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Abstract

:

Recently-developed molecular markers are becoming powerful tools, with applications in crop genetics and improvement. Microsatellites, or simple sequence repeats (SSRs), are widely used in genetic fingerprinting, kinship analysis, and population genetics, because of the advantages of high variability from co-dominant and multi-allelic polymorphisms, and accurate and rapid detection. However, more recent evidence suggests they may play an important role in genome evolution and provide hotspots of recombination. This review describes the development of SSR markers through different techniques, and the detection of SSR markers and applications for sugarcane genetic research and breeding, such as cultivar identification, genetic diversity, genome mapping, quantitative trait loci (QTL) analysis, paternity analysis, cross-species transferability, segregation analysis, phylogenetic relationships, and identification of wild cross hybrids. We also discuss the advantages and disadvantages of SSR markers and highlight some future perspectives.
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1. Introduction


Sugarcane (Saccharum spp.) is a major global crop, not only required for the production of biofuels such as ethanol, but it also produces 80% of total dietary sugar globally [1], and 92% of the sugar consumed in China [2]. Modern cultivars exhibit complex aneu-polyploid genomes with chromosome numbers ranging from 100 to 130, and are inter-specific hybrids derived from crosses among S. barberi (2n = 111–120), S. officinarum (2n = 80, x = 10), S. robustum (2n = 60 and 80, x = 10), S. sinense (2n = 81–124), and S. spontaneum (2n = 40–128, x = 8) [3,4], constituting approximately 80% of S. officinarum, 10–15% of S. spontaneum, and 5–10% recombinant chromosomes [4]. Currently, all commercial sugarcane breeding populations in the world share a narrow genetic base, due to their ancient origins from a small number of popular hybrids, such as POJ2878, Co419, and NCo310, which were developed in the early 1900s. These varieties were developed from complex interspecific hybridization through the Nobilization breeding process among wild clones of S. spontaneum and S. officinarum. Modern commercial cultivars represent the outcomes of 15–20 genotypes of the nobilized cultivars developed in India and Java from 100 years ago within the nobilized germplasm [3]. Thus, the genetic base of sugarcane commercial cultivars has narrowed, potentially explaining the slow progress currently being experienced by sugarcane breeding and improvement projects [3]. Although sugarcane is a major crop globally, relatively little effort has been expended on sugarcane genetics, likely due to life history factors (e.g., heterozygosity and a longer breeding and selection cycle) that make conventional plant breeding programs time consuming and ineffective.



In sugarcane development, selection of parents for crossing needs careful characterization and assessment of the germplasm, as well as thorough knowledge and breeding techniques. Molecular DNA markers can be helpful tools for this process. Molecular marker technologies have been used in genetic diversity studies, molecular assisted selection (MAS), paternity analysis, quantitative trait loci (QTL) mapping, cultivar identification, phylogenetic relationships, and genetic mapping. Various molecular markers are being developed and used in sugarcane genetic studies, including simple sequence repeats (SSRs) [5], inter simple sequence repeat (ISSRs), restriction fragment length polymorphisms (RFLPs) [6], random amplification of polymorphic DNAs (RAPDs) [7], amplified fragment length polymorphisms (AFLPs) [8], and single nucleotide polymorphisms (SNPs) [9]. Among these, SSRs, also known as microsatellites, are very advantageous for a variety of applications in sugarcane genetics research and breeding, because they are multi-allele, co-dominant, highly informative, occur with high relative abundance and good coverage across the genome, and are experimentally reproducible [5,10,11]. SSRs have a few advantages over SNPs using modern genotyping platforms, though they are low throughput and might cost more per unit. SSR markers have been used in an extensive range of fundamental and applicable fields, including genetic analysis at the individual, population, cultivar, and species levels [12]. In this review, we describe the development of and applications for SSRs in sugarcane genetic research and breeding, which we believe could be useful for future crop improvement programs.




2. Development of Microsatellite (SSR) Markers


In recent years, a number of different molecular marker systems have been developed for use in sugarcane, and SSRs have been shown to be the most powerful [10,13]. SSRs are sequence blocks containing DNA motifs of 1 to 6 base pairs repeated between 5–50 times and flanked by sequences that are generally unique in the genome, but conserved in organisms [10,14]. SSRs are classified into mono-, di-, tri-, tetra-, penta-, or hexa-SSRs based on the number of repeated base pairs, and into perfect, imperfect, and compound SSRs, which display perfect repetitions, interruption with novel nucleotides, and two or more tandem motifs [15]. Wang et al. [16] further classified SSRs as simple perfect, simple imperfect, compound perfect, or compound imperfect.



SSR markers can be sorted by genomic or expressed sequence tag (EST) levels. SSRs can be classified as nuclear (nuSSR), mitochondrial (mtSSR) [17], or chloroplast SSRs (cpSSR) according to their location in the genome [18] (Table 1). Most genomic SSRs are nuclear SSRs. In sugarcane, ESTs led to significant advances in gene identification by providing biological proof of transcript isoforms, as well as predicted and newly discovered genes. ESTs are also useful in accessing the genetic information of species with complex genomes, including sugarcane [19]. Scientific reports have identified more than 5000 novel SSRs [20,21,22] using the SUCEST database (sugarcane ESTs; [19,23]). The conventional process of construction and screening of a genomic library is time-consuming, demanding, and costly, though after completion, the operating cost for these markers is practical [19]. Therefore, alternative approaches have been designed to reduce the time for SSR isolation and to substantially increase the number of SSR loci produced [24,25]. These methods include: (i) Next-generation sequencing or high throughput sequencing, (ii) EST libraries search, and (iii) enriched-genomic libraries search. Selected published studies on SSRs in sugarcane are listed in Table 2.



2.1. Next-Generation Sequencing or High Throughput Sequencing


Recent developments in plant science, particularly emerging genomic technologies, have the potential to increase the understanding of sugarcane genetics and breeding. Next-generation sequencing (NGS) technology contributed significantly to improving crop genetics and breeding [35]. In commercial programs, genotypes which are of interest to breeders, such as the parental genotypes of populations used for mapping, can be sequenced through NGS to generate genome or transcriptome data. This data can be further aligned with that of well-described model species, or of closely-related major crop species [37]. Sequencing large genomes is an expensive process, even with the use of NGS.



The primary resource for the study of sugarcane genetics is the considerable EST information available in public databases. Sugarcane transcriptome studies began in South Africa [38,39], and the largest EST collection to date (∼238,000 ESTs) was developed through the Brazilian SUCEST project [19,23]. This collection resulted in biotechnological improvements by vastly expanding the potential molecular markers and sequence information available for sugarcane breeding programs. Furthermore, Cardoso-Silva et al. [35] used the Illumina RNA-Seq platform for de novo assembly of the sugarcane transcriptome, and described a great number of novel markers, including 5106 SSRs and 708,125 SNPs. That study mentioned 5000 undescribed genes, representing more than half of the expected sugarcane genes that were absent from existing sugarcane databases. Zhang et al. [36] further developed 15 polymorphic SSR markers from the important germplasm resource Chinese wild sugarcane Erianthus arundinaceus using the 3730XL Automated DNA Sequencer.




2.2. Expressed Sequence Tag (EST) Libraries


Sugarcane libraries show a low level of enrichment, and the cost of developing plant SSR libraries is relatively high, making the importance of developing alternative methods readily apparent. Because EST-SSR databases (dbESTs) can identify markers directly associated with a particular trait, they are currently an important source of candidate genes [40]. The most complete dbEST for sugarcane is the sugarcane expressed sequence tag project (SUCEST), which contains 237,954 EST sequences in 43,141 clusters [23,41], which is 267 times more than currently available for Saccharum in the NCBI Expressed Sequence Tags database (http://ncbi.nlm.nih.gov/dbEST/). Starting from library construction, several disadvantages seem to be common, especially in species like sugarcane with large genomes [20]. Problems include the presence of one-side flanks in sequenced fragments, and the low efficacy and specificity of hybridization [31]. Pinto et al. [21] derived 51 EST–SSRs from SUCEST and compared these markers with 50 genomic SSRs (gSSR) based on their allele number and ability to establish genetic connection among 18 examined sugarcane clones. The majority of EST-SSR loci had four to six alleles and 15% had Polymorphism information content (PIC) values around 0.90, while gSSR loci had seven to nine alleles and 35% reached a PIC of 0.90. All known ESTs are collected in the sugarcane gene index (v 3.0), which contains 282,683 ESTs, 499 complete cDNA sequences, and 121,342 unique assembled sequences (uni-genes) [21].



Vicentini [42] found that there are still more than 10,000 sugarcane coding genes that have yet to be identified. This clearly indicates the extensive work required in order to develop the sugarcane transcriptome. Moreover, Silva [43] identified 420 SSRs using the SUCEST sugarcane database, and accomplished high levels of polymorphism with a set of 20 primers screened across multiple commercial cultivars and Saccharum species. Kushwah [29] used the publicly available non-enriched EST database and screened a new set of 722 EST-SSRs from the 8760 sucrose related EST sequences and designed primers.




2.3. Enriched Genomic Libraries


The latest developments in SSR techniques have increased the efficiency of SSR characterization for cultivars and species in which little to no previous sequence knowledge exists [33]. Such markers have been constructed through use of publicly available sugarcane ESTs and unigene sequences corresponding to expressed genome components [20,31]. EST-derived SSR markers have demonstrated a low level of polymorphism and a high degree of cross-transferability for Saccharum [25]. SSR markers developed from genomic sequences show a higher level of polymorphism [21]. A few sugarcane genomic SSR markers (International Sugarcane Microsatellite Consortium, ISMC; http://www.scu.edu.au/research/cpcg) were established from the SSR enriched genomic library [24] and assessed for their utility in genomic analysis [20,44,45]. A set of SSR markers was generated from an enriched genomic DNA library constructed from Q124 (Saccharum hybrid) [24]. Sequencing of 798 genomic DNA clones from an enriched SSR library resulted in 457 inserts containing SSR repeat motifs in sugarcane. Parida et al. [31] developed sugarcane enriched genomic microsatellites (SEGMS), yielding 6318 clones from enriched genomic libraries of two sugarcane hybrid cultivars, which were further sequenced to produce 4.16 Mb high-quality sequences. SSRs identified in 1261 of the 5742 non-redundant clones accounted for 22% of the enrichment of the libraries. Parshant et al. [33] studied patterns of population genetic structure by developing SSR primers from the sugarcane interspecific hybrid ISH 100. Altogether, 26 SSR primers were selected, of which 13 (50%) exhibited polymorphism.





3. Detection Systems for SSRs


3.1. Capillary Electrophoresis


SSR-capillary electrophoresis/fluorescence detection (SSR-CE/FD) and fragment analysis by capillary electrophoresis are frequently used to overcome some of the aforementioned problems, and to identify higher numbers of polymorphic SSRs. These methods can develop a highly precise and effective SSR marker assay [5,13], even permitting a perfect and reproducible score for highly variable SSR loci. In contrast, other techniques, including lab gel electrophoresis techniques with silver or ethidium bromide staining, can cause allele miscalling due to stutters, primer dimers, and other PCR artifacts. The use of modern methods can significantly diminish the time and effort required. However, problems can occur during amplification and should therefore be identified before SSR-CE/FD data analysis (Figure 1).



(1) Incorrect Alleles (Figure 1A): Both the amplification alleles should be considered correct for further data analysis.



(2) Excessive stuttering (Figure 1B): When PCR products that differ from the original template by one or more repeats are amplified, the interpretation of electrophoregrams is confounded. The resulting stutter bands are typically shorter than the original fragment due to a tendency toward contraction [46,47].



(3) Null alleles (Figure 1C,G): Non-amplifying alleles fail to appear when in the homozygote condition, which is typically interpreted as reaction failure, and they result in an apparent homozygote in the heterozygote condition [48]. Null alleles are formed by mutations in the flanking region at primer binding sites. Thus, when null alleles are present, the observed patterns of banding are not representative of the true range of genotypes.



(4) Primer-dimers, artefactual bands (Figure 1D), and tri-allelic patterns (Figure 1H): Each can be caused by the misplacing of primers [49,50]. Although these artifacts could be avoided during interpretation when they do not affect the calling of alleles, their presence may indicate a need for redesign to enable automatic interpretation of electrophoregrams.



(5) Low heterozygote peak height ratios (Figure 1E): These are indicated by very low amplification of the corresponding allele, and are the result of mutations in the flanking region at primer binding sites. Strategies for avoidance include tactics similar to those for null alleles.



(6) Split peaks (Figure 1F): These are characterized by the presence of an original fragment and an extra peak 1 bp longer corresponding to an adenylated fragment, and are triggered by addition of a single nucleotide (typically an adenine) to PCR fragments by Taq polymerase [51,52]. Incomplete adenylation results in double peaks, which compromises automatic peak recognition, especially for heterozygote genotypes with nearby alleles.



(7) Noisy peaks (Figure 1I): A collected signal can include high noise when an electrochemical detector is used for capillary electrophoresis (CE). Noisy peaks obscure analysis and negatively affect the accuracy of the results. Some chemo-metrics methods are used to eliminate the noise from the true peaks [53]. According to the description and complete protocol for capillary electrophoresis programming by Pan et al. (2003 and 2007) [14,44], an SSR allele was defined as a true, unique “Plus-adenine” DNA fragment that formed a measurable fluorescence peak during CE; while other DNA fragments that revealed measurable, but inconsistent, fluorescence peaks during CE as results of “dinosaur tails” or “Minus-adenine” are not scored (Figure 2).




3.2. Polyacrylamide Gel Electrophoresis


Capillary electrophoresis and fluorescent detection of SSR fragments (SSR-CE/FD) [54] is complex, time-consuming, and expensive. On the other hand, polyacrylamide gel electrophoresis with silver staining is an inexpensive alternative, originally defined for ultrasensitive detection of polypeptides. A detailed procedure and protocol of polyacrylamide gel electrophoresis (PAGE) and scoring of SSR-PAGE allele’s data was described by Ahmad et al. [12]. Polyacrylamide gel shows high resolution as compared with agarose gel, but some non-specific alleles might also be detected in polyacrylamide gel. The presence of minor and non-specific products increases the difficulty of the identification of legitimate alleles; moreover, accurately calculating the size of an allele is difficult because of differences in migration between gel lanes, particularly when size markers are in the outer lanes. The sensitivity and accuracy quantified by limiting dilution are higher for CE as compared to PAGE [55].





4. Application of SSR markers


Although a variety of PCR-based markers are accessible for genetic analysis and plant breeding, SSRs are preferred for use in sugarcane [56], due to their co-dominance, high detection ability, abundance, and uniform distribution (Table 3). SSRs are highly conserved across closely related species of sugarcane, and this sequence conservation allows for successful amplification [45,57,58]. SSRs can give high levels of genetic information and are therefore useful in estimates of genetic variability and in genomic analysis across species. SSRs are more robust [12], variable, and informative than markers based on RFLPs, RAPDs, and AFLPs [6,8].



Records of pedigree and phenotypic traits from the sugarcane germplasm provide previous estimates of genetic diversity. More recent studies have shown that SSRs can be used for fingerprinting clones [44], mapping studies [59], and calculations of genetic diversity. Some recent published reports on the use of microsatellites in sugarcane breeding and genetics are listed in Table 4.



4.1. Cultivars Identification


Because of sugarcane’s genomic complexity, the development and identification of increased numbers of SSR markers is needed to distinguish between accessions, clones, and cultivars [22]. After a slow start, some high-throughput SSRs were developed and are now commonly used for these applications [25]. SSR markers are useful in screening of sugarcane cultivars and in pedigree analysis because they represent a single locus [72,73]. Because they represent multiple alleles, these markers are reliable across a wide range of genetic sources [74,75].



With the advent of capillary electrophoresis CE-based sugarcane SSR genotyping, breeders of sugarcane are able to accurately control the genetic characteristics of their sugarcane varieties and advanced breeding lines, and identify any sugarcane clone that may be mis-labeled [14,44]. Pan [5] constructed a local SSR identity database containing SSR-based molecular information for 1004 sugarcane clones. These included 237 clones from 2005, 238 from 2006, 339 from 2007, and 190 from 2008. Oliveira et al. [22] identified 224 EST-SSR primer pairs, which amplified polymorphic bands in 18 sugarcane varieties. Pan et al. [14] ensured the genetic identity of 116 Louisiana commercial sugarcane clones with 21 SSR markers using capillary electrophoresis programming. Ahmad et al. [12] established molecular identities (ID) of 91 Chinese sugarcane cultivars using SSR DNA markers and two fingerprinting systems, CE and PAGE, which detected 151 and 117 SSR alleles, respectively.




4.2. Genetic Diversity/Phylogenetic Relationship


SSR markers are commonly used in sugarcane to measure genetic variation at the molecular level [76]. Genetic diversity was previously identified based on pedigree records and phenotypic traits [59]. However, the ability of phenotypic traits to reveal the true level of diversity within the sugarcane germplasm is limited by the substantial effect of environmental factors [57]. The assessment of genetic diversity and the construction of phylogenetic relationships in sugarcane will give essential data for classification of plant germplasm accessions and breeding program selections [11,62]. Moreover, this information will be beneficial for classification of accessions in sugarcane plant germplasm collections and in studies of taxonomy [56]. You et al. [62] evaluated genetic diversity among 181 clones by using seven gSSR and eight EST-SSR primer pairs together with a capillary electrophoresis genotyping platform. Nayak et al. [73] screened out 36 SSR markers on 1002 genotypes of sugarcane and related grasses, and recorded 209 alleles for important agronomic traits. Sharma et al. [74] measured genetic diversity across 40 sugarcane genotypes and their parents by using 26 SSR primers. Tena et al. [75] used 22 SSR markers to amplify a total of 260 alleles in a study of introduced sugarcane accessions in Ethiopia to determine population relationships and differentiation. Fu et al. [64] employed 18 sugarcane genotypes, including 13 active cultivars and five elite QT-series clones, to determine genetic variability with 21 SSR primer pairs.




4.3. Genome Mapping


Modern sugarcane breeding primarily aims to increase sugar yield, biomass, and abiotic stress resistance [77]. Molecular markers allow the development of genome maps that facilitate understanding of genetic structure. They could also be used to identify genes and QTL associated with traits of agricultural importance in order to assist in MAS [78,79]. Linkage and partial genetic maps have been constructed for S. spontaneum [80,81,82], S. officinarum [83,84], and for some modern sugarcane cultivars [66,85,86,87]. These maps were created for species using full-sib (F1) individuals (i.e., the pseudo-test cross strategy) [88,89,90,91]. Yet, existing studies are limited by the complex genome, and describe only the most observable, primarily quantitative agronomic traits, resulting in identification of typically small effect markers [84,92].



Gouy et al. [77] conducted genome wide association (GWA) mapping of 183 sugarcane accessions, genotyped with 3327 AFLP, DArT, and SSR markers and phenotypes for 13 traits related to morphology, yield, bagasse residue content, and resistance to disease. Siraree et al. [67] used 1546 marker loci produced by 174 SSR primers and phenotypic characterization for 32 traits to complete a panel of 92 sugarcane varieties from sub-tropical areas in India. Edmé et al. [58] developed a map of S. spontaneum/S. officinarum using 193 SSR loci, though genome coverage in these maps is until now incomplete. Few maps have yet been constructed using selfing-derived populations. Aitken et al. [45] constructed a map of an Australian cultivar Q165 from a segregating F1 population, by using 72 SSR primers of double-dose and repulsion phase linkage, which resulted in 127 of the 136 LGs falling into eight homo(eo)logy groups (HG).




4.4. Quantitative Trait Loci (QTL) Analysis


QTL mapping typically employs populations resulting from a bi-parental cross [93]. In sugarcane, SSRs can be used to analyze QTLs that can contribute to the identification of candidate genes for traits of agronomic interest, including sugar yield, biotic and abiotic resistance, and overall quality [58,64,94]. Mapping and stability of QTLs is made difficult because many genetic and external factors influence the expression of the final phenotype, and studies therefore must include a high number of segregating genotypes to ensure precision [58,95].



Ming et al. [94] identified 36 QTLs that affected sucrose content in two interspecific Saccharum F1 populations. In this study, 102 associations were found between six agronomic traits and DNA markers. Liu et al. [66] identified 24 putative QTL markers using an enriched genetic linkage map of Louisiana sugarcane cultivar LCP 85–384, two of which were simplex SSR markers (SMC545MS_147e and SEGM302_251). Hoarau et al. [95] detected 40 putative quantitative trait alleles (QTAs) in sugarcane that were associated with plant traits of interest. Previous QTL studies on sucrose content in sugarcane have used variable sources, including populations derived from crosses with S. spontaneum [89,94], commercial cultivars [87], and those from self-pollination of a clone [45,95]. Nunes et al. [96] used both DArT (Diversity arrays technology) and SSR markers on two sugarcane populations, including 81 genotypes from selfing (RB97327), resulting in 392 DArT and 57 SSR polymorphic markers, and 91 sugarcane genotypes from outcrossing (RB97327 × RB72454), which gave 632 DArT and 79 SSR polymorphic markers. Gutierrez et al. [97] assembled a genetic linkage map by selective genotyping of 89 pseudo F2 progenies of a cross between resistant “LCP 85–384” and susceptible “L 99-226” using 1948 single dose (SD) markers produced from SSR, eSSR, and SNPs. Out of these, 1437 single dose markers were mapped onto 294 linkage groups. In addition, they covered 19,464 cM with 120 and 138 LGs consigned to the resistant and susceptible parent, respectively.




4.5. Paternity Analysis


Although plant breeders and researchers commonly use morphology to identify cultivars and hybrids, these traits can be heavily influenced by the environment and across developmental stages [72,98]. Genetic recombination in breeding and other studies has been accomplished using both bi-parental and poly-crosses [35,99]. In non-consolidated active germplasm banks, poly-crosses are commonly adopted due to the high numerical involvement of the parent population. These parents are tested for their potential identity in order to categorize males and females [100].



Compared to the bi-parental approach, poly-crosses are easier to obtain and are more cost effective. However, a major limitation is the loss of pedigree information of the obtained progenies [98], for which only the female parent is known. However, molecular markers permit the identification of the male parent, allowing pedigree reconstruction [5,77,101]. Xavier et al. [100] used these techniques to identify the male parent of 41 elite clones from poly-cross families. In this study, SSR primer pairs identified the most likely male parent by determination of markers present in the clone but absent in the female parent. Tew and Pan [98] used seven highly polymorphic SSR markers to identify 87 selfing progenies from poly-crosses which were genotyped along with the parents. This study produced 51 polymorphic SSR alleles, of which 15 were parent-specific. Similarly, Santos et al. [65] analyzed the paternity of seventy-six progenies using three highly polymorphic SSR markers from bi-parental crosses to identify progeny from pollen of unknown origin.




4.6. Cross-Species Transferability


EST-SSRs are considered to have increased inter-specific transferability over that of genomic-SSRs in sugarcane, because they arise from transcribed regions and are highly conserved in homologues [48,77]. They have thus proven useful for comparison studies, including genomics and mapping among species, as well as for studies of evolutionary patterns [27,102]. In sugarcane, these markers show elevated levels of polymorphism, including in commercial cultivars, progenitors, and representatives of Erianthus and Sorghum [94,102].



Beyond their higher transferability, EST-SSR markers are preferred over gSSR markers for breeding and genetic programs because of their superiority in gene tagging [77]. Singh et al. [27] used 27 unigene-derived sugarcane microsatellite (UGSM) primers to estimate cross transferability among 19 accessions, including cultivars and hybrids of sugarcane, as well as related and divergent species and genera. Their study found a high level of polymorphism (96.3%) among these samples, and cross-transferability of 98.0% and 88.27% within the Saccharum complex and across cereals, respectively. Ul haq et al. [30] procured 10,000 ESTs across 20 plants, and used a computational method to evaluate 267 EST-SSRs and synthesize 63 EST-SSRs. Among those, expansion genetics allowed identification of 42 markers amplifying 519 alleles. Selvi et al. [103] used a set of 34 SSR primer pairs from maize (Zea mays) and found repeatable amplifications in 14 Saccharum clones, hybrids, and the related genus Erianthus, equaling 41.17% cross transferability. Singh et al. [27] established 351 EST-SSRs in two Indian sugarcane cultivars based on 4085 non-redundant EST sequences, and of these, 227 were evaluated in sugarcane, related species, and cereals. Cross transferability in these groups ranged from 87.0–93.4%, 80.0–87.0%, and 76.0–80.0%, respectively. Cordeiro et al. [25] used 21 SSR markers, of which 17 were polymorphic and proved cross-transferable to genera including Erianthus and Sorghum.




4.7. Segregation Analysis


Commercial sugarcane cultivars are heterozygous aneupolyploid or interspecific hybrids, which initially arose from the breeding of several Saccharum species with S. officinarum [104]. This narrow genetic base could restrict advancement in sugarcane breeding programs. A interspecific hybridization strategy used in the early 1900s introgessed genes and traits of choice from wild relatives into sugarcane cultivars to increase the genetic variability, resulting in significant improvements in sugarcane breeding and genetics [105]. For this introgression, plants of the F1 and first backcross (BC1) generations receive diploid gametes from a female S. officinarum, and haploid gametes from male S. spontaneum. Individuals in the second backcross generation (BC2) receive haploid gametes from both parents [106].



Sugarcane breeders classify cross-progenies into three groups based on cultivar-specific SSRs [11,107]. (1) The Hybrid (H) group progeny possess no non-parental alleles, and show at least one male-specific SSR; (2) the Off-type (O) group possess at least one non-parental allele; and (3) the Self/Hybrid (S/H) group progeny possess at least one female-specific allele. Identification of H- or O- progeny is straightforward, but identifying the H- progeny within the S/H group is difficult without the possibility of segregation analysis of SSR markers.



Pan et al. [69] addressed this type of question by investigating the segregation of SMC336BS, a multi-allelic sugarcane SSR marker in 92 single pollen grains of the sugarcane cultivar L99–233, and 162 F1 progenies from a bi-parental cross between L 99–233 (male) and HoCP 00–950 (female). In the pollen grains, 22 genotypes were detected ranging from 1.08–11.83% frequency, and among the F1 progenies 33 genotypes were detected at 0.62–8.64% frequency. Edmé et al. [58] investigated the S. spontaneum (IND, 2n ≈ 7x ≈ 56) x Saccharum officinarum (Green German, 2n ≈ 11x ≈ 110) interspecific cross, resulting in F1 progeny from 169 full-sibs and 193 SSR loci. Of these loci, 78% segregated in a Mendelian pattern, while the remaining 22% were distorted. Lu et al. [68] collected 964 single pollen grains and 288 self-progenies (S1) of sugarcane cultivar LCP 85–384, and used capillary electrophoresis- and fluorescence-based DNA fingerprinting with PCR to examine segregation. Of the 20 SSR alleles described, eleven (55%) segregated in a Mendelian manner, while six segregated in 3:1 ratios, and were thus indicative of simplex markers.




4.8. SSR-Assisted Identification of Wild Cross Hybrids


Morphology cannot be used to identify sugarcane hybrids: true hybrids are often indistinguishable from plants resulting from self-progeny or pollen impurity [108]. SSRs have been used in sugarcane and other species to distinguish true hybrids [109], and can detect outcrossing events and thus estimate rates of selfing [110]. Genus-specific Alu-like sequences can distinguish between hybrids including Saccharum × Erianthus and Saccharum × Miscanthus [111]. 5S rDNA markers can identify hybrids of E. arundinaceus and S. officinarum [108,112]. In recent studies, genus-specific SSRs could even recognize backcross progeny of a fertile S. officinarum × E. arundinaceus F1 individual [109]. In all cases studied with genome in situ hybridization, chromosome eradication was observed in all hybrids [108].



In order to widen the currently limited genetic base of sugarcane, Gao et al. [70] combined genes from the wild germplasm by making crosses of Saccharum spp. × Erianthus arundinaceus × S. spontaneum. Progeny from this cross of sugarcane and the intergeneric hybrid were identified with SSR and sequence-related amplified polymorphism (SRAP) markers. A study by Cai et al. [109] used identified true Saccharum spp. BC1 progeny by using SSRs with 5S rDNA PCR to screen both the F1 clones from crosses of Saccharum officinarum × E. arundinaceus, and the BC1 populations from crosses between F1 clones and sugarcane (Saccharum spp.). Liu et al. [113] used three pairs of SSR primers and five pairs of SRAP markers to examine the hybrid GXAS07-6-1 resulting from the cross of Erianthus arundinacius (Retz.) Jesws. × Saccharum spontaneum L., and found that GXAS07-6-1 was a true hybrid. Liu et al. [71] used nine pairs of SSR primers for identification of 57 progenies of Saccharum spp. × Narenga porphyrocoma (Hance) Bor. Of these, 14 progenies showed the parental bands and were thus identified as genuine hybrids.





5. Concluding Remarks and Future Perspectives


SSR markers are widely used for measurement of the diversity of the sugarcane germplasm resource and commercial varieties. Their particular advantages include the low cost of assays and equipment, and high levels of throughput and ease of use. As discussed above, different levels of throughput are available for use in sugarcane. Therefore, a suitable marker system can be designated according to need.



In recent years, the acceptance and use of SSR-based markers has increased significantly in studies and breeding of sugarcane. Advances in SSR marker application made possible the direct prediction of phylogenetic relationships and genetic variability across sugarcane genotypes without use of faulty pedigree records or the confounding influence of environmental factors. For these reasons SSR markers have been developed, isolated, and characterized across a wide range of plant species, including crop species like cereals, legumes, vegetables, fruits, and spice and beverage crops, as well as other economically and ecologically important species, such as conifers and forest trees. SSR markers are additionally utilized for extensive genetic analyses, including paternity analysis, hybrid testing, studies of genetic diversity, and eco-evo analyses. They are an integral part of fundamental research, including genome and QTL analysis, gene mapping, and MAS. The type of molecular markers used for a particular study must be established based on genetic factors, including mode of inheritance, procedural considerations including complexity, and economic considerations such as time and cost.



Current sugarcane research continually produces prodigious amounts of DNA sequence data, which requires map-based and sequencing tools to cross-reference genes and genomes. Because sugarcane presents a limitation for analysis of sugarcane, SSRs are an invaluable tool, especially for comparative mapping of genomes, as demonstrated in graminoids and legumes. Future research will benefit from a public database of sugarcane EST-SSR primer pairs that enable amplification of loci that are orthologous across species and genera. Ideally, these would be uniformly dispersed across the genomes of sugarcane, maize, rice (Oryza sativa), tall fescue (Festuca arundinacea), sorghum, and arabidopsis genomes, and would prove beneficial to geneticists and breeders. Furthermore, identification of allele-specific SSRs for genes central to agronomic traits will advance plant breeding molecular technology. Thus, SSRs provide a valuable addition to SNPs as molecular marker systems which identify functional gene polymorphisms.







Author Contributions


A.A. and J.-D.W. conducted the research and wrote the manuscript. Y.-B.P. performed critical revision of the manuscript. R.S. participated in revising the manuscript. S.-J.G. conceived and designed the project. All authors have read and approved the final manuscript.




Funding


This research was funded by the China Agriculture Research System [CARS-170302] and by the Major Science and Technology Project of Fujian Province, China [2015NZ0002-2].




Conflicts of Interest


The authors declare no conflict of interest.




References


	



UN Food and Agriculture Organization. Sugarcane Production in 2016, Crops/Regions/World List/Production Quantity (Pick Lists); Corporate Statistical Database (FAOSTAT): Rome, Italy, 2017. [Google Scholar]

	



Li, X.Y.; Sun, H.D.; Rott, P.C.; Wang, J.D.; Huang, M.T.; Zhang, Q.Q.; Gao, S.J. Molecular identification and prevalence of Acidovorax avenae subsp. avenae causing red stripe of sugarcane in China. Plant Pathol. 2018, 67, 929–937. [Google Scholar]

	



Kumar, U.; Priyanka; Kumar, S. Genetic Improvement of Sugarcane through Conventional and Molecular Approaches; Molecular Breeding for Sustainable Crop Improvement; Springer: Cham, Switzerland, 2016; pp. 325–342. [Google Scholar] [CrossRef]

	



D’Hont, A.; Grivet, L.; Feldmann, P.; Glaszmann, J.C.; Rao, S.; Berding, N. Characterisation of the double genome structure of modern sugarcane cultivars (Saccharum spp.) by molecular cytogenetics. Mol. Gen. Genet. 1996, 250, 405–413. [Google Scholar] [CrossRef] [PubMed]

	



Pan, Y.B. Databasing molecular identities of sugarcane (Saccharum spp.) clones constructed with microsatellite (SSR) DNA markers. Am. J. Plant Sci. 2010, 1, 87–94. [Google Scholar] [CrossRef]

	



Lu, Y.H.; D’Hont, A.; Walker, D.I.T.; Rao, P.S.; Feldmann, P.; Glaszmann, J.C. Relationships among ancestral species of sugarcane revealed with RFLP using single copy maize nuclear probes. Euphytica 1994, 78, 7–18. [Google Scholar]

	



Nawaz, S.; Khan, F.A.; Tabasum, S.; Zakria, M.; Saeed, A.; Iqbal, M.Z. Phylogenetic relationships among Saccharum clones in Pakistan revealed by RAPD markers. Genet. Mol. Res. 2010, 9, 1673–1682. [Google Scholar] [CrossRef] [PubMed]

	



Besse, P.; Taylor, G.; Carroll, B.; Berding, N.; Burner, D.; McIntyre, C.L. Assessing genetic diversity in a sugarcane germplasm collection using an automated AFLP analysis. Genetica 1998, 104, 143–153. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Li, X.; Huang, F.; Huang, Y.; Liu, X.; Wu, J.; Wang, Q.; Deng, Z.; Chen, R.; Zhang, M. A new method based on SNP of nrDNA-ITS to identify Saccharum spontaneum and its progeny in the genus Saccharum. PLoS ONE 2018, 13, e0197458. [Google Scholar] [CrossRef] [PubMed]

	



Powell, W.; Machray, G.C.; Provan, J. Polymorphism revealed by simple sequence repeats. Trends Plant Sci. 1996, 1, 215–222. [Google Scholar] [CrossRef]

	



Pan, Y.B.; Tew, T.L.; Schnell, R.J.; Viator, R.P. Microsatellite DNA marker-assisted selection of Saccharum spontaneum cytoplasm-derived germplasm. Sugar Tech. 2006, 8, 23–29. [Google Scholar] [CrossRef]

	



Ahmad, A.; Wang, J.-D.; Pan, Y.-B.; Deng, Z.-H.; Chen, Z.-W.; Chen, R.-K.; Gao, S.-J. Molecular Identification and Genetic diversity analysis of chinese sugarcane (Saccharum spp. Hybrids) varieties using SSR markers. Trop. Plant Biol. 2017, 10, 194–203. [Google Scholar]

	



Pan, Y.B. Development and Integration of an SSR-Based Molecular Identity Database into Sugarcane Breeding Program. Agronomy 2016, 6, 28. [Google Scholar] [CrossRef]

	



Pan, Y.B.; Scheffler, B.S.; Richard, E.P., Jr. High throughput molecular genotyping of commercial sugarcane clones with microsatellite (SSR) DNA markers. Sugar Tech. 2007, 9, 176–181. [Google Scholar]

	



Selkoe, K.A.; Toonen, R.J. Microsatellites for ecologists: A practical guide to using and evaluating microsatellite markers. Ecol. Lett. 2006, 9, 615–629. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.L.; Barkley, N.A.; Jenkins, T.M. Microsatellite markers in plants and insects. Part I. Applications of biotechnology. Genes Genomes Genomics 2009, 3, 54–67. [Google Scholar]

	



Soranzo, N.; Provan, J.; Powell, W. An example of microsatellite length variation in the mitochondrial genome of conifers. Genome 1999, 42, 158–161. [Google Scholar] [CrossRef] [PubMed]

	



Weising, K.; Gardner, R.C. A set of conserved PCR primers for the analysis of simple sequence repeat polymorphisms in chloroplast genomes of dicotyledonous angiosperms. Genome 1999, 42, 9–19. [Google Scholar] [CrossRef] [PubMed]

	



Vettore, A.L.; da Silva, F.R.; Kemper, E.L.; Souza, G.M.; da Silva, A.M.; Ferro, M.I.; Henrique-Silva, F.; Giglioti, É.A.; Lemos, M.V.; Coutinho, L.L.; et al. Analysis and functional annotation of an expressed sequence tag collection for tropical crop sugarcane. Genome Res. 2003, 13, 2725–2735. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, L.R.; Oliveira, K.M.; Ulian, E.C.; Garcia, A.A.F.; De Souza, A.P. Survey in the sugarcane expressed sequence tag database (SUCEST) for simple sequence repeats. Genome 2004, 47, 795–804. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, L.R.; Oliveira, K.M.; Marconi, T.; Garcia, A.A.F.; Ulian, E.C.; Souza, A.P. Characterization of novel sugarcane expressed sequence tag microsatellites and their comparison with genomics SSRs. Plant Breed. 2006, 125, 378–384. [Google Scholar] [CrossRef]

	



Oliveira, K.M.; Pinto, L.R.; Marconi, T.G.; Mollinari, M.; Ulian, E.C.; Chabregas, S.M.; Falco, M.C.; Burnquist, A.A.F.; Garcia, A.A.F.; Souza, A.P. Characterization of new polymorphic functional markers for sugarcane. Genome 2009, 52, 191–209. [Google Scholar] [CrossRef] [PubMed]

	



Vettore, A.L.; da Silva, F.R.; Kemper, E.L.; Arruda, P. The libraries that made SUCEST. Genet. Mol. Biol. 2001, 24, 1–7. [Google Scholar] [CrossRef][Green Version]

	



Cordeiro, G.M.; Taylor, G.O.; Henry, R.J. Characterization of microsatellite markers from sugarcane (Saccharum sp.), a highly polyploid species. Plant Sci. 2000, 155, 161–168. [Google Scholar] [CrossRef]

	



Cordeiro, G.M.; Casu, R.; Mclntyre, C.L.; Manners, J.M.; Henry, R.J. Microsatellite markers from sugarcane (Saccharum sp.) ESTs cross transferable to Erianthus and Sorghum. Plant Sci. 2001, 160, 1115–1123. [Google Scholar] [CrossRef]

	



Kalia, R.; Manoj, R.; Sanjay, K.; Rohtas, S.; Ashok, D. Microsatellite markers: An overview of the recent progress in plants. Euphytica 2011, 177, 309–334. [Google Scholar] [CrossRef]

	



Singh, R.K.; Jena, S.N.; Khan, S.; Yadav, S.; Banarjee, N.; Raghuvanshi, S.; Bhardwaj, V.; Dattamajumder, S.K.; Kapur, R.; Solomon, S.; et al. Development, cross-species/genera transferability of novel EST-SSR markers and their utility in revealing population structure and genetic diversity in sugarcane. Gene 2013, 524, 309–329. [Google Scholar] [CrossRef] [PubMed]

	



Kalwade, S.; Devarumath, R.; Harinath, B.K. Functional Microsatellite Marker Development from the Sugarcane Sequence Tag Database (SUCEST) using Bioinformatics Tools. In Proceedings of the International Plant & Animal Genome Conference XXI, San Diego, CA, USA, 12–16 January 2013. [Google Scholar]

	



Kushwah; Singh, R.B. Development of Novel EST derived Microsatellite markers for high sucrose content and their Application in Sugarcane molecular breeding. In Proceedings of the STAI Annual Convention and International Sugar Expo, Delhi, India, 28–30 July 2016. [Google Scholar]

	



Ul Haq, S.; Kumar, P.; Singh, R.K.; Verma, K.S.; Bhatt, R.; Sharma, M.; Kachhwaha, S.; Kothari, S.L. Assessment of functional EST-SSR markers (Sugarcane) in cross-species transferability, genetic diversity among poaceae plants, and bulk segregation analysis. Genet. Res. Int. 2016, 2016, 7052323. [Google Scholar] [CrossRef] [PubMed]

	



Parida, S.K.; Kalia, S.K.; Sunita, K.; Dalal, V.; Hemaprabha, G.; Selvi, A.; Pandit, A.; Singh, A.; Gaikwad, K.; Sharma, T.R.; et al. Informative genomic microsatellite markers for efficient genotyping applications in sugarcane. Theor. Appl. Genet. 2009, 118, 327–338. [Google Scholar] [CrossRef] [PubMed]

	



James, B.T.; Chen, C.; Rudolph, A.; Swaminathan, K.; Murray, J.E.; Na, J.K.; Spence, A.K.; Smith, B.; Hudson, M.E.; Moose, S.P.; et al. Development of microsatellite markers in autopolyploid sugarcane and comparative analysis of conserved microsatellites in sorghum and sugarcane. Mol. Breed. 2012, 30, 661–669. [Google Scholar] [CrossRef]

	



Parshant, S.; Manish, D.S.; Upma, D.; Sundip, K. Development of Microsatellite Markers from Enriched Genomic Library of ISH 100 (Saccharum hybrid) for Genetic Variability of Sugarcane. Indian J. Plant Genet. Res. 2014, 27, 178–180. [Google Scholar]

	



Tsuruta, S.I.; Ebina, M.; Kobayashi, M.; Takahashi, W.; Terajima, Y. Development and validation of genomic simple sequence repeat markers in Erianthus arundinaceus. Mol. Breed. 2017, 37, 71. [Google Scholar] [CrossRef]

	



Cardoso-Silva, C.B.; Costa, E.A.; Mancini, M.C.; Balsalobre, T.W.A.; Canesin, L.E.C.; Pinto, L.R.; Carneiro, M.S.; Garcia, A.A.F.; de Souza, A.P.; Vicentini, R. De novo assembly and transcriptome analysis of contrasting sugarcane varieties. PLoS ONE 2014, 9, e88462. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.B.; Yan, J.J.; Shen, X.Y.; Bai, S.Q.; Li, D.X.; Zhang, Y.; You, M.H. Development of polymorphic microsatellite markers and their use in collections of Erianthus arundinaceus in China. Grassland Sci. 2017, 63, 54–60. [Google Scholar] [CrossRef]

	



Varshney, R.K.; Nayak, S.N.; May, G.D.; Jackson, S.A. Next-generation sequencing technologies and their implications for crop genetics and breeding. Trends Biotechnol. 2009, 27, 522–530. [Google Scholar] [CrossRef] [PubMed]

	



Carson, D.L.; Botha, F.C. Preliminary Analysis of Expressed Sequence Tags for Sugarcane. Crop Sci. 2000, 40, 1769–1779. [Google Scholar] [CrossRef]

	



Carson, D.; Botha, F.C. Genes expressed in sugarcane maturing internodal tissue. Plant Cell Rep. 2002, 20, 1075–1081. [Google Scholar]

	



Cato, S.A.; Gardner, R.C.; Kent, J.; Richardson, T.E. A rapid PCR-based method for genetically mapping ESTs. Theor. Appl. Genet. 2001, 102, 196–306. [Google Scholar] [CrossRef]

	



Telles, G.P.; Braga, M.D.V.; Dias, Z.; Lin, T.L.; Quitzau, J.A.A.; Silva, F.R.; Meidanis, J. Bioinformatics of the sugarcane EST project. Genet Mol. Biol. 2001, 24, 9–15. [Google Scholar] [CrossRef][Green Version]

	



Vicentini, R.; Bem, L.E.V.; Sluys, M.A.; Nogueira, F.T.S.; Vincentz, M. Gene Content Analysis of Sugarcane Public ESTs Reveals Thousands of Missing Coding-Genes and an Unexpected Pool of Grasses Conserved ncRNAs. Trop Plant Biol. 2012, 5, 199–205. [Google Scholar] [CrossRef]

	



Silva, J.A.G. Preliminary analysis of microsatellite markers derived from sugarcane expressed sequence tags (ESTs). Genet Mol. Biol. 2001, 24, 155–159. [Google Scholar] [CrossRef][Green Version]

	



Pan, Y.B.; Cordeiro, G.M.; Richard, E.P., Jr.; Henry, R.J. Molecular genotyping of sugarcane clones with microsatellite DNA markers. Maydica 2003, 48, 319–329. [Google Scholar]

	



Aitken, K.S.; Jackson, P.A.; McIntyre, C.L. A combination of AFLP and SSR markers provide extensive map coverage and identification of homo(eo)logous linkage groups in a sugarcane cultivar. Theor. Appl. Genet. 2005, 110, 789–801. [Google Scholar] [CrossRef] [PubMed]

	



Shinde, D.; Lai, Y.; Sun, F.; Arnheim, N. Taq DNA polymerase slippage mutation rates measured by PCR and quasi-likelihood analysis: (CA/GT)n and (A/T)n microsatellites. Nucleic Acids Res. 2003, 31, 974–980. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Pan, Y.B. Highly polymorphic microsatellite DNA markers for sugarcane germplasm evaluation and variety identity testing. Sugar Tech. 2006, 8, 246–256. [Google Scholar] [CrossRef]

	



Varshney, R.K.; Graner, A.; Sorrells, M.E. Genomics-assisted breeding for crop improvement. Trends Plant Sci. 2005, 10, 621–630. [Google Scholar] [CrossRef] [PubMed]

	



Brownie, J.; Shawcross, S.; Theaker, J.; Whitcombe, D.; Ferrie, R.; Newton, C.; Little, S. The elimination of primer-dimer accumulation in PCR. Nucleic Acids Res. 1997, 25, 3235–3241. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Hill, C.R.; Butler, J.M.; Vallone, P.M. A 26plex autosomal STR assay to aid human identity testing. J. Forensic Sci. 2009, 54, 1008–1015. [Google Scholar] [CrossRef] [PubMed]

	



Clark, J.M. Novel non-templated nucleotide addition-reactions catalyzed by prokaryotic and eukaryotic DNA-polymerases. Nucleic Acids Res. 1988, 16, 9677–9686. [Google Scholar] [CrossRef] [PubMed]

	



Esselink, G.D.; Smulders, M.J.M.; Vosman, B. Identification of cut rose (Rosa hybrida) and rootstock varieties using robust sequence tagged microsatellite site markers. Theor. Appl. Genet. 2003, 106, 277–286. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Mo, J.; Xie, T.; Cai, P.; Zou, X. Application of spline wavelet self-convolution in processing capillary electrophoresis overlapped peaks with noise. Anal. Chim. Acta 2001, 437, 151–156. [Google Scholar] [CrossRef]

	



Fu, Y.-H.; Pan, Y.-B.; Lei, C.-Y.; Xie, H.-J.; Lei, S.-F.; Lu, J.-J. SSR-CE/FD assessment of Guizhou approved sugarcane cultivars and regional materials. Chin. Agric. Sci. Bull. 2017, 33, 5–12. [Google Scholar]

	



Wang, X.W.; Trigiano, R.N.; Windham, M.T.; DeVries, R.E.; Scheffler, B.E.; Rinehart, T.A.; Spiers, J.M. A simple PCR procedure for discovering microsatellites from small insert libraries. Mol. Ecol. Notes 2007, 7, 558–561. [Google Scholar] [CrossRef]

	



Andru, S.; Pan, Y.-B.; Thongthawee, S.; Burner, D.M.; Kimbeng, C.A. Genetic analysis of the sugarcane (Saccharum spp.) cultivar ‘LCP 85-384’. I. Linkage mapping using AFLP, SSR, and TRAP markers. Theor. Appl. Genet. 2011, 123, 77–93. [Google Scholar] [CrossRef] [PubMed]

	



Singh, R.K.; Singh, R.B.; Singh, S.P.; Sharma, M.L. Identification of sugarcane microsatellites associated to sugar content in sugarcane and transferability to other cereal genomes. Euphytica 2011, 182, 335–354. [Google Scholar] [CrossRef]

	



Edmé, S.J.; Glynn, N.G.; Comstock, J.C. Genetic segregation of microsatellite markers in Saccharum officinarum and S. spontaneum. Heredity 2006, 97, 366–375. [Google Scholar] [CrossRef] [PubMed]

	



Cordeiro, G.M.; Pan, Y.B.; Henry, R.J. Sugarcane microsatellites for the assessment of genetic diversity in sugarcane germplasm. Plant Sci. 2003, 165, 181–189. [Google Scholar] [CrossRef]

	



Joshi, S.V.; Albertse, E.H. Development of a DNA fingerprinting database and cultivar identification in sugarcane using a Genetic analyzer. Proc. S. Afr. Sugarcane Technol. Assoc. 2013, 86, 200–212. [Google Scholar]

	



Hameed, U.; Pan, Y.B.; Muhammad, K.; Afghan, S.; Iqbal, J. Use of simple sequence repeat markers for DNA fingerprinting and diversity analysis of sugarcane (Saccharum spp) cultivars resistant and susceptible to red rot. Genet. Mol. Res. 2012, 11, 1195–1204. [Google Scholar] [CrossRef] [PubMed]

	



You, Q.; Pan, Y.B.; Xu, L.P.; Gao, S.W.; Wang, Q.N.; Su, Y.C.; Yang, Y.Q.; Wu, Q.B.; Zhou, D.G.; Que, Y.X. Genetic diversity analysis of sugarcane germplasm based on fluorescence-labeled simple sequence repeat markers and a capillary electrophoresis-based genotyping platform. Sugar Tech. 2016, 18, 380–390. [Google Scholar] [CrossRef]

	



Singh, R.K.; Mishra, S.K.; Singh, S.P.; Mishra, N.; Sharma, M.L. Evaluation of microsatellite markers for genetic diversity analysis among sugarcane species and commercial hybrids. Aust. J. Crop Sci. 2010, 4, 116–125. [Google Scholar]

	



Fu, Y.; Pan, Y.; Lei, C.; Grisham, M.P.; Yang, C.; Meng, Q. Genotype-Specific Microsatellite (SSR) Markers for the Sugarcane Germplasm from the Karst Region of Guizhou, China. Am. J. Plant Sci. 2016, 7, 2209–2220. [Google Scholar] [CrossRef]

	



Santos, J.M.D.; Barbosa, G.V.D.S.; Ramalho Neto, C.E.; Almeida, C. Efficiency of biparental crossing in sugarcane analyzed by SSR markers. Crop Breed. Appl. Biotechnol. 2014, 14, 102–107. [Google Scholar] [CrossRef][Green Version]

	



Liu, P.; Chandra, A.; Que, Y.; Chen, P.H.; Grisham, M.P.; White, W.H.; Dalley, C.D.; Tew, T.L.; Pan, Y.-B. Identification of quantitative trait loci controlling sucrose content based on an enriched genetic linkage map of sugarcane (Saccharum spp. hybrids) cultivar ‘LCP 85-384’. Euphytica 2016, 207, 527–549. [Google Scholar] [CrossRef]

	



Siraree, A.; Banerjee, N.; Kumar, S.; Khan, M.S.; Singh, P.K.; Sharma, S.; Singh, R.K.; Singh, J. Identification of marker-trait associations for morphological descriptors and yield component traits in sugarcane. Physiol. Mol. Biol. Plants 2017, 23, 185–196. [Google Scholar] [CrossRef] [PubMed]

	



Lu, X.; Zhou, H.; Pan, Y.B.; Chen, C.Y.; Zhu, J.R.; Chen, P.H.; Li, Y.R.; Cai, Q.; Chen, R.K. Segregation analysis of microsatellite (SSR) markers in sugarcane polyploids. Genet. Mol. Res. 2015, 14, 18384–18395. [Google Scholar] [CrossRef] [PubMed]

	



Pan, Y.B.; Liu, P.; Que, Y. Independently segregating simple sequence repeats (SSR) alleles in polyploid sugarcane. Sugar Tech. 2015, 17, 235–242. [Google Scholar] [CrossRef]

	



Gao, Y.J.; Liu, X.H.; Zhang, R.H.; Zhou, H.; Liao, J.X.; Duan, W.X.; Zhang, G.M. Verification of Progeny from Crosses between Sugarcane (Saccharum spp.) and an Intergeneric Hybrid (Erianthus arundinaceus × Saccharum spontaneum) with Molecular Makers. Sugar Tech. 2015, 17, 31–35. [Google Scholar] [CrossRef]

	



Liu, X.; Fang, F.; Zhang, R.; Song, H.; Yang, R.; Gao, Y.; Ou, H.; Lei, J.; Luo, T.; Duan, W.; et al. Identification of progenies from sugarcane× Narenga porphyrocoma (Hance) Bor. by SSR marker. Southwest China J. Agric. Sci. 2012, 25, 38–43. [Google Scholar]

	



Cai, Q.; Aitken, K.S.; Fan, Y.H.; Piperidis, G.; Jackson, P.; McIntyre, C.L. A preliminary assessment of the genetic relationship between Erianthus Rockii and the ‘‘Saccharum complex’’ using microsatellite (SSR) and AFLP markers. Plant Sci. 2005, 169, 976–984. [Google Scholar] [CrossRef]

	



Nayak, S.N.; Song, J.; Villa, A.; Pathak, B.; Ayala-Silva, T.; Yang, X.; Todd, J.; Glynn, N.C.; Kuhn, D.N.; Glaz, B.; et al. Promoting utilization of saccharum spp. genetic resources through genetic diversity analysis and core collection construction. PLoS ONE 2014, 9, e110856. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Sharma, M.D.; Dobhal, U.; Singh, P.; Kumar, S.; Gaur, A.K.; Singh, S.P.; Jeena, A.S.; Koshy, E.P.; Kumar, S. Assessment of genetic diversity among sugarcane cultivars using novel microsatellite markers. Afr. J. Biotechnol. 2014, 8, 1444–1451. [Google Scholar] [CrossRef]

	



Tena, E.; Mekbib, F.; Ayana, A. Analysis of genetic diversity and population structure among exotic sugarcane (Saccharum spp.) cultivars in Ethiopia using simple sequence repeats (SSR) molecular markers. Afr. J. Biotechnol. 2014, 13, 4308–4319. [Google Scholar]

	



Creste, S.; Sansoli, D.M.; Tardiani, A.C.S.; Silva, D.N.; Goncalves, F.K.; Favero, T.M.; Medeiros, C.N.F.; Festucci, C.S.; Carlini-Garcia, L.A.; Landell, M.G.A.; et al. Comparison of AFLP, TRAP and SSRs in the estimation of genetic relationships in sugarcane. Sugar Tech. 2010, 12, 150–154. [Google Scholar] [CrossRef]

	



Gouy, M.; Rousselle, Y.; Chane, A.T.; Anglade, A.; Royaert, S.; Nibouche, S.; Costet, L. Genome wide association mapping of agro-morphological and disease resistance traits in sugarcane. Euphytica 2015, 202, 269. [Google Scholar] [CrossRef]

	



Aitken, K.S.; Hermann, S.; Karno, K.; Bonnett, G.D.; McIntyre, L.C.; Jackson, P.A. Genetic control of yield related stalk traits in sugarcane. Theor. Appl. Genet. 2008, 117, 1191–1203. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, L.R.; Garcia, A.A.F.; Pastina, M.M.; Teixeira, L.H.M.; Bressiani, J.A.; Ulian, E.C.; Bidoia, M.A.P.; Souza, A.P. Analysis of genomic and functional RFLP derived markers associated with sucrose content, fiber and yield QTLs in a sugarcane (Saccharum spp.) commercial cross. Euphytica 2010, 172, 313–327. [Google Scholar] [CrossRef]

	



Al-Janabi, S.M.; Honeycutt, R.J.; McClelland, M.; Sobral, B.W.S. A genetic linkage map of Saccharum spontaneum L. ‘SES 208’. Genetics 1993, 134, 1249–1260. [Google Scholar] [PubMed]

	



da Silva, J.A.G.; Sorrells, M.E.; Burnquist, W.; Tanksley, S.D. RFLP linkage map and genome analysis of Saccharum spontaneum. Genome 1993, 36, 782–791. [Google Scholar] [CrossRef]

	



Ming, R.; Lin, S.C.; Lin, Y.R.; da Silva, J.; Wilson, W. Detailed alignment of Saccharum and Sorghum chromosomes: Comparative organization of closely related diploid and polyploid genomes. Genetics 1998, 150, 1663–1682. [Google Scholar] [PubMed]

	



Guimaraes, C.T.; Sills, G.R.; Sobral, B.W.S. Comparative mapping of Andropogoneae: Saccharum L. (sugarcane) and its relation to sorghum and maize. Proc. Natl. Acad. Sci. USA 1997, 94, 14262–14266. [Google Scholar] [CrossRef]

	



Aitken, K.S.; McNeil, M.D.; Hermann, S.; Bundock, P.C.; Kilian, A.; Heller-Uszynska, K.; Henry, R.J.; Li, J. A comprehensive genetic map of sugarcane that provides enhanced map coverage and integrates high-throughput Diversity Array Technology (DArT) markers. BMC Genomics 2014, 15, 152. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, A.A.F.; Kido, E.A.; Meza, A.N.; Souza, H.M.B.; Pinto, L.R.; Pastina, M.M.; Leite, C.S.; da Silva, J.A.G.; Ulian, E.C.; Figueira, A.V.O.; et al. Development of an integrated genetic map of a sugarcane (Saccharum spp.) commercial cross based on a maximum-likelihood approach for estimation of linkage and linkage phases. Theor. Appl. Genet. 2006, 112, 298–314. [Google Scholar] [CrossRef] [PubMed]

	



Alwala, S.; Kimbeng, C.A.; Veremis, J.C.; Gravois, K.A. Linkage mapping and genome analysis in Saccharum interspecific cross using AFLP, SRAP and TRAP markers. Euphytica 2008, 164, 37–51. [Google Scholar] [CrossRef]

	



Pastina, M.M.; Malosetti, M.; Gazaffi, R.; Mollinari, M.; Margarido, G.R.A.; Oliveira, K.M.; Pinto, L.R.; Souza, A.P.; van Eeuwijk, F.A.; Garcia, A.A.F. A mixed model QTL analysis for sugarcane multiple-harvest-location trial data. Theor. Appl. Genet. 2012, 124, 835–849. [Google Scholar] [CrossRef] [PubMed]

	



Guimaraes, C.T.; Honeycutt, R.J.; Sills, G.R.; Sobral, B.W.S. Genetic linkage maps of Saccharum officinarum L. and Saccharum robustum Brandes & Jew. Ex Grassl. Genet. Mol. Biol. 1999, 22, 125–132. [Google Scholar]

	



Ming, R.; Wang, Y.W.; Draye, X.; Moore, P.H.; Irvine, J.E.; Paterson, A.H. Molecular dissection of complex traits in autopolyploids: Mapping QTLs affecting sugar yield and related traits in sugarcane. Theor. Appl. Genet. 2002, 105, 332–345. [Google Scholar] [PubMed]

	



Aitken, K.S.; Jackson, P.A.; McIntyre, C.L. QTL identified for sugar related traits in a sugarcane (Saccharum spp.) cultivar 9 S. officinarum population. Theor. Appl. Genet. 2007, 112, 1306–1317. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira, K.M.; Pinto, L.R.; Marconi, T.G.; Margarido, G.R.A.; Pastina, M.M.; Teixeira, L.H.M.; Figueira, A.V.; Ulian, E.C.; Garcia, A.A.F.; Souza, A.P. Functional integrated genetic linkage map based on EST markers for a sugarcane (Saccharum spp.) commercial cross. Mol. Breed. 2007, 20, 189–208. [Google Scholar] [CrossRef]

	



Singh, R.K.; Banerjee, N.; Khan, M.S.; Yadav, S.; Kumar, S.; Duttamajumder, S.K.; Lal, R.J.; Patel, J.D.; Guo, H.; Zhang, D.; et al. Identification of putative candidate genes for red rot resistance in sugarcane (Saccharum species hybrid) using LD-based association mapping. Mol. Genet. Genom. 2016, 291, 1363–1377. [Google Scholar] [CrossRef] [PubMed]

	



Costa, E.A.; Anoni, C.O.; Mancini, M.C.; Santos, F.R.C.; Marconi, T.G.; Gazaffi, R.; Pastina, M.M.; Perecin, D.; Mollinari, M.; Xavier, M.A.; et al. QTL mapping including co-dominant SNP markers with ploidy level information in a sugarcane progeny. Euphytica 2016, 211, 1–16. [Google Scholar] [CrossRef]

	



Ming, R.; Liu, S.C.; Moore, P.H.; Irvine, J.E.; Paterson, A.H. QTL analysis in a complex autopolyploid: Genetic control of sugar content in sugarcane. Genome Res. 2001, 11, 2075–2084. [Google Scholar] [CrossRef] [PubMed]

	



Hoarau, J.Y.; Grivet, L.; Offmann, B.; Raboin, L.M.; Diorflar, J.P.; Payet, J.; Hellmann, M.; D’Hont, A.; Glaszmann, J.C. Genetic dissection of a modern sugarcane cultivar (Saccharum spp.). II. Detection of QTLs for yield components. Theor. Appl. Genet. 2002, 105, 1027–1037. [Google Scholar] [PubMed]

	



Nunes, C.D.M.C. Mapeamento de QTL em Cana-de-Açúcar (Saccharum spp.) Utilizando Marcadores DArt (Diversity Arrays Technology) e Microssatélites; 191 f. Tese (Doutorado em Agronomia); Universidade Federal de Goiás: Goiânia, Brazil, 2013. [Google Scholar]

	



Gutierrez, A.; Hoy, J.; Kimbeng, C.; Baisakh, N. Identification of Genomic Regions Controlling Leaf Scald Resistance in Sugarcane Using a Bi-parental Mapping Population and Selective Genotyping by Sequencing. Front. Plant Sci. 2018, 9, 877. [Google Scholar] [CrossRef] [PubMed]

	



Tew, T.L.; Pan, Y.B. Microsatellite (SSR) Marker-Based Paternity Analysis of a Seven-Parent Poly crosses in Sugarcane. Crop Sci. 2010, 50, 1401–1408. [Google Scholar] [CrossRef]

	



Berding, N.; Hogarth, D.M.; Cox, M.C. Plant Improvement of Sugarcane; Glyn, J., Ed.; Blackwell Science Ltd.: Oxford, UK, 2004; pp. 20–53. [Google Scholar]

	



Xavier, M.A.; Pinto, L.R.; Fávero, T.M.; Perecin, D.; Carlini-Garcia, L.A.; Landell, M.G.A. Paternity identification in sugarcane polycrosses by using microsatellite markers. Genet. Mol. Res. 2014, 13, 2268–2277. [Google Scholar] [CrossRef] [PubMed]

	



Chen, P.H.; Pan, Y.B.; Chen, R.K.; Xu, L.P.; Chen, Y.Q. SSR marker based analysis of genetic relatedness among sugarcane cultivars (Saccharum spp. hybrids) from breeding programs in China and other countries. Sugar Tech. 2009, 11, 347–354. [Google Scholar] [CrossRef]

	



Gupta, V.; Raghuvanshi, S.; Gupta, A.; Saini, N.; Gaur, A.; Khan, M.S.; Gupta, R.S.; Singh, J.; Duttamajumder, S.K.; Srivastava, S.; et al. The water-deficit stress-and red-rot-related genes in sugarcane. Funct. Integr. Genom. 2010, 10, 207–214. [Google Scholar] [CrossRef] [PubMed]

	



Selvi, A.; Nair, N.V.; Balasundaram, N.; Mohapatra, T. Evaluation of maize micro satellite markers for genetic diversity analysis and fingerprinting in sugarcane. Genome 2003, 46, 394–403. [Google Scholar] [CrossRef] [PubMed]

	



Dillon, S.L.; Shapter, F.M.; Henry, R.J.; Cordeiro, G.; Izquierdo, L.; Slade Lee, L. Domestication to crop improvement: Genetic resources for Sorghum and Saccharum (Andropogoneae). Ann. Bot. 2007, 100, 975–989. [Google Scholar] [CrossRef] [PubMed]

	



Alwala, S.; Kimbeng, C.A.; Veremis, J.C.; Gravois, K.A. Identification of molecular markers associated with sugar related traits in a Saccharum inter-specific cross. Euphytica 2009, 167, 127–142. [Google Scholar] [CrossRef]

	



Bremer, G. Problems in breeding and cytology of sugar cane. Euphytica 1961, 10, 59–78. [Google Scholar] [CrossRef]

	



Tew, T.L.; Pan, Y.B. Molecular assessment of the fidelity of sugarcane crosses with high-throughput microsatellite genotyping. J. Am. Soc. Sugar Cane Technol. 2005, 25, 119. [Google Scholar]

	



D’Hont, A.; Rao, P.S.; Feldmann, P.; Grivet, L.; Islam-Faridi, N.; Taylor, P.; Glaszmann, J.C. Identification and characterisation of sugarcane intergeneric hybrids, Saccharum officinarum × Erianthus arundinaceus, with molecular markers and DNA in situ hybridisation. Theor. Appl. Genet. 1995, 91, 320–326. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Q.; Aitken, K.S.; Deng, H.H.; Chen, X.W.; Fu, C.; Jackson, P.; McIntyre, C.L. Verification of the introgression of Erianthus arundinaceus germplasm into sugarcane using molecular markers. Plant Breed. 2005, 124, 322–328. [Google Scholar] [CrossRef]

	



Tao, L.A.; Chu, L.B.; Jing, Y.F.; Liu, X.L.; An, R.D.; Dong, L.H.; Yang, L.H.; Zhou, Q.M.; Duan, H.F. Identification of genuine hybrids from the cross of chewing cane and Saccharum spontaneum in Yunnan by SSR Markers. J. Plant Genet. Res. 2009, 10, 132–135. [Google Scholar]

	



Alix, K.; Paulet, F.; Glaszmann, J.C.; D’Hont, A. Inter-Alu like species-specific sequences in the Saccharum complex. Theor. Appl. Genet. 1992, 99, 962–968. [Google Scholar] [CrossRef]

	



Piperidis, G.; Christopher, M.J.; Carroll, B.J.; Berding, N.; D’Hont, A. Molecular contribution to selection of intergeneric hybrids between sugarcane and the wild species Erianthus arundinaceus. Genome 2000, 43, 1033–1037. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.H.; Fang, F.X.; Gao, Y.J.; Zhang, R.H.; Song, H.Z.; Yang, R.Z.; Fang, W.K.; Duan, W.X.; Luo, T.; Zhang, G.M.; et al. Identification and genetic analysis of hybrid from cross between Erianthus arundinacius (Retz.) Jesws. and Saccharum spontaneum L. Acta Agron. Sin. 2012, 38, 914–920. [Google Scholar] [CrossRef]








[image: Agronomy 08 00260 g001 550] 





Figure 1. Figure1. SSR profile generated through automatic capillary electrophoresis programming: Correct profile (A), excessive stuttering (B), weak alleles before (C), artefactual band (D), low heterozygosity peak (E), split peaks (F), null alleles (G), tri-allelic pattern (H), and noisy peaks (I). *, Correct alleles. 
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Figure 2. Several types of irregular and true peaks found in capillary electrophoregrams of sugarcane microsatellite DNA products: “Minus Adenine (−A)” low strength peaks (indicated by green colors) differ from “Plus-A” peaks by a single adenine nucleotide and can be omitted during scoring, followed by “Plus Adenine (+A)”, the blue peaks, which represent true peaks and can be picked up. “Stutters” are peaks less than 1/3 of the height of the regular peaks that are larger in size by a single repeat unit; “Dinosaur tails” appear as one or several arrays of very low height peaks in a higher molecular weight zone. The Y-axis shows the fluorescence strength or yield of the amplified DNA fragment. The X-axis represents base pair sizes of DNA fragments. 
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Table 1. Classification of microsatellites (Adapted from Kalia et al. [26]).
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Classification

	
Motif






	
(A) Based on the number of nucleotides per repeats:




	
Mono (A)10

	
A




	
Di (CT)5

	
CTCTCTCTCT




	
Tri (CTG)3

	
CTGCTGCTG




	
Tetra (CAGA)4

	
CAGACAGACAGACAGA




	
Penta (AAATT)5

	
AAATTAAATTAAATT




	
Hexa (CTTTAA)6

	
CTTTAACTTTAACTTTAA




	
(B) Based on the arrangement of nucleotides in the repeat motifs:




	
Perfect repeat

	
CTCTCTCTCTCT




	
Compound repeat

	
CTCTCTCACACA




	
Imperfect repeat

	
CTCTCTACTCTCT




	
Region of cryptic simplicity

	
GTGTACACAGT




	
(C) Based on the location of SSRs in the genome:




	
Nuclear (nuSSRs)

	




	
Chloroplast (cpSSRs)

	




	
Mitochondrial (mtSSRs)
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Table 2. Recent reports on the development of sugarcane SSRs through different techniques.
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	Method
	Description
	Reference





	ESTs libraries
	Development of 51 EST-SSRs from SUCEST database for the comparison of EST-SSRs with genomic SSR’s to establish relationship among 18 sugarcane clones.
	[21]



	ESTs libraries
	Development of 351 EST-SSRs from the 4085 non redundant EST sequences of two Indian sugarcane cultivars, out of which 227 were evaluated in sugarcane.
	[27]



	ESTs libraries
	Oliveira designed 342 EST-SSR primer pairs, of which 224 amplified polymorphic bands in 18 sugarcane varieties.
	[22]



	ESTs libraries
	A total of 2335 EST’s functional microsatellite marker developed from the sugarcane sequence tag database (SUCEST) using bioinformatics tools.
	[28]



	ESTs libraries
	Development of 722 EST-SSRs from the 8760 sucrose related EST sequences harvested from NCBI database and their application in sugarcane molecular breeding.
	[29]



	ESTs libraries
	Development of 267 EST-SSRs markers through computational approach from 10,000 ESTs sequences for genetic diversity, cross-species transferability among Poaceae plants and bulk segregation analysis.
	[30]



	Enriched-genomic libraries
	Development of 21 microsatellite markers from sugarcane (Saccharum spp.) ESTs and tested on 5 sugarcane clones and cross transferable to Erianthus and sorghum.
	[24]



	Enriched-genomic libraries
	Development of informative genomic microsatellite markers from two hybrid sugarcane cultivars enriched with 18 different repeat-motifs for efficient genotyping applications in sugarcane.
	[31]



	Enriched-genomic libraries
	Development of a total of 5675 microsatellite markers in autopolyploid sugarcane and comparative analysis of conserved microsatellites in sorghum and sugarcane
	[32]



	Enriched-genomic libraries
	Development of 26 SSR’s from a sugarcane interspecific hybrid of ISH 100 to study the population genetics structure across the species. SSR’s primer pairs were assessed on 8 individuals sampled from one population.
	[33]



	Next-generation sequencing
	A total of 1682 candidate loci were used to developed 174 primer pairs and validate on eight Erianthus arundinaceus accessions.
	[34]



	Next-generation sequencing
	Illumina RNA-Seq platform were used on the de novo assembly of the sugarcane transcriptome, and a large number of molecular markers were found, including 5106 SSRs and 708,125 SNPs.
	[35]



	Next-generation sequencing
	Development of 15 polymorphic SSR markers using 3730 XL Automated DNA Sequencer for 164 individuals of 18 populations of Chinese wild E. arundinaceus.
	[36]
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Table 3. Comparison of different types of molecular markers in plant applications.
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	EST-SSRs
	Genic-SSRs
	AFLPs
	RFLPs
	RAPDs/ISSRs
	SNP





	Classification
	PCR-Based
	PCR-Based
	PCR-Based
	Hybridization based
	PCR-Based
	Sequence Based



	Degree of polymorphism
	Low
	High
	Low-Moderate
	Low
	Low-Moderate
	High



	Dominance
	Co-dominant
	Co-dominant
	Dominant
	Co-dominant
	Dominant
	Co-dominant



	Interspecific transferability
	High
	Moderate
	Low-Moderate
	Moderate-High
	Low-Moderate
	High



	Utility among commonly used markers
	High
	High
	Low-Moderate
	Moderate
	Low-Moderate
	Moderate-High



	Production cost and labor involved
	Low
	High
	Low-Moderate
	High
	Low-Moderate
	Moderate



	Application
	Phylogeny, Gene mapping, Fingerprinting, Genetic diversity
	Disease resistance, Genetic diversity, Starch contents, DNA fingerprinting
	Genetic mapping and QTL linkage, QTL mapping, Paternity tests
	Fingerprinting Genome mapping, Disease analysis, Genetic diversity,
	Phylogeny, Genetic identity, Parentage, Clone strains identification, Gene mapping
	Haplotype mapping, Linkage Disequilibrium, Disease and Trait association



	Usage in plant species
	Sugarcane, Rice, Maize, Tomato, Apple, Cereals
	Rice, Sugarcane, Maize, Pineapple, Fruits crops
	Palm, Sugarcane, Wheat, Rice, Fruits Crops
	Wheat, Melon, Sugarcane, Barley, Potato
	Broccoli, Mulberry, Cherry, Cucurbits, Sugarcane, Radish
	Rice, Maize, Wheat, Sugarcane, Brassica rapa
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Table 4. Application of SSR markers in sugarcane genetics and breeding.
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	Application
	Description
	Reference





	Cultivar identification
	A total of 84 clones were identified, including 58 commercial varieties, 17 clones in the final phase of the SASRI selection program for release and 9 imported varieties, using four SSR markers.
	[60]



	Cross-species transferability
	Validation and polymorphism study of 227 EST-SSRs with 124 important Indian sugarcane cultivars for cross-species transferability and their utility in revealing population structure and genetic diversity.
	[27]



	Fingerprinting and genetic diversity
	Establishment of the molecular identities (ID) of 91 nationally or provincially released Chinese sugarcane varieties and to evaluate the extent of genetic diversity among these varieties using SSR DNA markers and two fingerprinting systems.
	[12]



	Fingerprinting and genetic diversity
	Use of 21 simple sequence repeat (SSR) markers for DNA fingerprinting and diversity analysis on 20 sugarcane (Saccharum spp) cultivars resistant and susceptible to red rot.
	[61]



	Genetic diversity
	Fluorescence-labeled seven gSSR and eight EST-SSR markers were used for the genetic diversity among 181 sugarcane genotypes.
	[62]



	Genetic diversity
	A total of 84 genotypes from the Saccharum barberi, S. spontaneum, S. officinarum, Indian and non-Indian commercial cultivars were evaluated for the genetic diversity using seven sugarcane cDNA derived SSRs, nine gSSRs and 16 uni-gene SSRs markers.
	[63]



	Genetic variability
	Eighteen sugarcane genotypes including 13 active cultivars and five elite QT-series clones bred locally were screened for genetic variability with 21 SSR primer pairs.
	[64]



	Genome mapping
	Genetic variability of 42 E. arundinaceus accessions native to Japan based on nuclear DNA content and 31 simple sequence repeat (SSR) markers
	[34]



	Genome mapping
	Low cost single strand conformation polymorphism of 16 genomic and 12 EST-SSRs marker and its utility in genetic evaluation of 22 sugarcane genotypes.
	[28]



	Paternity analysis
	Paternity analysis of 76 sugarcane progenies from four crosses was analyzed using three highly polymorphic SSR markers.
	[65]



	QTL mapping
	Identification of quantitative trait loci controlling sucrose content based on an enriched genetic linkage map of sugarcane (Saccharum spp. hybrids) cultivar ‘LCP 85–384 using 65 microsatellites markers.
	[66]



	QTL mapping
	Identification of marker-trait associations for morphological descriptors and yield component traits in sugarcane using 174 SSRs in a panel of 92 sugarcane varieties from sub-tropical India.
	[67]



	Segregation analysis
	Investigation of SSR marker segregation among 964 single pollens and 288 self-progenies (S1) of sugarcane cultivar LCP 85–384.
	[68]



	Segregation analysis
	Segregation of a multiallelic sugarcane SSR marker SMC336BS among single pollens of a sugarcane cultivar L99–233 as well as its F1 progenies of a bi-parental cross between HoCP 00–950 (female) and L 99–233 (male).
	[69]



	SSR-assisted identification
	Identification of the crosses of sugarcane (Saccharum spp.) × an intergeneric hybrid (Erianthus arundinaceus × Saccharum spontaneum) and their progenies by SSR and sequence-related amplified polymorphism (SRAP) molecular markers.
	[70]



	SSR-assisted identification
	Identification of 57 progenies of sugarcane × Narenga porphyrocoma (Hance) Bor. by nine pairs of SSR primers.
	[71]
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