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      Abstract




Single nucleotide polymorphisms (SNPs) describe a change in a single nucleotide within the genome. SNPs are known as the markers of choice due to their desirable properties such as co-dominant in nature, robust, widely distributed throughout the genome, highly multiplexable, easily automated with high throughput techniques, have high reproducibility, and high efficiency for detection of polymorphism. Several studies have been successfully done for the identifications of the functional SNPs in the plant crops. However, the effects of the identified functional SNPs on plant phenotypes are not yet reviewed so far. Functional SNPs located in the coding regions of the gene can change the first or the second nucleotide sequence in the cordon which in turn alters the amino acid, its sequence, and protein structure that change the activities of the enzymes and finally results in the formation of new traits in the plants. The various desirable phenotypic variations produced within individuals of plant species include grain yields, quality traits, fruit size and shape, tolerance, resistance and adaptation to different abiotic and biotic factors, different colors of fruits and plants, flowering and ripening time. These important phenotypic traits could be improved through breeding using MAS. SNPs that are located in the coding sequence or found near to functional gene controlling desirable traits can help molecular breeder select targeted plant at the early growth stage. This makes the crop improvement program very efficient and rapid. Therefore, the application of marker technology particularly SNPs can increase the speed and efficiency of crop improvement. Therefore, the present seminar paper was targeted to review the application of SNPs in crop phenotypic traits.
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Introduction




Molecular markers are fragments or nucleotide sequences of DNA showing variations that can be used to detect polymorphism between different genotypes or alleles of a gene for a particular sequence of DNA in a population. The polymorphisms can be produced by different types of mutation such as insertion, deletion, substitution, duplication, and translocation of bases [1]. Molecular markers can be generally divided into three different categories based on criteria such as their mode of gene action, method of detection, and mode of transmission. Based on their mode of gene action (dominant such as RAPD, ISSR or co-dominant markers such as RFLP, SSR, and SNP), method of detection (hybridization-based, e.g., RFLP or polymerase chain reaction-based such as RAPD, AFLP, ISSR, and SSR), and mode of transmission either paternal organelle inheritance or maternal organelle inheritance [2,3].



Molecular markers are used for genetic diversity analysis, cultivar identification or assessment of purity, hybrid testing, marker-assisted selection, construction of genetic linkage maps, quantitative trait locus (QTL) mapping, and characterization of transformants in plants [4,5].



Furthermore, molecular markers can be also classified into two based on the determination of allele size. These are gel based and sequence based molecular markers. According to Sushil [6], RAPD, AFLP, ISSR, and SSR are gel based molecular markers because it uses gel electrophoresis for the determination of allele size. The bands formed indicate the length variation of DNA and show polymorphisms. On the other hand, the length variation of DNA fragments may not show the exact difference among genotypes because their DNA sequence is unknown. Even equal lengths of DNA may have different base sequences. Furthermore, according to Gupta, et al. [7], gel-based molecular markers are expensive, time-consuming that limits their utility.



However, SNPs are the sequence-based variation that solved the limitations of gel-based molecular markers because they are fast, cost-effective, reduce labor and provide a higher rate of accuracy during selection [7,8]. Additionally, SNPs are also known as the markers of choice and used in genetic studies due to their desirable properties such as robust, widely distributed throughout the genome of plants, highly multiplexable, and easily automated with high throughput techniques [9].



Furthermore, SNPs have been used to detect the presence of polymorphism without gel-based electrophoresis utilizing high-throughput methods, such as microarray technology [10]. SNPs can be detected using sequencing such as NGS (next-generation sequencing) technologies (Roche/454, Illumina, SOLiD) [11], genotyping by sequencing (GBS) [12]. Unlike the other DNA-based molecular markers, SNPs are based directly on known sequence polymorphisms [13]. Therefore, SNPs are the most superior molecular markers for detecting the polymorphisms among different organisms using the sequence of nucleotides of the genomes.



SNPs describe a change in a single nucleotide within the genome. If SNPs occur in a coding region of the gene, it can change the phenotype of an individual within the same species and produce desirable or undesirable characteristics in plants [14]. The most important phenotypic variation produced within individuals of plant species includes grain yields, quality of crops, fruit size and shape, disease resistance, tolerance and adaptation to different abiotic and biotic factors, the various color of fruits and plants, flowering and ripening time [15,16]. These desirable phenotypic traits can be improved using marker-assisted selection (MAS). MAS is the molecular breeding method which involves the use of DNA based markers that are closely linked to a phenotype to assist the selection of economic trait in a breeding program [17]. DNA based markers that are closely linked a gene controlling useful trait can serve as a chromosomal land mark to select plants that carry desirable traits.



SNPs have various applications in studying genetic diversity analysis, cultivar identification, detecting relationships between allelic forms of a gene and phenotypes, high-resolution genetic map construction, linkage disequilibrium based association mapping, genetic diagnostics, and phylogenetic analysis, creates great potential for characterization of genetic resources, and becoming the preferred marker system in marker-assisted breeding programs [18,19].



Several studies have been conducted on the identification of functional SNPs in various plants and their importance in plant breeding program [19-24]. The main objective of this seminar paper is to review the effects of functional SNPs on plant phenotype and their applications in crop improvements using marker-assisted selection.


Definition of SNPs Marker and Its Distributions in the Plant Genome




Single nucleotide polymorphism can be defined as a single base-pair change found in the genome sequence of an individual with an allele frequency of greater than 1% in the population. It is caused by point mutations such as insertion, substitution, deletion, and indels [25]. SNP is a recent type of molecular marker which represents the site where the DNA sequence shows a variation on the gene by single base pair in a plant genotype [14] also defined SNP as the most common form of DNA sequence variation between alleles that shows polymorphisms in plant species. According to Devesa-PeirÓ, et al. [26], SNPs were first introduced in 1998 to determine the linkage between a disease locus and a chromosomal region for the genotype-phenotype association.



As indicated in Figure 1 above, SNPs found in four wheat genotypes (1-4) at locus 10 created variation among wheat with a nucleotide change from T to G, A, and C producing cysteine, glycine, serine, and arginine respectively.



According to Xu [3], SNPs are widely distributed within the plant genome and can be found in exons (coding regions) or intron (non-coding regions) of genes or between two genes (intergenic region) with different rates of frequency. Zhang, et al. [27] reported that the distribution of SNPs in the plant genome are widely distributed and it can be found in any region of a gene, mRNA, and intergenic region. However, most SNPs identified in plants are located in the introns and may not be functional.


Working mechanisms of functional SNPs


Sarkar, et al. [28] reported that functional SNPs are found in various pathways such as amino acid metabolism, purine, and pyrimidine biosynthesis pathway, cellulose and lignin biosynthesis, in line with breeding strategies that target pathways governing carbon and energy partition.



According to Aerts, et al. [29], in addition to non-coding regions, SNPs are located in genes. During post-transcription, introns are removed and exons are joined together. SNPs that are occurred in the intron regions of the gene have no effect on the plants. SNPs in the coding region are further classified into two as synonymous and non-synonymous SNPs. Synonymous SNPs do not affect the amino acid sequence and remain silent whereas non-synonymous SNPs change the amino acid sequence of the protein and may influence the enzyme activity. Non-synonymous SNPs are functional SNPs and very important because they affect the function of the gene. Therefore, functional SNPs may influence the activity of promoters for gene expression and produce functional protein through translation which results in the variations of plant phenotype.



Zhang, et al. [27] also reported that functional SNPs affect the levels of translation or gene expression, efficiency to enhance or inhibit mRNA stability, splicing, and protein function, which results in the formation of new traits in the plants as shown in Figure 2 below.



This concept was taken from Russell (2014) and Huq, et al. [16] with minor modification.


Effects of Functional SNPs on Plant Phenotypes




Crop production can be highly affected by various abiotic factors such as drought, salinity, and biotic factors such as diseases and insects. Functional SNPs are the key to overcoming the problems through developing improved crop varieties that can resist these factors and give a high yield. Some of the effects of functional SNPs on plant phenotypes are described as follows.


Flowering time adaptation


In plant breeding, flowering time is one of the most important key traits for the life cycles of plants for the accomplishment of successful reproduction either through self or cross-pollination among plants [22]. However, different environmental conditions, such as precipitation, photoperiod, and temperature affect flowering time and could decrease crop yields by 10-20% [30]. To overcome these problems and guarantee the success of plant reproduction, plants have changed flowering times to adapt to global warming [22].



Several studies have reported that many wild plant species flower earlier to mitigate the negative effects of climate change on the annual and insect-pollinated plants in a short rainy season [31]. Early flowering strategy is an effective adaptive phenological shift in response to climate change in some wild species such as barley cultivars [22].



Flowering time can be regulated through different flowering regulator genes such as SVP, FT, and FLC that are linked to flowering time variation work together to orchestrate early flowering to adapt to the different climatic changes in plants [32]. Méndez-Vigo, et al. [33] reported that a single amino acid substitution in SVP using the method of transgenesis and directed mutagenesis caused the loss of amino acid function and resulted in the early flowering of Arabidopsis thaliana. CO1 regulates both the integrator FT1 and the repressor VRNH2 in barley causing early flowering. CO1 performs its activities by promoting the transcription of FT1, which in turn promotes flowering [34]. These findings could have great importance for crop improvement by providing instructive genetic information to overcome the continuous climatic changes.


Tolerance to biotic and abiotic stresses


Functional SNPs located in the exon parts of the gene can control the level of biotic and abiotic stresses and improve the variety of abiotic and biotic stress-tolerant crops by changing expressed regions [35]. 196 loci with 230 candidates of SNPs associated with drought resistance were identified from common bean (Phaseolus vulgaris L.) for nine quantitative traits. ABA-responsive element-binding protein family, MYB, the protein kinase superfamily, and NAC are linked to drought resistance. These findings showed promising alleles linked to root traits or drought resistance, providing insights into the genetic basis of roots and drought resistance, which will be valuable for common bean improvement [36].



Seven of the 57 SNPs were located in reported genes whose homologs in the common bean are involved in response to drought, ABA, and osmotic stresses [27,37]. The TaMYB94 transcription factor activates cuticular wax biosynthesis in Arabidopsis thaliana, and it is important in the plant response to environmental stress, including drought [20], which lays basic genetic information for common bean improvement through molecular marker-assisted selection. Wang, et al. [38] reported that seven functional SNPs found in MeMYB26 gene are drought-responsive transcription factor in cassava plants which plays an important role in the expression of drought resistance and cassava storage roots. The seven SNPs in MeMYB26 were significantly associated with drought tolerant crops (DTCs) of catalase (CAT), aboveground fresh weight (AGFW), superoxide dismutase activity (SOD), and storage root number (SRN). According to Prathap, et al. [39], it had a significantly up-regulated expression for starch accumulation in the sink and might play a positive role in cassava drought resistance under drought stress. Therefore, these functional SNPs are used for marker-assisted selection in the breeding of drought-tolerant cassava without loss of biomass storage.



Similarly, the functional SNPs found in the BrpHAIRY LEAVES1a (BrpHL1a) gene of Brassica rapa are very important for the formation of the tryptophan-92 residue at 274T/C and 403T/G, which produces leaf hairs phenotype but the substitution functional SNP of the tryptophan-92 residue at 274C and 403G produced hairless leaves using mutagenesis. The hairy phenotype could be used as a molecular marker for insect resistance in Brassica spp. and facilitate the molecular breeding of many crops [27]. A leaf hair (trichome) is an epidermal hair that helps as a physical barrier on plant surfaces against abiotic and biotic stresses including excessive transpiration, pathogenic microorganisms, insect herbivores, UV light, and freezing [40,41].



Disease resistance: Pathogenic microorganisms such as viruses, fungi and bacteria can cause plant disease and affect crop production. However, several researchers have been doing various studies to tackle these problems using functional SNPs and develop disease-resistant crop varieties. Yundaeng, et al. [42] identified functional SNP found in the TAF5 gene from mung bean (Vigna radiata L.) that enables plants to develop disease resistance against Cercospora leaf spot, fungus disease. Two populations of mung bean namely "V4718" (resistant) and "Kamphaeng Saen 1" (KPS1; susceptible) were developed from F2 X BC1F1 using the backcross method. Inserts/deletions of SNPs found in exon 8 of the VrTAF5 gene caused the amino acid change at residue position of 250 from serine (S) to threonine (T) in V4718 but not in KPS1. VrTAF5 gene encodes TAF5. The In Dels mutation in the VrTAF5 (LOC106765332) gene causing an amino acid change in structure and function is responsible for Cercospora leaf spot resistance in V4718 probably by invoking a transcriptional response in the host plant through the histone acetylation. This enables the breeder to develop Cercospora leaf spot disease-resistant mung bean variety using MAS.



Wu, et al. [43], reported that three natural functional SNP found in the gene TraesCS2B01G51310 of wheat namely Rv-680 changed a nucleotide a C to a T, AX108806204 a G to an A and AX-111730867 a G to an A respectively causes amino acid change from alanine to valine, alanine to threonine, and glutamate to lysine respectively. These SNPS encodes a serine/threonine-protein kinase (STPK) were responsible for combating yellow rust caused by Puccinia striiformis f. sp. tritici (Pst) that affect the wheat production. Mutation analysis and gene expression approved that STPK performed an important function in yellow rust resistance.



According to Serrano, et al. [44], 92 functional SNPs observed in seven genes of olive (Olea europaea L.) showed disease resistance against Verticillium wilt that could be useful to distinguish germplasm collections regarding Verticillium wilt resistance and thus providing aid in the selection process of breeding programs. Furthermore, Gharbi, et al. [45] described that TLP1 belongs to the PR5 protein family related to stress resistance response that inhibits sporulation of fungal pathogens and hyphal growth. A previous study indicated that genes coding for PR5 found in olive plants were highly expressed in resistant cultivar after Verticillium dahliae infection.



According to Shi, et al. [46], soybean cyst nematode is the most economically destructive pathogen of soybean. To solve this problem, the researcher identified three functional SNPs, two from the Rhg1 locus and one from the Rhg4 locus of soybean genes that could be responsible for disease resistance against soybean cyst nematode. The SNPs were found in the coding sequences of resistance genes (Glyma18g02590 and Glyma08g11490) and create changes in protein sequences. Thus, they can be used for the resistance of cyst nematode race3 in soybean and applied in high throughput marker-assisted selection with high accuracy. Furthermore, Liu, et al. [47] explained a new mechanism of plant resistance to soybean cyst nematode. A single gene at the Rhg4 locus encoded a serine hydroxymethyl transferase (SHMT, Glyma08g11490) that was responsible for soybean cyst nematode (SCN) resistance. Two SNPs have been identified in the coding sequence of SHMT, 389 G/C in the first exon changes amino acid from Arginine (R) to Proline (P) and 1,165 A/T in the second exon, changes amino acid from Tyrosine (Y) to Asparagine (N). These results in the change of the enzyme property and may correlate with Rhg4-dependent resistance and susceptibility. Therefore, the result could be used for marker-assisted selection of plants that will exhibit SCN resistance for accelerating its breeding accurately and efficiently.


Ripening of fruits


Functional SNPs have great role in regulating the ripening of different fruits. Xu, et al. [3] identified functional SNPs in eight genes that regulate early berry ripening and coloring in SBBM grapes. The expression of ERF3 and ERF5, involved with ethylene production, increased during ripening time to increase the production of ethylene that might promote early berry ripening in SBBM. The CHS gene was potentially related to early berry ripening by participating in the anthocyanin biosynthesis pathway and produce anthocyanin in the skin of the berry of grape to give deepen color indicating the ripening of grapes. NCED6 gene expression has participated in the ABA biosynthesis of grape. The production of ABA promotes anthocyanin accumulation in the grapes.


Quality of yields


SNPs also have significant contribution quality improvement of crops. In line with this, Nishio, et al. [23] identified a new functional SNP from Japanese Pear (Pyrus spp.) on chromosome 11 that had large effects on sugar conversion from fructose to glucose and vice versa. The SNP found on chromosome 4 was associated with fructose that would be useful for increasing the contents of fructose and total sugar content without affecting other sugar contents. Therefore, these SNPs would potentially enable breeders to select genotypes with high fructose and low glucose for improving the sweetness of the fruits of Japanese Pear (Pyrus spp.). Similarly, Orchard, et al. [24] identified two functional single nucleotide polymorphisms (SNPs) from tomato that most likely cause high β-carotene through their influence on transcription of Beta allele (B) of the Cyc-B gene that is elevated in ripening fruit. Beta carotene is very important in food and provides an essential nutrient to animals that consume them.



Moreover, Udoh, et al. [19] identified functional SNPs found in the exon region of the LYCE gene at the 1295 nucleotide position of the reference gene (cassava43823.valid.ml) nucleotide variation G/T. G (guanine) was found in the reference sequence and T (thymine) in high carotene accession (07/0539) that occurred only in high carotene accession. This change was resulted in an amino acid change from Trp (tryptophan) to Leu (leucine) and increased levels of β-carotene in cassava plants. These findings could solve vitamin A deficiency in several cassava varieties. Genes such as β-carotene hydroxylase (HYD), Phytoene synthase (PSY), lycopene β and ε cyclase (LYCB and LYCE) play an important role in increasing the levels of β-carotene in plants. Bang, et al. [48] reported that a single functional SNP found in the exon region of the LYCB gene changed an amino acid and produced red and yellow-fleshed watermelon (Citrullis vulgaris).



Jang, et al. [15] reported that the qHS1 found in the soybean cultivar gene encodes an endo-1,4-β-glucanase that controls the permeability of seed coat in soybean by the accumulation of carbohydrates containing β-1,4-glucan at the outer layer of seed. New cultivar Tachinagaha was developed by transferring the genomic region of qHS1 from the non-permeable NIL into the permeable cultivar Kariyutaka which finally resulted in the accumulation of β-1,4-glucan in the outer layer of palisade cells and results in the production of hard seeds. SNP in the endo-1,4-β-glucanase gene of seed in a new cultivar changed an enzyme function and resulted in increasing the amounts of β-1,4-glucan which is responsible for the formations of rigidity and impermeability for the seed.



Furthermore, Kharabian-Masouleh, et al. [49] confirmed that two functional SNPs identified from rice were located in the coding regions of GBSSI and SSIIIa one in each gene of rice and cause amino acid changes. SNP in GBSSI (waxy gene) gene controls starch properties such as trough viscosity, final viscosity, set back, retrogradation (Martin test), and amylose content while SNP in SSIIIa controls physiochemical properties of cooking such as pasting temperature, peak time, and breakdown viscosity of the starch properties of rice.



Shirasawa, et al. [50] reported that some functional SNPs controlled substantial effects on phenotypic variations of cultivated tomatoes. The SNPs located in FAS, SP, and U genes are responsible for creating phenotypic variations among cultivated tomatoes. SNPs at SL1_00sc6004_2094360_solcap_snp_sl_44897 FAS were responsible for fruit size and locule number, SL2.40ch06_42601581W SP responsible for plant height, SL2.40ch06_42601581W SNP located at SP genes determine the number of leaves between inflorescences and plant habit (indeterminate or determinate), U gene causes green shoulder of tomato. These functional SNPs could be used as powerful selection markers for marker-assisted selection in tomato breeding (Table 1).


Conclusion




Currently, SNPs have become the most preferred molecular markers in various applications in genetic research, including genetic diversity study, cultivar identification, detecting relationships between allelic forms of a gene and phenotypes, genetic diagnostics, high-resolution genetic map construction. It is also crucial in the fields of genetic engineering to produce genetically modified plants. Furthermore, functional SNPs are powerful tools to accelerate crop improvement and help breeders develop improved crop varieties for productivity and resilience. SNPs that are associated with desirable agronomic phenotypes can provide a better understanding of gene function and can be used efficiently in plant breeding programs. These desirable agronomic phenotypic traits could be utilized for plant breeding using marker-assisted selection. Therefore, functional SNPs could be used for the improvement of crops for the selection of high-yielding varieties, high-quality crops, disease-resistant crops, flowering time adaptation, ripening of fruits, abiotic and biotic stress-tolerant crop varieties.



Functional SNPs have the potential to revolutionize the field of plant breeding in the future to overcome the fluctuating climatic conditions and diseases that might reduce or devastate crop production. Currently, plant breeders are using marker-assisted selection for developing improved crop varieties, which is better than conventional breeding. However, the applications of functional SNPs are limited to some crops, fruits, and vegetables. Therefore, further research is needed to widen its scope to commercial crops, fruits, and vegetables using extra advanced molecular tools such as gene-editing technology.
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        Figure 1: Single nucleotide polymorphisms in wheat genotypes at locus 10. View Figure 1

      


      
        Figure 2: A diagrammatic representation of the role of SNP in gene function that can affect the enzyme activity by changing amino acids.
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