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Molecular Agriculture Subject Notes 

Plant Breeding 

Crop traits subject to improvement 

 Reduction in life cycle from perennial (living for many years) and biennial (every two years) to 

annual, thereby permitting more regular harvests 

 Reduced level of toxins 

 Reduced spininess, prickles and spikes that make eating difficult 

 Reduced shattering (dispersal of seed), and stronger rachis (stems) 

 Reduced seed dormancy 

 Modification of plant for different purposes (e.g. Brassica oleracea) 

 

Genetic basis of plant modifications 

 Mutation and inheritance of this mutation by mendelian variation 

 Chromosomal duplications leading to polyploidy 

 Chromosomal rearrangements 

 Interspecific hybridization 

 Autopolyploidy: self-duplication of chromosomes 

 Allopolyploidy: combination of chromosomes of two different species 
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Aims of scientific breeding 

 Increased biomass (e.g. potatoes) 

 Increased fruit and seed yield (e.g. wheat) 

 Pest and disease resistance 

 Aesthetics (flower colour, plant shape) 

 Limitations: narrow genetic base of existing crops, low seed multiplication rates, long cultivar 

production time 

Pure line selection 

 Pure line selection is a method in which new variety is developed by selection of single best 

plant progeny among traditional varieties or land races 

 These selected progeny are selfed and grown in rows from single plants 

 The process is repeated for many generations, producing a highly inbred variety ideally 

possessing desired traits 

 Such varieties possess narrow genetic base so they are more susceptible to diseases, and have 

poor adaptability 

 Useful for producing new pure-breeding varieties with particular desirable traits 

 

Mass selection 

 Simpler than pure-line selection in that plants are selected based on phenotype 

 Difference is that at each generation the seeds are bulked, not kept segregated based on lines, 

so pollination is not controlled 

 Results in more genetic variation, but less strong selective pressure for desired traits 

 Primarily used for ‘cleaning up’ landraces to remove undesirable traits 
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Pedigree hydridisation 

 Used to combine the desirable traits of two different varieties into a single new variety 

 First parent usually an elite variety, other parent possess several desirable traits lacking in first 

parent 

 Superior types selected at each segregating generation, a record is kept of all parent-progeny 

relationships 

 In the F2 population, selection is practiced for highly heritable traits, e.g. disease resistance 

 In later generations selection for less heritable traits, e.g. yield 

 Initial selection within and between different families, but as plants within families become 

homozygous in later generations (F5 or F6), selection is mostly between families 

 May initially need to ‘build parents’ by hybridization 
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Backcross hybridization 

 A crossing of a hybrid with one of its parents, in order to achieve offspring with a genetic 

identity which is closer to that of the parent 

 Used to introduce a single new desirable trait into an existing elite variety 
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 This method is more successful than selfing in breaking linkage between desired gene(s) and 

undesirable genes 

 Only suitable for highly heritable traits 

 Usually need six backcrosses, which can take many years 

 

Molecular Markers 

Molecular markers 

 A genetic marker is a gene or DNA sequence with a known location on a chromosome that can 

be used to identify individuals or species. It can be described as a variation that can be observed 

 A genetic marker may be a short DNA sequence, such as a sequence surrounding a single base-

pair change (single nucleotide polymorphism, SNP), or a long one, like minisatellites 

 Genetic markers have to be easily identifiable, associated with a specific locus, and highly 

polymorphic, because homozygotes do not provide any information 

 Markers are useful in plant breeding because if linked with traits they can allow us to determine 

the presence of certain traits without having to confirm the phenotype 
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Advantages of marker-assisted selection 

 No phenotype screening, which takes time and is prone to error 

 Adult characteristics can be assessed at seedling stage, saving a lot of time 

 Non-destructive 

 More than one trait may be screened on the same plants at the same time 

 DNA markers insensitive to environmental effects 

Types of marker systems 

 Restriction fragment length polymorphism (RFLP): co-dominant, difference between samples of 

homologous DNA molecules from differing locations of restriction enzyme sites. Older technique 

 Random amplification of polymorphic DNA (RAPD): dominant, type of PCR reaction, but the 

segments of DNA that are amplified are random, short primers (8-12 nucleotides). By resolving 

the resulting patterns, a semi-unique profile (varying due to point mutations, deletions and 

insertions) can be gleaned from an RAPD reaction 

 Microsatellites or single sequence repeats (SSR): co-dominant, tract of repetitive DNA in which 

certain DNA motifs (ranging in length from 2-5 base pairs) are repeated, typically 5-50 times 

 Single-nucleotide polymorphism (SNP): co-dominant, variation in a single nucleotide that occurs 

at a specific position in the genome 

 

 

Bulked segregant analysis 

 This is a technique for identifying markers for single gene traits or QTLs 

 It replaces more traditional methods reliant on constructing a genetic map using isogenic lines 

 The main advantage of this method is that there is no need to have homozygous lines 
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 Proceedure: 

o Pre-screen homozygous parents for polymorphisms using one or several marker systems 

o Generate segregating population, e.g. F2, which displays variability in the trait of 

interest 

o Classify plants by phenotyping 

o Pool DNA samples from F2 plants into bulks displaying the extreme phenotypes. Each 

DNA bulk is heterogenous for all chromosome segments except for segments closely 

linked to the trait locus 

o Screen these DNA pools (bulks) using polymorphic markers identified previously, looking 

for markers differentially present in plants possessing the trait 
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Marker-Assisted Backcrossing 

 Currently it takes 6-8 backcrosses (6-7 years) to fully recover the recurrent parent genome in 

backcross hybridization 

 This process can be accelerated by using marker assisted selection to reduce linkage drag 

 This is an indirect selection process where a trait of interest is selected based on a marker 

(morphological, biochemical or DNA/RNA variation) linked to a trait of interest, rather than on 

the trait itself 

 For this to work one needs molecular markers tightly linked to the desired gene (which can be 

found using bulked Segregant analysis), and a linkage map covering the entire genome, about 4-

5 markers evenly spaced along each chromosome 

 Co-dominant markers best, e.g. RFLP 

 The technique involves selecting for backcrossed individuals with the desired trait, but as few of 

the other donor parent markers and as many of the recurrent parent markers as possible. This 

will increase the rate at which the recurrent genome is restored 
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 How easy this technique is to implement depends on the species in question. Species with low 

chromosome numbers, e.g. pea, lentil and barley (n=7), require relatively few markers (7x5=35), 

however, for some many more are needed, e.g. wheat (n=21) requires (21x5=105) 
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Genome Mapping 

Genetic recombination 

 Genetic recombination is the production of offspring with combinations of traits that differ from 

those found in either parent 

 In eukaryotes, recombination during meiosis is facilitated by chromosomal crossover, which 

involves the exchange of segments of DNA from homologous chromosomes during meiosis 

 The recombination frequency expresses the number of recombinants in proportion to the total 

number of progeny (considering only a particular chromosome) 

 Recombinants for a particular trait occur when crossing over takes place in between the gene 

locus coding for that trait 
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 As such, if the gene loci are unlinked (extreme opposite ends of the chromosome), 

recombination will always occur between them, so the recombination frequency will be at its 

maximum value of 50% 

 The smaller is the recombination frequency below this level, the closer the loci are on the 

chromosome 

 

Mapping functions 

 Distance is expressed in terms of a genetic map unit (m.u.), or a centimorgan and is defined as 

the distance between genes for which one product of meiosis in 100 is recombinant. A 

recombinant frequency (RF) of 1% is equivalent to 1 m.u. 

 Because genetic distances cannot exceed 50%, they are non-additive. In order to produce 

additive results, various mapping functions are used to convert recombination fraction into map 

distance 

 To convert   into Haldane Morgans, the formula is:     
 

 
         

 Map distance is not the same as physical distance on the chromosome, nor is there a linear 

relationship between the two 

 The genetic distance to physical distance ratio varies greatly at different genomic regions which 

reflects different recombination rates, and such rate is often indicative of euchromatic (usually 

gene-rich) vs heterochromatic (usually gene poor, tightly coiled, near centromeres and 

telomeres) regions of the genome 
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Linkage maps 

 A linkage map is a genetic map of a species or experimental population that shows the position 

of its known genes or genetic markers relative to each other in terms of recombination 

frequency 

 Such maps provide a “framework” relative which to place gene loci controlling traits of interest 

Mapping populations 

 Since genetic maps are fundamentally maps of polymorphisms, they can only be produced with 

a mapping population containing genetic variation 

 One can generate a mapping population by crossing two diverse parents, which themselves 

should generally be homozygous 

 Different mapping populations can be used for different purposes 
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Linkage analysis 

 There is a danger of declaring linkage when observed association is caused by chance  

 The larger the number of pairwise comparisons, the greater is this risk of a false positive  

 To reduce this risk, statistical methods are used 

 In linkage analysis, the null hypothesis is that there is no linkage between two loci, i.e.       

 The alternative hypothesis is that these loci are linked, i.e. θ < 0.5 

 The ratio of the likelihoods of these two hypotheses is called the odds ratio, the logarithm of 

which is called the LOD score 

         
       

        
 

 The likelihood is given by the binomial distribution, so for   progeny and   recombinants this 

can be written as: 

          
 
 
 
 
 
 
   
 

 
   

      
  

 The higher the LOD score for a pairwise linkage comparison, the better the support for the 

hypothesis that the two loci are linked 

Quantitative trait locus analysis 

 A quantitative trait locus (QTL) is a section of DNA (the locus) that correlates with variation in a 

phenotype (the quantitative trait 

 Quantitative traits controlled by many genes with individually small and cumulative effects 

 QTL analysis seeks to determine how many genes there are effecting such a trait, how they are 

distributed across the chromosomes, and what relative effect they have on the trait 

 This is done by constructing a linkage map, and then determining whether there is a correlation 

between the presence of one or more linkage markers and the value of the trait in question (e.g. 

crop yield) 
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DNA Fingerprinting 

Biotechnology and biodiversity 

 Traditional landrace crops are steadily being lost to environmental change, urbanization, and 

replacement of local cultivars by higher-yield varieties 

 Molecular markers are useful for estimating the degree of biodiversity and determine necessary 

sample sizes 

 Fingerprinting accessions to gene banks is also a useful application of these methods 

Estimating Genetic Diversity 

 Any genetic markers can be used for this purpose, including RAPDs, RFLPs, microsatellites 

 DNA polymorphisms between individuals are assayed and particular markers scored as  present 

(1) or absent (0), then these data are used to calculate genetic distances 

 One commonly used equation to estimate genetic distance between two individuals (or two 

inbred populations) is Jaccard’s Coefficient of Similarity: 

   
   

     
 

     is the number of bands present in common to the two samples A and B 

    is the total number of bands across all samples 

    is the total number of bands not present in A or B, but found in other samples 

 The genetic distance of a particular pair of samples from another sample is calculated by 

estimating the average distance between the pair and the other sample 

 For example, if sample C was found to be 0.8 and 0.6 dissimilar to samples A and B respectively, 

then the average distance between C, and A and B (considered together as the cluster “A-B”) is: 

(0.8 + 0.6)/2 = 0.7 

 This technique is called the Unweighted Pair Group Method with Arithmetic Averages 

 Phylogenetic trees are a common and convenient way of representing the results of a genetic 

diversity analysis 

Subtracted Diversity Array 

 Also called suppression subtractive hybridization (SSH) 

 DNA fingerprinting relies on finding polymorphisms, or differences in DNA sequence between 

plants  

 Problem: Because of shared ancestry, plants share many repetitive DNA sequences and genes 

which have few variants between different species; DArT-cannot separate these in the initial 

stage of array construction 

 Subtracted diversity array is a method of carrying out a PCR so that only the non-shared regions 

of DNA are amplified exponentially 
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Gene Transformation and Characterisation Methods 

Agrobacterium tumefaciens 

 Agrobacterium tumefaciens is the causal agent of crown gall disease, which is caused by the 

insertion of a small segment of DNA (known as the T-DNA, for 'transfer DNA'), from a plasmid, 

into the plant cell 

 Plant tissue (often leaves) are cut into small pieces, e.g. 10x10mm, and soaked for 10 minutes in 

a fluid containing suspended Agrobacterium. The bacteria will attach to many of the plant cells 

exposed by the cut. 
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 The plant wounds release chemicals which up-reglulate the virulence region of the Ti Plasmid in 

the bacteria, which codes for the proteins necessary to transfer the T-DNA region into the plant 

call via a structure called a pilus 

 Assuming that a selection marker (such as an antibiotic resistance gene) was included in the T-

DNA, the transformed plant tissue can be cultured on selective media to produce shoots 

 To make the DNA smaller and easier to work with, a binary vector system is often used. Here the 

the replicon harboring the T-region constitutes the binary vector, and is separated from the 

replicon containing the vir genes, which is the vir helper 

 Advantages: stable incorporation, can transfer relatively large amounts of DNA, infects intact 

plants 

 Disadvantages: only suitable for some species 
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Direct transfer methods 

 Microprojectile bombardment: referred to as particle bombardment or biolistics, particles of 

gold or tungsten are coated with DNA and then shot into young plant cells or plant embryos. 

Some genetic material will stay in the cells and transform them 

 Protoplast: plant cell with cell wall removed, then regenerated in tissue culture 

 Microinjection: the use of a glass micropipette to inject a liquid substance at a microscopic level 
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 Electroporation: formation of transient holes in the cell membranes using electric shock; this 

allows DNA to enter 

 Advantages: no host range limitations, can target cell types or even tissues 

 Problems: high copy number, frequency of callus and plant regeneration after bombardment is 

low, cell takes time to recover, less control over where DNA is incorporated 

 

 

Transient expression 

 This involves transgene expression for a short period, without incorporation of DNA into the 

host genome 

 The DNA is taken up by cells but only produces product for a short time before it is degraded 
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Molecular characterization methods 

 Southern blot: Confirms insertion of the recombinant DNA into the genomic DNA of the target 

organism, as well as provides copy number 

 Northern blot: Confirms the presence of RNA transcript accumulation from the transgene of 

interest. Based on RNA extraction and hybridisation with gene specific probes, degrading the 

DNA before assaying 

 PCR: can be used instead of northern blot to detect mRNA levels, as it can sometimes be more 

sensitive. Use reverse transcriptase to produce cDNA from mRNA 

 qRT-PCR: Provides a relative expression level for the gene of interest 

 Western blot: Confirms presence of the protein produced from the inserted transgene of 

interest 

 

Generations of biotechnology 

 First generation: insect and pesticide resistance (e.g. Glyphosate resistance in soy beans, caused 

by version of EPSP enzyme for making aromatics that is resistant to inhibition by glyphosate) 

 Second generation: taste, nutrition, shelf life, abiotic stress tolerant crops 

 Third generation: plants as biofactories, production of pharmaceuticals, vaccines, cosmetics, 

biofuels, plastics 

Plastid Transformation 

Plastids 

 The plastid is a major double-membrane organelle found, among others, in the cells of plants 

and algae 

 They often contain pigments used in photosynthesis, and the types of pigments present can 

change or determine the cell's color 

 Chloroplasts are the most well known plastids, but others also serve as storage for starch, 

pigment synthesis, nitrogen metabolism, and other functions 
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The chloroplast genome 

 The circular chloroplast genome (plastome) of most land plants and algae have a quadripartite 

structure comprising of two identical or non-identical inverted repeats (IRs) which separate two 

single copy (SC) regions, the large and small single copy regions, LSC and SSC, respectively 

 Approx. 100 proteins in higher plants 

 Prokaryotic origin (cyanobacteria) 

 There are typically 1,000-10,000 copies per cell 

 

Method of gene insertion 

 Usually inserted into the cell via biolistics 

 Homologous recombination during plastid transformation occurs as gene cassette is integrated 

between flanking regions of plastid DNA 

 Genes inserted in spacer region between trnA and trnI genes in tobacco, but this has been less 

successful in other species 

 Screening segregation of spectinomycin resistance by germinating seeds from selfed tobacco 

transplastidic plants. Non-transgenic seeds are bleached while resistant seedlings remain green 

 Common reporter genes include GFP and GUS (an enzyme which stains blue after reaction with 

its substrate) 

 Bombarded leaves are subject to antibiotic selection and regenerated in plant cell culture 

 PCR with primers in the transgene cassette is used to confirm transgene integration 

 Homoplasmy is confirmed by southern blot homologous to part of the target sequence; lanes 

showing double bands indicate heteroplasmy 
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Advantages of plastid transformation 

 High copy number of plastids in the host organism 

 No gene silencing, position effects 

 Plastids are derived from prokaryotes so can transcribe polycistronic RNA, making it easier to 

express multiple genes 

 Plastids are only inherited maternally and are not found in pollen, thus providing for better gene 

containment 

Applications 

 Use of betaine aldehyde dehydrogenease as a selectable marker. The selection process involves 

conversion of toxic betaine aldehyde (BA) by the chloroplast BADH enzyme to non-toxic glycine 

betaine, which also serves as an osmoprotectant 

 Herbicide tolerance of tobacco plants expressing MnSOD in the chloroplasts 

Agronomic Traits 

Important Traits 

 Resistance to herbicides (most common GM trait) 

 Resistance to insects 

 Viral resistance 

 Salinity stress 

 Resistance to cold 

 Resistance to drought 

 Taste and appearance 

 Yield and weight 

 Plant height 

 Lodging resistance 
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Viral Resistance 

 Pathogen-derived resistance (PDR) is a concept that organisms engineered with genes derived 

from a pathogen may display resistance against the pathogen itself 

 Coat protein (CP) genes of many plant viruses have been transferred into a wide range of plant 

species to obtain protection against viral infection 

 Operates by two main mechanisms: protein product itself can interfere with pathogen (e.g. viral 

coat protein), and RNA interference 

 RNA silencing is a novel RNA-guided gene regulatory phenomenon that include post-

transcriptional gene silencing in plants, in which particular pathogenic mRNA sequences are 

degraded or translation blocked 

 Very successfully applied to case of Papaya ringspot virus in Hawaii 
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Salinity Stress 

 Salinity imposes two stresses on plant tissues:  

o A water-deficit that results from the relatively high solute concentrations in the soil 

o Ion-specific stresses resulting from altered K+/Na+ ratios and Na+ and Cl- ion 

concentrations that are detrimental to plants.  

 Signalling responses of plants to drought and salt stress can be divided into three responses: 

o Re-establish ionic and osmotic homeostasis 

o Stress damage control and repair (detoxification) 

o Growth control to establish cell division and expansion suitable for the stress conditions 

 These responses are mediated by various sensors which detect abiotic stresses, transcription 

factors which regulate expression of relevant stress-responsive gene mechanisms 

 Transgenic approaches for salt tolerance 
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o Overexpression of genes encoding Late Embryogenesis Abundant (LEA) proteins, which 

accumulate to high levels during seed development, such as the barley HVA1 and wheat 

dehydrin DHN-5 

o Genes for osmolyte accumulation (osmotic adjustment and osmoprotection) 

o Overexpression of regulatory genes in signalling pathways, such as transcription factors 

(DREB/CBF), protein kinases (MAPK, CDPK), and other signalling factors 

o Overexpression of several other genes that regulate ion homeostasis, such as SOS1, 

AtNHX1, and AVP1 

o Modify SOS transduction pathway, which is unique to salt stress 

 Examples 

o Salinity resistant Arabidopsis developed by over-expression of the AVP1 H+ pump 

o Transgenic Brassica napus plants overexpressing AtNHX1, a vacuolar Na(+)/H(+) antiport 

from Arabidopsis thaliana, were able to grow, flower, and produce seeds in the 

presence of 200 mM sodium chloride 

o Over-expression of SOS1 gene for plasma membrane Na+/H+ antiporter gene improves 

salt tolerance of Arabidopsis thaliana 

 One problem with the transcription factor approach is that sometimes constitutive expression of 

TF genes leads to inhibition of growth under non-stress conditions 

 

Drought Stress 

 Plant nuclear factor Y (NF-Y) B subunits confer drought tolerance and lead to improved corn 

yields on water-limited acres 

 Constitutive expression of Arabidopsis CBF3 and ABF3 in transgenic rice increased tolerance to 

abiotic stress without stunting growth 


