embryos from the harvested seeds and placing the
embryos directly onto an appropriate culture medium (Buteme et al., 2021; Kuang
et al., 2021).

Embryo culture is undertaken in various forms to achieve different objectives.
The seeds of some plant species, for example, orchids, lack nutritious tissues and
are without plumule and radicle. In such irregular type of seeds, the strategy has
been to culture whole seeds with intact undifferentiated embryos. In a similar tech-
nique, intact mature embryo culture and manipulations are carried out to enhance
embryonic growth and to track the metabolic and biochemical interactions involved
in overcoming seed dormancy and inducing germination. Moreover, instead of
directly culturing the intact mature embryo, the embryo could be surgically excised
into various segments and cultured in vitro on suitable media to enable the monitor-
ing of the physiological processes that come to play as well as the growth of the
different parts of the mature embryo (Buteme et al., 2021; Konan et al., 2020). In
addition, the culture of immature embryos is also a common procedure that involves
mainly in vitro culture of globular or heart-shaped embryo development phases in
appropriate nutrient medium to enable the differentiation and progressive
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development of embryos (Buteme et al., 2021. Furthermore, in species such as
lemons or oranges, embryos that result from nuclear tissue are more often defective
and abortive. This challenge is overcome by culturing the embryos under artificial
conditions and manipulated to attain clonal propagation. In such approach,
adventitious embryos are in vitro cultured from polyembryonic seeds.

3.5.2 Embryo-Nurse Endosperm Transplant Method

It is often practically daunting to isolate defective immature or very tiny hybrid
embryos that abort at the initial stages of growth. Besides, the initiation of such very
small hybrid embryos for growth in vitro is quite challenging. Therefore, usually in
handling very tiny or immature hybrid embryos, a specialized technique referred to
as the embryo-nurse endosperm transplant method has often been used to improve
success of the embryo culture (Shukla, 2016). In other instances, the hybrid embryo
may be physiologically normal; however, the ovule may have a defective or imma-
ture endosperm which fails to serve as an important source of nutrition to the hybrid
embryo. The embryo-nurse endosperm transplant technique involves a combination
of a hybrid embryo resulting from a hybridization that is not compatible and a nor-
mal endosperm developed from a cross of related plant species that is compatible
(Widiez et al., 2017). In this process, usually the small or very immature hybrid
embryo is surgically inserted into an endosperm that has been extracted from a nor-
mal ovule of one of the parents crossed to produce the hybrid embryo, or alterna-
tively, the normal endosperm is obtained from a different species (Shukla, 2016).
The endosperm transplant technique is used mainly for rescuing immature embryos.

Basically, a hybrid embryo is excised from an ovule that is enclosed by an
endosperm whose development has failed and degenerating (Fig. 2a). Next, from a
normally developed endosperm, the ovule is dissected, and the normal embryo is
taken out. This procedure creates a normal endosperm with an exit hole. The hybrid
embryo is passed through the exit and placed into the endosperm (Fig. 2b). This
procedure results in embryo-endosperm transplant that is subsequently transferred
together and cultured on an appropriate in vitro medium (Williams et al., 1982).
Typically, the embryo of an interspecific hybridization can be transplanted by insert-
ing into an endosperm arising from an intraspecific hybridization that involves one
of the parental species. Many interspecific and intergeneric plants have been
obtained using the technique of embryo-endosperm transplant. Furthermore, modi-
fications of the nurse endosperm technique, for example, embryo implantation or
embryo transplantation, are employed in many different plant species. Embryo res-
cue via embryo-nurse endosperm transplants could enable about 30% recovery in
wide hybridizations, compared to instances where the technique is not deployed
(Shukla, 2016).
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3.5.3 In Vitro Ovary Culture

Ovary culture entails culturing the entire ovary in a culture medium. In an ovary
culture procedure, ovaries are collected by isolating the ovaries followed by the
removal of any remaining flower parts (Li et al., 2020). Pollinated ovaries are
extracted by the removal of calyx, corolla, and stamens. The ovaries are then disin-
fested by surface sterilization to eliminate contaminants cautiously by avoiding
damage to the ovaries. The ovaries are subsequently inoculated in culture medium
and oriented such that the cut pedicle section is positioned direct contact with the
culture nutrient medium (Ramming et al., 2003). The ovary culture is nurtured by
varying in vitro conditions and monitoring the progress of culture growth toward
eventually producing plants that will bear fully developed fruits with viable seeds.
Typically, ovule culture involves surgically opening disinfected ovary to release the
ovule. Comparatively, there is higher success rate of obtaining hybrid plants from
the culture of ovary or ovule than from embryo culture (Lentini et al., 2020). The
reason may likely be due to nutritional disparities and physical causes such as the
protective influence of maternal or sporophytic tissues on the embryo.

3.5.4 Ovule Culture Technique

Ovule culture is an approach in which the entire ovule containing the ovaries is
excised and placed onto an appropriate culture medium (Li et al., 2020). The advan-
tage of this approach is that the likely damage to the embryo that may arise during
the excision of the embryo is avoided (Lentini et al., 2020). Generally, ovule culture
is either supported on filter paper and vermiculite support systems. In the filter paper
technique, the ovule is cultured using filter papers positioned over liquid medium
(Ramming et al., 2003). On the other hand, the vermiculite support method is car-
ried out by placing in an orientation such that the micropylar section of the ovule is
placed down making contact with a sterile vermiculite support.

3.5.5 Ovary and Ovule Slice or Perforation Procedure

In the ovary slice culture technique, transverse sections of ovaries are cut with a
sterilized scalpel. The basal cut end of the sections is then placed in direct contact
with the culture medium (Shukla, 2016). The ovary-slice culture technique is con-
sidered more efficient, less laborious, and takes less time than ovary culture or ovule
culture. In the ovule perforation method, tiny holes are carefully created in the ovule
using needles without damaging the embryos. The ovule perforation procedure is
usually performed just before the ovule is placed on the culture medium. The tiny
perforations enhance increased water and nutrient permeability and uptake by the
ovule, thus stimulating embryo development (Pinto et al., 1994). It has been
observed that surgically slicing the ovule also boosts embryo growth, probably
because such a procedure enables better culture medium and embryo nutrient
exchange.
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3.6 Applications of the Embryo Rescue Technique
3.6.1 Overcoming Seed Dormancy

Embryo rescue and culture serves as a very important strategic approach for
overcoming seed dormancy (Pramanik et al., 2021). Seeds of several plant types
undergo conventional dormancy where seed germination is inhibited by some
hormones in seeds containing the embryo. In some plant species, the seeds remain
dormant for a very long period without initiating germination. Some seeds may,
however, germinate extremely slowly, or in some cases, the seeds fail completely to
germinate even in normal conditions. A number of factors have been implicated in
diverse plant species to be responsible for inducing seed dormancy. Some of these
seed dormancy-inducing factors include influence of endogenous inhibitors, specific
temperature, humidity, or light requirements during seed storage and state of embryo
maturity (Brits et al., 2015). Seed dormancy-causing factors particularly endogenous
inhibitors of seed germination, for example, certain plant hormones, may be
contained within the seed coat, the endosperm, or present in both locations.

The embryo rescue and culture strategy for bypassing dormancy, therefore,
involves the exclusion of the dormant embryos from the effects of the germination
inhibitors in order for the embryos to sprout and develop rapidly. The embryo res-
cue protocol for inducing germination of dormant embryos is usually formulated to
provide the appropriate culture media composition, growth hormone combinations
and culture temperature, and light or humidity environment to enable embryo ger-
mination and proper growth (Mohapatra & Rout, 2005). Burgos and Ledbetter
(1993) employed embryo rescue and culture successfully in an apricot to obtain
higher proportion of seedlings. Similar result was achieved by Balla and Brozik
(1993) to circumvent seed dormancy in sweet cherry. Efficient protocols have been
established for successful embryo rescue in several plant species.

3.6.2 Shortening of the Breeding Cycle in Plants

In some plant species, the embryo requires sufficient time to reach physiological
maturity in order to break seed dormancy which in some species could be so long as
to cause significant extension in the breeding cycle. Generally, seedlings fail to
develop immediately after fruit ripening. Examples of crops in which the seeds do
not germinate soon after fruit ripening include apples and oil palm. In such fruit
crops, the embryo rescue approach has been used to reduce the breeding period by
circumventing germination seed dormancy. Dormancy-induced delay in germina-
tion has been significantly reduced and shortened the breeding cycle from years to
a few months by extracting the embryos out of the control of dormancy-inducing
factors which are localized in the seed coat and endosperm, or both. Embryo rescue
has been the most effective practical approach to freeing the embryos from
dormancy-inducing factors in various horticultural crops. Removal and in vitro
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nurturing of immature embryos on appropriate culture medium enable germination
in a short time and, therefore, reduce the breeding cycle (Fathi & Jahani, 2012).
Shortening the breeding cycle enables the plant breeder to obtain many more gen-
erations of a crop per year.

Embryo rescue has been a very useful technique for shortening the breeding
cycles in apple by achieving good germination via reduction in the duration of seed
dormancy. The technology of rescuing embryos in culture has also aided a very
effective and efficient increase in the germination rate of mature seeds in ripening
fruits such as sweet cherry by between 30% and 60% (Fathi et al., 2002). Similarly,
Tamaki et al. (2011) succeeded in shortening the duration of the breeding cycle of
Carica papaya varieties by roughly three months, assisted by embryo rescue and
culture breeding techniques.

3.6.3 Overcoming Embryo Abortion

Embryo abortion arises mainly through the malformation of the endosperm of the
seed to properly develop into a physiologically normal nutritive tissue around the
embryo (Berger et al., 2006). Embryo abortion is a major constraint that limits the
effectiveness of conventional plant breeding and improvement in some plant spe-
cies. This challenge to conventional breeding work exists because, more often than
not, interspecific and intergeneric hybridization of diploids versus tetraploids results
in endosperms that usually develop defectively or not at all. In this regard, embryo
abortion is prevented by the application of the embryo rescue and culture approach
to generate whole plants using in vitro culture protocols (Reed, 2005). The embryo
rescue method has been very valuable in conventional breeding and crop improve-
ment, in the effective rescue of young embryos resulting from intraspecific and
intergeneric hybrids that usually yield seeds that are not viable (Table 4).

Generally, post-zygotic barriers such as developmental failure of defective
endosperm are effectively circumvented by extracting the embryos out of the ovule
and nursing them aseptically in culture on appropriate nutrient medium to develop
and grow into whole physiologically normal plants. Yang et al. (2007) rescued
triploid hybrid embryos from intraspecific hybridization in grape varieties using
in vitro culture. Similarly, Guo et al. (2011) also used rescue of hybrid embryos in
obtaining triploid grapes from the hybridization of diploid and tetraploid varieties.
Furthermore, via embryo rescue procedures and manipulations, Zhiwu et al. (2009)
obtained plants from young triploid hybrid embryos developed from intraspecific
hybridization involving diploid and tetraploid crosses in daylily (Hemerocallis). In
seedless mandarin oranges, embryo rescue and culture techniques were used to
achieve the production of triploid plants (Aleza et al., 2012). Peach, cherry, apricot,
and plum commonly yield nonviable seeds, and particularly, the early ripening
varieties have been found to often fail to germinate even when exposed to natural or
favorable conditions. Seed sterility which is usually caused by incomplete embryo
development in the seeds of these crop varieties is often resolved by employing the
technique of embryo rescue and culture to assist in germination and plant
regeneration (Bohra et al., 2016).
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Table 4 Achieved improvement in various plants through distant hybridization
Plants Achieved improvement | Distant hybridization References
Common Disease-resistant Crop wild relatives crosses with Pratap et al.
bean germplasm Phaseolus vulgaris (2021)
Blueberry | Marketable-related traits | Vaccinium elliottiii x commercial Cabezas
size, firmness, acidity, blueberry germplasm et al. (2021)
soluble solids, weight,
and yield
Chickpea Three superior cultivars | Cicer arietinum x Cicer reticulatum Pratap et al.
have been developed (2021)
Brassica Good seed set Brassica oleracea x brassica napus Kaminski
et al. (2020)
Cotton Tolerance resistance to | Gossypium herbaceum x Gossypium Yin et al.
the fungus, Verticillium | nelsonii (2020)
wilt
Mungbean | Resistance to vagaries, | Vigna radiata x Vigna mungo Pratap et al.
and urdbean | biotic and abiotic, (2019)
synchronous podding,
non-shattering pods
Lentil Short-duration Crop wild relatives crosses with Lens Kumar et al.
biofortified pre-bred culinaris (2018)
lines
Chickpea Higher pod numbers and | Cicer reticulatum and Cicer Singh et al.
earliness echinospermum hybridized with (2018)
cultivated varieties
Brassica Black rot resistance Brassica carinata x brassica oleracea | Sharma
etal. (2017)
Rice Improved yield Crosses involving six “AA” rice genome | Bhatia et al.
component traits species: Oryza glaberrima, Oryza (2017)
barthii, Oryza nivara, Oryza rufipogon,
Oryza longistaminata, and Oryza
glumaepatula
Rice Saline-tolerant Spartina | Rice® x Spartina 3 Chen et al.
rice crop (2016)
Wheat Enhanced the aluminum | Triticum aestivum x Triticum turgidum | Han et al.
tolerance pentaploid spp. durum (2016)
hybrids
Brassica High yield and short Brassica oleracea x brassica rapa Karim et al.
duration (2014)
Cowpea Photo- and thermo- Vigna umbellata x Vigna glabrescens Pratap et al.
period insensitive (2014)
Pigeon pea | Different cytoplasmic Crop wild relatives crosses with Cajanus | Saxena et al.
male sterility genes cajan (2010)
transferred
Pepper Anthracnose resistance | Capsicum baccatum x capsicum Yoon et al.

annuum

(2006)
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3.6.4 Development of Plants in Seedless Varieties

In many seedless varieties, for example, grapes, the embryo ceases to develop
postfertilization leading to failure of physiologically normal seed formation, a
phenomenon known as stenospermocarpy (Picarella & Mazzucato, 2019). The
constraints associated with stenospermocarpy render conventional breeding
methods inefficient in the improvement of seedless varieties (Costantini et al., 2021;
Picarella & Mazzucato, 2019). The technique of in ovulo embryo rescue was,
therefore, developed and widely applied to rescue naturally immature, weak, or
defective aborting embryos, with the ultimate aim of producing progeny from the
hybridization of seedless parents. Typically, in ovulo embryo rescue is carried out
by aseptically isolating the defective embryos surgically from ovules and
manipulating the in vitro culture media and conditions until eventually plantlets are
formed. However, in some cases, it has been practically very difficult to isolate the
embryos out of the ovules. In such instances, the whole ovule containing the embryo
is cultured (Sharma et al., 1996).

Seedless varieties in some crops are developed mainly via parthenocarpy and
stenospermocarpy (Costantini et al., 2021; Picarella & Mazzucato, 2019; Pratt,
1971). In grapes, the large berried seedless ones are developed more often by
manipulating stenospermocarpy and less from parthenocarpy (Costantini et al.,
2021; Picarella & Mazzucato, 2019; Stout, 1936). Cain et al. (1983) were the first to
employ embryo rescue in seedless grapes development. Later, the efficiency of the
method was optimized for application in other crops (Kumari et al., 2018; Singh
et al., 2011). It is now quite routine to grow rescued embryos into whole plants.
Improvement in seedless lime has also been achieved with embryo rescue and cul-
ture techniques (Prasad et al., 1996). Embryo rescue has also enabled the generation
of plants from triploid embryos obtained from diploids crossed with tetraploids of
the same plant species.

3.6.5 1In Vitro Vegetative Propagation of Plants

Embryo culture has also proven very valuable in vegetative propagation of plants.
The embryos of some plant genera exhibit both juvenile and mature physiological
characteristics. The embryos of such genera are usually used as initiation explants
for vegetative propagation (Naing et al., 2019). The juvenile state of these embryos
is more practically exploited because the embryos in this state are most responsive
to manipulations for efficient vegetative propagation (Debnath & Arigundam,
2020). For instance, in the Poaceae, compared to mature callus tissue, juvenile cal-
lus gives rise to organogenesis easier. A similar observation was made in the propa-
gation of conifers using immature calli produced via young embryos (Bornman,
2002). In this example also, comparatively, axillary shoot generation was found to
be easier with juvenile calli. The major challenge associated with this approach,
however, is that the resulting clones are more often not derived out of zygotic
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materials. Nonetheless, in cases where embryos form from nucellar tissue, as
observed in citrus, zygotic embryos could serve as the basis for generated clones
(Koltunow et al., 1996).

3.6.6 Germplasm Conservation: Preservation of Embryos and Regrowth

Somatic embryos are a very convenient form of tissues for medium- and long-term
in vitro conservation, preservation, and micropropagation (Danso & Elegba, 2017,
Danso & Ford-Lloyd, 2002). Generally, in vitro conservation of embryos is achieved
by inducing growth reduction in the tissues in order for the embryo to enter and stay
in a dormant state for a period. Growth reduction for medium-term conservation is
carried out via manipulating the growth temperature, humidity, and in vitro culture
medium conditions (Cruz-Cruz et al., 2013). However, in long-term embryo preser-
vation and conservation, reduction in the rate of embryo growth is achieved at very
low temperature by storing the embryos in liquid nitrogen at —196 °C, a technique
termed cryopreservation (Danso & Ford-Lloyd, 2002; Jaisankar et al., 2018). The
successive actions of the process of cryopreservation of embryos are carried out
under precise conditions which are usually determined for each type of material to
be preserved and conserved. For the practical use of preserved embryos, after the
required medium- or long-term period of storage, the preserved embryos are
regrown into whole plants (Shukla, 2016).

In direct regrowth of the stored embryos in a nursery or through direct planting,
the culture medium is manipulated essentially to bypass any secondary callogenesis
or embryogenesis or both. The ability of the preserved embryos to grow into physi-
ologically normal plants is dependent on the embryo size and the maturity of the
mother plants that donated the preserved embryos (Tessereau et al., 1994). Protocols
and procedures of cryopreservation have been established for many crops of food,
medicinal, and industrial value (Cruz-Cruz et al., 2013; Reed, 2011). One of the
pioneering extensive uses of cryopreservation involved the conservation of somatic
embryos of oil palm (Palanyandy et al., 2020). In coconuts, it is very cumbersome
to transport whole nuts due to the weight and requirement for huge cargo space on
flights or ships. It is, therefore, mandatory to internationally exchange germplasm of
coconut in the form of embryo cultures or embryos containing endosperm plugs
(Lédo et al., 2017). Besides, embryos serve as disease free and safest materials for
cryogenic storage and preservation. Development of seedlings from in vitro embryo
culture prevents pests and diseases introduction and spread (Tegen, 2016). It has
been possible to directly regrow frozen-thawed embryos into carrot and coffee
plantlets. Large-sized cryopreserved embryos of some plants usually do not survive
cryopreservation; however, Tessereau et al. (1994) found that large carrot embryos
could survive cryopreservation. Utami et al. (2017) reported an efficient embryo
rescue or culture procedure for obtaining plantlets in the medicinal orchid
(Dendrobium lasianthera) using mature seed culture.
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3.6.7 Homozygous Monoploid Production

Embryo culture is a useful tool for creating haploids via chromosome elimination
after wide hybridization has been carried out. Usually, in some instances, fertiliza-
tion takes place, but the chromosomes of the pollen-donating parent are later in the
process, removed by the seed parent (Dresselhaus et al., 2016). Such cases give rise
largely to nonviable haploid embryos. Viable haploid embryos and haploid plants
production are, therefore, achieved through the in vitro rescue of haploid maternal
embryos that have the paternal chromosomes removed (Segui-Simarro et al., 2021).
Subsequently, the maternal chromosomes are doubled using colchicine treatment of
the rescued embryos to create homozygous monoploid embryos which eventually
develop into monoploid plants (Chase, 1969; Mehetre & Thombre, 1980).
Monoploid embryo induction and plant regeneration serve as a very useful tool in
plant breeding. Monoploids are more often than not obtained through the manipula-
tion of mainly embryo and anther cultures (Chaikam et al., 2019). Monoploids are
considered to present valuable advantages and serve as one of the best materials for
breeding-related studies and crop improvement (Hooghvorst et al., 2020).

4 Conclusion

The embryo rescue technology presents a huge potential for the generation of
interspecific and intergeneric hybrids with desired traits. Various salient aspects of
embryo rescue technique in plant breeding and improvement through wide hybrid-
izations have been elucidated. In addition, some of the current successful achieve-
ments in the improvement of agronomic traits using embryo rescue or culture
emphasize the usefulness of the technique. This informative review will serve as a
valuable resource that will enable a better understanding and more effective use of
the embryo rescue technology to quicken the development of superior-performing
plants and boost the sustenance of food and nutritional security.
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