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Review Article Plant DNA fingerprinting: an overview Sunil Archak National Research Centre on DNA Fingerprinting, National Bureau of Plant Genetic Resources, New Delhi, 110 012, India [email protected]



Abstract Plant DNA fingerprinting is defined here as the application of molecular marker techniques to identify cultivars. It has come into the limelight in recent years because of two multilateral agreements: Trade-Related Intellectual Property Rights (TRIPs) and the Convention on Biological Diversity (CBD). Enforcement of their provisions is possible only if the identity and the ownership of the genotypes can be established unequivocally. Unlike fingerprints with which we are born, DNA fingerprints need to be generated, confirmed and assigned. DNA fingerprints are accurate as they emanate from nucleotide sequence differences between individuals. Plant DNA fingerprinting is intricate since it deals with populations and often more than one species. In less than a decade, plant DNA fingerprinting has taken off as a result of substantial achievements in marker isolation and protocol optimisation. Nevertheless, commercial imperatives demand that plant DNA fingerprinting accomplishes more than just technological advances. Scientists involved in plant DNA fingerprinting require constant interaction with breeders, biometricians, computer analysts, legal experts and policy makers. International consensus is being reached on general guidelines for employing plant DNA fingerprints as legal evidence. Researchers need to be prudent when describing DNA marker studies in terms of plant DNA fingerprinting. The terminology needs to be restricted to only those molecular characterisations that are carried out with an objective of assigning identification to cultivars as can be used in DUS tests/variety registration/dispute settlement. Advances in the technology to economise the procedure and international consonance in operational framework are critical to the future of plant DNA fingerprinting.



Introduction The World Trade Organisation (WTO) requires its member countries to accord protection to plant varieties under Trade-Related Intellectual Property Rights (TRIPs) agreement. The protection, intended to buoy up innovation, can be provided by patents, by an effective sui generis system, or by any combination thereof. Convention on Biological Diversity (CBD) provides sovereign rights to nations over their genetic resources. Countries can regulate access to their genetic resources and demand equitable sharing of benefits arising out of commercial exploitation of the genetic resources. Enforcement of both these international agreements is possible only if the identity and the ownership of the plant genotypes are established. Therefore, a perfect system to identify parental lines, landraces and wild relatives along with released varieties is the most fundamental requirement to enforce the propriety over plant varieties and germplasm. Variability in morphological and biochemical characters has been useful in this regard because the scoring is easy, economical and practical. However, morphological and biochemical markers suffer from drawbacks such as low variability, environmental influence, epistasis, and their quantitative nature and complex inheritance pattern. Molecular markers, on the other hand,



exhibit a high degree of non-tissue-specific polymorphism and simple inheritance patterns with minimal influence of environment and epistasis. DNA fingerprinting is the application of molecular marker techniques for the identification of cultivars. This review elucidates development of plant DNA fingerprinting technology, and highlights issues and challenges in this new area of forensic plant molecular biology.



Genesis Interest in nucleic acid markers was created by the introduction of restriction fragment length polymorphisms (RFLPs) and sequencing, which gained popularity in the late 1970s. The advent of polymerase chain reaction exponentially increased the availability and affordability of different molecular marker techniques. However, DNA fingerprinting all started in 1985, when Alec Jeffreys and co-workers in a series of publications reported the simple tandem-repetitive regions of DNA (also called minisatellites) capable of producing somatically stable DNA fingerprints completely specific to an individual. By April 1985, the first legal case, involving an UK immigration dispute, had been satisfactorily resolved by DNA fingerprinting. By 1987, DNA fingerprinting results had been admitted
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in evidence in criminal courts in the UK and USA. A new technology was born. Soon after, minisatellites were reported in plants in 1988 and by 1993, plant minisatellites were demonstrated to be useful markers for variation between and within species.



Stages of development Demonstration of the fact that DNA profiles akin to human DNA fingerprints could be obtained in plants too led to plant DNA fingerprinting. The first stage was marked by the use of probes successful in human DNA fingerprinting to discriminate taxa of plants (e.g. human minisatellites termed 33.5, 33.6 and 33.15; M13 phage DNA). A start was made through attempts to identify sequences in the genome that differ between individuals and to establish a set of protocols, which could be used to visualise the differences. (Keyword: curiosity) The second stage was marked by the demonstration of power of various techniques in plants. Isolation of plant-specific probes/primers and optimisation of molecular profiling to discriminate species and varieties were major activities. (Keyword: development) The third stage is characterised by attempts to optimise sampling methods, sample size, minimum number of primers and probes, mode of depiction, etc. Answers to questions such as which technique? how many techniques? which statistical technique? are being found, and international consensus on such issues is being reached. A debate is underway to demarcate the scope of DNA fingerprinting as legal evidence. Fine-tuning of statistical interpretation procedures to suit the techno-legal requirements is being carried out. (Keyword: standardisation)



Table 1. Applications of molecular characterisation Assessing hybridisation in natural populations Determination of extent of selfing in crops



A clear-cut chronological distinction is difficult since the stages overlap in one or the other technique/species.



Scope of plant DNA fingerprinting Applications of molecular markers, from sex determination to genebank management, are numerous. Practically, all DNA marker applications come under the umbrella definition of “molecular characterisation”. Table 1 lists different types of molecular characterisation reported in recent publications. All these applications employ one or a combination of same set of techniques; however, the objectives are different. Researchers need to be careful while describing their work in terms of DNA fingerprinting. This has become imperative in the postWTO scenario. A consensus has to be created to use the term DNA fingerprinting to designate only those DNA marker applications that aim to assign identification to cultivars as can be used in DUS tests/ variety registration/dispute settlement. DNA fingerprinting needs to be defined based on objective and not the techniques used. Already the DNA characterisation field is flooded with a plethora of terminologies that are causing confusion among researchers. A standard nomenclature of the techniques would be appreciated.



Molecular basis of DNA fingerprinting Unlike the fingerprints with which human beings are born, DNA fingerprints need to be generated, confirmed and assigned. These fingerprints are possible due to the existence of differences in the nucleotide sequence between individuals. Due to the enormous size of the genome, comparison between sequences of genomes in entirety is impractical. Therefore, genomic fragments are generated and cultivars are discriminated by differences in number, size and sequence of such specific DNA fragments. A variety of genomic fragments are employed as markers. While some occur once in genome, others are repeated. Known gene sequences are used as unique sequence markers. However, coding sequences have highly conserved regions and not polymorphic enough to use routinely in fingerprinting. Tandemly repeated sequences such as mini- and microsatellites are frequently used markers in DNA fingerprinting.



Determination of mode of reproduction Diversity analysis of wild populations Genebank management Genetic analysis of development and adaptive traits Genetic analysis of intergeneric and interspecific crosses Genetic stability of in vitro cultivated plants Genomics Identification of site of Einkorn wheat domestication Identification of somaclonal variation Interrelationships between clones, sports and cultivars in clonally propagated species Prediction of heterotic combinations in breeding Prediction of pedigree variance



Techniques in plant DNA fingerprinting A typical fingerprinting technique generates molecular markers that should be polymorphic enough to discriminate between cultivars but not too polymorphic to throw up differences within individuals of a cultivar. Fingerprinting techniques differ depending on how the DNA fragments are generated and assayed. Fragment markers provide high-resolution qualitative information about sequence variation. Numerous profiling techniques are available; all involve detecting fragments that differ in presence, size, or quantity between accessions. Fragments are generated by either restriction digestion or by polymerase chain reaction. The fragments are separated by agarose or polyacrylamide gel electrophoresis and detected by various approaches. All fragments on the gel are directly visualised by staining with ethidium bromide or silver. Alternatively, specific target fragments are detected by hybridisation with probes carrying radioactive, colorimetric, fluorescent or chemiluminescent label.



Sex prediction in papaya Studying detrimental effect of pollution on genetic diversity erosion Systematics Effect of reforestation on genetic diversity of tree species



When single or low-copy number fragments are evaluated, variation in fragment length is referred to as restriction fragment length polymorphism. To analyse repetitive DNA, target fragments are probed by known repeat sequences. This is called as multilocus fingerprinting since the assay produces information about many loci simultaneously. Single locus RFLP markers are co-dominant, genet-
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ically defined and highly reproducible, whereas multilocus markers are not genetically defined and dominant. Multilocus restriction fragment profiling of plant genomes therefore does not qualify for phylogenetic analysis. However, it provides a robust identification protocol. PCR-based marker techniques are grouped based on sequence, length and number of primers, and size range of the amplified products. With prior knowledge of the single copy target sequence, (homologous or heterologous) primer pairs can be designed to amplify target loci. In assays of these designed primer PCR loci, differences in the fragment length can often be analysed as codominant alleles in diploid genomes. However, these loci are better employed in phylogenetic studies rather than in fingerprinting. Amplification using designed primers flanking microsatellites (SSRs), display polymorphism in length and number of amplicons. Polymorphisms appear because of variation in the number of tandem repeats in a given motif. This is described as sequence tagged microsatellite analysis (STMS) and the resulting patterns can be employed in genotyping. Polymorphic multiband patterns can be produced based on microsatellites (SSRs) by amplifying inter-SSR DNA sequences. This technique is sometimes referred to as SSR-single primer amplification reaction (SSR-SPARs) and the tetranucleotide repeat primers are reported to be most effective. Randomly amplified polymorphic DNA analysis (RAPD) requires no prior sequence information. A single short arbitrary sequence (usually ten nucleotides) is used as both forward and reverse primer to generate a set of fragments within amplification range. The number and length of the fragments vary between primers and genotypes. Many PCR assays are minor modifications or combinations of designed-primer and random primer PCR. These were developed to increase the reproducibility of the results and to enhance the resolution power of the techniques to discriminate close relatives. Arbitrary-primed PCR (AP-PCR) amplifies discrete patterns by employing single primers of 10 to 50 bases in length for amplification. The first two cycles of PCR are carried out under non-stringent conditions. DNA amplification fingerprinting (DAF) is produced by employing single arbitrary primers as short as five bases in PCR of genomic DNA. Both in AP-PCR and DAF, the amplified patterns are complex and structurally similar to the RAPD products. Adding stable mini-hairpin sequences to the 5’ ends of short primers was shown to increase resolution of arbitrary PCR. The utility of a desired RAPD marker can be increased by sequencing its termini and designing longer primers (e.g. up to 24 bases) for specific amplification of markers. Amplification yields sequenced characterised amplified regions (SCARs) that are more reproducible than RAPDs. Anchored PCR is another variation which uses one designed (anchored at either 5’ or 3’ termini) and one arbitrary primer to amplify unknown sequences. One more such variation is nested-PCR. In this technique, one amplification reaction with two designed primers is followed by a second reaction. The first PCR product is the template for the second reaction, which uses two designed primers internal to the first set. Nested-PCR is useful for extremely sensitive genotyping.
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Table 2. Some common DNA fingerprinting techniques AFLP



Amplified Fragment Length Polymorphism



AP-PCR



Arbitrary Primed PCR



ASAP



Allele Specific Associated Primers



CAPS



Cleaved Amplified Polymorphic Sequences



DAF



DNA Amplification Fingerprinting



RAPD



Random Amplified Polymorphic DNA



RFLP



Restriction Fragment Length Polymorphism



SCAR



Sequence Characterised Amplified Region



SSCP



Single Strand Conformation Polymorphism



SSR



Simple Sequence Repeats



SSR-SPAR



SSR-Single Primer Amplification Reaction



STMS



Sequence Tagged Microsatellite Loci



Combinations of PCR and restriction digestion of either the template or amplified products have also been employed for genotyping purposes. Cleaved amplified polymorphic sequences (CAPS) are generated by restriction enzyme digestion of PCR products. Such products are compared for their differential migration during electrophoresis. This is used commonly with RAPD, since the amplified products of the same size may not represent the same genomic sequence. In denaturing gradient gel electrophoresis (DGGE), single-stranded conformation polymorphism (SSCP) analysis of CAPS can differentiate genotypes of a narrow genetic base. Production of amplified fragment length polymorphism (AFLP) is based on selective amplification of restricted enzyme digested DNA. Multiple bands are generated in each amplification reaction that contains DNA markers of random origin. Analysis of DNA on polyacrylamide gels typically results in 50-100 bands per sample. AFLP has advantages of high resolution and higher number of markers per assay, which make it a robust fingerprinting technique. Primers can be fluorescently labelled using various colours. Multiple loci can be amplified simultaneously in a single reaction using such primers. The loci can be distinguished from each other by fragment size and fluorescent label colour. This multiplexing can reduce the cost of generating and detecting numerous marker loci and accelerate the identification process. The DNA fingerprinting world is excited about the advent of DNA chip technology, which is expected to be exploited as the ultimate DNA fingerprinting application. The procedure involves synthesising probes, attaching them to solid surfaces to fabricate microchips. Single-stranded fluorescently labelled genomic sequences are then hybridised to these microchips and pattern is determined by reading the micro-arrays.



Issues in plant DNA fingerprinting A recent modification of PCR technology involves amplification of the DNA template in microtitre plates using allele-specific associated primers (ASAPs) that generate only a single DNA fragment at stringent annealing temperatures. The DNA fragment is present in only those individuals possessing the appropriate allele and thus eliminates the need to separate amplified DNA fragments by electrophoresis. This approach has been developed for high-throughput reliable screening.



Differences between human and plant DNAF The similarity between human and plant DNA fingerprinting ends at the molecular techniques employed. In humans, individuals are identified. In plants populations are identified (a population may be a variety, a species, a landrace, a breeding line or a parent in hybrid production with varying genetic structure with respect to uniformity and stability). Apart from academic gains, the objective of DNA
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fingerprinting is of forensic value in humans, whereas it is to provide propriety rights and to settle disputes with commercial stakes in case of plants. Human DNA fingerprinting is technically superior because it is older than plant DNA fingerprinting, there is a greater knowledge of human genetics and because it concentrates on one species (Homo sapiens). Even animal DNA fingerprinting (e.g. cattle) is highly standardised. Conversely, plant DNA fingerprinting is just taking off. It deals with more number of species with different mating systems and genetic structure, and in-depth genetic studies (structural genomics) for many crops (except for a few such as maize, rice and tomato) are yet to begin. Plant Variety Protection using DNA fingerprinting DNA fingerprinting so far has not been formally admitted as a compulsory component of DUS testing. Nor have DNA fingerprints been accepted in evidence for dispute settlement. The most advanced prototype of plant variety protection, UPOV [http://www.upov.org], also does not recognise DNA fingerprints as evidence yet. The International Association of Breeders (ASSINSEL) [http://www.worldseed.org/~assinsel/assinsel.htm] has conducted model studies in tomato and maize that highlight the utility of molecular data and help resolve statistical issues. The American Seed Trade Association (ASTA) has developed an informal set of guidelines for resolving germplasm identity and ownership that include the use of molecular data. UPOV has sensitised the member countries about the rapidly increasing capabilities of molecular technologies. The UPOV working group on Biochemical and Molecular Techniques (and DNA profiling in particular) (BMT) has been deliberating on development and use of DNA fingerprints in DUS testing. The sixth session (Angers, France, 1-3 March 2000) discussed new techniques, their merits and limitations; variability within and between varieties; construction and standardisation of DNA profiles of varieties; statistical methods (precision of molecular markers); possibilities and consequences of the introduction of DNA profiling methods for DUS testing; and use of DNA profiling methods by expert witnesses in disputes on essential derivation.



Challenges for plant DNA fingerprinting scientists The way genomics is growing is mind-boggling, with new techniques being introduced rapidly and a plethora of sequences published. Workers in plant DNA fingerprinting are continuously challenged to update themselves in order to develop robust and cost effective techniques. At the same time, they are required to resist the temptation of too much experimentation in trying out every new thing. They are continuously compared with researchers in human genomics with regard to their technical proficiency. Since plant DNA fingerprinting has commercial undertones, they need to come out of the laboratory and understand the viewpoints of breeders, legal experts and policy makers. They are expected to suit/evolve techniques to fit currently accepted rules of procedures rather than asking for changes to in the light of new developments. Analysis and interpretation of molecular data itself poses a challenge. It will be necessary to optimise biometrical tools to take care of populations and tricky issues like EDVs, transgenics and landraces before advocating DNA fingerprinting as a solution. A challenge in the dawn of 21st century will be to join the ends of hi-tech plant genomics and the big-money seed industry by providing DNA fingerprints as varietal signatures. The onus is upon researchers to demonstrate the power of technology to legal authorities and policy makers to demand acceptance of DNA fingerprints as evidence in isolation or in combination. DNA fingerprinting for Essentially Derived Varieties (EDV) On the flip-side, IP protection may trigger disputes and therefore means are proposed to manage and restrict commercialisation of close copies or plagiarised versions of an already existing variety through the concept of EDVs. EDVs are expected more from a biotech industry armed with genes and transformation protocols. Unless provided with an appropriate environment, traits such as resistance are difficult to identify using morpho-agronomic descriptors. DNA markers will be useful in such situations. If the transgene is mandated to be disclosed, DNA fingerprinting can quickly identify the variety and settle the issue.



DNA fingerprinting versus breeders Traditionally, breeding is carried out based on variation in agronomic traits. Hence, a school of thought argues that discrimination should be based on only expressed characters. There is a general reluctance to add molecular traits as complementary to support traditional morphological characters in DUS testing. However, employment of biotechnological tools in breeding and development of more reliable, cost-effective and discriminatory profiling methods are forcing a change. Nevertheless, breeders have expressed legitimate concerns regarding loopholes and limitations of the protection regime vis-a-vis inclusion of molecular techniques. Ease of finding minor genetic differences enabled by molecular tools, could erode the amount of genetic difference needed for distinctness. This may foster cosmetic breeding. Increase in the genetic uniformity, ensured by the use of DNA markers, means greater potential risks of susceptibilities to biotic and abiotic stresses, leading to genetic erosion.



Why statistics? Contrary to the prevailing notion among the agricultural scientists, DNA fingerprinting starts well before DNA isolation and continues much after obtaining barcode-like profiles. Sampling procedures determine the reliability of the results and DNA profiles can not be interpreted without statistical analysis. Statistics is involved because: •



Populations are analysed rather than individuals.



•



The estimate of probability of random match is important in identification of cultivars.



•



In plants, even in obligately outcrossing species, background band sharing can be as much as 0.3 to 0.5.



•



Statistical analysis translates fingerprint patterns into biological meaning.
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