
Plant Hybridization as an Alternative Technique in Plant Breeding Improvement  1 

ABSTRACT 2 

For ages, plant breeders have relied on the genetic variability that results from sexually crossing 3 
plants within the same species. However, the variability that exists within species populations is 4 
inadequate, hence the need to exploit desirable traits of interest in distantly related or even 5 
unrelated plants through hybridization techniques. Hybridization can be categorized into two; 6 

sexual and somatic. Sexual hybridization, also referred to as wide or distant hybridization involves 7 
combining two genomes from different parental taxa through pollination, either naturally or by 8 
induction. Somatic hybridization involves the fusion of somatic cells instead of gametes, which 9 
highly depends on the ability to obtain viable protoplasts and eventually differentiate them to 10 

whole plants in vitro. The impacts of hybrids can either be positive or negative. Among the positive 11 
attributes of hybrids that has been exploited is heterosis, which results either from dominance, 12 
over-dominance or epistasis. Negative ones include sterility, arrested growth of the pollen tube 13 

and embryo abortion. To overcome these problems, chromosome doubling, the use of hormones 14 

such as 2, 4-Dichlorophenoxyacetic acid (2, 4-D) and embryo rescue have been employed to 15 
overcome sterility, arrested growth of pollen tubes and embryo abortion respectively. After the 16 
development of hybrids, different hybrid identification techniques have been used to test them 17 
such as the use of molecular and morphological markers, cytogenetic analysis and fluorescent in 18 
situ hybridization. The use of hybridization techniques in plant improvement remains a vital tool 19 
to cross species barriers and utilization of important attributes in unrelated crop plants which could 20 

not have been achieved through conventional techniques of plant breeding.  21 
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INTRODUCTION 23 
Genetic variability within the species has been efficiently utilized by breeders in their efforts to 24 

improve crops [1]. However, the existing variability in any given plant breeding population is not 25 
sufficient for modern plant breeding purposes, and hence the need to broaden the existing gene 26 
pool of crops [2,3]. Introduction of new traits in plants largely relied on sexual crosses between 27 

different genotypes within or between closely related species [1]. However, due to the presence of 28 
various reproductive barriers, gene transfer has been restricted to sexually-compatible species, thus 29 

limiting the possibilities of modifying and improving crop plants [4]. Many desirable and 30 
agronomically-interesting traits may only be found in distantly related species or even in unrelated 31 

plants [5]. Since they constitute a genetic resource potential, an array of techniques identifies and 32 
isolates these genes and transfer them into crops [2,5]. Therefore, in cases in which genetic 33 
variation is limited, then the most feasible approaches involve the application of transgenic and 34 
hybridization approaches to exploit the desirable traits genes from different species [6,7]. 35 
Hybridization between distant plant genera is a driver of genome evolution and new species 36 

formation. Distant hybridization generates novel germplasm by causing genetic recombination [8]. 37 
Where interesting genes have been identified and isolated, they have been transferred by 38 
transformation, however in cases where genes coding for certain traits have not been identified, 39 
wide hybridization has been the technique of preference. 40 

Hybridization is the natural or artificial process of producing hybrids through crossing two 41 

individuals from different populations that are genetically different [9]. This process does not 42 
change the genetic contents of organisms but rather produces new combinations of genes which 43 



could have certain desirable characteristics or phenotypes. This technique also circumvents 44 
problems such as sexual incompatibility, polyembryony, and male or female sterility encountered 45 

in conventional sexual crossing [10]. In crop improvement, hybridization is done for one of the 46 
following reasons. Firstly, to create a variable plant population for selecting hybrids within these 47 
populations with certain desirable combination of characteristics. Secondly, to combine certain 48 
desirable characteristics in certain crops into a single individual or thirdly, to exploit and utilize 49 
hybrid varieties. Whatever the intension of the breeder, the overall aim of hybridization is always 50 

to create genetic variation when two genetically different plants are brought together in the first 51 
filial generation. 52 

There are two main categories of hybridization techniques; sexual and somatic. Sexual 53 

hybridization, commonly known as wide or distant hybridization, hybrid combinations are 54 
produced within specific taxonomic distances. Sexual hybridization techniques have been used 55 

over time to produce better as well as new crops such as triticale, which is a crop species produced 56 
from the sexual cross between wheat (Triticum vulgar) and rye (Secale cereale) in 1875 [11]. 57 
However wide/distant hybridizations of individuals in different species and even genera have been 58 

achieved. When two species in the same genera are crossed, this is referred to as inter-specific 59 
hybridization, while crossing of two individuals in different genera is referred to as inter-generic 60 
hybridization. These kinds of crossing are important because they break species barriers for 61 

transfer of genes and therefore, make it possible to transfer genomes of one species to another 62 
which results in phenotypic or genotypic changes in the progeny [12]. 63 

Somatic hybridization on the other hand results when somatic cells are fused instead of gametes. 64 

This technique unlike sexual hybridization is done in vitro and requires specific handling of the 65 
materials to be fused [6]. Precisely, somatic hybridization is done via protoplast fusion and it has 66 
become an important tool for ploidy manipulation in plant improvement schemes, allowing 67 

researchers to combine somatic cells from different cultivars, species, or genera, resulting in novel 68 
allotetraploid and autotetraploid genetic combinations [13].  After the successful establishment of 69 

plant protoplast isolation and fusion techniques, this hybridization strategy was realized, first by 70 
fusing the protoplasts of Nicotiana tabacum and Nicotiana glauca [14]. In the gramineae family, 71 
the first ever somatic hybrid plantlet was a protoplast fusion of rice (Oryza sativa L.) and barnyard 72 

grass (Echinochloa oryzicola), which was done in 1987 [15]. 73 

This technique can facilitate conventional breeding, transfer of genes such as disease resistance 74 

genes, rapid growth rate genes, more product formation rate genes, drought resistance genes and 75 
heat or cold resistance genes, from one species to another, and cultivar development by bypassing 76 

some problems associated with conventional sexual hybridization including sexual 77 
incompatibility, nucellar embryogenesis, and male or female sterility [13,16]. 78 

This write-up provides an overview regarding the utilization of sexual and somatic hybridization 79 

as a method of transferring alien genes to crop species. The potential of somatic hybridization for 80 
restoring ploidy level in polyploid species after breeding at reduced ploidy level, as well as the 81 
challenge of resynthesizing allopolyploid species, will also be discussed. Focus on documented 82 
work in crops belonging to Gramineae family, methodologies used and the fate of the transferred 83 
alien DNA in the specific hybrids and their progeny will be highlighted. 84 

 85 
I. Somatic hybridization 86 



Plant protoplasts can be prepared by treatment of plant cells with specific lytic enzymes which 87 
remove the cell wall [16]. Protoplast fusion is a physical process during which two or more 88 

protoplasts come into contact with each other in the presence of fusion-inducing agents like 89 
polyethylene glycol (PEG) [16,17]. This is an inexpensive and rapid mechanism whereby two 90 
genetically different protoplasts, isolated from somatic cells, are fused to obtain parasexual hybrid 91 
protoplasts containing heteroplasmic cytoplasm and two fused parent nuclei [16]. Protoplasts of a 92 
variety of plants can be fused using PEG, and the hybrid products will regenerate cell walls and 93 

divide [16,18].  94 

Classification of somatic hybrids 95 

Somatic hybrids can be classified into three types: symmetric somatic hybrids, asymmetric somatic 96 

hybrids, and cytoplasmic hybrids (cybrids) based on how they are developed [19].  Symmetric 97 
somatic hybridization refers to the combination of nuclear and cytoplasmic genetic information of 98 

both parents [20]. Asymmetric somatic hybridization is incomplete, with the loss of some 99 
cytoplasmic or nuclear DNA, and this type of hybridization has been used to introduce fragments 100 
of the nuclear genome from one parent (donor) into the intact genome of another one (recipient) 101 

[21]. Cybrids harbor only one parental nuclear genome and either the cytoplasmic genome of the 102 
other (non-nuclear) parent or a combination of both parents [22]. Both symmetric and asymmetric 103 
fusion experiments can generate these three types of somatic hybrids [23]. With the development 104 

of somatic hybridization technology, many new avenues have been adopted to create somatic 105 
hybrids. The evolution of such techniques is continuing, as [24] recently obtained asymmetric 106 

hybrids in sunflower via microprotoplast fusion with partial chromosome transfer from the 107 
micronuclear parent. 108 

Methods to produce cybrids 109 
Symmetric hybrids often have no economic value because of the associated increase in ploidy 110 

level, and the combining of all nuclear encoded traits of both parents. Cybridization is a more 111 
attractive alternative for crop improvement because one or more traits can be added while 112 

maintaining cultivar integrity (just as with genetic transformation). Three methods are routinely 113 
used to create cybrids. 114 

1. Asymmetric fusion treatment 115 
Cybrids can be obtained by asymmetric fusion between irradiated donor protoplasts whose nuclei 116 
have been destroyed, and recipient protoplasts whose organelle genomes usually have been 117 

metabolically inhibited by iodoacetate (IOA). As a result, the heterokaryons combine vital 118 
cytoplasm from the donor parent with the intact nucleus from the recipient parent, resulting in the 119 

creation of asymmetric hybrids or cybrids [25]. In addition to donor-recipient asymmetric 120 
hybridization, IOA treatment of one parent (or irradiation of one parent) and keeping the other 121 
parent intact can also be applied to create cybrids. Some previous researchers [26] once obtained 122 
cybrids via protoplast fusion between mesophyll protoplasts of a chlorophyll deficiency mutant 123 
Lycopersicon peruvianum var. dentatum and gamma-irradiated mesophyll protoplasts of L. 124 

esculentum. 125 

2. Cytoplast isolation and fusion 126 
Cytoplast-protoplast fusion was introduced first between protoplasts of Nicotiana tabacum and 127 

Nicotiana plumbaginifolia  [27]. Presently, two procedures for eliminating the nuclear DNA are 128 

used, one is by cytochalasin B treatment [28], and the other is by a discontinuous percoll/mannitol 129 

gradient ultracentrifugation [29]. This method can also realize transfer of organelle-encoded traits 130 



to obtain cybrids [30]. For example, [31] used this method to isolate cytoplasts. Because many 131 
nucleated protoplasts were present, the cytoplast/protoplast fraction was then subjected to gamma-132 

irradiation, and finally they successfully transferred a desirable male-sterile cytoplasm into 133 
cabbage. 134 

3. Cybrids produced by symmetric fusion 135 

Besides asymmetric fusion and cytoplast-protoplast fusion, intraspecific, interspecific or 136 
intergeneric symmetric hybridization can spontaneously produce cybrids in higher plants. This is 137 
a common phenomenon in some species, especially tobacco and citrus. In interspecific symmetric 138 
somatic hybridization in tobacco (Nicotiana tabacum and N. suaveolens), cybrids with carpelloid 139 

stamens were obtained [32]. Citrus cybrids can sometimes be produced as a byproduct from the 140 

application of standard symmetric somatic hybridization procedures. To date, more than 40 of 250 141 
parental combinations produced cybrids via symmetric fusion [19]. 142 

Somatic fusion methods 143 
The two primary somatic fusion methods are polyethylene glycol (PEG) induced fusion and 144 
electrofusion [33,34]. PEG induced fusion is advantageous in that it does not require special 145 

equipment, low cost, and high frequency of heterokaryon formation. Electrofusion relies on two 146 
different electrical pulses. Protoplasts are brought into intimate contact during the first pulse called 147 
di-electrophoresis; and the second pulse is a very short burst of intense direct current, which results 148 

in membrane fusion. Electrofusion has the advantages of convenience, no cell toxicity, and high 149 
frequency heterokaryon formation. 150 

Selection schemes for somatic hybridization 151 
For successful somatic hybrid regeneration, it is necessary to select the hybrid products from 152 

among the unfused and homo-fused protoplasts. An efficient selection system avoids the tedious 153 
identification of somatic hybrids among large numbers of regenerated calli or plants. Several 154 

schemes have been developed for somatic hybrid selection. These schemes include selective 155 
media; metabolic inhibitors [35], complementation systems such as chlorophyll deficiency 156 
complementation [36], auxotroph complementation, resistance markers  and double mutants [37]; 157 

individual selection and culture, and application of the green fluorescent protein (GFP) marker 158 
gene. 159 

The GFP gene has been a newly exploited marker to select somatic hybrids. It originates from the 160 

aquatic jellyfish Aequorea victora and emits stable and distinctive green fluorescence when 161 
expressed by living cells, without any cofactors or substrates but oxygen [38]. For this reason, 162 

transgenic plants expressing the GFP gene have been recently used as a parent in somatic 163 
hybridization. The potential of GFP as a somatic hybridization marker was first documented by 164 
using a transgenic citrange plant expressing GFP as a parent in a somatic fusion experiment [39]. 165 
GFP was shown to be useful for the continuous monitoring of the fusion process, identification of 166 
hybrid colonies, and selection of somatic hybrid embryos or plants. Guo & Grosser [40] further 167 

used the GFP marker in citrus somatic fusion and provided direct evidence of somatic hybrid vigor. 168 

II. Sexual hybridization 169 
Sexual hybridization is an important tool to plant breeders which enables the transfer of desirable 170 
traits from one species to another [41]. The steps of sexual hybridization involve a series of events 171 

which include germination of the pollen, pollinating the maternal taxa with pollen from the 172 



paternal taxa, growth of the pollen tube, fertilization, embryo and endosperm development and 173 
seed maturation [42]. 174 

Types of sexual hybridization 175 
There are two main types of sexual hybridization which include intergeneric and interspecific 176 

hybridization. Interspecific hybridization involves the cross-fertilization between two species 177 
while intergeneric hybridization is the cross-fertilization between two genera that produces an 178 
offspring with phenotypic and genotypic traits of both parents promoting genetic diversity and 179 
evolution [43]. The major advantages of hybridization include the disease resistance, wider 180 
adaptation, increased fitness, higher yield and development of new improved crop varieties [44].  181 

Impacts of sexual hybridization 182 

Heterosis 183 
Heterosis is a hybrid phenomenon which involves phenotypic superiority than their parents in 184 
terms of biotic and abiotic resistance, increased yield and growth rate [45].  Heterosis increases as 185 

the genetic variation of the crossing parental taxa increases [46]. In further hybridization 186 

generations, further disruptions of the parental linkages will result in decreased fitness or increased 187 
fitness than the parental taxa as extreme phenotypes such as superior fitness is selected [47]. Three 188 
models, dominance, overdominance and epistasis concepts have been proposed to demonstrate 189 
how heterosis occurs in hybrids [45]. Precisely, dominance concept involves the presence of 190 
recessive deleterious alleles in different loci of one parent masked by the beneficial alleles from 191 
the other crossing parental taxa in the F1 hybrid. Overdominance concept explains that at the loci 192 

controlling the heterosis, the presence of the heterozygote genotype that is superior to both the 193 

homozygous genotypes of the two crossing parents [9]. Epistasis involves the favorable interaction 194 
of gene combinations within the hybrids resulting in hybrid superiority [45].  Other studies explain 195 
that the exhibition of heterosis occurs as a result of multiple genetic occurrences due to 196 

simultaneous effects of dominance, overdominance, epigenetics and epistasis [9]. However, 197 
research has shown that heterosis in some cases can be as a result of a single over-dominant gene 198 

[45]. Additionally, small interfering RNA and micro-RNAs have been linked to heterosis by F1 199 
hybrids showing an increased expression levels outside the parental taxa range [9]. For example, 200 
the intersubspecific hybridization between Oryza sativa japonica and Oryza sativa indica resulted 201 

in F1 hybrids exhibiting heterosis for spikelet fertility and harvest index [48]. Additionally, wheat 202 

and rye hybrids have showed heterotic effect on the yield due to increased spike density and 203 
biomass [49]. Additionally, Zea mays and Tripsacum dactyloides F1 hybrids exhibited increased 204 

salinity tolerance than both their parents [50,51].  205 

Sterility and inviability 206 
Sterility and inviability are the main post-zygotic fertilization barriers to hybridization [52]. They 207 
limit gene flow resulting to fewer evolutionary consequences. However, when hybridization 208 
results to gene flow within different species, then evolutionary consequences manifest [44]. The 209 
main purpose of hybrid sterility is reproduction isolation to inhibit gene flow in order to maintain 210 

species identity [53]. Hybrid sterility is manifested by low grain yield, failure to form grain or 211 
pollen inviability [54]. Inviability is exhibited by formation of inviable seeds or weak and unfit 212 
germinated hybrids that are too frail to grow to maturity and survive [55].  213 

Decreased fertility is as a result of reduced gamete formation and chromosomal rearrangements 214 

within the hybrids [56]. Hybrid sterility increases as the divergence between the crossing parental 215 

taxa increases [57]. Precisely, decreased fertility is more pronounced when divergence between 216 



crossing parental taxa is more than 4 million years [58]. This is because of the accumulation of 217 
inter-locus incompatibilities between the diverging populations [59]. 218 

Hybrid sterility and inviability is well explained by the Dobzhansky–Muller model which states 219 
that a genetic change due to divergence in loci in a population and a genetic change in the same 220 

loci in the second crossing population results to incompatibilities when the two genomes are 221 
hybridized resulting to post-zygotic incompatibilities and therefore, infertility and inviability is 222 
exhibited [60]. A cross between Sorghum bicolor and Saccharum officinarum resulted in a 53 % 223 
fertility while previous crosses showed a fertility rate of 0.13 % [61]. A cross between Avena sativa 224 
and Zea mays formed hybrids that exhibited partial fertility [62]. Inviability was evidently 225 

exhibited between Zea mays and Trypsacum dactyloides hybrids whereby 80 % of the F1 hybrid 226 

seeds could not germinate. Furthermore, another study of the same cross showed the hybrids had 227 
pollen fertility ranging from 0 % to 50 % [63]. In certain crosses, hybridization can result to 228 

absolute inviability. For example, Triticum durum and Aegilops umbellulata hybrid seeds were 229 
unable to germinate [64]. 230 

To overcome the phenomenon of sterility in hybrids, chromosome doubling can be employed by 231 
application of colchicine, Amiprophos-methyl or  pronamid treatment [65] . Since the principle 232 
behind most infertility in plant hybrids is that chromosomes lack a pairing partner during meiosis, 233 
doubling of the parental sets of chromosomes ensures that pairing can take place within each set, 234 
allowing meiosis to proceed hence production of fertile gametes. The chromosome doubling 235 
technique results in amphidiploids as observed on Syringa vulgaris × S. pinnatifolia hybrids [66].  236 

Hybrid breakdown 237 
Hybrid breakdown acts as a reproduction isolation at the second filial generation of the hybrids 238 
[67]. This phenomenon is manifested by the development of sterility and inviability in the F2 239 

hybrids while their parental filial generation is fertile and viable [68]. This occurs due to the 240 
disrupted interaction of different loci during gene segregation creating incompatibility between the 241 

interacting genes after the first filial generation [69]. Previous studies in the F2 hybrids of Indica 242 
sp. and Japonica sp.  cross  revealed an occurrence of  hybrid breakdown  due to  complimentary 243 
of recessive  sterility  genes between the two species genomes in the hybrid [70]. 244 

Arrested pollen tube growth 245 
Arrested pollen tube growth is a pre-zygotic reproduction isolation mechanism that restrict gene 246 

flow between different species by inhibiting the formation of zygote [71]. Pre-zygotic barriers are 247 
often very strong in plants and contributed more total reproductive isolation than post-pollination 248 
barriers [72]. 249 

Delayed and arrested growth of pollen tube within the stigma of the crossing maternal taxa inhibits 250 
successful fertilization of the ovules. This is evident in a cross between Zea mays and Sorghum 251 
bicolor whereby the sorghum pollen tube growth was arrested and could not grow past the 252 

micropyle to fertilize the ovule [73]. However, this barrier can be overcome by the 253 
supplementation of auxin hormone to the pollinated parental taxa. For example, successful 254 
hybridization between Triticum estivum and Zea mays was achieved by spraying of the pollinated 255 
silk with 2, 4-D that increased successful fertilization from 18.7 % to 69. 3% by increasing the 256 
number of pollen tubes growing down the pistil [74]. Additionally, crosses between Triticum 257 

aestivum and Leymus arenarius were supplemented with 2, 4-D to promote fertilization between 258 
the two taxa [75]. A commonly used technique to overcome this impediment is the somatic 259 



hybridization that involves fusion of protoplast. For example, pollen tube arrest in a cross between 260 
Cucumis  sativus and Cucumis melo was overcome  by protoplast fusion but successful 261 

hybridization is limited [76] .  262 

Embryo abortion 263 

In some crosses, a hybrid embryo can be formed but the maternal plants perceive it as foreign and 264 
aborts it in a degeneration process characterized by shrivelling of the embryo [77]. Embryo 265 
abortion occurs due to failed development during the early stages of cell differentiation of the 266 
hybrid zygote [78]. Furthermore, embryo abortion is positively related to the asymmetry of the 267 
pollen donor and recipient parents [79]. Nevertheless, formed hybrid embryo can be salvaged 268 

through a tissue culture technique called embryo rescue [80,81]. Embryo rescue overcomes this 269 

barrier by culturing the immature embryo prior to abortion by the maternal plant [82]. This 270 
technique was successfully implemented in an interspecific hybridization  within  the  271 

Leucadendron  genus [10].  In another study, an interspecific cross between wild and  cultivated  272 
Vigna unguiculata was achieved by embryo rescue to overcome embryo abortion [83].  273 
Furthermore, embryo rescue is used to overcome reproduction barrier  in  intergeneric  274 

hybridization  between chrysanthemum and Ajania przewalskii [84]. 275 

 Selection schemes for sexual hybrids 276 
There are various techniques of determining hybridity which include use of morphological 277 
markers, molecular markers, cytogenetic analysis and fluorescent in situ hybridization. 278 
Determination of the hybridity is important because sometimes the hybrid embryo may lose 279 

chromosomes of one parent in early development [76]. Phenotype of the hybrids is determined by 280 

observing specific morphological markers such as grain quality, leaf size and shapes, plant height, 281 
yield and duration [85]. However, these markers are quiet limited for hybrid recognition [86]. 282 

Molecular markers involve amplification of specific amplified fragment length polymorphism 283 
(AFLP)[87], rapid amplification of polymorphic DNA (RAPD) [88] and single sequence repeat 284 

polymorphism (SSR) [89] markers related to fertility restoration and specific ribosomal DNA 285 
sequences. Molecular markers are the most reliable for identification of hybrids due to their 286 
unlimited number in the genome in comparison to chemical profiling which is time-consuming 287 

and limited in predicting hybrid ancestry [86]. 288 

 In most studies, hybridity test involves the use of various tests to determine true hybrids. A study 289 
involving Sorghum bicolor and Sorghum macrospermum hybrids involved determination of true 290 

hybrids by evaluation of the pubescence of leaves of the hybrids, a characteristic of Sorghum 291 
macrospermum, determination of chromosomes number, fluorescent in situ hybridization targeting 292 
CEN38 marker present in Sorghum bicolor while absent in Sorghum macrospermum, and specific 293 
amplification of the AFLP markers specific to each parent [80]. 294 

Screening for secondary metabolites is a reliable technique for hybridity test as hybrids express 295 
secondary metabolites quantitatively and qualitatively different from their parents [86,90]. 296 

Precisely, hybrids may express novel secondary metabolites, some of the parental taxa secondary 297 
metabolites in different quantities and qualities than their parents’ secondary metabolites or 298 
completely fail to express some of the parents’ secondary metabolites [91]. Therefore, hybrid 299 
secondary metabolites normally have complex patterns of inheritance in hybrids. The commonly 300 

evaluated secondary metabolites are the phenolic, terpenoid, alkaloid, isothiozyanates and 301 



flavonoid compounds and the commonly studied secondary metabolite is the flavonoid compound 302 
due to its high variability and stability [86].  303 

CONCLUSION 304 
Over the years, wide hybridization has provided a platform for non-transgenic approaches in crop 305 

improvement programmes. Despite the great potential it provides, it is still limited by the various 306 
disadvantages of certain hybrid disgenesis like sterility, segregation and distortions in sex ratios, 307 
high frequency mutations, changes in the structure of chromosomes, non-disjunctions and 308 
rearrangements in chromosomes as well as variegations in leaves and stems. There is need for 309 
future improvements in the wide hybridization techniques as a potential alternative to transgenic 310 

crop improvement strategies. 311 
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