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Targeting Induced Local Lesions in Genome (TILLING): An approach towards genetic mutations in rice


Abstract
TILLING (Targeting Induced Local Lesions in Genome) is a reverse genetic approach that involves inducing mutations and then utilizing high-throughput methods to identify these mutations. Successful attempts have been made towards improvement of traits through identification of beneficial alleles by TILLING method. Even though TILLING was developed a decade ago as an alternative to insertional mutagenesis in Arabidopsis thaliana (McCallum et al., 2000), it is prominent and successful in rice also. Many attempts have been undergoing in rice for improving traits based on TILLING. TILLING populations have been developed in several crops including rice for functional genomic studies. Rice, being the primary staple food, plays a crucial role in meeting the dietary needs of the population. With the global population projected to reach 9.6 billion by 2050 (Leridon, 2020), there is an urgent need to increase rice production to meet the growing global food demand. Achieving this goal must occur despite increasing biotic and abiotic stresses driven by climate change, overwhelmed by the competition for limited resources like land and water. In order to fasten the improvement of the traits in rice, technique such as TILLING could be useful. Due to its benefits such as simple procedure, high sensitivity, and efficient results, TILLING represents a potent method for both identifying genes and assessing DNA variations.
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1. Introduction
Rice as a primary staple food in Asia, making up a significant portion of people's daily diets. The intense focus on a limited number of varieties in breeding programs has led to a reduction in the genetic diversity of rice. Consequently, the task of breeding new rice varieties that offer both high yields and adaptability has emerged as a significant challenge for plant breeders (Siddiq and Vemireddy, 2021). This has ignited the curiosity of many research teams, leading them to formulate approaches for broadening the genetic diversity of rice (Viana et al., 2019).
Mutation, as a complementary breeding method, can be used for creation of variability. Spontaneous mutation rates in higher plants are low, ranging from 10−5 to 10−8 (Jiang and Ramachandran, 2010). However, mutations can serve as a valuable tool for studying gene functions and introducing genetic diversity. Examining mutants through either forward genetics (from observing a phenotype to identifying the responsible gene) or reverse genetics (from knowing a specific gene to understanding its resulting phenotype) can facilitate comprehension of gene functions (Lo et al, 2016). Therefore, induced mutagenesis is a crucial approach to enhance the mutation frequency (Da Luz et al, 2016), thus allowing investigations into functional genomics and the development of novel genetic variations.
Changes in the gene status of a rice plant can be driven in a random manner, by disruption via physical mutagens such as fast neutron, γ-ray, ion beam, chemical such as ethyl methane sulfonate (EMS), methyl nitrosourea (MNU), sodium azide (SA) or insertion mutagenesis. Induced mutations caused by physical and chemical agents have been applied to create genetic variability and is advantageous in rice due to its small genome (Wang et al, 2013).
While the sequences of most genes in an organism are well-documented, the corresponding phenotypes remain largely undiscovered. Consequently, reverse genetics has become a primary focus for many biologists (Gilchrist and Haughn, 2013). Claire McCallum, a graduate student who desired targeted alterations in Arabidopsis Chromomethylase (CMT2) genes, developed TILLING (Henicoff et al, 2004). Claire McCallum initially tried to study CMT2 using reverse genetic techniques like T-DNA lines and antisense RNA, but these attempts were not fruitful. Instead, success was achieved through the application of TILLING. This involved a process where chemically induced mutagenized plants were combined, the region of interest was amplified, heteroduplexes were generated among the pooled DNA, and mutants were identified using dHPLC (denaturing high-performance liquid chromatography), which detects changes in chromatographic profiles (McCallum et al, 2000). TILLING (Targeting Induced Local Lesions in Genome), a comprehensive reverse genetic approach, integrates induced mutagenesis with efficient high-throughput methods to uncover mutations.
Successful attempts have been made towards improvement of traits through identification of beneficial alleles by TILLING method. TILLING populations have been developed in several agricultural crops such as cereals (rice, wheat, maize, sorghum and barley), legumes (pea and medicago) and oilseeds (brassica, soybean and sunflower) for functional genomic studies (Reddy et al, 2012). The TILLING technique involves several key stages, including: i) induced mutagenesis, ii) creating a non-chimeric population, iii) establishing a germplasm stock, iv) extracting DNA and pooling samples, v) screening the population to identify mutations within the specific gene of interest, and vi) identifying the mutant line and sequencing the target gene (Till et al, 2006).
High-throughput TILLING offers a quick and cost-effective way to identify induced point mutations within populations of mutagenized individuals. This technique is not limited to model organisms but can also be applied to economically significant organisms (Xin et al., 2008). With its advantages, including a straightforward process, high sensitivity, and efficiency, TILLING serves as a potent method for discovering genes, assessing DNA variations, and enhancing plant traits (Till et al., 2007b). When combined with other genomic resources, TILLING can serve as a tool for haplotyping in plant breeding. It helps identify allelic variations in genes associated with phenotypic traits and establishes a range of alleles at genetic loci related to desirable traits in germplasm or induced mutants (De-Kai et al, 2006).

2. History of TILLING 
Initially, TILLING (Targeting Induced Local Lesion IN Genomes) was attempted in Arabidopsis thaliana as an alternative to insertional mutagenesis. It was characterized as a reverse genetic approach blending traditional random chemical mutagenesis with swift screening for induced lesions in target genes (McCallum et al., 2000a; McCallum et al., 2000b). However, once established, a TILLING population can also serve forward genetic investigations. Shortly after its inception, TILLING was swiftly adapted for extensive mutation screenings not only in Arabidopsis but also in various other plant species (Colbert et al., 2001; Henikoff et al., 2004; Stemple, 2004). 
Claire McCallum, a graduate student at the University of Washington, initially proposed the concept of TILLING, aiming to induce specific mutations in the chromomethylase genes of Arabidopsis (McCallum et al., 2000). Chuck Dearolf and his colleagues independently developed a similar project for Drosophila. The development of TILLING in Seattle occurred through a partnership with the Henikoff lab, resulting in the establishment of the Seattle TILLING Project (STP) (Comai and Henikoff, n.d). This collaboration supplied mutants for both Arabidopsis and fruit flies. Following Luca Comai's departure from Seattle in 2006, Steve Henikoff took over the operation of STP. The TILLING goals were divided, with diploid Arabidopsis and fruit flies continuing at STP, while the rice project relocated to Davis. By June 2011, the Henikoff lab ceased operations at STP, and the Arabidopsis DNA is currently being transferred to UCD, where a diploid Arabidopsis TILLING service will be provided. Initially, a major drawback of TILLING was its reliance on prior knowledge of the gene's sequence (or at least a fragment of it), which necessitated the availability of practical genome sequencing tools. Nevertheless, with the increasing number of fully sequenced plant genomes and the abundance of sequence data coupled with advanced bioinformatics tools for analysis, these constraints are gradually diminishing (Chen et al., 2014).

3. TILLING strategy for rice 
TILLING is a reverse genetic strategy first developed to identify induced point mutations in Arabidopsis. TILLING takes advantage of classical mutagenesis, sequence availability and high-throughput screening for nucleotide polymorphisms in a targeted sequence. It combines the high frequency of mutations induced with sensitive techniques for discovering single nucleotide mutations (Till et al., 2007). The main advantage of TILLING as a reverse genetics strategy is that it can be applied to any plant species, regardless of its genome size, ploidy level or method of propagation (Hirochika, 2010). The TILLING strategy was initially developed as a discovery platform for functional genomics, but it soon became a valuable tool in crop breeding as an alternative to the transgenic approach. TILLING, as a reverse genetics method, does not necessitate the process of transformation (Winkler and Goff, 2011). Therefore, it serves as a suitable strategy for species that cannot be transformed or are resistant to such procedures. Additionally, TILLING is a non-genetically modified organism technology, which means that when employing TILLING, there is no need to engage in GMO-related procedures or contend with associated controversies (Okabe et al, 2011). Moreover, TILLING is not technically demanding and can be performed at a relatively low cost.
To apply TILLING to rice, a mutagenized rice population is required. It can be developed through the application of various mutagens. To identify induced mutations, it is necessary to perform PCR amplification of specific target regions using gene-specific primers that are marked with fluorescent dyes (Till et al., 2006). Subsequently, heteroduplexes are formed through the denaturation and annealing of PCR products, any mismatches are digested using a crude CEL I nuclease preparation, and the resulting cleaved fragments are observed using denaturing polyacrylamide gel electrophoresis (Cooper et al, 2008).

4. Steps in TILLING (Till et al., 2007)
· Mutagenesis: Use a mutagen that cause small lesions (SNPs or InDels) randomly throughout the genome 
· Establishing a non-chimeric population: Numerous mutagenic treatments often result in the initial generation (M1) of plants being chimeric. To eliminate chimeras, the M1 generation is self-pollinated, leading to the creation of a structured population in the subsequent generation, typically referred to as M2.
· Preparation of a germplasm stock.
· Extraction of DNA and sample pooling
· Screening the population to detect induced mutations within specific regions of target genes.
· Phenotyping of mutants
· Take candidate mutants from the germplasm stock for breeding purpose
4.1 Selection of mutagen for TILLING
The ideal mutagen is the one that generates the desired range and abundance of alleles while causing minimal unintended side effects, requiring modest resources and labor, and posing minimal health risks. The chemical mutagens such as ethyl methane sulfonate (EMS), methyl methane sulfonate (MMS), hydrogen fluoride (HF), sodium azide (SA), N-methyl-N-nitrosourea (MNU) and hydroxylamine (H3NO) are the chemicals most frequently used in plants (Parry et al, 2009). EMS is particularly effective due to its ability to induce single nucleotide changes, specifically G:C to A:T transitions, with high frequency. These mutations are often stable and inheritable, making EMS a preferred choice in developing mutant populations for breeding and functional genomics (Till et al., 2007). Sodium azide and other chemicals are also used but may pose greater risks due to their toxicity or instability. Nevertheless, chemical mutagenesis remains a low cost and efficient method for generating large mutant populations with diverse traits, including stress tolerance (Ahloowalia and Maluszynski, 2001). MNU is a monofunctional alkylating compound known for its strong reactivity with DNA, particularly targeting oxygen atoms. Its mutagenic effect is initiated through alkylation of nitrogenous bases, primarily guanine and cytosine, leading to the formation of O⁶-alkylguanine. This altered base frequently mis-pairs with thymine during replication, resulting in G:C to A:T transition mutations (Satoh et al., 2010). However, the formation of O⁶-alkylguanine is influenced by the local nucleotide sequence and chromatin structure. Sequences where guanine is flanked by 5'-adenine and 3'-cytosine show a tenfold higher chance for alkylation (Guza et al., 2010 ) .Mutation density induced by MNU in rice has been estimated at approximately one mutation per 135 kilobases (Satoh et al., 2010).The effects of chemical treatment are silent or missense mutations (50%) while only 5% of nonsense mutations are observed (Nawaz and Shu, 2014). Physical agents are the predominant mutagens employed in rice, accounting for 91.6% of the reports (Vivian et al, 2019). Ionizing radiation generates reactive oxygen species (ROS) that interact with DNA, leading to oxidative harm, alterations in nucleotides, and the occurrence of single or double strand breaks. 
The concentration of mutagen is the most important factor to get maximum phenotypic changes with less deleterious effects. So that a pilot experiment should be carried out before mutagenizing the large population for TILLING.

Table 1. Chemical and physical mutagens used for induction of mutations in rice
	Method 
	Mechanism 
	Mutation frequency 
	Dose
	Characteristics 
	Reference 

	EMS (Ethyl Methane sulfonate)
	Guanine alkylation can lead to alterations such as G/C to A/T transitions or G/C to C/G or G/C to T/A transversions.
	2-10 mutations each Mb
	0.2–2.0%
	Herbicide resistance, abiotic stress tolerance 
	Till et al, 2007

	MNU (N-Methyl-N-Nitrosourea)
	Guanine and cytosine alkylation, G/C to T/A transitions
	1 mutation each 135 Kb
	0.25- 1.00 mM
	Yield and quality improvement, biotic stress tolerance 
	Satoh et al, 2010

	SA (Sodium Azide)
	Produces azidoalanine, resulting in G/C to A/T transitions.
	1.4 - 2.9 mutation each Mb
	1-10 mM
	Yield and quality improvement, abiotic stress tolerance
	Tai et al, 2016

	γ rays (Gamma rays)
	Single nucleotide substitution, inversion and deletion
	7.5×10−6 to 9.8×10−6 
	50-350 Gy
	Plant development and metabolism, nutritional qaulity
	Li et al, 2018

	IBR (Ion Beam Radiation)
	Point mutation (deletion), inversion, translocation and insertion.
	Survival rates ranging from 70% to 90% correspond to a mutation rate of 1.7%, while a mutation rate of 2.0% is associated with a 70% survival rate.
	Carbon 20-50 Gy, Neon 10 Gy 
	Plant development and metabolism, nutritional qaulity
	Yamaguchi et al, 2009

	FNI (Fast-Neutron Irradiation)
	Transition from A/T to G/C, insertion, inversion, duplication, and deletion.
	28-78 genome mutations 
	20 Gy
	Biotic and abiotic stress tolerance
	Li et al, 2018



4.2 Development of TILLING population 
Seeds are exposed to mutagens and raised to yield M1 plants, which are then self-pollinated to raise the M2 population. It will form the TILLING population. Each plant has chimera of mutation in M1, which could be segregated in the M2 population. SSD (Single Seed Descent) is the most practical method to avoid or prevent selection of mutation in multiple times. Each M2 plant is important for mutation discovery, inclusion all the plants can be done through pooling.

4.3 Pooling of M2 population  
4.3.1 One dimensional pooling (1D)
The process begins by arranging samples into a grid of 8 rows and 8 columns, resulting in a total of 64 individual samples on each 8 X 8 plate. To combine all 64 samples from an 8 X 8 plate, an eight-channel pipettor is used in eight sequential pipetting steps. The initial set of 64 samples is placed in the first column of a 1D plate. Subsequently, the samples from each successive 8 X 8 plate are added to subsequent columns, repeating this process for a total of 12, 8 X 8 plates to create a 1D plate containing 768 distinct individuals (Till et al, 2006).
4.3.2 Two-dimensional pooling (2D)
Micropools of eight individuals, organized in a grid within 96 well plates, were combined by either pooling all the wells in a row or those in a column. These pooled samples were then used as templates for PCR amplification of specific targets. The superpools contained either 96 individuals when pooling rows or 64 individuals when pooling columns. Multiple target PCR products were amplified from each superpool and subsequently merged to create 20 distinct libraries. In total, 384 distinct samples were placed into a 96 well 2D pool plate.
4.3.3 Three-dimensional (3D) pooling
 This is employed for large scale or high-throughput TILLING projects. In 3D pooling, each sample is included in three overlapping pools, typically a row, a column, and a layer or diagonal pool, arranged in a cube like format (Tsai et al., 2011). This setup allows for the detection and precise localization of a mutant individual in a single round of screening, even within very large populations. For example, in an 8 × 8 × 8 grid (512 individuals), a mutation detected in Row 5, Column 3, and Layer 2 immediately identifies the unique individual at the intersection of those three pools. 
4.4 Polymerase chain reaction 
Polymerase chain reaction (PCR) is a laboratory technique for rapidly producing (amplifying) millions to billions of copies of a specific segment of DNA, which can then be studied in greater detail. PCR involves using short synthetic DNA fragments called primers to select a segment of the genome to be amplified, and then multiple rounds of DNA synthesis to amplify that segment. 
The selection of a suitable region provides a higher probability to identify non-sense or missense mutation by TILLING screening. This can be achieved with software such as CODDLE (Codons Optimized to Discover Deleterious LEsions). This is a web-based tool that is freely available and designed to assist in selecting the most suitable gene region for TILLING analysis. CODDLE employs BLAST alignment to identify a conserved region within the gene. SIFT, which stands for "Sort Intolerant From Tolerant," carries out multiple alignments for homologous sequences to predict whether an amino acid change is likely to negatively impact protein stability. In addition to CODDLE's analysis, users can also perform alignments of genomic and amino acid sequences from closely related species using BLASTN and ClustalW2, respectively.
In the final stage of PCR, the process involves denaturing all DNA products through an extended incubation at 99°C, which both deactivates Taq polymerase and separates PCR products. Following this, a gradual cooling step promotes reannealing between polymorphic amplicons, resulting in the formation of a minor structural irregularity between mismatched DNA pairs (where the mutation is present). This leads to the formation of a heteroduplex.

4.5 Detection of mutation 
Several methods including Enzymatic mismatch cleavage and denaturing PAGE with LI-COR analyzer, High Resolution Melt (HRM) analysis, Next Generation Sequencing (NGS) platforms etc. are available to detect mutations. After the heteroduplex has been cleaved, there are various ways to identify mutations. The commonly used method involves subjecting DNA samples to electrophoresis on a denaturing polyacrylamide gel using a LI-COR DNA analyzer instrument, which is also referred to as LI-COR. Heteroduplexes are cleaved using a crude protein extract from celery containing the nuclease CEL I, and the products are electrophoresed on denaturing polyacrylamide gels and visualized using fluorescence imaging. CELl I will exhibit increased activity at a temperature of 45°C and cleave DNA at regions containing long stretches of AT base pairs due to the weaker bonds in these pairings. Mutations are identified by the presence of cleaved PCR products in a given pool. This enzymatic mismatch cleavage method is suitable for the recovery of single-nucleotide mutations and small indels, and has been used for the discovery of thousands of induced mutations (Comai et al, 2004).
For the LI-COR analysis after PCR, the primers are labelled with Infra-Red 700 (IR700) to the forward primer and Infra-Red 800 (lR800) to the reverse primer (Winkler et al, 2019). Fluorescent labelled DNA fragments are analysed in denaturing polyacrylamide gel electrophoresis (Till et al, 2006).
High-resolution melt (HRM) analysis, which relies on the reduction of fluorescence from intercalating dyes bound to double-stranded DNA, is also effective for mutation detection. Next-generation sequencing (NGS) platforms have also been applied for mutant detection. The advantages of sequence-based TILLING approaches include: i) direct determination of the sequence of each mutation and its impact on the protein sequence, ii) independence from labelled primers or endonucleases, iii) reliance on an objective statistical method rather than visual inspection, iv) flexibility in handling varying numbers of samples and amplicons, and v) reduced risk of identifying false positives due to its highly redundant sequencing approach (Rigola et al, 2009).

5. Advantages of TILLING
The TILLING approach stands out from transgenic methods in its ability to identify numerous mutations within a specific genomic region. These mutations form allelic series that can potentially lead to a range of phenotypic changes, from subtle to pronounced, enabling functional studies. Mutations occurring in the coding regions of genes have the potential to affect plant metabolism in various ways beyond just altering the expression of a target gene. For instance, a mutation might modify an enzyme's affinity for its substrate, disrupt regulatory domains within enzymes, or interfere with proper protein-protein interactions. TILLING offers several advantages, particularly in cases where genetic transformation is challenging or when investigating multiple unknown genes within a specific crop is necessary. Once a TILLING library is established, it becomes a renewable resource for ongoing analysis of various gene targets. Consequently, the repetitive cost and time required for analyzing different targets is considerably lower with TILLING compared to gene suppression through transgenic approaches (Slade and Knauf, 2005).

6. Disadvantages of TILLING 
Developing mutant lines and obtaining high-quality DNA is a time-consuming process. Mutagens can lead to significant cell toxicity and reduced germination rates. Moreover, when a gene has numerous polymorphic sites, it can decrease the effectiveness of the technique in linking a specific phenotype to a genotype and deducing the potential function of the gene (Till et al, 2006). While TILLING is crucial for pinpointing allelic mutations within the target gene, its high primer specificity makes it impractical for targeting gene families.
Although TILLING is essential for locating allelic mutations in the target gene, gene families cannot be targeted because of the high specificity of the primers. Additionally, creating genome-specific primers is difficult, if not impossible, for plants with polyploid genomes, particularly if the homologous genes share a high degree of similarity (Tadele et al, 2010). Since low mutation rates have an impact on both the effectiveness and price of the screening, mutation density presents additional difficulty for TILLING.

7. The recent achievements of TILLING in basic studies of gene function and/or breeding in rice
Despite being introduced over two decades ago, the TILLING approach remains widely utilized in plant research, particularly for agriculturally important species. TILLING mutants serve as valuable tools for dissecting the genetic underpinnings of various essential traits concerning plant growth and their ability to resist diverse biotic and abiotic stresses. Moreover, TILLING is instrumental in generating genotypes harboring enhanced agronomic characteristics, particularly those relevant to addressing challenges posed by climate change, thereby offering considerable potential in tackling global agricultural and food security issues.
The technique can be applied not only to model organisms but also to economically important plants. With its many advantages, such as a straightforward procedure, high sensitivity, and efficiency, TILLING offers a potent approach for gene discovery, assessing DNA polymorphism, and thereby enhancing plant traits. When combined with other genomic resources, TILLING can be immediately used as a tool for identifying allelic variations in genes linked to phenotypes in plant breeding. It can also help to establish allelic series at genetic loci related to desired traits in germplasm or induced mutants (Kuromori et al, 2009). Detecting numerous mutations in specific regions of a genome is valuable for functional genomics studies. Creating a TILLING library is a useful way for scientists to search for mutations in genes of interest. While T-DNA or transposon insertions are used to generate specific gene knockouts, they are practically limited to a few crops. TILLING surpasses transgenic methods because it involves identifying multiple mutations within a target region of an entire genome. As an alternative to wild relatives, TILLING is used to introduce beneficial genetic variation into elite germplasm. It is also applicable in populations with pre-existing polymorphisms for developing SNPs.
Table 2.  Achievements through TILLING in rice 
	Goal 
	Genes targeted 
	Function 
	Effect of mutation 
	Reference 

	Adaptation to chilling stress 
	OsCIPK7
	Calcineurin B-like interacting protein kinases
	Increased chilling tolerance (one mutant with missense mutation)
	Zang et al., 2019

	Investigating the role of OsERL in rice
	OsERL
	Leucine-rich repeat receptor-like kinase
	Defects in the anther development, male sterility, or reduced numbers of anther lobes (surprisingly, two nonsense mutations led to a moderate effect, and two missense mutations led to a strong effect)
	Liu et al., 2021

	Salt tolerance 
	OsAKT1, OsHKT6, OsNSCC2, OsHAK11, OsSOS1,
	Similar to AKT1-like potassium channel,
Oryza sativa high-affinity K+ transporter,
Translocation protein Sec62 family protein, Potassium transporter, Similar to Na+/H+ Antiporter
	higher tolerance to salt treatment compared to the wild type, in regards to root and shoot growth
	Hwang et al., 2017

	Salt tolerance 
	OsAKT1
OsHKT6
OsNSCC2
OsHAK11
	membrane transport genes
	Among the SNPs, seven caused amino acid changes in the membrane transport genes. These regions of amino acid change influenced salt tolerance in the mutant lines
	Hwang et al., 2016

	Dwarfiness 
	SD1
	Dwarfiness 
	Height reduction due to mutation in the SD1 gene
	Casella et al., 2013

	Arsenic tolerance
	OsNPF
	enhances arsenic tolerance by increasing vacuolar sequestration capacity of arsenic
	single amino acid change on nitrate transporter 1/peptide transporter (OsNPF5.8) might be one of the putative casual genes involved in As tolerance phenotype of ATT1 mutant.
	Lim et al (2020)



Hwang et al. (2016) utilized TILLING to identify single-nucleotide polymorphisms (SNPs) in membrane transport genes among 2,961 M2 rice mutant lines. In lines with SNPs, the average number of mutations per gene was 1/492 kb, and the percentage of mutation sites per total sequence was 0.67. Lim et al (2020) isolated an arsenic-tolerant type 1 (ATT1) from a rice TILLING population through gamma-ray irradiation. ATT1 plants showed significantly increased root and aerial shoot biomass due to enhanced cell proliferation and cell size. Casella et al (2013) established a TILLING platform for a European temperate japonica accession. They identified two independent mutations in the Green Revolution gene SD1 (semidwarf 1), which had a significant phenotypic effect, resulting in semidwarf plants with an average height reduction of 21% in those carrying the mutant allele in a homozygous state. Serret et al (2014) achieved a high mutagenesis rate (one mutation in every 451 kb) when treating rice calli with EMS. Among seven senescence-related genes, they identified sense change mutations in 15 point mutations, occurring in 2400 individuals out of 6912. In rice, nine genes linked to membrane transport OsAKT1 (similar to AKT1-like potassium channel), OsHKT6 (Oryza sativa high-affinity K+ transporter), OsNSCC2 (translocation protein Sec62 family protein), OsCAX2 (sodium/calcium exchanger protein), OsHAK11 (potassium transporter), OsP5CS1 (delta-1-pyrroline-5-carboxylate synthetase), OsNHX (sodium/hydrogen exchanger), OsNAC60 (similar to NAM/CUC2-like protein), OsSOS1 (similar to Na+/H+ antiporter) were analyzed using TILLING (Hwang et al., 2017). A total of nine mutants, exhibiting alterations in five out of the nine targeted genes (OsAKT1, OsHKT6, OsNSCC2, OsHAK11, OsSOS1), demonstrated enhanced tolerance to salt treatment compared to the wild type, particularly concerning root and shoot growth.
In Arabidopsis, the ERECTA (ER) subfamily of leucine-rich repeat (LRR) receptor kinases (LRR-RKs) play crucial roles in cell division and elongation. However, the functions of OsER genes in rice remain largely unexplored. Liu et al (2021) investigated sixty-seven mutants generated through TILLING and four through gene editing were identified for one of the three OsERs, OsERL, and subsequently utilized for functional assessments. Results revealed that mutations in OsERL resulted in notable anomalies in anther development. Complete male sterility and a decrease in the number of anther lobes, more severe than those observed in knockout mutants, were evident in mutants with amino acid substitutions in the kinase domain. Expression analysis showed OsERL expression in shoot apices, internodes, and anthers, with specific expression in sporophytic and tapetal cells within the anther. Cellular analyses further demonstrated that mutations in OsERL led to defective periclinal division in archesporial cells within anthers, highlighting the critical involvement of OsERL in rice anther development.
Zhang et al (2019) studied an OsCIPK7 mutant identified through TILLING, which exhibited a point mutation in the kinase domain resulting in enhanced tolerance to chilling stress. They observed that this specific mutation in OsCIPK7 caused a structural alteration in the activation loop of the kinase domain, leading to heightened protein kinase activity. Consequently, this mutation conferred increased resistance to chilling stress, suggesting its potential utility in molecular breeding.

8. From TILLING to TILLING by Sequencing
Conventional TILLING relies on enzymatic mismatch cleavage (e.g., using CEL I nuclease) and gel based detection to identify mismatches in PCR amplified gene regions. While effective, this method is limited in scalability and resolution particularly when screening large populations or multiple genes. The development of TILLING by Sequencing addresses these limitations by incorporating NGS based amplicon sequencing into the TILLING workflow. It helps in direct identification of mutations at the nucleotide level, precise localization of single nucleotide polymorphisms or small insertions/deletions (indels), high-throughput screening of thousands of samples in a single sequencing run. This evolution from traditional TILLING to TILLING by Sequencing represents a shift from low-resolution, labour-intensive screening to automated, high resolution mutation discovery. This integrated approach has been applied in rice to uncover functional alleles associated with critical traits, thereby accelerating gene discovery and allele mining for crop improvement.

9. Conclusion 
One of the most significant milestones in the field of genetics was the realization that mutations can be induced. TILLING (Targeting Induced Local Lesions IN Genomes) is a recently devised, broad reverse genetic technique that aids in pinpointing a series of induced point mutations within genes of interest. TILLING enables the quick and cost-effective identification of point mutations induced in populations of individuals subjected to physical or chemical mutagenesis. This non-transgenic, conventional mutagenesis method offers high-throughput mutation screening and represents a potent and innovative approach for detecting SNPs or mutations. The technique provides an allelic series of mutations leading to various phenotypes and can be used for crop improvement. TILLING makes the functional analysis of genes and is a valuable tool in plant breeding as an alternative to transgenic approach for functional genomics.
TILLING is a method in molecular biology that allows direct identification of mutations in a specific gene. It involves use of a mutagen that cause small lesions (SNPs or InDels) randomly throughout the genome. The ideal mutagen would be one that generates the desired variety and range of alleles while causing minimal side effects, keeping material and labor costs low, and posing minimal health risks. The primary objective of TILLING is to establish a non-chimeric population. Many mutagenic treatments initially result in chimeric plants in the first generation (M1), which are then eliminated by self-fertilization to create a structured population (M2). DNA extraction and sample pooling should be executed using appropriate methods (such as 1D or 2D pooling). Subsequently, the population can be screened for induced mutations in specific regions of target genes. Various methods can be employed to detect mutations, including enzymatic mismatch cleavage using a LI-COR analyzer, High-Resolution Melt (HRM), Next-Generation Sequencing (NGS), and more. Finally, mutant phenotyping can be conducted to establish the connection between genotype and phenotype.

10. Future perspective 
TILLING builds upon the established practice of utilizing existing genetic variation to identify functional genetic changes. Its effectiveness relies on technology for detecting sequence variations, and future advances in SNP detection. Consequently, we can anticipate ongoing evolution and simplification of the TILLING process as genomic technology progresses, particularly in terms of improved SNP identification and sequencing techniques. 
In the more distant future, there may be the possibility of sequencing an individual's entire genome at a low enough cost to discover all mutations in protein-coding regions among thousands of mutagenized individuals. Eventually, TILLING could transform into an in-silico technique that scans extensive sequencing databases for relevant genetic variations in the chosen organism. Given the potential expense of such a resource, it would be preferable to explore genetic or cultural methods for preserving M2 populations for long-term use by the scientific community. Lastly, advancements in mutagenesis techniques have the potential to significantly enhance the efficiency of TILLING in most organisms by enabling the creation of populations with an appropriate mutation density.
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  1     Review Article     Targeting Induced Local Lesions in Genome   (TILLING ) : An approach towards  genetic  mutations in rice       Abstract   TILLING (Targeting Induced Local Lesions in Genome) is a reverse genetic approach that  involves inducing mutations and then utilizing high - throughput methods to identify these  mutations. Successful attempts have been made towards improvement of traits thro ugh  identification of beneficial alleles by TILLING method.  Even though TILLING  was developed  a decade ago as an alternative to insertional mutagenesis in  Arabidopsis thaliana   (McCallum  et al. ,   2000) , it is prominent and successful in rice also .   Many attempts have been undergoing  in rice for improving traits based on TILLING.  TILLING populations have been developed in  several crops including rice for functional genomic studies. Rice, being the primary staple food,  plays a crucial role in meeting the dietary needs of the population .  With the global population  projected to reach 9.6 billion by 2050 (Leridon, 2020), there is an urgent need to increase rice  production to meet the growing global food demand .   Achieving this goal must occur despite  increasing biotic and abiotic stresses driven by climate change,  overwhelmed   by   the  competition for   limited resources like land and water.  In order to fasten the improvement of  the traits in rice, technique such as TILLING could be useful.  Due to its benefits such as simple  procedure, high sensitivity, and efficient results, TILLING represents a potent method for both  identifying genes and assessing DNA variations.   Key words   TILLING, induced mutagenesis, mutation detection, functional genomics,  Oryza sativa     1.   Introduction   Rice as a primary staple food in Asia, making up a significant portion of people's daily  diets. The intense focus on a limited number of varieties in breeding programs has led to a  reduction in the genetic diversity of rice. Consequently, the task of breed ing new rice varieties 

