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Background

Traditional plant and animal breeding, allied to management changes, has delivered gradual increases in productivity over many decades. Whilst annual gains have been modest (e.g. 5-10% increase in herbage yield per decade), they are compounded so that, for example, milk yields from Holsteins have more than doubled over the last 50 years. The rapid expansion of molecular biology, particularly over the last two decades, has begun a revolution that will allow us to understand and alter animal and crop production in new directions and at a much increased rate. 

We are in the middle of a massive growth in our ability to analyse DNA, RNA, proteins and metabolites, with rapid increases in the throughput of analysers. Advances with next-generation sequencing of nucleic acids, and mass spectrometry-based analysis of proteins and metabolites is leading to rapid gains in throughput and dramatic reductions in cost. There is huge potential to exploit the wealth of high-throughput data through bioinformatics and systems biology and incorporate the information into accelerated breeding and improved management of plants and animals.

Application of molecular biology in agriculture has two major outcomes in traditional areas of agriculture. Firstly, increasing the rate of gain and extending the range of traits that can be included in plant and animal breeding programmes; and, secondly, providing molecular insights and tools that can be used to improve plant and animal management, based on understanding of the interactions between management and genomes. It is likely that molecular biology will also generate as-yet unidentified applications.

Animal science

Animal Breeding

Traditional animal breeding has focussed on production traits, such as milk production and growth rate, since these are relatively easy to measure in the national herd or flock. One of the key challenges for the industry, and opportunities for bioscience, is the ability to incorporate a much wider range of traits into breeding indices. Examples include product quality, animal health, efficiency and environmental impact. Genetic gain tends to be poor in traits that are lowly heritable (e.g., fertility, health and survival), not recorded on a large scale (e.g., feed intake, product quality, animal health traits), sex linked (e.g., daughter fertility, milk quality), and/or require a long time horizon to measurement (e.g., survival). Many of these traits have not been recorded routinely and may be difficult to record outside research centres. This requirement is driven by growing demands from the consumer and the need to develop and differentiate higher-value ruminant products in the face of low-cost commodity production, particularly in Southern Hemisphere countries.

The use of simple gene markers to identify deleterious alleles is well established in the animal breeding industry, for examples with bulls being screened for known recessive alleles prior to entering progeny testing schemes. The situation is not so easy for most quantitative traits, since single genes usually only contribute a small amount to overall variation. Whilst there are a number gene tests available for specific traits (e.g. muscle mass in beef cattle, foot rot resistance in sheep), these have not always proved reliable when used in a different country or with a different breed. This reflects the complex multi-gene basis of many of these traits. Problems with applying these markers across breeds are an important constraint for Ireland, given the increasingly complex mixtures of breeds and strains within our dairy, beef and sheep population. Examples of genes that have a significant effect on milk yield and composition in cattle are the diacylglycerol acyltransferase (DGAT1) and growth hormone receptor genes. Variation in the DGAT1 gene is correlated with the degree of selection for milk production and composition traits in different breeds and strains worldwide. Robust markers will depend on both increased understanding of the pathways involved, as well as the availability of more advanced genotyping tools (e.g. 500K SNP chip and, shortly, full sequencing of individuals). 

Teagasc working with the Irish Cattle Breeding Federation has been at the forefront of applying more advanced genotyping tools to increase the rate of genetic gain through the use of genomic selection of bulls for milk production traits. This involves calibrating phenotypic measurements against single nucleotide polymorphisms (SNP) using a SNP-chip, so-called genomic selection (Hayes et al., 2009). These calibrations are expected to last for several generations and result in reduced generation intervals, and potentially a major reduction in the cost of genetic evaluation schemes (bull and ram testing schemes). This is an empirical approach and further exploitation depends on developing the understanding of genes and pathways underlying the associations, which will depend on systems biology expertise.

Animal monitoring and management

Functional genomics is providing new insights into the responses of individual animals – for example in relation to immune responses (pathogens, vaccines) or stress responses (climate, housing). New insights into the interaction between environmental factors, such as diet, pathogens and climate, and genomes will help us to develop novel management strategies. It is envisaged that these could be delivered at the level of groups of animals or individuals. For example, it will be important to understand genotype × environment interactions to refine managements for particular breeds or strains, whilst it is also possible to envisage ‘personalised’ managements based on individual genotypes. These management strategies will deliver improvements against the wider range of consumer expectations, including product quality, animal welfare and environmental effects of ruminant production systems. 

The development of genetic and biochemical markers described above will have applications for monitoring and managing animals. For example, transcriptome profiling and identification of novel biomarkers in blood, will increasingly be used for a range of clinical purposes, including disease classification or diagnosis, prognosis, as well as treatment, monitoring and surveillance. The translation of genomic biomarkers to clinical practice will depend on several factors, including the accuracy of testing methodologies, and the strength of correlations with clinical phenotype or outcome.

A further spin-off from these technologies will be SNP-based systems for identification of individual animals and parentage checking. Identification of individual animals will be an important component of traceability in future production systems. Parentage testing may not be a major issue in small Irish herds, but would be critical for breeding programmes if future herds are much larger. As mentioned previously, the ability to extract additional income for quality products will be important for future farming systems in Ireland, and DNA-based irrefutable animal traceability will be invaluable.

Nanotechnology and vaccine development

Molecular insights into the responses of specific tissues offer the possibility for targeted vaccination or therapy and nanotechnology will offer new approaches for targeted and sustained delivery. With recent advances in our understanding of immunity in the respiratory tract and in vaccine delivery and targeting, it is now possible to contemplate the development of a new generation of vaccines, based on nanotechnology, which are aimed at stimulating long lasting immunity in the respiratory tract, and preventing the establishment of virus infections and therefore the development of severe respiratory disease. 

Applications outside traditional agriculture

There are a range of other applications of animal biotechnology that would involve the development of new industries. These include ‘Biopharming’ – the production of human pharmaceutical proteins, such as clotting factors, in animals; and ‘Xenotransplantation’ – the production of organs for transplant from animals into humans.

Microbiology

Metagenomics is an emerging field of molecular biology that uses high-throughput sequencers to identify genes in complex microbial systems. The rumen microbiome is well adapted to exploit fibrous forages. However, small populations of micro-organisms have a range of negative effects, including production of the potent greenhouse gas methane (methanogenic Archaea), production of ammonia (Hyper-ammonia producing bacteria) and hydrogenation of polyunsaturated fatty acids, making ruminant fat highly saturated. By providing a complete description of the rumen microbiome, metagenomics will allow us to probe the basis for the persistence of these micro-organisms in relation to interactions between micro-organisms and diet manipulations, as well as animal factors affecting the rumen environment.

Recent application of this approach to the rumen microbiome has resulted in the identification of new enzymes that might have application beyond the rumen. Liu et al. (2009) identified novel lipases from the rumen and these may be important for future work to manipulate the fatty acid composition (healthiness) of ruminant products. Application of this type of work is not confined to the production system under investigation; for example, Brulc et al. (2009) identified a range of glycoside hydrolases (fibre-degrading enzymes) which may be useful for the developing biofuel industries. 

Plant science

Biotechnology is making increasing contributions in the field of plant breeding by supporting the development of improved varieties of forage, tillage and alternative crop species. In the longer-term, and depending upon societal acceptance, molecular biology could find application through transgenics (genetic modification) producing material for breeding programmes. Currently there are no GM crops grown in Ireland because the majority of GM varieties authorised for cultivation in Europe are not suited to the Irish agricultural production scenario. However, taking into consideration the growing concerns about world food supply, the global expansion in GM acreage and the extensive list of crops that are being field tested within the EU, it is likely that there will be more applications in this area in the future.

Marker assisted selection

At present the application of biotechnology with crops in Ireland is through identification of markers that can be incorporated alongside conventional plant breeding programmes (‘marker-assisted selection’ or ‘biotechnology-augmented breeding’). This will allow breeders to consider a wider range of traits, and particularly to bring new traits into programmes more quickly. These approaches will be particularly important for addressing the growing list of requirements given to those developing varieties of perennial ryegrass, clover and potato (e.g. enhanced disease resistance, increased nitrogen use efficiency, extended seasonal growth patterns).

A successful example of the marker-assisted selection approach is seen in the Irish potato breeding programme. With the impending changes to EU pesticides regulations, genetic resistance to the potato cyst nematode species (especially Globodera pallida) has become an important trait. Active participation in the International Potato Genome Sequencing Initiative, combined with mapping quantitative trait loci for potato cyst nematode resistance has allowed the development of diagnostic genetic markers, which are now being used in the potato breeding programme. This has resulted in a three-fold increase in the number of Globodera pallida resistant breeding lines in the latter stages of the breeding programme. 

Similar developments are planned for the forage research programme, though the polygenic traits and relatively poor genome information for grass and clover make this a longer-term target, albeit important given the importance of these species to pasture-based ruminant production in Ireland.

Crop pathogens

In addition to the crops themselves, biotechnology is also contributing to monitoring the population structure of the most significant fungal pathogens of Irish crop species. These same tools are being used to survey Ireland’s primary crop pathogens for novel isolates with altered fungicide sensitivity and/or increased virulence/aggressiveness. For example, PCR-based approaches are being used to diagnose fungicide resistance in important pathogens such as Septoria tritici. Specific efforts have focused on the recent emergence of fungicide resistant Mycosphaerella graminicola in Irish wheat populations and the migration from Eastern Europe of A2 genotypes of Phytophthera infestans exhibiting hyper-virulence. 

Alternative Crops

Biotechnology-based skills are being used to provide baseline data in response to the drive for diversification into the area of alternative crops (and alternative uses for current crops). Many plant species exhibiting potential as alternative crop species in Ireland have undergone little or no genetic improvement. Biotechnology is used to speed up the generation of basic genetic and cytogenetic data on aspects such as ploidy levels, crossability groups, genetic diversity of existing germplasm. This will be required to support efforts on the future breeding and domestication of alternative species such as Miscanthus spp. (for biomass) and Adonis spp. (for nutraceuticals and bioactives). 

Soil and environmental sciences

Biotechnology tools are also being used to gain new insights into micro-organisms in soil and environmental samples, as a basis for developing new management strategies or tracking problem organisms. Current research includes:

Pathogen survival and transport in soil: Recently E. coli populations were reported to be long-term residents of Irish soil. This finding compromises the status of E. coli as an indicator organism. Research will investigate practical implications for the use of E. coli as an indicator organism in Ireland and how we monitor recreational and potable water. In addition, if environmentally persistent E. coli is found to be pathogenic this work will assist in the development of sustainable mitigation strategies to manage land spreading of animal and human wastes into the future. 

Nematodes as an indicator of soil health: The draft European Soil Framework Directive emphasises that the protection of soil biodiversity and the sustained provision of ecosystem services that contribute to the livelihoods of land users. Major advances have been made in the analysis of nematode community information for soil food web diagnostics. The previous, major drawback to using nematodes for large scale ecological studies has been the difficulty in taxonomic assignation and the time taken to process each sample. Development of a rapid and relatively affordable method for the extraction of DNA from nematodes from soil systems will facilitate application to the analysis of nematode communities. 

Intensively managed agro-ecosystems often show poor utilisation of nutrients and agriculture is also a large contributor to greenhouse gas (GHG) emissions, with nitrous oxide (N2O) of particular importance. Molecular tools offer new insights and current effort is focussed on quantifying the genes involved in denitrification to develop our understanding of the nitrification and de-nitrification processes in soils. 
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