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Abstract

:

Fast neutron (FN) radiation mediated mutagenesis is a unique approach among the several induced mutagenesis methods being used in plant science in terms of impacted mutations. The FN mutagenesis usually creates deletions from few bases to several million bases (Mb). A library of random deletion generated using FN mutagenesis lines can provide indispensable resources for the reverse genetic approaches. In this review, information from several efforts made using FN mutagenesis has been compiled to understand the type of induced mutations, frequency, and genetic stability. Concerns regarding the utilization of FN mutagenesis technique for a plant with different level of ploidy and genome complexity are discussed. We have highlighted the utility of next-generation sequencing techniques that can be efficiently utilized for the characterization of mutant lines as well as for the mapping of causal mutations. Pros and cons of mapping by mutation (MutMap), mutant chromosome sequencing (MutChromSeq), exon capture, whole genome sequencing, MutRen-Seq, and different tilling approaches that can be used for the detection of FN-induced mutation has also been discussed. Genomic resources developed using the FN mutagenesis have been catalogued wooing to meaningful utilization of the available resources. The information provided here will be helpful for the efficient exploration for the crop improvement programs and for better understanding of genetic regulations.
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1. Introduction


Induced mutagenesis is an indispensable tool for the creation of new alleles which can be explored for crop improvement. Mutagenesis is a potent method for bordering genetic variability in different species. It has great importance, particularly where natural sources for the genetic variations are limited. Domestication process that has enhanced the yield potential of crop plant by many folds has also greatly affected the genetic diversity. Such limited genetic diversity in the cultivated species usually create a bottleneck for crop improvement. In this regard, mutagenesis approaches look promising. Mutations can occur in two ways: spontaneous mutagenesis and induced mutagenesis (chemical mutagenesis, UV Radiation mutagenesis, and ionizing radiation) [1]. In the late 19th century, Hugo de Vries identified mutations as a means of generating variability while researching on Mendel’s laws of inheritance [2]. Mutations, the heritable changes in the genome are the driving force for the evolution of any organism [3]. By means of inducing mutation using different mutagenesis approaches, evolution can be accelerated or directed to achieve the desired change in an organism. Induced mutagenesis has been widely used for the genetic improvement of all the organisms having human interest including microbes, animals, and plants. In plant breeding programs, physical and chemical mutagens are successfully applied for the development of new varieties with enhanced traits [4].



Mutagenesis is also a promising tool to study a biological system. In plant biology research, different mutagenesis approaches have been used to identify novel genes and their functional regulations. The most commonly used mutagenesis approaches include chemicals, ionizing radiation, and T-DNA insertion [5]. Insertional mutagenesis is a method that disrupts the DNA sequence, allows the rapid identification and isolation of the gene. It can be mutated through T-DNA insertion or transposons while each having their pros and cons [6]. Chemical and ionizing radiation mutagenesis, are although random approaches, but are relatively more straightforward and manageable [7]. Ethyl methane sulfonate (EMS) is the most commonly used alkylating agent, for creating a mutagenized population [5]. The chemical mutagenesis approaches are the most affordable options but impose great risk to the researcher as well as the environmental health. In contrast, ionizing radiation mutagenesis needs expensive instruments and specialized laboratory setup. Moreover, the mutations caused by the chemical mutagens are genetically less stable; there are chances that the mutations revert to the original wild-type form. Recently, zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENS), and clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated9 (Cas9) endonuclease were popularly used to target the gene of interest to increase the productivity in crop plants [8].



Each mutagenic approach generates a specific type of mutation. For instance, RNA induced gene silencing usually creates the gene expression knockdown, resulting in the gene function silencing [9,10]. Similarly, the T-DNA or transposon insertion disturbs the codon reading frame resulting in a deformed protein or transcript [11]. Whereas, the EMS treatment to seeds creates a high frequency of point mutation in DNA [4,9]. Advantages and disadvantages of different mutagenic approach are mentioned in Table 1.



The ionizing radiation (IR) of both nonparticulate (e.g., gamma and X-rays) and particulate (neutron, heavy ions) impacts relatively varying size of deletions ranging from few bases to few million bases (Mb) [12]. The type of DNA damage caused by various ionizing radiation depends upon the relative biological effectiveness (RBE) of the radiation, which in terms is the function of its linear energy transfer (LET) [13]. Gamma rays are the most commonly used ionizing radiation source in mutation breeding program. However, with development of high-energy cyclotrons and research reactors particulate IR like, heavy ion and neutrons (fast and thermal) with many fold high LET compared to gamma rays have become available for use in mutagenizing experiments for mutation breeding. Gamma rays being low in LET radiation, there is increasing trend toward use of high LET particulate radiation source for mutation induction; moreover, the large deletions created with gamma rays reported are usually not inherited stably [14].



Fast neutron mutagenesis is relatively a less explored approach, usually creates large deletion (sometimes >1 Mb), and also results in the chromosome rearrangement in the genome [15]. Fast neutron mutagenesis uses fast neutron irradiation or neutron bombardment to generate a mutagenized population. Fast neutrons have been reported to cause higher number of non-repairable double lesions and also the repair of DNA lesion is highly delayed compared to gamma or X-rays [18]. In addition, when compared to gamma rays, fast neutron has higher frequency of double strand break (dsb), and hence higher RBE. Fast neutron has been found to be a very efficient mutagen in plants, and it is easy to generate the FN-treated lines, and rapid assembly of deletion library aids to find deletion mutant [19]. It is one of the approaches that is found to be highly efficient in generating a library of gene knockouts in plants. FN mutagenesis has been successfully reported in many species, including Arabidopsis [20], soybean [21], rice [17], Medicago truncatula [22], peanut [23], and Lotus japonicas [24]. The recent increase in the use of fast neutron irradiation as a mutagen is due to the technological advances in mutagenesis treatment as well as the next-generation sequencing-based mutation mapping approaches [14,21]. The size of the deletion ranges from 1 bp to 18 Mb, while most results in 1 to 4 kb deletion [17]. However, Belfield et al. [20] reported that fast neutron generates single base substitution with a higher frequency as compared to large deletions. They also found that transitions were occurring at a higher rate at pyrimidine dinucleotide sites implying the establishment of covalent linkage due to mutation between adjoining pyrimidine residues. Knockout mutants induced through fast neutron or gamma rays are beneficial for tandemly repeated gene families [9]. In many plant species, it has been used to create a mutagenized population [17].




2. Fast Neutron Radiation-Induced Mutagenesis


Fast neutron radiation is found to be a potent mutagen in plants [25]. A seminal study performed by James Chadwick in 1932 discovered neutrons as small particles of matter having no electric charge [26,27]. Since neutrons do not carry any charge, they do not ionize directly but occur as a structural unit of atomic nuclei of particles heavier than hydrogen. When atomic nuclei encountered a specific type of disintegration, high energetic neutrons are released known as fast neutrons or neutron rays. Since these neutrons are neutral and non-ionizing, which accounts for their ability to penetrate in-depth of the matter. Fast neutrons beam of adequate intensity for the biological tissue were made available by the discovery of cyclotron by E. O. Lawrence [27]. It causes ionization indirectly through the collision of nuclei of atoms, mainly hydrogen, in the tissue [28]. However, the RBE of FN in biological tissue is distinctly contributed by two interactions, first the interaction of neutron with proton (H+) and second from interaction with other heavy nucleus [29]. Fast neutrons cause high proportions of irreparable dsb in genome, which leads to mutations [30]. Earlier, fast neutron mutagenesis was used to study forward genetics in plants, but now it has also been applied in reverse genetics studies [14]. To build a link between the biochemical role of a gene or to reveal a biochemical pathway the in vivo reverse genetics approaches are proven efficient. In reverse genetics, the central technique currently implemented for fast neutron mutagenesis is Deletagene (delete-a-gene) [15]. In this technique, fast neutron mutagenesis is combined with high throughput PCR screening to achieve deletion mutants of targeted genes (Figure 1). The Deletagene approach was first demonstrated in Arabidopsis a model plant species and rice [14]. During fast neutron irradiation, the important thing is to determine the appropriate dose (lethal dose 50 or LD50) of radiation for high mutagenic efficiency and characteristics of the tissue that is being exposed to these radiations to obtain optimal seeds for further studies [14,31]. If sufficient data is available in the literature about dose treatment, then that can be used efficiently to plan appropriate experiments. For example, 60 Gy (Gray, 1 Gray = 100 radiations) dosage level; is used in Arabidopsis thaliana, 4–32 Gy in Soybean, 20 Gy in rice, and 30–40 Gy in Medicago truncatula [17,20,21,22]. Species in which data is not available on optimal dosage, pilot experiments need to be conducted in which a small number of seeds are treated with different dosage, to determine the optimal dosage. A 50% survival of M1 treated plants is usually considered as an adequate balance between mutagenesis and fertility. But the dose can be higher or lower considering the required frequency of mutations. Mutation rate can also be determined by segregating albino phenotypes in the M2 progeny [32]. In Arabidopsis, 2% albino frequency has been estimated when mutagenized with 60 Gy fast neutron [14,25]. RBE studies of FN irradiation were studied in different crop species. These studies estimate RBE of FN over gamma rays ranging from 3–13 for different end points like germination percentage, fertility, seedling length, chlorophyll mutants, and chromosomal aberrations. In one such study single locus mutation was examined in einkorn wheat, and it was found that FN (14 MeV) had 13 times higher RBE compared to gamma rays [33]. Another convenient option is the use of PCR to amplify the selected genomic region or random regions [34]. PCR screening can be done in 2D or 3D grids depending on population size and PCR detection limits [19]. However, not all mutations are detectable through PCR screening, only deletions greater than 500 bp are detectable. Therefore, mutations induced by FN that are mostly large deletions are more likely to be detected with the PCR approach. Apart from getting a glimpse of mutation frequency the PCR approach can also be used for the mapping of causal mutation (discussed in sections below). Fast neutron mutagenesis is implemented in diverse organisms as mentioned in Table 2.




3. Combining FN Mutagenesis with Other Mutagenesis Methods


Mehandjiev, et al. [46] combined different chemical mutagens and ionizing irradiation to create a huge effect on the genetic structure. They first treated pea seeds with FN or gamma rays and then with the chemical mutagen. Pronounced results were obtained from a combination of 10 Gy FN and 0.2% EMS in which a hyper-additive effect was also seen. These effect produced higher genetic variability and also enhanced the chances for screening mutants containing the desired trait. For a better understanding of oxidative stress and mutagenic potential a study was conducted in which various irradiation doses of UV-B and FN were produced, generating various levels of ROS on the pollen mother cell and seed yield of Vicia faba seedling (Table 3) [47].




4. Genetic Stability of Mutants Generated Using Fast Neutron Radiations


FN mutagenesis results in genetic variations, deletions, and translocations. The estimation of DNA damage and study of the stability of mutants is imperative to utilize these mutants in selection for desired phenotypes and deduction of genes of interest [49]. Primarily, the stability of FN mutants was assessed only in M1 and M2 generations. A study was undertaken to check the stability of M3 FN mutants in Triticum aestivum and a decrease was observed in pollen sterility due to persistent chromosomal aberrations [50]. Most of the limited studies related to the elucidation of genetic stability of FN mutants have been conducted in the previous decade and only a few of these were based on crop plants. For instance, a study was conducted to estimate the effect of FN mutagenesis on 264 soybean crop plants (Glycine max) that showed higher levels of segmental duplications in its genome when compared with previous studies [49]. Similarly, analysis of genetic stability of mutants in non-crop plants such as Arabidopsis thaliana for 20 alleles of Hy4 locus was performed and it was observed that while nine mutants had stable genetic behavior, remaining mutant alleles were lethal in homozygous conditions [51]. Another study analyzed Arabidopsis thaliana FN-induced mutants and the results suggested the formation of covalent bonds between adjacent pyrimidine bases [20]. As evident, although FN mutagenesis along with other physical and chemical mutagenesis techniques has been utilized for gene discovery, detailed studies related to genetic stability of FN mutants in crop plants are limited in number.




5. Fast Neutron Mutagenesis in Polyploidy Plant Species


Polyploidy is common in plant species such as, durum wheat, cotton, tobacco, peanut (tetraploid), bread wheat and kiwifruit (hexaploid), dahlias and sugarcane (octoploid), and strawberries (decaploid). Ploidy levels along with ionization density affect the response of plant species when subjected to radiations like FN [52]. Due to polyploid nature these genomes are highly tolerant to mutation; for example in case of a hexaploid wheat, the mutation rate is reported to be 1 per 32 kb compared to 1 per 400 kb in diploid crops [53]. As a result all copies of the gene must be mutated in the polypoid genome (e.g., six in case of hexaploid wheat) to express the desired mutation. It was generally hypothesized that as compared to diploids, polyploids must be affected less by radiation-induced mutagenesis due to the presence of duplicated sets of genes which led to detailed studies in crop plants like wheat, cotton, and barley [54]. Mutagenesis is tricky in polyploidy species owing to the difficulty in defining the target region [55]. One such study that researched the relationship between polyploidy and FN radiations among others was conducted and subsequently the effect of radiations was employed as a tool to evaluate level of ploidy of Hordeum vulgare (Barley), Triticum aestivum (wheat), Nicotiana rustica (tobacco), and Gossypium hirsutum (cotton) [55]. Studies have been undertaken to explore comparative effects of FN mutagenesis on plants with different levels of ploidy. Effect of FN mutagenesis has been comparatively studied in tobacco and rice, wherein morphological changes have observed in tobacco leaves and stem [56]. FN mutagenesis in important polyploidy crop plants has also been used to identify genetic regions responsible for susceptibility or resistance to diseases. For instance, a deletion induced by FN irradiation in chromosome arm 3BS of wheat landrace Wangshuibai increased crop susceptibility to wheat scab or Fusarium head blight [57]. Similar studies have been conducted to explore the effect of FN mutagenesis on stress tolerance and yield of staple crops like wheat, for example. FN irradiation in wheat cultivar (Sakha 92) for three successive seasons resulted in increased yield and higher tolerance to salt stress, in addition to increase in sugar concentrations and crude protein [58]. Although FN mutagenesis has immense application in crop plants, most of the studies utilizing this method have been conducted in polyploidy crop plant species like wheat as compared to other plants.




6. Mapping of Mutation Induced by Fast Neutron Radiations


The significant advantage of fast neutron-based mutation is that they are effortless to create and map, particularly with the next-generation sequencing (NGS) techniques. The mapping of casual mutation helps to explore the forward or reverse genetics applications. The availability of the high throughput sequencing technologies has provided enormous information about genomic and transcriptomic sequences of numerous crop species, yet the functions of most of the genes are unknown. The conventional gene silencing strategies like, RNAi and intron splicing are only partially effective and involve the highly time-consuming transgenic plant creation. On the other hand, another mechanism of T-DNA insertion is comparatively rapid in PCR-based screening procedures, but mostly the insertion of a transposable element in the regulatory or the coding regions of the gene led to the disruption in its function. A large number of insertional mutant libraries have been reported in many crop species, but it is challenging to create insertional mutants for the whole genome of a crop plant. Another concern is that the commercial use of only non-transgenic mutated alleles is possible. In this regard, FN mutagenesis is a promising way to develop a mutant population and subsequently perform the mapping for causal mutations. Based on NGS, several mutation mapping approaches including, mapping by mutation (MutMap), MutMap-Gap, mutant chromosome sequencing (MutChromSeq), exon capture, tilling, Mut-Ren-Seq have been developed and are being efficiently explored. Similarly, the whole genome sequencing and genotyping by sequencing are also convenient options for pinpointing causal mutations.




7. PCR-Based Candidate Gene Screening for the Localization of Mutations


As discussed in above sections, the FN approach usually creates larger deletions that can be easily detected by PCR amplification of target site in the genome. In brief, after getting the M2 mutant lines that are segregating for the mutations, phenotyping can be performed to identify mutants with desired characters. Then the candidate genes for the target traits can be identified based on the genomic information from the same or related species. The selected candidate genes can be amplified using specific primer in mutant and the parental wild types and then the amplicons size need to be compared on agarose gel electrophoresis [20]. The PCR-based screening can be more cost and time efficient if performed with pooling large number of lines for the first round of screening. Once the pool is confirmed to have the deletion then in second step each mutant from the pool can be screened to confirm the deletion in the particular mutant [14,19,34].




8. MutMap: An Efficient Approach for Mutation Mapping in Small Genomes


Mapping by mutation (MutMap) is a forward genetics method devised to accelerate the process of crop breeding and rapid isolation of genes over QTL mapping (Quantitative Trait Loci) or gene cloning. The principle behind MutMap is the identification of mutant phenotype by whole genome sequencing and tracing it back to the reference genome by SNPs (Single Nucleotide Polymorphism) indexing. The MutMap approach is based on the SNP identification and subsequently retains only those SNP that are linked to the mutant phenotype. In this methodology, a mutation is created in a cultivar using a mutagen and then it is selfed to produce the seeds for F2 generation. In the F2 generation, all the mutants are screened for the desired phenotypes. The mutant plants with the desired phenotype are backcrossed with their wild type parental cultivar to produce F1 plants, which need to be selfed to produce the F2 generation. Based on the phenotypic evaluation of F2 progenies, two contrasting bulks representing wild type phenotype and mutant phenotype are created. Then the DNA sample of the mutant bulk need to be sequenced and aligned to the available reference genome to identify SNPs and InDels (Figure 2). The SNPs unanimously present in all the reads from mutant bulk therefore represent the association with mutant phenotype and these are the most probable causal mutations, rest of the segregating SNPs are the non-associated mutations [59]. Using the MutMap approach a study was carried out in M. trunculata to find out the salt-tolerant genes. In this study, they exposed wild type M. truncatula (ecotype Jemalong A17) seeds to the fast neutron rays at the 35 Gy (Gray, 1 Gray = 100 radiations) dosage level. The seeds were planted, selfed, and selected for the desired phenotype, and those selected plants were backcrossed with the parental line. Subsequently, causal mutations in two genes associated with the salt stress phenotype have been identified using the MutMap approach [60]. Many genes having significant role in agronomically important traits in rice, tomato, soybean have been identified using the MutMap approach. Most of such studies exploring the MutMap have used EMS. Very limited effort has been devoted for the use of MutMap in FN-based mutant population in crop plants. MutMap approach has some limitations where reference genome is not available or when the genome is several giga bases in size with higher ploidy level. However, for the true diploid plants with less than 1 GB genome size, MutMap is a promising method.



Efforts have also been made to further simplify the MutMap approach by making bulk of mutant plants and wild type plants directly from the segregating lines instead of crossing mutant to parental line (Figure 3). Such improved or simplified approach is termed as MutMap [60]. The first report of MutMap+ where DNA from mutant and wild type plants from M3 segregating line derived from M2 were bulked and sequenced to identify causal mutations in rice. The approach saves considerable efforts and time as compared to MutMap. The approach is more promising where artificial crossing is challenging and also for plants that take longer time for the generation advancement.




9. MutMap-Gap


MutMap-Gap is the specialized version of MutMap technique based on the principles of targeted assembly of gap regions in the genomic DNA and mapping by mutation (Figure 4). The major disadvantage of the MutMap methodology is the mandatory presence of the genomic sequence flanking the mutation in the reference parental genome. The reference parental genome of a cultivar/line (understudy) is created by replacing all the known SNPs of the reference genome of that crop species. When the parental line/cultivar shows some of the significant structural differences with the reference genome, then the mutation sites are difficult to map by alignment methods. MutMap-Gap is a methodology to expand the horizons of MutMap by sequencing techniques, and the gap regions in the targeted mutation are reconstructed by the de novo assembly of the reference sequences (Figure 4). A blast resistance gene Pii was isolated in a rice cultivar Hitombore based on loss of function in a mutant line by MutMap-Gap technique [61]. No reports of MutMap-Gap technique using fast neutrons as the mutating agent have been published so far.




10. MutChromSeq: A Method Based on Selected Chromosome Sequencing


MutChromSeq or mutant chromosome sequencing is a recently discovered technique to locate mutation in polyploid and large complex genomes. Whole genome sequencing of the mutant plants with the polyploidy or large genome is costly, laborious, and computationally challenging. This technique combines the applications of the classical mutagenesis with the recent advances in the field chromosome flow sorting and sequencing. The prerequisite for this technique is that the cultivar/line under study should be responsive to mutagenesis, the phenotype for the desired mutation should be significant, and the information regarding the position of the gene on the chromosome should be known by default. The mutants are created, selfed, and selected for the desired phenotype in the M3 generation classically and the suspensions of selected plant sample are prepared to label the mitotic chromosomes fluorescently with the help of labeled DNA-based probes. The tagged chromosomes are then sorted on the basis of fluorochrome signals. Sequencing of mutant and wild type chromosomes are performed for the gene identification [62].




11. Exon Capture


Exon capture or exon resequencing is based only on the protein coding region of the genome. It comprises only 1 to 2% of the whole genome. The most significant advantage of relying on this technique is that because of the small sample size, large number of samples can be analyzed to identify the desired traits. The first phase of this approach includes target enrichment which includes hybridizing the sequences in DNA that codes for a protein with the help of probes. The next phase includes high throughput DNA sequencing. Exon capture is a better approach than RNA sequencing as it is not dependent upon tissue, stage, or transcript abundance, but upon genes and alleles [63]. A study was conducted on soybean to create a public resource to be used in functional genetic researches as genetic screens. They conducted their experiments using FN beam at different dosage levels (4, 8, 16, 32 GY) to induce the mutations, and analyzed their results via exon capture and exon resequencing [21].




12. MutRen-Seq


One of the specialized extensions of exome capture method has been its use in the identification and cloning of disease resistance gene (R gene) using MutRen-Seq. MutRen-Seq combines mutagenesis with exome capture and then sequences for rapid identification and cloning of R genes. Although the original method employs chemical mutagenesis, it is equally applicable for physical mutagens like FN. The approach functions by creating a loss of function mutations for R gene in plants. Genomic library from these mutants and parents were enriched for R gene coding regions using 120-mer RNA probes/baits designed from homologous R gene sequences from many related species. This enriched library is then sequenced and putative causal mutated genes identified, which can be further cloned using the bait sequence. This method has been demonstrated in wheat for cloning of stem rust resistance gene Sr22 and Sr45 [62].




13. Targeting Induced Local Lesions in Genomes (TILLING) Approaches


Targeting induced local lesions in genomes (TILLING) is a widely accepted technique to identify a gene of interest in any crop genome [64]. The TILLING approach is one of the most efficient tools for reverse genetics, which is based on conventional mutagenesis and an NGS-based screening procedures to identify desired mutations in the trait of interest. This process involves the induction of mutation and development of F2 generation by selfing. The DNA sample is prepared and PCR is carried out in the gene of interest with the help of fluorescently labeled primers. The heteroduplexes formed at the site of mutation are then digested with restriction enzymes and analyzed on polyacrylamide denaturing gel. Different studies were carried out using the applications of TILLING in a variety of crop species. If TILLING approach needs to be used for the FN-induced mutations, then significant modification is required to identify simultaneously the SNPs, small InDels, and large deletions.




14. Whole Genome Sequencing


Whole genome sequencing is comparatively a costly option for the mutation detection but provides in-depth understanding of the genome-wide variations caused. In case of SNPs and InDels, cause of the variation is difficult to confirm, since similar variations can spontaneously have occurred in the genome with advancement of every generation. However, larger deletions and chromosomal rearrangements as usually observed with the FN mutagenesis have very less chances to occur spontaneously. The whole genome sequencing of fast-neutron-mediated mutant lines provides opportunity to develop a genomic resource that can be used for forward and reverse genetic applications [65]. One of the excellent example where FN mutants have been sequenced to develop a genomic resource is the study performed on soybean [21]. The soybean FN mutant’s whole genome sequence data is widely being used to identify novels gene. Similar efforts are expected for many other important crop plants.



As NGS-based whole genome sequencing generates huge data sets, which needs to be compared and correlated for identifying casual mutations, many software tools and pipelines have been developed for analyzing NGS data for mutation mapping e.g., SNPtrack, SHOREmap, NGM, and SIMPLE. SIMPLE is one of the user friendly tools designed that can be used with no knowledge of programming language and very little pre-preparation data [66].




15. Genotyping by Sequencing-Based Mutation Mapping


Genotyping by sequencing (GBS) is a technique that broadens the horizon of next-generation sequencing technologies by combining the applications of molecular markers and sequencing technologies. It is used for crop breeding in crops with complex genotypes. This methodology depends on the digestion of the genomic DNA samples with the restriction enzymes. The adapters are ligated to the fragments and are then amplified with the help of PCR specific primers and libraries are prepared. These libraries are then sequenced and the sequenced reads are then aligned to the reference genome for SNP indexing. It has been an excellent marker-assisted tool that can be efficiently and cost effectively used in crop breeding practices [67]. A study based on identifying spontaneous mutation induced by FNB for broad spectrum resistance against brown planthopper was studied. They used double digest restriction site-associated DNA sequencing (ddRADseq) technique for identification of brown plant hopper resistance genes in rice [68]. The GBS approach will be also helpful to identify the large deletion and create a genomic recourse similar to the whole genome sequencing approach, but with many fold lower cost.




16. Challenges for the Efficient Utilization of FN Mutagenesis Approaches for Crop Improvement


Mutagenesis aims at targeted genetic variations while minimizing the effect on the viability of germplasm. Despite immense application in gene discovery and isolation, FN mutagenesis is faced with multiple challenges. FN mutagenesis results in large deletions in genetic regions, in addition to causing translocations and chromosomal loss [69]. Moreover, novel mutations in regulatory or coding regions may disrupt molecular pathways, which are not extensively studied yet [70]. Large deletions and translocations pose a challenge due to the lower resolution of variation as compared with other mutagenesis approaches viz. chemical mutagenesis, which offer more precise single nucleotide polymorphisms [69]. Based on the dose of irradiation and response of plant species toward FN mutagenesis, varying degrees of genetic variations are observed. In spite of the presence of antioxidant scavenging mechanisms, FN mutagenesis induces production of reactive oxygen species (ROS) resulting in unchecked oxidation in cells [47]. In addition, certain plant crops have longer generation times that impede the fast and time-saving approach adopted by FN mutagenesis [17]. The FN mutagenesis demands a higher focus on avoiding injury to plant cellular compartments with varying dosage [71]. Moreover, identification of larger genomic deletions that are laborious to be identified by conventional methods requires a large sample size even with FN mutagenesis [72]. Also, utilization of FN mutagenesis in case of reverse genetics techniques for polyploidy plant species such as, wheat, poses challenges due to high similarity amongst homoeologous loci [53]. Multiple complex chromosomal rearrangements result from FN mutagenesis and impede gene identification and isolation in crop plants [73]. Several strategies have been suggested to minimize the disadvantages of FN mutagenesis viz. traditional backcrossing assists in removing non-specific variations [20]. In spite of the aforementioned challenges, FN mutagenesis, when combined with high throughput methods such as next-generation sequencing (NGS) technologies, proves to be an indispensable tool for faster gene identification and isolation.




17. General Conclusions


Extensive studies have been conducted in the past few decades to explore nucleotide diversity of genomes which are of utmost importance to humans. Among these, the most studied genomes belong to crop plants. Owing to limited availability of natural variations, which can be exploited for further improvement in genetic diversity, various techniques have been devised to further the cause. Fast neutron mutagenesis is one of the most important methods among various other physical and chemical mutagenesis techniques. FN mutagenesis supersedes preceding methods in terms of better safety, rapid and efficient utilization in plants. Although extensive studies are still needed to measure the stability of induced mutations, efficient dosage, and exposure in a wide array of polyploidy species, it is one of the fore runners in emerging mutagenesis studies. FN mutagenesis is highly amenable to pairing with other mutagenesis, screening (PCR-based methods), and mapping techniques (NGS techniques), and hence can be further explored to realize its full mutagenesis potential.
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Figure 1. Generalized flow chart showing steps involved in the development and evaluation of mutant population derived from the plants treated with fast neutron. 
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Figure 2. Generalized flowchart of mapping by mutation (MutMap) approach being used for the localization of casual mutation in small plant genomes like rice. 
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Figure 3. Schematic representation of MutMap+ strategy exploring next-generation sequencing for identification of casual SNP unique to bulk mutant. 
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Figure 4. Generalized flowchart of MutMap-Gap approach in which reference parental genome created and gap regions in the parental/cultivar genome identified. Subsequently, MutMap approach needs to be followed as described in Figure 2. 
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Table 1. Advantages and disadvantages of different mutagenic approaches.
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	Method
	Advantages
	Disadvantages
	References





	Chemical mutagenesis
	Identification of multiple alleles of genes. Heritable.
	Isolation of mutated gene is difficult
	[6,15]



	Insertional mutagenesis
	Chemically and physically Stable through multiple generations. T-DNA can be used to study specific stages of cellular differentiation or cell fate.
	Transactivation properties. Require transformation
	[6,11,16]



	Fast neutron mutagenesis
	Saturate the genome. Do not require transformation or tissue culture. Complete knockout of gene
	Screening is time taking. Can delete multiple genes at a time
	[15,17]
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Table 2. Study of fast neutron mutagenesis in different organisms.
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	Organism
	Objective
	References





	Mouse
	Effect of chronic neutron- and γ-irradiation on spermatogonia
	[35]



	Methanogenic bacteria (TDM, TRM, and SSM)
	Effect of physical irradiation (y irradiation, neutron bombardment) and chemical mutagen (acridine orange and colchicine) on methane production
	[36]



	Drosophila melanogaster
	Induced rates of mitotic crossing-over
	[37]



	Yeast
	Relative biological effectiveness of 14.5- MeV neutrons for the induction of gene conversion
	[38]



	Musca domestica L
	To compare effect of fast neutrons and gamma rays in producing sterility
	[39]



	Melanoplus differentialis
	To study fast neutrons, gamma rays, X-rays relative biological effectiveness on nymph ovarioles
	[40]



	Tribolium Castaneum
	Effect of fast neutron on productivity of young and old flour beetles
	[41]



	Trichoderma viride
	Effect of FN on production of cellulose
	[42]



	Chinese hamster
	Response of ovary cells to fast neutron
	[43]



	Mammalian cells
	To study mutations induced by γ-rays and fast neutrons
	[44]



	Chlorella sp.
	Enhancement of lipid productivity
	[45]
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Table 3. Details of significant studies performed with fast neutron (FN) radiations and FN combined with other mutagens.
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	Species
	Mutagen
	Dose
	Number of Mutants
	Reason
	References





	Soybean cv M92-220
	FN
	4–32 Gray units
	23,000
	Phenotypic screening and associated genomic characterization
	[21]



	Arabidopsis thaliana
	FN
	60 Gy
	300
	Screening of elongated hypocotyl mutants
	[20]



	Rice
	FN
	20 Gy
	2418
	For genome-wide profiling of mutations
	[17]



	Peanut
	FN + in vitro culture
	9.7–18.0 Gy
	19
	Somatic embryogenesis combined with plant regeneration
	[23]



	Medicago truncatula
	Fast neutron bombardment (FNB)
	30–40 Gy
	1000
	creened for symbiotic nitrogen fixationSymbiotic nitrogen fixation mutant lines
	[22]



	Vicia faba L.
	Fast neutron (FN) and UV-B
	280–320 nm 30–40 Gy
	
	To study combined effect of oxidative stress and mutagenic potential
	[47]



	Lotus japonicas
	FN
	8 Grey (Gy)
	58
	Non-nodulation mutant called FNN5-2
	[24]



	Lycopersicon esculentum (M82)
	FN
	15 Gy
	865
	Functional genomic studies
	[48]



	Pisum sativum
	FN + EMS
	10 Gy + 0.2% EMS
	14%
	Mutation genetics and breeding study
	Mehandjiev, Kosturkova and Mihov [46]
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