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Aluminum (Al) toxicity is a major stress factor limiting agricultural production on highly 

acidic soils. These types of soils, with pH values ≤ 5.0, are distributed over 70% of the world’s 

potentially arable land. Rice (O. sativa L.) is one of the most Al tolerant species among small-

grain cereals, and within rice, cultivars from the varietal group Japonica are more tolerant 

than the Indica cultivar types. The genetic architecture of Al tolerance in rice is complex 

involving several genes and physiological mechanisms. To explore the natural genetic 

variation of Al tolerance in rice we developed 4 sets of reciprocal near isogenic lines (NILs), 

each targeting one of four loci associated with Al tolerance on chromosomes 1, 2, 9, and 12 

from a cross between the Al susceptible indica cultivar, IR64, and the Al tolerant tropical 

japonica cultivar, Azucena. Phenotypic evaluation for Al tolerance in the NILs validated the 

effects of the QTLs on chromosomes 1, 9, and 12. We further explored the genetic basis of Al 

tolerance at the QTL on chromosome 12 by implementing a recombinant fine-mapping 

approach and narrowed down the target region to a ~44 Kb locus that contained 6 predicted 

genes, including ART1, a transcription factor known to regulate the expression of 31 genes in 

an Al-dependent manner, many of them involved in different Al tolerance mechanisms. These 

newly developed NILs, and two sets of interspecific introgression lines (ILs), constructed 

using two wild accessions as donors, O. rufipogon Griff., and O. meridionalis Ng., and a 

common recurrent parent, cv. Curinga (O. sativa ssp. tropical japonica), represent valuable 

germplasm resources for understanding the genetic basis of Al tolerance in rice. They can be 

used as parental materials for fine mapping and positional cloning efforts and as the basis for 



  

detailed molecular physiology studies. This work is also the first effort to confirm whether 

ART1, our strongest candidate gene in the 44 Kb region, is responsible for the Al tolerance 

effect of the QTL on chromosome 12. 
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PREFACE 

 

Chapter 2 was submitted as an original research article in Molecular Breeding. 

Chapter 3 and 4 is an outline of a future research article to Plant Cell. Chapter 5 and 6 

are preliminary results that will be part of a future publication. 
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CHAPTER 1: 

Global food security challenges and the role of the next-generation 

plant breeder. 

 

Plant breeding is a process of continuously discovering and recombining desirable 

alleles to generate improved breeding lines, and ultimately to produce superior 

cultivars. Breeders have always relied on genetic variation as their raw material. They 

generate new variation based on selective mating, and careful selection of parents is 

critical to the ability to optimize the frequency of favorable alleles in breeding 

populations. By generating large populations of offspring from controlled crosses, 

breeders have been able to generate enough variation of interest that new cultivars can 

be identified and selected. A vast repertoire of tools and strategies have been 

developed to enhance the efficiency of the breeding process, allowing breeders to 

identify the best lines more efficiently and quickly than ever before. Advances in 

genomics, biotechnology, sequencing, high-throughput phenotyping, data 

management and data analysis facilitate the study of the relationship between 

genotype, phenotype and the environment. The combination of conventional breeding 

techniques with genomic tools and approaches is leading to new genomic-based plant 

breeding strategies. In this context the next generation of breeders needs to work in a 

multidisciplinary environment and be trained to fully take advantages of these new 

tools. 
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A glance at plant breeding 

Plant breeding according to Dudley (1997) is the “science and art of genetic 

improvement of crop plants”. The science behind plant breeding is supported on a 

theoretical and empirical body of knowledge focused largely on genetics. This 

knowledge provides to the breeder an unbiased basis for choosing which parental 

material to cross, which crossing schemes, and selection methods to use, which 

progeny to advance, and which varieties to release (Bernardo 2002). However there is 

not a universal ‘blueprint’ describing the best way to design and implement a breeding 

program for a particular crop species or trait (Bernardo 2002). As an ‘artist’ the plant 

breeder subjectively judges and decides which methodologies best accommodate 

objectives and constantly trains to identify outstanding parental candidates or progeny 

groups using the ‘breeder eye’ (Bernardo 2002), a skill based on the close relationship 

developed through time between the breeder, crop, and environment. 

 

The origin of plant breeding is closely related with plant domestication (Acquaah 

2009), the process of evolutionary divergence of plants as they were transformed from 

wild species to crop species (Meyer and Purugganan. 2013). Humans began to 

domesticate plants ~12,000 years ago in the Middle East and the Fertile Crescent. 

Subsequently this process was replicated in China, Mesoamerica, the Andes, Near 

Oceania (~10,000 years ago), sub-Sahara Africa (~8,000 years ago) and North 

America (~6,000 years ago) (Meyer and Purugganan. 2013). It is estimated that 
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approximately 2,500 plant species have undergone domestication and 250 species are 

considered fully domesticated and are used for food, fiber and decorative purposes 

(Dirzo and Raven 2003, Gepts 2012). The early co-evolution of plants and humans 

was a complex, multi-staged process. Early breeders gradually imposed unconscious 

and conscious selection, discriminating among individuals showing biological 

variation in a population to identify and pick desirable variants (Acquaah 2009). 

 

With the rediscovery of Mendel’s Laws of Heredity by de Vires, Correns, and 

Tschermak in the early 1900’s (Bateson and Mendel 1909), genetic principles began to 

be applied to plant breeding. The statistical models of simply inherited traits were 

complemented with the fundamentals of quantitative genetics in the 1920’s as Fisher 

and Wright described the framework and statistical methods that allowed them to 

model the genetics of complex traits involving many genes. Quantitative genetics 

became an important contributor to plant breeding theory because most traits of 

economic importance are under quantitative genetic control (Dudley 1997). Whereas 

early plant breeders did not deliberately create new variants, modern plant breeders are 

able to generate new variants that previously did not occur in natural populations. For 

instance the specific hybridization of two parents provides a mechanism by which 

genes are exchanged, swapped or replaced so that a wide array of diverse individuals 

is observed in the progeny (McCouch 2004). 
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From a breeder’s perspective, genetic diversity provides the basis for all plant 

improvement. This principle has changed little since the early days of plant breeding. 

As Maxwell T. Masters stated (1896) “The natural capacity for variation of the plant 

furnishes the basis on which the breeder has to work”. Historically plant breeders have 

sought to understand and harness genetic variation by evaluating the performance of 

breeding populations over multiple growing cycles and locations. By implementing 

different experimental designs and controlled crossing schemes, with high replication, 

breeders obtained useful insights about trait heritability, general and specific 

combining ability between lines, the influence of environment, breeding values of 

different parental materials and strategies for selecting genetically superior offspring 

in the field (Cobb et al. 2013). 

 

In the 1960’s the early implementation of these techniques lead into the development 

and adoption of ‘modern varieties’ (MV) or ‘high yielding varieties’ (HYV), 

particularly of wheat and rice (Athwal 1971, Jennings et al. 1979). Breeders 

incorporated dwarfing genes that allowed the development of shorter, stiff-strawed 

cultivars that were tolerant to lodging. The varieties also responded positively to 

synthetic fertilizer and nutrients, irrigation and mechanization (Khush1999). The 

adoption of HYV technology was facilitated by the development of public 

infrastructure, availability of inorganic fertilizers and appropriate government policies 

(Evenson and Gollin 2003). This period, known as the ‘Green Revolution’, 
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significantly contributed to widespread poverty reduction, increased crop productivity 

and reduced food prices in many regions around the world (Pingali 2012). 

 

Despite the success of the ‘Green Revolution’, investments in agriculture dramatically 

decreased by the mid-2000s, and food price spikes in 2008 exposed the fragility of 

world food security (Pingali 2012). It is estimated that during the next few decades 

there will be between two to three billion more people in the world (Godfray et al. 

2010). In consequence, yields of staple food must double, while constraints on the 

availability of water and land become more severe, and global environmental changes 

become more prevalent. This imposes a challenge for the next generation of plant 

breeders who must develop new, improved varieties with better yields, greater 

tolerance to biotic and abiotic stresses, higher and more diversified nutritional value, 

and more efficient utilization of water and nutrients without expanding the use of 

agricultural land (Godfray and Garnett 2014). 

 

To meet the challenges ahead, the next generation of plant breeders will continue to 

operate under the same basic framework (genetic diversity) and with the same set of 

objectives (to create improved varieties) as the generation before, but will be assisted 

by a new set of tools that will allow for the better characterization of the genetic 

diversity of the target population(s), and to do so directly at the DNA level (McCouch 

2004). The modern plant breeder will also have tools to construct and trace genetic 

relatedness among individuals, identify and select valuable mutations (genomics), 
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efficiently and asexually introduce novel variation (biotechnology), improve the 

accuracy and precision of trait measurements (high-throughput phenotyping), and 

extract meaningful results from large data sets using appropriate statistical model(s) 

that can help improve the efficiency and effectiveness of selection (computer science 

and modeling) (Ray and Satya 2014). 

 

Genomic tools for Plant Breeders 

The ability to sequence genomic and transcribed DNA has proven to be one of the 

most important tools available for crop improvement since the 1980’s. Sequencing 

provides important information about the genes underlying observable genetic 

variation, and about the function of those genes. Genome wide variant detection 

within a species represents the initial step towards linking genotypic and phenotypic 

variation (Deschamps and Campbell 2010). High-throughput DNA sequencing 

technologies, known as Next Generation Sequencing (NSG), has drastically increased 

the speed at which DNA sequence can be acquired while reducing the cost by several 

fold (Deschamps and Campbell 2010). One of the most interesting applications of 

NGS for plant breeders is the discovery and quantification of genetic variation. The 

parallel development of sequencing platforms and computational tools is greatly 

accelerating the mining of sequence information to identify genetic variants that can 

be converted into genetic markers (Perez de Castro et al. 2012, Varshney et al. 2014). 

The use of genome-wide markers has greatly improved the ability to assess genomic 

variability in diversity studies (Zhao et al. 2011, Labate et al. 2014), allow the 



 

 7 

construction of high density maps (Poland et al. 2012, Spindel et al. 2013, Rabbi et al. 

2014) and provide the marker resolution necessary for association mapping (Famoso 

et al. 2011, Zhao et al. 2011, Huang et al. 2010, Huang et al. 2012). High-resolution 

mapping relies on suitable populations, phenotypes, and marker density to characterize 

the gene(s) associated with a QTL (Holland 2007). Sequencing of these loci is 

essential to identify the causal polymorphism(s) affecting the phenotypic trait and 

develop ‘perfect’ or functional markers that can be used in marker assisted selection 

(MAS) (Andersen and Lubberstedt. 2003).  In addition to the significant increase in 

marker resolution, there has been a dramatic drop in the cost of obtaining information 

about DNA variation, increasing the feasibility of integrating genomic selection (GS) 

into applied breeding programs. GS predicts the breeding value of lines in a 

population by analyzing their phenotypes and high-density marker scores (Heffner et 

al. 2009, Heslot et al. 2013, Spindel et al. 2015). The high density of markers ensures 

the conservation of marker-QTL associations and helps to achieve high prediction 

accuracy (Jannink et al. 2010, Desta and Ortiz 2014). The rationale behind GS is 

reinforced if the cost of phenotyping is greater than the genotyping costs, and if 

breeding cycle-times can be reduced substantially.  However phenotyping is still 

needed to train the prediction model under GS (Jannink et al. 2010), as quality 

phenotypes are critical to obtain high prediction accuracies. 

 

Novel phenotyping tools for plant breeders 
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Phenotypic information can be associated with genomic information to understand 

which regions of the genome best explain the observed phenotypic variation. This 

association is influenced by many factors, among them the quality of the phenotypic 

information that has been collected, and the availability of environmental information 

that influences the genotype-phenotype relationship. Field phenotyping is still largely 

labor intensive, species specific and environmentally sensitive (Araus et al. 2014). As 

pointed out by Cobb et al (2013), “traditionally breeders have favored simplicity, 

speed, and flexibility over sensitivity, precision and accuracy”. In recent years, there 

has been increased interest in high-throughput phenotyping platforms (HTPPs) (Araus 

and Cairns 2014). Traits that give relevant information about the crop performance, 

particularly in terms of resource capture (e.g., radiation, water, and nutrients) and 

resource use efficiency throughout the crop cycle (over time) and across the landscape 

(in space) are the most useful (Araus and Cairns 2014). The development of 

phenotyping tools requires the creative use of technology and careful applications of 

automation processes to avoid sacrificing predictive power. 

 

Proximal (remote) sensing and imaging, laboratory-based analysis of samples and 

near-infrared reflectance spectroscopy for analyzing the harvestable part of the crop 

are some HTPPs approaches that are currently available (White et al. 2012). Imaging 

systems such as RGB/CIR cameras, multispectral cameras, near-infrared imaging, and 

long-wave infrared cameras can be used to estimate green biomass, nutrient status, 

photosynthetic efficiency, water-stress, and pathogen detection, among others (Araus 
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et al. 2014). These sensors can be mounted in aircraft platforms such as drones, 

helicopters, aerostats balloons, or ground-based platforms such as tractors, crane-like 

vehicles and cable robots (White et al. 2012).  

 

Such phenotypes are measured from aerial or canopy parts of the plants, however 

important traits like water uptake, nutrient uptake, and toxicity tolerance are highly 

determined by the roots, which are notoriously difficult to phenotype in the field 

(Araus and Cairns 2014, Carvalho et al. 2014). Several control platforms for 

measuring roots are available to estimate multiple traits under hydroponic, gels (Clark 

et al. 2011, Clark et al. 2013) or soil cylinders conditions (Carvalho et al. 2014). These 

are applicable to a wide range of plant species, allowing non-destructive 

measurements, providing preliminary information of target lines that can be then 

tested under field conditions. 

 

Another important aspect to consider is the relevance of the phenotyping environment. 

It plays a role in the quality of phenotypic data that is generated and consequently, on 

the impact an experiment is likely to have on the efficiency of breeding. Field 

variation increases error variances, and this noise can potentially mask important 

genetic variation (Araus et al. 2014). Compensating for this source of variation is an 

important consideration when deciding on a field design, and sometimes avoiding 

areas of high spatial variation can mitigate it. Great public and private efforts are being 

carried out to understand the importance of the environment and 
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genotype/environment interaction (CIAT-DAPA program; http://dapa.ciat.cgiar.org/, 

The Climate Corporation; http://www.climate.com/). By improving our knowledge 

and capacity to analyze and interpret genomic, phenotyping and environmental data 

(eg., weather, soil, nutrient management) we can significantly enhance our ability to 

identify the best cultivars for the challenges ahead.   

 

Processing data 

While it is becoming easier, cheaper and more efficient to generate large amounts of 

genotypic and phenotypic data using next-generation sequencers, remote sensing 

instruments and digital imaging, there are serious data management, data storage and 

data analysis considerations that must enter into any assessment of how to value raw 

information in a breeding program. For instance next-generation DNA sequencing 

projects, such as 1000 Genomes Projects (McKenna et al. 2010) and the, 3000 rice 

genomes project (The 3000 genomes project consortium) can generate up to 17 

Terabytes of raw data. White et al (2012) estimated that to phenotype the ‘nesting 

association mapping’ (NAM) maize population (Yu et al. 2008) to infer canopy 

architecture and thermo-infrared imaging using four 10 mega-pixel images, would 

generate 80 Gigabytes of data in one pass. In my case a fine mapping project that 

involved the imaging of 3000 rice seedlings roots generated up to 10 Gigabytes of data 

(personal communication). Therefore complex computer storage and analytical power 

is required to translate raw data into useful information about DNA markers or 

phenotypic indices. Sophisticated algorithms are necessary to interpret the new high-
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throughput genotyping results, and to generate models that are useful in predicting 

plant performance. Also the complexity of models that employ more markers and 

more phenotypes require large amount of computer power to process the data. Zamir 

(2013) has emphasized the necessity to share and make publicly available phenotypic 

data just as has been done for genotypic data. McCouch et al (2013) has suggested that 

a key step to mine the unexplored reservoir of alleles kept in ~1,700 gene banks 

worldwide is to create an internationally accessible informatics infrastructure to 

catalogue the diversity in the world’s seed collection that would link genetic stocks 

with genomic and phenotypic information. But this requires standardization and 

common trait ontology (White et al. 2012). Data storage, management and processes 

are a bioinformatics task for the next generation plant breeder.  

 

Biotechnology 

According to Phillips (2010) “Genetic variability is worthless in agriculture if not 

utilized; once discovered, the variability needs to be understood and incorporated into 

breeding programs”. The tools previously mentioned in this chapter were discussed in 

the context of detecting natural genetic variation, understanding gene function, 

improving the way natural variation from germplasm banks is used, and making 

breeding schemes more efficacious. It is clear that in order to break the yield barrier 

and meet the future demand for food, we must take advantage of natural genetic 

variation and complement traditional approaches with the use of new technologies, 

including genetic engineering, genomic-assisted allele mining, and genome-editing 
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strategies like the CRISPR/Cas9 system (Clustered Regularly Interspaced Short 

Palindromic Repeats - endonuclease Cas9) (Jiang et al. 2013a, Phillips. 2010). 

 

Transgenic technology enables plant breeders to transfer and combine in a single 

plant, useful genes from a wide range of living sources. This expands the range of 

possibilities for accessing genetic variation beyond the limitations imposed by 

traditional cross-pollination and selection techniques. The original method devised for 

the production of transgenic plants or genetically modified organisms (GMO) in 1983 

depended on the use of the natural bacterial vector, Agrobacterium tumefaciens 

(Bevan. 1984). For cultivars recalcitrant to transformation via Agrobacterium, 

methods of direct gene transfer, specifically the “gene gun” or Biolistic technology are 

used (Sandford, 1990). Different techniques to generate GM plants are discussed in a 

recent summary by Dunwell and Wetten (2012). 

 

Traits incorporated into GM varieties can be classified as (a) those that provide 

advantages during the growing cycle, referred to as “input traits”, and (b) those that 

modify characteristics of the harvested product, referred to as “output traits” (Dunwell. 

2014). Among the first category are herbicide tolerance, insect resistance, pathogen 

tolerance, and abiotic stress tolerance traits. Other traits such as nutritional 

fortification, post-harvest quality, and productions of biofuels, enzymes, and vaccines 

traits can be classified in the second group (Dunwell. 2014). 
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Herbicide tolerance and insect resistance traits are part of the first generation of 

transgenic crops developed (Dunwell. 2011). The acquisition by Monsanto of a 

bacterial resistance gene to glyphosate allowed them to develop the GM herbicide-

tolerant maize hybrids varieties and commercialize the herbicide as a package. This 

approach is being extended to control the hemi-parasitic weed, Striga (Ransom et al. 

2012), and to identify novel genes that provide resistance to other herbicides, such as 

2,4-D-Cambia, and those inducing oxidative stress by developing melatonin-rich GM 

plants (Park et al. 2013). 

 

The first generation of insect resistant GM-plants use the toxins found in the soil 

bacterium Bacillus thuringiensis (Bt). Several genes encoding various types of Bt 

“crystal proteins” (Cry proteins) were isolated from different strains of the bacterium 

and introduced into crops. When ingested by an insect, the Cry toxin paralyzes the 

digestive tract and destroys the integrity of the membrane, forming pores that allow 

leakage of gut fluids into the body cavity of the insect. By 2013, 85% of maize, 93% 

of soybean and 82% of commercialized cotton varieties grown in USA carry different 

Cry genes (Fernandez-Cornejo et al. 2014). In the US and Australia, the use of Bt 

crops must be accompanied by the planting of a “refugia”, or a specific percentage of 

the field that is planted to crops lacking Bt genes. The use of refugia is reported to 

reduce the incidence of insects that develop resistance to the Bt gene, and has direct 

benefits because it lessens the use of broad-spectrum insecticides, lowers production 
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costs, fuel usage, water pollution, and related waste production, and increases yields 

and profitability for farmers (Edge et al. 2001, Barrows et al. 2014). Still, there are 

concerns about the susceptibility of non-target, non-pest (i.e., beneficial) insects. The 

next generation of transgenic crops will be based on a greater range of transgenic 

options, such as systems that down-regulate the expression of specific genes through 

RNA interference (RNAi) to control insect pests (Price and Gatehouse 2008), and the 

expression of volatile signals that attract natural pest enemies (Degebhardt et al. 

2009). The use of novel transgenic strategies can increase the specificity of resistance 

and minimize adverse effect on unintended organisms. 

 

Following the great commercial success of herbicide- and insect-resistance crops, the 

focus of research has moved to more complex and difficult subjects, including 

tolerance to abiotic stresses such as drought, salt, nitrogen, and phosphorous 

deficiency (Dunwell. 2014). Castiglioni et al. (2008) demonstrated that the expression 

of related cold shock proteins (CSPs), such as CspA and CspB from Escherichia coli 

and Bacillus subtilis, can promote stress adaptation and increase yield under water-

limited conditions in multiple plant species, and these bacterial genes have been 

incorporated into maize adapted to African conditions as part of the WEMA project 

(Water Efficient Maize for Africa) (http://wema.aatf-africa.org/). These efforts are 

implemented in order to stabilize yields under stress field conditions. A more 

ambitious research effort involves trying to increase yield under similar or lower input 

conditions by introducing the C4 photosynthetic pathway, which is found in maize and 
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sorghum, into C3 cereals such as rice (Sheehy et al. 2008) (http://c4rice.irri.org/). The 

C4 pathway is proposed to have been an adaptation to hot, dry environments or CO2 

deficiency (Wang et al. 2009). Genes involved in different biochemical pathways, leaf 

morphology, and pigment content are being examined in order to identify those with a 

positive effect on increasing the rate and efficiency of photosynthesis in rice (Hu et al. 

2012a, Hu et al. 2012b, Feldman et al. 2014). 

 

Currently most commercialized GM crops contain traits conferring tolerance to both 

biotic and abiotic stresses. Transgenic technologies provide many opportunities to 

modify “output traits” as well, including nutritional and quality components of the 

crop, targeting food, fuel and feed markets. These include modified proteins, 

carbohydrates, oils, and other minor compounds (Dunwell. 2014). In 2011, Syngenta 

released maize hybrids containing a biofuel-related marker, Enogen™, that expresses 

a thermostable alpha amylase for efficient starch hydrolysis, increasing enzymatic 

efficiency during the process of ethanol production. In the medical arena, Monsanto 

developed an enriched omega-3 fatty acids oil soybean, containing approximately 20% 

stearidonic acid (SDA) (Glycine max), aiming to improve heart health issues (Harris et 

al. 2008).  

 

Micronutrients are another significant area of transenic research. “Golden Rice” 

(Potrykus. 2012) is a engineered to produce β-carotene (pro-vitamin A), aiming to 

alleviate vitamin A deficiency. Despite the fact that the first generation of “Golden 
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Rice” was developed more that 20 years ago, no golden rice varieties have yet been 

released anywhere in the world. Which of these technologies and traits are successful 

depends on many factors, including market trends, public policies, government 

regulations, food insecurity, public health, and many other factors. It is important that 

the public sector also maintains its ability to exploit the most effective combination of 

traditional and novel approaches to plant breeding (Phillips 2010). 

 

One way to circumvent some of the current controversial aspects of GM technology, 

especially that related with using foreign vectors is through mutagenesis, or precise 

manipulation of genomes using Site Specific Nucleases (SSP). In the last decades, 

more than 2,250 new plant varieties have been developed using mutagenesis by means 

of chemical treatment and radiation to generate new traits in plants (Jacobsen and 

Shouten. 2007). The changes resulting from mutation are random, and occur as 

desirable changes at low frequency. For these reasons, plant biologists have been 

searching for ways to edit specific plant genes of interest and to obtain desired 

outcomes at higher frequency (Zhang et al. 2013). Targeted genome modification in 

plants was reported in the 1980s (Paszkowski et al. 1988). Later advances in the 

engineering of site-specific nucleases, such as zinc-finger nucleases (ZFNs) and 

transcription activator-like effector nucleases (TALENs), have allowed more reliable, 

and more targeted plant gene editing (Bogdanove and Voytas. 2011, Carroll. 2011), 

but these methods are relatively tedious, expensive and with only a small genes 

modified to date (Chen and Gao. 2014). The more recently developed CRISPR/Cas9 



 

 17 

system, which employs Cas9 endonucleases to guide the RNA complex, has shown 

much higher efficiency in targeted gene editing. It has been successfully used for 

efficient genome editing in Arabidopsis (Feng et al. 2013), tobacco (Li et al. 2013), 

rice (Jiang et al. 2013b), wheat (Shan et al. 2013) and sorghum (Jiang et al. 2013b).  

 

This method relies on engineered small RNAs to target DNA nucleases to genes of 

interest, creating double-stranded breaks (DSBs), which can lead to gene mutations as 

a result of nonhomologous end-joining (NHEJ) repair, with gene replacement or gene 

correction as a result of homologous recombination-based repair (HR). In contrast to 

genome editing with ZFNs or TALENs, changing the target specificity of the RNA-

protein complex that is responsible for DNA recognition, is the only part of the system 

that needs to be customized. Further, the Cas9 does not have to be reengineered for 

each new site, making it more straightforward than ZFNs and TALENs (Chen and 

Gao. 2014). This strategy offers promise to be able to efficiently target and edit 

specific sites in the genome, avoiding some of the concerns of transgenics and the time 

and linkage drag from conventional backcrossing schemes. So far, most of the genes 

that have been edited have a distinct, easily scorable phenotype, ideal to be used as a 

proof of concept.  It will be interesting to see what improvements can be made in 

efficiency, and what the effect will be when one or multiple genes involved in 

different agronomical or stress related genes are targeted with this approach. It is clear 

that this technology has the potential to revolutionize the GM crops market. 
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Intellectual Property in Food and Agriculture  

For the next generation of breeders, the development of a new crop cultivar is a 

complex process, requiring multidisciplinary expertise, from basic to applied research, 

knowledge of agronomic policies to economic and socio-cultural needs of multiple 

participants and communities. As more complex public and private partnerships are 

built, there is a need for a policy framework that protects public resources (such as 

germplasm and biodiversity) and guarantees intellectual property rights that reward 

the efforts of whoever introduces an innovation, a new creation or an invention. 

During the past 25 years the Intellectual Property Protection (IPP) framework has been 

extended to a wide range of materials, information, and products related to food and 

agriculture. Since the landmark decision in the US Supreme Court case of Diamond v. 

Chakrabarty (447 U.S.303, 1980) allowed genetically modified organisms to be 

patented, the door was opened for patenting of any living organism, including 

microbes, plants, animals, their parts and components ((FAO, 

http://www.fao.org/docrep/014/i2043e/i2043e02d.pdf). A growing number of free 

trade agreements (FTAs) promoted by the United States of America and the European 

Union have propelled the expansion of IPP in several developing countries around the 

world. The expansion falls under the framework of Trade-Related Aspects of 

Intellectual Property Rights (TRIPS), administered by the World Trade Organization. 

Since 1995, 40 countries have adhered to the UPOV Convention (International Union 

for the Protection of New Plant Varieties of Plants) that provides and promotes an 

effective system of plant variety protection with the aim of encouraging the 

development of new varieties of plants. Still there is considerable variation among 
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countries in the implementation and application of these forms of protection. 

International aspects of IPR can affect the use and especially the transfer of 

technology or products (Koo et al. 2004). Thus, the next generation of plant breeders 

has to be familiar with many different types of intellectual property protection, such as 

Plant Variety Rights 

(http://www.ams.usda.gov/AMSv1.0/getfile?dDocName=STELDEV3002796) and the 

many forms of patents on living forms, expressed in both national and international 

agreements, such as TRIPS. 

 

Educating the next generation of plant breeders 

Just as the science of plant breeding is rapidly changing, and the availability of new 

tools and strategies used by plant breeders expands, so should the the educational 

approaches used to train the next generation of plant breeders evolve.  Historically 

plant breeders were educated at universities where many crops were bred by large 

numbers of publicly supported plant breeders (Morris et al. 2006). Today, cultivating 

multidisciplinary collaborations is an effective and efficient way to acquire diverse 

expertise and to take advantage of the university community. The university should act 

as a platform that facilitates interaction and participation among plant breeding 

students and other groups specialized in computational biology, molecular biology, 

phenotyping, genetics, physiology and agronomy, exposing the students to both global 

and team thinking. 
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Universities and their affiliated public plant breeding programs have historically had 

the responsibility of educating the next generation of plant breeders. The development 

of highly educated breeders is a significant investment. A survey of 70 PhD scholars 

from the Monsanto’s Beachell-Borlaug International Scholar Program 

(MBBISP)(http://www.monsanto.com/improvingagriculture/pages/beachell-borlaug-

international-scholars-awardees.aspx) from 2009-2015 documented investments of an 

average of $136,600 per student for their education. Paradoxically the number of plant 

breeders employed in public programs is significantly less than the number employed 

in the private sector (Baenziger et al., 2009). Given the continued need for plant 

breeders at all levels of education, and given that the majority of breeding positions 

are now in the private sector, a synergistic approach to financing the education of plant 

breeders is urgently needed, with support coming from both the public (universities) 

and the private sector (i.e., through private foundations and industry-supported 

programs, such as the Monsanto Beachell Borlaug International Scholar Program).  

 

The next generation of plant breeders needs a unique level and kind of knowledge and 

flexibility to react to rapidly changing environments, consumer preferences and 

political frameworks. The continuous progress in science and technology 

revolutionizes the way plant breeding is conducted. Analytical and technological hard 

skills, as well as soft people skills are required to be able to harness the potential of 

these developments. The plant breeder of the future must be able to interact in diverse 

and interdisciplinary working environments, making the combination of hard and soft 
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skills an essential basis for a successful career. Awareness of the challenges ahead for 

plant breeding and how to prepare for those challenges is therefore a subject of 

immense importance for students and recent graduates of plant breeding related fields. 

 

Conclusion 

Breeding is essentially a numbers game: the more crosses and environments used for 

selection, the greater the probability of identifying superior variation. However, large 

experiments cost a lot in terms of time, money and human resources, so numbers must 

be balanced against the use of intelligent design and analysis features. Genomics, 

phenotyping, and data management and processing are part of the repertoire of tools 

available for modern plant breeders. The knowledge and experience acquired by the 

breeder, and the ability to continually integrate emerging technologies and knowledge 

platforms into breeding practice will determine how efficient and productive a 

breeding program can be. 

 

Personal experience 

 I have personally witnessed significant technological transitions in the use of 

genotyping, phenotyping and data analysis platforms over the course of my university 

career. My undergraduate thesis work during the early 2000’s consisted of developing 

a genetic linkage map for an interspecific population of rice generated from a cross 

between the elite South American cultivar, Curinga (Oryza sativa ssp. tropical 
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japonica; Morais et al. 2005), and the wild ancestor, O. rufipogon Griff. (Accession 

IRGC105491). At that time, it required approximately six months of work to optimize 

and screen 140 SSRs and visualize them for 80 plants using polyacrylamide gel 

electrophoresis (PAGE). As I describe in detail in the next chapter, in 2012 we 

genotyped two Introgression Line (IL) populations consisting of 80 lines using NGS 

platform genotyping-by-sequencing (GBS) (Elshire et al. 2011) and identified more 

than 80,000 polymorphic SNPs between the parents, increasing the marker resolution 

on our mapping population several fold. We were able to do this in approximately 

eight weeks using current lab capabilities at Cornell. In addition, I was fortunate to be 

able to use many of the genomics tools available in the McCouch Lab, including a 

customized 6K SNP chip to develop near isogenic lines (described in chapter 3), re-

sequencing information from the ‘125 Genomes Project’ to identify haplotypes in 

regions of interest, and bioinformatics tools such as the GWAS viewer that allowed 

me to visualize and extract key information from genome wide association studies. 

 

I also greatly benefitted from advances made in the Kochian Lab at the USDA that 

involved the development of a semi-automated phenotyping platform for roots 

developed by Clark et al. (2011 and 2013). The imaging and analysis platform was 

complemented by the optimization of a nutrient solution that could be used to reliably 

assess aluminum (Al) tolerance in rice (Famoso et al. 2010), the trait that I worked 

with during my graduate study. The use of this nutrient media in a hydroponic system, 

combined with the root imaging set up and the image analysis software RootReader 
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2D (http://www.plantmineralnutrition.net/) allowed me to phenotype ~3000 plants per 

week. Generating high-quality quantitative root traits that along our genotypic 

information we used to identify, validate and characterize natural genetic variation in 

rice associated with Al tolerance. 

 

Finally, but not the least, I received a fellowship from the Monsanto Beachell Borlaug 

International Scholarship Program established by Monsanto in 2009 in honor of the 

Drs. Henry Beachell and Norman Borlaug. The goal of this program is to contribute to 

the development of a cadre of highly educated rice and wheat breeders who can serve 

as future leaders in the field of agriculture, and to provide opportunities for young 

scientists to gain experience and training in the most outstanding educational 

institutions in the world, such as the Plant Breeding and Genetics Section in Cornell 

University. I had the privilege to work with professors Susan McCouch and Leon 

Kochian in a multidisciplinary and highly intellectually stimulating atmosphere, where 

I was able witness the exciting changes occurring in the field of plant breeding 

firsthand. 
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CHAPTER 2: 

Development and GBS-genotyping of Introgression Lines (ILs) using 

two wild species of rice, O. meridionalis and O. rufipogon, in a 

common recurrent parent, O. sativa cv. Curinga 

 

Abstract 

Two populations of interspecific introgression lines (ILs) in a common recurrent 

parent were developed for use in pre-breeding and QTL mapping. The ILs were 

derived from crosses between cv Curinga, a tropical japonica upland cultivar, and two 

different wild donors, Oryza meridionalis Ng. accession (W2112) and Oryza 

rufipogon Griff. accession (IRGC 105491). The lines were genotyped using 

genotyping-by-sequencing (GBS) and SSRs. The 32 Curinga/O. meridionalis ILs 

contain 76.73% of the donor genome in individual introgressed segments, and each 

line has an average of 94.9% recurrent parent genome. The 48 Curinga/O. rufipogon 

ILs collectively contain 97.6% of the donor genome with an average of 89.9% 

recurrent parent genome per line. To confirm that these populations were segregating 

for traits of interest, they were phenotyped for pericarp color in the greenhouse and for 

four agronomic traits--days to flowering, plant height, number of tillers, and number 

of panicles--in an upland field environment. Seeds from these IL libraries and the 

accompanying GBS datasets are publicly available and represent valuable genetic 

resources for exploring the genetics and breeding potential of rice wild relatives. 
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Introduction 

Asian rice (Oryza sativa L.) is the staple crop for 3 billion people around the world 

(Food and Agricultural Organization 2003; Bouman et al. 2007). To meet the growing 

demand for food driven by population growth and economic development, global rice 

production must double by 2050 (Ray et al. 2013). Much of this increase is expected 

to come from new crop varieties that are high yielding, resource-use efficient and 

resistant to diseases, insects and abiotic stresses, problems that are exacerbated by 

climate volatility (Godfray 2010; Tester and Landgridge 2010). Genetic variation is 

the raw material used by plant breeders to improve traits and characteristics of interest 

for producers and consumers (Asíns 2002). While intensive breeding for modern, 

high-yielding varieties has globally reduced the genetic diversity of crops in farmers’ 

fields, there is still abundant natural variation in landraces and crop wild relatives 

conserved in national and international gene banks that can be tapped to accelerate 

crop improvement for the future (Asano et al. 2011; Gao et al. 2006; Lorieux et al. 

2004; McCouch et al. 2013). 

 

Wild relatives of rice are of particular interest as donors of genetic variation because 

they contain a variety of traits and trait complexes that were eliminated from the 

cultivated gene pools during the early phases of crop domestication. Wild genetic 

diversity is most effectively tapped for crop improvement through the creation of 

interspecific populations via backcrossing with a well-adapted and productive cultivar 
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- a practice that is often termed ‘pre-breeding’. Yet this process is labor and time 

consuming and typically fraught with difficulties due to incompatibility barriers, 

limited recombination, and linkage drag, all of which limit the ease of identifying, 

transferring, and utilizing beneficial wild alleles in crop improvement (Lorieux et al. 

2004; Brar and Kush 1997; Tanksley and McCouch 1997).  

 

The use of DNA-marker technology has greatly accelerated the development of pre-

breeding populations and facilitated the targeted introduction of useful variation into 

elite breeding backgrounds. It has also enabled dissection of Quantitative Trait Locus 

(QTL) and the discovery of wild alleles underlying traits of agronomic importance 

(Wang et al. 1992; Song et al. 1995; Zamir 2001; Collard and Mackill 2008; Chin et 

al. 2011; Periyannan et al. 2013; Saintenac et al. 2013). Recent developments in next 

generation sequencing, including the use of reduced representation libraries in 

Genotyping by Sequencing (GBS), have further reduced the cost and increased the 

resolution and throughput of trait mapping and marker-assisted breeding, making it 

faster and easier to genetically characterize and select lines with favorable wild alleles 

for use in breeding. 

 

Advanced backcross populations, such as near-isogenic lines (NILs) (Inukai et al. 

1996, Takahashi et al. 2001, Maas et al. 2010, Imai et al. 2013), Introgression Lines 

(ILs) (Thomson et al. 2003; Thomson et al. 2006, Tian et al. 2006, Gutierrez et al. 

2010, Ogawa et al. 2014), and chromosome segment substitution lines (CSSLs) (Kubo 
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et al. 2002, Ebitani et al. 2005, Ando et al. 2008, Ali et al. 2010, Xu et al. 2010) are 

commonly used when working with intra and interspecific crosses of rice. In these 

materials, small chromosomal segments containing alleles from a wild donor parent 

are systematically introduced into a cultivated genetic background using marker-

assisted selection (MAS). Each line contains only one or few well-defined 

introgressions in an adapted, recurrent parent (RP) background. This is advantageous 

so the effect of individual wild alleles can be determined in the genetic background of 

a commercially acceptable variety (Tanksley and Nelson, 1996, Kubo et al. 2002, 

Ebitani et al. 2005, Kanbe et al. 2008, Ali et al. 2010, Gutierrez et al. 2010). In 

addition, when fixed lines are used for evaluation, identical genotypes can be 

evaluated repeatedly in different seasons and environments to improve the accuracy of 

QTL detection (Liu et al. 2008). ILs can also be used to rapidly develop secondary F2 

populations for fine mapping and positional cloning of interesting genes and QTL 

(Yano et al. 2000). 

 

The two wild species used as donors in this study, O. meridionalis Ng. and O. 

rufipogon Griff., both carry the AA genome and are cross-compatible, but are 

estimated to have diverged approximately 2 million years ago (Park et al. 2003, Ren et 

al. 2003, Zhu and Ge, 2005). O. meridionalis is considered to be the basal lineage of 

the AA genome species and is the most divergent with respect to cultivated Asian rice, 

O. sativa (Zhu et al. 2014). In contrast, O. rufipogon is considered to be the immediate 

ancestor of O. sativa. O. meridionalis is native to Australia and some regions of West 
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Papua and Indonesia (Ng et al. 1981, Lu and Silotonga, 1999) while O. rufipogon is 

found throughout tropical mainland and South East Asia.  

 

In this study we apply marker assisted backcrossing (MABC) to develop two sets of 

advanced backcross ILs by crossing an O. meridionalis accession, W2112, hereafter 

referred to as MER, and an O. rufipogon accession, IRGC 105491, hereafter referred 

to as RUF, with a tropical japonica cultivar from Brazil, cv Curinga, hereafter referred 

to as CUR (Morais et al. 2005). Few attempts to develop pre-breeding materials 

utilizing MER as a donor have been reported (Yoshimura et al. 2010, Doi et al. 2003), 

while RUF has been used in several previous QTL and pre-breeding studies and is 

known to carry favorable alleles for yield and yield components (Xiao et al. 1998, 

Moncada et al. 2001, Thomson et al. 2003, Septiningsih et al. 2003, Marri et al. 2005, 

McCouch et al. 2007, Imai et al. 2013).  

 

We demonstrated the usefulness and versatility of these ILs for genetic mapping and 

as pre-breeding germplasm by evaluating their segregation for one Mendelian trait, red 

pericarp, and four quantitative traits, flowering time, plant height, tiller number and 

panicle number, based on greenhouse and field studies. Red pericarp is a highly 

heritable trait, regulated by the RC gene (Sweeney et al. 2006). A 14-bp deletion in the 

sixth exon of RC is the most common mutation leading to white pericarp. The 

functional version of RC is found in virtually all wild rice and confers both red grain 

color and seed dormancy. While both traits were selected against during rice 
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domestication, some degree of dormancy is still important in white pericarp cultivars 

where pre-harvest sprouting may otherwise become a problem (Gu et al. 2011). More 

recently, cultivated red rice varieties, such as the Buthanece Red, Thai Red Cargo and 

the French Camargue Red Rice, have sought to bring back the health benefits 

associated with pigmented pericarp while avoiding the problems associated with 

excessive degrees of dormancy.  These varieties have the potential to be 

commercialized in the rice specialty varieties market.  

 

We also evaluated the collection of CUR/RUF introgression lines for four agronomic 

traits, flowering time, plant height, tiller number, and panicle number, under upland 

field conditions. Rice grown in the upland farming system constitutes only 12% of the 

total area planted on a global basis, but in Latin America, it accounts for 45% of rice 

area, with 69.6% of rice in Brazil and 23% in Colombia grown as a dry land crop 

(Moncada et al. 2001). Many upland soils are highly acidic, making it necessary to 

breed for acid soil tolerance as well as yield potential for these systems. We were 

interested to determine whether particular O. rufipogon-derived alleles might confer 

positive effects in the CUR genetic background for the four traits of interest, and to 

determine the effect of the introgressions in soils that were naturally acidic (pH<5.0) 

and in soils that were limed (pH>5.0).  

 

Materials and methods 
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Plant materials 

The common recurrent parent Curinga (O. sativa ssp. tropical japonica) (CUR) is a 

commercial rice variety released in 2005, developed by the Empresa Brasileira de 

Pesquisa Agropecuária (EMBRAPA, Goiania, Brazil) (Morais et al. 2005). It is a 

semi-early maturing, drought-tolerant cultivar with an average yield under upland 

conditions of 4,465 kg/ha. This cultivar is characterized by long fine grains with good 

whole kernel yields, resistance to rice blast and leaf scald, tolerance to acid soils and 

drought conditions (Morais et al. 2005). The wild donor parent, O. meridionalis Ng, 

acc. W2112 (MER) (Oryzabase: http://www.shigen.nig.ac.jp/rice/oryzabaseV4/) was 

collected in Cooktown, Australia by Gérard Second, IRD, Montpellier. It shows strong 

dormancy, seed shattering, photoperiod sensitivity and good tillering proliferation 

(results not shown). The wild donor O. rufipogon Griff. acc. IRGC 105491 (RUF) 

(International Rice Research Institute, IRRI; 

http://www.irgcis.irri.org:81/grc/IRGCISHome.html) was collected in Kelantan, 

Malaysia. This wild accession shows high seedling vigor, good germination rates, 

good tiller proliferation, and upright grow habit (results not shown). Hereafter the 

Curinga x O. meridionalis population will be referred to as CUR/MER and the Curinga 

x O. rufipogon population will be referred to as CUR/RUF. 

 

Linkage map construction 
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Two genetic maps were developed using 110 BC1F1 CUR/MER plants genotyped with 

122 simple sequence repeat markers (SSR), and 80 BC1F1 CUR/RUF plants genotyped 

with 131 SSR markers (Orjuela et al. 2009). The genetic linkage maps were generated 

using the software MapDisto v.1.7.5 (Lorieux 2012, 

http://mapdisto.free.fr/MapDisto/). Markers were placed into linkage groups using a 

logarithm of odds (LOD) probability that two markers are linked vs. non-linked of 3.0 

and a maximum recombination fraction (rmax) of 0.3. Marker order in linkage groups 

was determined using a combination of the 'Order', 'Ripple' and 'Check inversions' 

commands. Data errors were then corrected using the 'Color Genotypes' module in 

MapDisto. Recombination fractions were transformed to estimate map distance using 

the Kosambi mapping function (Kosambi 1943, Lorieux 2012). A chi-square test (χ2) 

was carried out for each marker to test deviations of genotypic classes from the 

expected Mendelian inheritance ratios of 1:1 (p < 0.01). The 'Compare maps' 

command was used to graphically compare colinearity between the generated linkage 

maps with physical distances from the Michigan State University (MSU) version 7 

Rice Genome assembly (http://rice.plantbiology.msu.edu/). 

 

Development of Introgression Lines (ILs)  

Using marker-assisted backcrossing (MABC) two IL libraries were developed. Fixed 

lines were selected after three rounds of MABC and one generation of double 

haploidization (DH) using anther culture (Lentini et al. 1995) (Supplemental Figure 

2.1). A set of 32 and 48 fixed lines were selected to comprise the CUR/MER and 
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CUR/RUF populations respectively. Between each crossing cycle (Sarkarung 1991), 

SSRs (McCouch et al. 2002, http://www.gramene.org) comprising the Universal Core 

Genetic Map (UCGM) (Orjuela et al. 2009) and transposable-element based (TE) 

indel markers were used to perform foreground and background selection (Hospital et 

al. 1997). In total, 32 CUR/MER lines were genotyped with 122 SSRs and 9 TE-based 

markers and 48 CUR/RUF lines were screened with 131 SSRs as the basis for 

selecting the IL libraries. Separate sets of markers were used on the two populations 

due to differences in polymorphism between the parents. Genotypic selection was 

implemented using CSSL Finder v. 0.9 (Lorieux, 2005, 

http://mapdisto.free.fr/CSSLFinder/) which enables selecting the minimum set of lines 

to cover the entire donor genome with a desired number and size of included 

introgressions, small overlaps between consecutive introgressed fragments, and 

minimal background genome recovery. Genotyping by sequencing (GBS, Elshire et al. 

2011) was conducted in the final generation (BC3F1-DH). 

 

Double Haploid protocol 

DH plants were generated as described by Lentini et al (1995). Seeds were sown in 

germination trays and grown in the greenhouse for 20 to 25 days. Seedlings were then 

transplanted to the field and space-planted at 30 x 40 cm between plants and rows, and 

grown under standard flooded (paddy) conditions. At booting stage (~60-70 days after 

sowing, depending on the genotype), when only 5-8 cm of the emerging panicle (boot) 

was visible above the sheath, three to five immature panicles (still wrapped in the 
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sheath) were harvested from each plant and kept in polyethylene bags in the dark for 7 

days at 10 ± 2 °C before culturing. 

 

Panicles were surfaced-sterilized using sterile distilled water and 70% ethanol. 

Spikelets from the second third of the panicle were then removed from the sheath leaf, 

soaked for 3 minutes in 10% commercial bleach (5.25% NaOCl), mixed with three 

drops of Tween 80, and rinsed with sterile distilled water. Each flower was cut at the 

base, at the anther filament, and grouped into clusters of 10-15 cut flowers. Each 

cluster was picked with forceps and the anthers were released by tapping the forceps 

on the edge of the culture jar (7 cm high x 4 cm diameter). For each jar, ~250 anthers 

per 10 ml of liquid callus induction medium were cultured. Jars were sealed with 

Magenta-B caps, and kept in the dark at 25 ± 1 °C during four to six weeks. Ten 

embryogenic calli of approximately 1-2 mm in diameter were transferred onto 60 ml 

regeneration medium contained in 12 cm high x 9 cm diameter glass jars. Jars were 

sealed with a plastic cap and placed under indirect light for one week and then moved 

to 80 µE/m2/s and 16 hours photoperiod. Temperature was kept steady at 25 ± 1 °C. 

After four to six weeks, green regenerated plants with fully developed roots were 

transplanted to sterile soil in the greenhouse for three to four weeks, and then moved 

to the field. Haploid, DH or diploid, and polyploid plants were identified by evaluating 

plant morphology and fertility. The type-A basal callus induction media, and the 

components and quantities of plant regeneration media used to generate the DH plants 

were as described by Lentini et al. (1995). 
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SSR marker analysis 

Fresh leaf tissue was collected during each generation and genomic DNA was 

extracted using a CTAB protocol described by Romero et al. (2014). DNA 

concentration and quality were evaluated on 0.8% agarose gels stained with ethidium 

bromide. The two subsets of SSR from the UCGM set were used in genotyping. 

Polymerase chain reactions (PCR) were performed using 20 ng of DNA as template, 

100 mM Tris-HCL, 500 mM KCL, 0.1% Triton X-100, 2 ng/µl MgCl2 (25µm), 0.3 

µM of each dNTP and primer, and 1 U of Taq DNA polymerase. The reactants were 

initially denaturated at 94°C for 3 min, followed by 30 cycles at 94°C for 30 sec, 30 

cycles at 50-67°C (depending on annealing temperature of each primer pair) for 45 

sec, 72°C for 1 min, and a final extension at 72°C for 5 min. PCR amplified fragments 

were analyzed using 4% agarose gels stained with ethidium bromide or 6% denaturing 

acrylamide gels stained with silver staining (Panaud et al. 1996).  

 

GBS library preparation and data analysis 

Total genomic DNA was extracted from each IL and parents using the Qiagen DNeasy 

kit (http://www.qiagen.com/). 96-plex libraries were prepared according to Elshire et 

al. (2011). A custom-designed pipeline described by Spindel et al. (2013) that 

combines the built-in TASSEL (Bradbury et al. 2007, 

http://www.maizegenetics.net/#!tassel/c17q9) SNP caller and the sequence aligner 
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algorithm from PANATI with the genotype imputation algorithm GBS-PLAID-2 was 

used for data analysis. 

 

Custom Infinium 6K SNP assay and data analysis 

GBS single nucleotide polymorphism (SNP) calls were confirmed using a custom-

designed Infinium HD SNP Assay (M. Wright, Cornell University, pers. comm.; 

http://www.illumina.com) that detected 1,092 segregating SNPs in the CUR/MER and 

1,769 in the CUR/RUF populations using the same DNA extracted for GBS assays. 

The 6K Infinium assay required 750 ng - 1 ug of high molecular weight DNA. The 

DNA was isothermally amplified overnight and a controlled enzyme process 

fragmented the amplified product. The fragmented DNA was alcohol precipitated and 

resuspended for hybridization. The BeadChip was prepared for hybridization in a 

capillary flow-through chamber to which the amplified- fragmented DNA samples 

was applied and incubated overnight. During the hybridization step the DNA annealed 

to locus-specific SNP markers (50-mers) and the allele specificity was conferred by 

base extension. The products were fluorescently labeled and intensity was detected 

and recorded by the Illumina BeadArray reader. Illumina’s genome studio software 

was used for analyzing the genotype calls. Graphical genotypes were drawn using 

CSSL Finder v.0.9 (Lorieux, 2005). 

 

Genetic analysis of pericarp color 
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Five grains from each of the parents, CUR, MER, RUF, and each IL were de-hulled, 

photographed and visually scored for pericarp color. Each phenotyped seed was coded 

1 = pigmented pericarp, or 0 = white pericarp. Two ILs from the CUR/MER and 7 ILs 

from the CUR/RUF populations carried the red pericarp and were used to determine 

whether the RC gene was responsible for the trait. A functional indel marker designed 

by Sweeney et al. (2006) was used to amplify the 14 bp insertion/deletion in the RC 

gene (LOC_Os07g11020.1) responsible for white pericarp (forward primer: 

CTTGCCAGTTTCAGAGAAATCA; reverse primer: 

CTCTTTCAGCACATGGTTGG). PCR products were amplified from the parents, the 

9 ILs with red pericarp, 8 ILs with white pericarp (selected at random from the 71 

white seeded ILs), and control white-pericarp varieties, IR64 (ssp indica) and Azucena 

(ssp tropical japonica). PCR products were visualized using a 4% agarose gel stained 

with SYBR® Safe (http://www.lifetechnologies.com/), as described by Sweeney et al. 

(2007). 

 

Upland field evaluation of CUR/RUF ILs 

The recurrent parent, CUR, 48 ILs from CUR/RUF population, and 15 elite local 

checks from the CIAT/CIRAD (International Center for Tropical Agriculture/ Centre 

de Cooperation Internationale en Research Agronomique) upland rice program were 

evaluated under upland conditions using two different agronomic practices; natural 

soil conditions (pH<5.0) and limed soil conditions (pH>5.0), at the experimental field 

station “La Libertad ICA” (latitude 4° 3'40. 63 "N, longitude 73°27'46. 25 "W) in 
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Meta, Colombia during Summer 2012. (Note: the RUF donor parent could not be 

grown in the field due to its classification as a noxious weed. The CUR/MER 

population was not evaluated in the field because seeds were not available at that time) 

An alpha lattice design with two replications was used to evaluate the 64 lines 

distributed in 8 blocks, under two treatments: (1) acid soil (pH levels < 5 and 

aluminum saturation over 75%), occur under natural conditions in Meta, and (2) lime 

treated soil, where soil was amended with 3 tons / ha of calcium carbonate (CaCO3) 

before planting (Supplemental Figure 2.2a). Planting was implemented using a six-

row planter with a sowing density of 1 gram of seed per linear meter. The plot size 

was 3 m wide with two rows per plot, spaced 26 cm between rows. Fertilizer was 

applied in two stages. Before planting 80 kg / ha of DAP (NH4) 2 HPO4, 80 kg / ha of 

KCl (K2O), 12 kg / ha of Zn, and 75 kg / ha of kieserite (MgSO4·H2O) were applied. 

After planting one application of 40 kg / ha of KCl and three applications of 26.6 kg / 

ha of urea were added. Weed control was done by applying a post-emergence 

herbicide, Butaclor 3 L / ha, and Bentazol at 3 L / ha plus manual weeding. The 

fungicide Bim was applied throughout the vegetative cycle as a preventive disease-

control measure. 

 

For phenotyping, one linear meter around the center of each plot was marked and 

plants within that area were harvested. Four agronomic traits: flowering time, plant 

height, number of tillers, and number of panicles, were evaluated under both 

treatments. “Flowering time” was scored as the number of days from planting until 
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50% of the plants in the plot have emerged panicles. “Plant height” was measured 

using a ruler, as the average length in centimeters from five random tillers in the linear 

meter from the base of the plant to the tip of the panicle. “Number of tillers” was 

defined as the number of tillers from one linear meter harvested from the middle of the 

plot. “Number of panicles” was defined as the number of panicles from one linear 

meter harvested from the middle of the plot.  

 

Broad-sense heritability for each trait was estimated using the formula !! =

!!!! (!!! + !!"!
! + (!!!!")) (Hallauer et al. 2010) where e and r are the numbers of 

environments and replications per environment. 

 

Statistical analysis 

To detect significant differences between the recurrent parent CUR and the ILs, a post 

hoc Dunnett’s pairwise multiple comparison test (Dunnett 1980) with a significant 

level of 0.01 and using CUR as control was performed for each trait. Because most ILs 

carry more than one segment from the donor parent, a standard single marker linear 

regression analysis (SMLRA) was used to identify markers significantly associated 

with pericarp color, and a stepwise regression analysis (Li et al. 2007) was 

implemented for flowering time, plant height, number of tillers and number of 

panicles using the software iciMapping v.3.2 

(http://www.isbreeding.net/software/?type=detail&id=13). A likelihood ratio test 
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based on linear regression was used to estimate LOD scores from the p-values. A 

permutation test using 1000 permutations (Doerge and Churchill 1996) was used to 

determine the experiment-wise significance threshold at a 0.05 level of significance. 

 

Results 

 

Development of Introgression Lines  

A marker-assisted backcrossing strategy (MABC) was implemented to develop the 

two IL libraries. Fixed lines were selected after three rounds of MABC and one 

generation of double haploidization using anther culture (Lentini et al. 1995) 

(Supplemental Figure 2.1). A set of 32 and 48 fixed lines were selected to comprise 

the CUR/MER and CUR/RUF introgression libraries, respectively (Figures 2.1 and 

2.2). Together, the lines comprising each library contain the majority of the donor 

genome introgressed as small overlapping chromosome fragments in the CUR genetic 

background. 
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Figure 2.1. Graphical genotypes, distribution of target and non-target introgressions, and genotypic statistics for 32 CUR/MER 
ILs. Graphic representation of the genotypic make-up for the recurrent parent CUR (gray), the donor parent MER (red) in the 32 ILs 
(MER1-MER32) from the bottom to the top of the graph across each of the 12 chromosomes. The chromosome where the target 
introgression is located, its base-pair size, number of donor segments and percentage of recurrent and donor genome, are listed next to 
each IL 
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Figure 2.2. Graphical genotypes and distribution of target and non-target introgressions for 40 CUR/RUF ILs. Graphic 
representation of the genotypic make up for the recurrent parent CUR (gray), the donor parent RUF (green) in 40 ILs (RUF1-RUF48) 
from the bottom to the top of the graph across each of the 12 chromosomes. The chromosome where the target introgression is located, 
its base-pair size, number of donor segments and percentage of recurrent and donor genome, are listed next to each IL. 
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A linkage map for each interspecific cross was generated from SSR segregation data 

in the BC1F1 generation to confirm the colinearity of the genomes in O. sativa and the 

distantly related wild donor genomes. The SSR linkage maps also served as the basis 

for genotypic selection during the first three backcross-generations of IL population 

development (Supplemental Figure 2.1). The genetic maps had total distances of 

2,005.25 cM (CUR/MER) and 1,797.57 cM (CUR/RUF) (Supplemental Figures 2.3a 

and 2.3b). The average distance between markers was 16.41 cM in CUR/MER and 

13.95 cM in CUR/RUF (Supplemental Figures 2.4a and 2.4b). When the positions of 

markers on the respective genetic maps were compared using pseudo-centimorgans (1 

cM ~ 240 Kbp), we observed complete colinearity in the two populations 

(Supplemental Figures 2.4a and 2.4b). A chi-square test for skewed segregation of 

genotypic classes showed strong deviation (p < 0.01) for 18 markers on six 

chromosomes in the CUR/MER population (Supplemental Figures 2.5a and 2.5b), but 

no skewed segregation rations were observed in the CUR/RUF population. 

 

In the BC3F1DH generation, the two libraries were genotyped using GBS to increase 

marker density, improve estimation of each recombination break point and to detect 

donor introgressions that had gone undetected using the sparse coverage provided by 

the SSR and indel markers (Figures 2.3a and 2.3b). The number of polymorphic 

markers identified between CUR and the two wild donors is summarized in Figure 

2.3a for the SSR/indels, the 6K SNPs and the GBS markers. Using the 6K SNP assay, 

marker density increased over ten-fold, from an average of 16.41 cM/marker using 
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SSRs to 1.70 cM/marker in the CUR/MER and from an average of 13.95 cM/marker to 

1.03 cM/marker in the CUR/RUF population. Using GBS, marker density increased 

again, an estimated 50-fold, from an average of 1.70 cM/marker using the 6K assay to 

0.02 cM/marker in the CUR/MER and from an average of 1.03 cM/marker using the 

6K assay to 0.024 cM/marker in the CUR/RUF population. In practical terms, this 

increase in resolution allowed us to detect additional introgressions that had been 

missed using SSRs and to better define the size and genome positions of both target 

and background introgressions in all the ILs as illustrated in Figure 2.3b. 

 

In the CUR/MER IL library, donor introgressions cover 76.73% of the MER genome. 

The missing portion of the donor genome (23.27%) is distributed in 13 regions across 

nine different chromosomes (Supplemental Figure 2.6a). For the CUR/RUF, the donor 

introgressions cover 97.6% of the RUF genome. The small missing portion of the 

donor genome (2.4%) is distributed in 11 regions across four different chromosomes 

(Supplemental Figure 2.6b). The location of each targeted introgressed donor segment, 

number of donor introgressions and percentage of background donor genome for each 

ILs are summarized in Figures 2.1 and 2.2. 
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Figure 2.3. (a) Polymorphic markers between the recurrent parent CUR and the two 
donor parents MER and RUF, using SSR markers, and SNP-markers from 6K infinium 
platform and GBS platform. (b) Genotyping-platforms comparison. Illustration of a 12.2 
Mbp region in chromosome 1 genotyped in two CUR/MER lines, MER3 (on the left) and 
MER19 (on the right) using SSR markers, a 6K-SNP Infinium chip and GBS. Respectively for 
each platform 4, 35 and 4,079 markers segregate. The MER alleles are color-coded red and the 
CUR alleles are color-coded blue. Comparisons between platforms are determined by dashed 
lines. 
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Phenotypic evaluation 

To demonstrate the utility of the IL libraries for mapping and as pre-breeding 

materials, we evaluated both populations for a simply inherited trait (pericarp color) in 

the greenhouse, and the CUR/RUF population for four quantitatively inherited traits 

under upland conditions in the field. 

 

Pericarp color: The wild donor parents, MER and RUF, both have red pericarp while 

CUR has a translucent or white pericarp (Supplemental Figure 2.7). Two ILs from the 

CUR/MER library (MER16 and MER23) and seven from the CUR/RUF library (RUF1, 

RUF4, RUF8, RUF29, RUF36, RUF39, and RUF41) were identified with red pericarp 

color, while all other ILs in both libraries had white pericarp (Figure 2.4a, 

Supplemental Figure 2.7). When the functional indel marker previously developed by 

Sweeney et al. (2006) was used to determine which lines carried the wild-type allele 

and which carried the derived allele at RC, both MER and RUF, as well as the two 

CUR/MER ILs and the seven CUR/RUF ILs with red pericarp were confirmed to 

carried the wild-type (non-deletion) allele (Figure 2.4b), while the CUR recurrent 

parent, the eight randomly selected white pericarp ILs and two white-seeded control 

varieties, IR64 (ssp indica) and Azucena (ssp tropical japonica), all carried the 

derived (14 bp deletion), recessive allele (Figure 2.4b and Supplemental Figure 2.7). 

 

The two red CUR/MER ILs shared a wild introgression on chromosome 7 in the region 

containing RC, defined by the GBS-SNP markers S7_12945 and S7_7924008 and 
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mapping to the interval 07:12,945 - 07:7,924,008 bp on the physical map of rice 

(MSU7.0, Kawahara et al. 2013). To confirm that allelic variation at the RC gene was 

also predictive of pericarp color in the CUR/RUF ILs, where lines carry multiple 

donor introgressions in the genetic background, we conducted a SMLRA and 

identified seven markers significantly associated with pericarp color (LOD > 3.1). All 

seven SNPs were located on chromosome 7 between positions 07:5,308,812 - 

07:18,659,022 bp (MSU7.0, Kawahara et al. 2013) (Figure 2.4c). The RC gene is 

located at 07:6,061,890 - 6,068,318 bp and is contained in the overlapping segment 

shared by these lines (Figure 2.4a). In both populations, the functional marker in RC is 

a perfect predictor of pericarp color in our IL libraries. 
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Figure 2.4. Chromosome 7 donor introgressions (a) Chromosome 7 zoom-in. Genotypic 
introgression of 12 different IL and parents in chromosome 7, the recurrent genome is colored 
in gray and the donor genome in red. The phenotype of each IL is shown in the right border 
(b) PCR products to detect the functional 14 bp-indel marker in the Rc locus (Sweeney et al. 
2006) from seven colored-pericarp ILs, and four white colored-pericarp, the parents CUR, 
RUF, MER and two controls lines IR64 and Azucena. (c) Summary of significant regions 
associated with pericarp color (LOD > 3.1) using logistic regression (SMA-LR) analysis. 
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Upland field evaluation: When the CUR/RUF ILs were evaluated for four agronomic 

traits in the field, the distribution of ‘plant height’, ‘tiller number’, and ‘panicle 

number’ was normal, while the distribution of ‘days to flowering’ was skewed towards 

late flowering (Supplemental Figure 2.2b). ‘Tiller number’ and ‘panicle number’ were 

strongly correlated (r = 0.9) (Supplemental Figure 2.2b). Broad sense heritability (H2) 

estimations showed better repeatability for ‘days to flowering’ (H2 = 0.97) and ‘plant 

height’ (H2 = 0.85) than for ‘number of tillers’ (H2 = 0.55) and ‘number of panicles’ 

(H2 = 0.51). 

 

Significant differences among IL genotypes (p < 0.05) were observed for all traits 

(Figure 2.5). For flowering time, 16 ILs were significantly different from the recurrent 

parent: two ILs flowered earlier than CUR, while 14 ILs flowered later (p < 0.05; 

Figure 2.5a). Nine ILs were significantly taller than CUR (p < 0.05; Figure 2.5b). Of 

particular note, IL RUF27 had a significantly higher number of both tillers and 

panicles per linear meter than CUR (p < 0.05; Figures 2.5c and 2.5d). This IL warrants 

further testing to determine its relevance as a potential donor in breeding.
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Figure 2.5. CUR/RUF upland field evaluation Boxplots showing the distribution of CUR/RUF ILs for four phenotypes. In each, the recurrent 
parent (CUR) is colored red and ILs significantly higher than CUR (p < 0.05) are colored orange, and lower than CUR (p < 0.05) are colored 
green. (a). “Days to flowering”. (b). “Average plant height”. (c) “Number of tillers”. (d) “Number of panicles”.
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When the performance of ILs was compared between plants grown in naturally 

occurring acid soils and lime-treated (non acid) soils, significant differences were 

observed for ‘days to flowering’ and ‘plant height’, but not for ‘number of tillers’ or 

‘number of panicles’ (p < 0.05). Overall, plants flowered earlier in acid soils than in 

limed conditions (p < 0.05). A stepwise regression analysis identified a region on 

chromosome 3 that was significantly associated with ‘days to flowering’ under both 

treatments (LOD > 5.53) and one region on chromosome 9 significantly associated 

with ‘days to flowering’ under limed soil conditions only (LOD > 5.53; Figures 2.6a 

and 2.6b; Supplemental Figure 2.8a) For plant height, plants under acid soil conditions 

were, on average, smaller than those under limed conditions. A stepwise regression 

analysis identified a region on chromosome 10 that was significantly associated (LOD 

> 3.51) with ‘plant height’ under both treatments, and a region on chromosome 1 

significantly associated with ‘plant height’ under natural acid soil conditions (LOD > 

3.51; Figures 2.6a and 2.6b; Supplemental Figure 2.8b). Based on these examples, we 

demonstrate that the interspecific ILs developed on this project embody a wide range 

of phenotypic variation and can be used to dissect the genetics of both simply and 

quantitatively inherited traits, as well as to broaden the genetic base of elite breeding 

materials. 
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Figure 2.6. Upland field evaluation summary, (a) GBS SNP coverage across the CUR/RUF 
ILs population (black lines in chromosome bars), graphic location of SNPs significantly 
associated with “days to flowering” (green lines) and “plant height” (orange lines), and 
published QTL regions that co-localize with the associated SNPs from this study (red and blue 
bars). (b) Summary of significant regions associated with plant height (LOD > 3.5), and days 
to flowering (LOD > 5) using a stepwise regression single marker analysis (SR-SMA) for days 
to flowering and plant height.
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Discussion 

 

We report the development of two sets of interspecific ILs using a drought-tolerant 

tropical japonica cultivar, Curinga (CUR), as the recurrent parent and two wild donor 

accessions from the species O. meridionalis (MER) and O. rufipogon (RUF). We 

demonstrate that the IL populations segregate for traits of interest, and we identified a 

superior IL, RUF27, that has a higher number of tillers and number of panicles than 

CUR under upland soil conditions. This new germplasm offers the rice community an 

opportunity to explore the genetic potential of variation found in two wild rice species 

in an elite cultivated background, and to identify potentially useful pre-breeding 

materials. 

 

Genetic divergence of wild and cultivated materials 

Despite the fact that the O. meridionalis lineage is estimated to have diverged from the 

other AA genome species approximately 2 M years ago and remains geographically 

isolated from both O. sativa and O. rufipogon, we demonstrate that SSR-based linkage 

maps were collinear in the two interspecific crosses. This made it possible to use the 

SSR and indel markers for MABC during three generations of backcrossing to 

construct the IL populations. Nonetheless, we would expect more structural variation, 

greater disruption of recombination, and more significant sterility barriers between 

MER and CUR than between RUF and CUR. Consistent with this hypothesis, 26.3% 
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of the MER genome was missing from the IL library reported here, while only 2.4% of 

the RUF genome was not represented in the CUR/RUF population. We also observed 

fewer and smaller introgressed regions, greater segregation distortion, and had more 

difficulty making crosses in the CUR/MER than in the CUR/RUF population. 

Nevertheless the theoretical percentage of overall recurrent parent genome expected in 

a random BC3 generation line (93.75 %) was very similar to that obtained in the 

CUR/MER IL library (95%) reported here. 

 

Linkage analysis identified six regions with strong segregation distortion in the 

CUR/MER map (Supplemental Figure 2.5). Seven of the fragments that were lost 

during the development of the CUR/MER ILs co-localized with markers showing 

strong segregation distortion in the BC1F1 (Supplemental Figure 2.6a). In addition four 

of the regions associated with segregation distortion in these materials, on 

chromosomes 4, 6, 11, and 12 (Supplemental Figure 2.5), co-localized with previously 

reported sterility factors (Kinoshita 1991; Kinoshita 1993; Rha et al. 1995; and 

Matsubara et al. 2003). Deviation from expected Mendelian segregation ratios is 

commonly observed in interspecific crosses of rice (McCouch et al. 1988, Xu et al. 

1997; Lorieux et al. 2000; Brondani et al. 2001), and is usually associated with the 

presence of linked sterility factors and post-zygotic reproductive barriers (Sano, 1990, 

Koide et al. 2008, Garavito et al. 2010, Gutierrez et al. 2010). 
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It is noteworthy that many of the missing MER fragments in the CUR/MER ILs were 

lost during the double haploidization process, rather than during the backcrossing. 

This suggests a possible sex-dependent transmission-ratio distortion system acting at 

these loci, such that there was preferential abortion of male gametes possessing the 

MER alleles in favor of those with the CUR alleles. Another reason why specific donor 

segments may be underrepresented or lost from the CUR/MER IL population is that 

they were negatively associated with regeneration ability during the tissue culture 

process (Xu et al. 1997). Li et al. (2013) identified 25 QTLs associated with tissue 

culture response from an intraspecific cross between the indica variety 93-11 and the 

japonica variety Nipponbare. Many of the QTLs associated with regeneration ability 

in tissue culture in chromosome 2 (qCBT-2a, qCBT-2b, and qRR-7), and 6 (qICC-6 

and qICF-6) (Li et al. 2013) colocalize with missing regions in the CUR/MER ILs.  

 

In contrast to the CUR/MER population, segments covering almost the entire RUF 

genome were successfully transmitted to the CUR/RUF IL library. However, the 

recovery of the recurrent parent genome (89.9%) was lower than expected (93.75%). 

This is partly due to the low genomic coverage with SSRs, and possibly because the 

populations used for selection during the cycles of MABC were not large enough to 

enable us to identify the most desirable combination of target introgression(s) and 

clean genetic background.  

 

Utility of GBS for enhancing marker density 
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Currently, GBS is being adopted as an alternative to the use of fixed SNP arrays for 

the generation of high-density marker data in plant breeding and genetics. This is 

largely due to the simplification and automation of library preparation production 

protocols, the high throughput and relatively low cost of sequencing, the ability to 

simultaneously discover and genotype SNPs, and the reduction in ascertainment bias 

(Heslot et al. 2013). However, the versatility and potential for widespread use of GBS 

depends upon the bioinformatics tools available to address the relatively high error 

rate and the data sparsity of GBS. Several bioinformatics pipelines have been 

developed to overcome these obstacles (Bradbury et al. 2007, Spindel et al. 2013, 

Sonah et al. 2013). By using GBS we were able to increase our maker density over 50 

fold, compared to a fixed 6K SNP array, and over 600 fold compared to our initial 

SSR dataset. The ability to rapidly generate high density SNP datasets in fixed 

collections of ILs, such as those developed in this study, makes it possible to define 

the size and positions of both target and background introgressions, and to identify 

small donor introgressions that had been missed using previous, lower density marker 

datasets. 

 

Phenotypic variation 

Wild species are differentiated from cultivated forms of rice by numerous genetic 

changes and trait variation, including pigmentation of the pericarp. Most wild species, 

including both O. meridionalis and O. rufipogon, have red pericarp, while in O. sativa 

cultivars, the pericarp is white or translucent. The RC gene responsible for the change 
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from red to white pericarp, is a basic helix-loop-helix transcription factor, and a 14-bp 

deletion in exon 6 of the RC gene is responsible for the loss of pigmentation in the 

pericarp tissue (Sweeney et al. 2006). The RC gene maps within the introgressed 

region on chromosome 7 that is associated with red pericarp in the CUR/MER and 

CUR/RUF populations (Figure 2.4). Here we demonstrated that ILs with colored 

pericarps carry an introgression from the donor parent at the RC locus (Supplemental 

Figure 2.7). Genotypic screening using the functional marker in the RC gene 

confirmed that all the lines with colored pericarp carry at least one wild type allele at 

RC, compared with control lines that have white pericarp and are known to carry the 

14 bp deletion in Exon 6 of RC (Figure 2.4b). These results confirmed our mapping 

results and demonstrated that the colored phenotype for both IL libraries is associated 

with the RC gene. Proanthocyanidins, the red pigment in rice pericarp, has been 

associated with some nutritional benefits (Ling et al. 2001) that could be exploited by 

developing niche markets. ILs identified in this study with red pericarp might be of 

interest for breeding programs interested in developing valued added rice varieties. 

Some of the red-pericarp ILs identified in this study carry a single, small, well-defined 

wild introgression at the RC locus on chromosome 7, and the genomic composition of 

the other ILs is close to 97% of the RP having all of the agronomic traits of CUR and 

only a small introgression that causes the colored pericarp phenotype. 

 

Upland rice is grown in rainfed, naturally well-drained soils without surface water 

accumulation (Ahmadi et al. 2004). This agro-ecosystem is particularly prone to 
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stresses such as aluminum toxicity, phosphorus deficiency, drought caused by erratic 

rainfall, rice blast disease and weeds (Ahmadi et al. 2004).  The genetic base of upland 

rice cultivars in Latin America is particularly narrow due to the fact that a small core 

of adapted progenitors has been used repeatedly in different rice breeding programs 

(Guimaraes 1993, Guimaraes et al. 1996). It is therefore important to identify novel 

allelic variation that can improve the genetic pool of upland varieties. To assess the 

potential for phenotypic variation among the interspecific ILs developed on this 

project, we evaluated the 48 CUR/RUF ILs for four agronomic traits, ‘Days to 

flowering’, ‘Plant height’, ‘Tiller number’ and ‘Panicle number’ under upland soil 

conditions in Meta-Colombia. 

 

While variation coming from the wild donor was often associated with traits that were 

not considered favorable in the context of plant improvement, the reverse was also 

true. Thus, an O. rufipogon introgression on the short arm of chromosome 3 was 

associated with late flowering (Figures 2.6a and 2.6b), consistent with reports using 

the same wild donor in the cv Jefferson (tropical japonica) genetic background (Xiao 

et al. 1998, Moncada et al. 2001, Thomson et al. 2003). The HEADING DATE 9 (Hd9) 

locus, known to be involved in photoperiod sensitivity, is located in this region (Lin et 

al. 2002). On average the lines with the RUF introgression at the Hd9 locus flowered 

15.5 days later than CUR.  The MADS-box gene OsSOC1 is located within the Hd9 

interval (chromosome 3: 1,269,856-1,271,783) (Tadege et al. 2003) and is a candidate 

gene that may be responsible for the late flowering phenotype of ILs carrying the RUF 
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allele at this locus. On chromosome 1, a RUF introgression increased the height of ILs 

under natural acid soil conditions. This region co-localizes with the plant height QTLs, 

ph1.1 (Moncada et al. 2001) and ph1.2 (Thomson et al. 2003) (Figures 2.6a and 2.6b), 

and contains the SEMI-DWARF1 (SD1) gene associated with the green revolution 

(Sasaki et al. 2002). The identification of RUF introgressions associated with late 

flowering and taller plant height represent throw backs to ancestral traits, while plant 

breeders have consciously selected for shorter plants with early flowering traits for 

production in upland ecosystems in South America (Châtel et al. 2008).  

 

On the other hand, a RUF introgression on chromosome 10 was associated with 

reduced plant height under both limed and natural acid soil conditions. This RUF 

allele contributes transgressive variation for shorter stature that may be of interest to 

breeders interested in selecting for shorter plants. Similarly, the IL RUF27 produced 

more tillers and more panicles than the recurrent parent, CUR, while it did not differ in 

days to flowering or plant height. RUF27 also had the highest grain yield of any of the 

ILs in this study, though the difference between RFU27 and CUR was not statistically 

significant. RUF27 carries six small introgressions on chromosomes 2, 6, 8, 9, 10 and 

12 and it will be interesting to continue backcrossing this line to understand the 

genetics underlying the higher number of tillers and panicles and to validate the value 

of this IL for breeding purposes.  Further phenotypic analysis is underway on both 

populations of ILs under a variety of field and controlled environment conditions to 

better characterize these lines and their utility as pre-breeding materials. 
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The ILs described here are available for research purposes via a Material Transfer 

Agreement from CIAT. 

  



 

 68 

Supplemental Figures 

 
Supplemental Figure 2.1. Marker Assisted Backcrossing pedigree used to develop the ILs. 

!

!

! !
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Supplemental Figure 2.2. (a) Acid-soils field trial soil analysis. For each replication 10 
samples were taken and bulked at two different depths, from 0 cm to 10 cm, and from 10 cm 
to 20 cm. Variables was measured as follows: pH as pH water 1:1, Al (cmol/kg) as 
exchangeable Al (KCl 1M) vol., P-Brayll (mg/kg) as Bray II phosphorous spectrometry, Ca 
(cmol/kg) as exchangeable calcium (Ab, At), Mg (cmol/kg) as exchangeable magnesium (Ab, 
At) and K (cmol/kg) as exchangeable potassium (Ab, At). (b) Scatterplot of four agronomical 
traits for 48 CUR/RUF ILs and CUR (lower portion from the diagonal), frequency of 
distribution (diagonal), and correlation values between the 8 traits (upper portion from the 
diagonal). 

a) 

Sample Treatment Depth Rep pH Al 
(cmol/kg) 

P-BrayII 
(mg/kg) 

Ca 
(cmol/kg) 

Mg 
(cmol/kg) 

K 
(cmol/kg) 

Al-Sat 
(%) 

1 Non-limed 0-10 
cm 1 4.63 2.65 13.87 0.59 0.25 0.17 72.45 

2 Non-limed 10-20 
cm 1 4.62 2.85 4.66 0.53 0.21 0.10 77.22 

3 Non-limed 0-10 
cm 2 4.52 3.00 14.83 0.56 0.23 0.17 75.63 

4 Non-limed 10-20 
cm 2 4.45 3.50 3.98 0.34 0.14 0.10 85.82 

5 Limed 0-10 
cm 1 5.13 1.00 11.58 2.15 0.82 0.16 24.24 

6 Limed 10-20 
cm 1 4.67 2.50 3.30 0.89 0.38 0.08 64.88 

7 Limed 0-10 
cm 2 5.36 0.55 11.82 4.12 1.09 0.17 9.27 

8 Limed 10-20 
cm 2 4.77 1.80 4.74 1.73 0.66 0.09 42.12 

 

b) 

! !
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Supplemental Figure 2.3a. Linkage map developed from 110 BC1F1 CUR/MER plants 
genotyped with 122 SSRs (listed on the right side of each bar). Marker order was estimated 
with a LOD = 3 and rmax = 0.3. Distances between markers were calculated using the Kosambi 
mapping function. 

*** Indicates markers with strong segregation distortions. 

!

!

! !
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Supplemental Figure 2.3b. Linkage map developed from 80 BC1F1 CUR/RUF plants 
genotyped with 131 SSRs listed on the right side of each bar. Marker order was estimated with 
a LOD = 3 and rmax = 0.3. Distances between markers were calculated using the Kosambi 
mapping function. 

!

!

!
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Supplemental Figure 2.4a. Graphical comparison between the physical distances (left bar) 
estimated in pseudo-cM (base pair distance reported for each SSR, divided by the 
recombination frequency or average number of bp/cM for each chromosome), versus the 
genetic distance (right bar) in the BC1F1 population derived from CUR/MER (top). Genetic 
linkage map summaries for CUR/MER. The average distance between markers is expressed as 
the ratio between the genetic linkage group distances (cM) over the number of markers 
mapped per chromosome. Difference between genetic and physical distance is the subtraction 
between the genetic distance and the physical distance (cM) (bottom). 

!

!

CUR/MER linkage groups 

Linkage group Number of 
markers 

Genetic distance 
(cM) 

Average distance 
between markers 

(cM) 

Physical distance 
(pseudo-cM) 

Difference 
between genetic 

and physical 
(cM) 

1 12 236.91 19.74 216.9 20.01 
2 11 177.56 16.14 175.4 2.16 
3 12 221.82 18.49 181.4 40.42 
4 12 190.9 15.91 175.µ7 15.2 
5 11 144.28 13.12 148.3 -4.02 
6 11 175.83 15.98 154.6 21.23 
7 10 155.02 15.50 146.7 8.32 
8 9 162.52 18.06 139 23.52 
9 8 111.64 13.96 113 -1.36 

10 7 131.94 18.85 118.8 13.14 
11 10 162.11 16.21 142 20.11 
12 9 134.72 14.97 136.5 -1.78 

Total 122 2005.25 16.41 1848.3 156.95 
!

! !



 

 73 

Supplemental Figure 2.4b. Graphical comparison between the physical distances (left bar) 
estimated in pseudo-cM (base pair distance reported for each SSR, divided by the 
recombination frequency or average number of bp/cM for each chromosome), versus the 
genetic distance (right bar) in the BC1F1 population derived from CUR/RUF (top). Genetic 
linkage map summaries for CUR/RUF. The average distance between markers is expressed as 
the ratio between the genetic linkage group distances (cM) over the number of markers 
mapped per chromosome. Difference between genetic and physical distance is the subtraction 
between the genetic distance and the physical distance (cM) (bottom). 

!

!

CUR/RUF linkage groups 

Linkage group Number of 
markers 

Genetic distance 
(cM) 

Average distance 
between markers 

(cM) 

Physical distance 
(pseudo-cM) 

Difference 
between genetic 

and physical 
(cM) 

1 14 228.94 16.35 215.2 13.74 
2 15 174.01 11.60 179.4 -5.39 
3 14 185.14 13.22 181.4 3.74 
4 12 146.4 12.20 174.8 -28.4 
5 9 151.64 16.85 147.6 4.04 
6 11 133.26 12.11 152.3 -19.04 
7 11 169.11 15.37 146.4 22.71 
8 11 122.53 11.14 139 -16.47 
9 7 116.53 16.65 115.5 1.03 

10 9 105.81 11.76 112.8 -6.99 
11 8 150.16 18.77 141.6 8.56 
12 10 114.05 11.41 136.9 -22.85 

Total 131 1797.58 13.95 1842.9 -45.32 
! !
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Supplemental Figure 2.5. (a) Segregation distortion analysis of SSR markers mapped in the 
BC1F1 from CUR/MER. Each point represents the percentage deviation with respect of the 
recurrent genotypic class expected (50 %, solid blue line). The dash black line and the dotted 
red line represent the critical values for a probability value of 0.5 and 0.01 respectively. (b) 
Markers with strong segregations distortion in the CUR/MER BC1F1 linkage analysis. The 
genotypic classes are defined as homozygous CUR class (hmz. CUR) and heterozygous class 
(heterozygote). A significance threshold level of 0.01 was set to identify markers with strong 
deviation from a chi-square test. 

a) 

!

b) 

Marker Chr Chi-
square p-value Genotypic 

hmz. class 
Genotypic 
htz. class 

Skewed 
genotypic class 

% 
hmz. 

Associated 
sterility gene 

RM425 2 15.42 0.000086 75 34 hmz. CUR 68.81 - 
RM6314 4 15.14 0.000100 76 34 hmz. CUR 68.47 s-e-2, ga-6, ga-10* 
RM142 4 21.33 0.000004 78 30 hmz. CUR 72.22 s-e-2, ga-6, ga-10* 

RM3839 4 24.58 0.000001 81 29 hmz. CUR 73.64 s-e-2, ga-6, ga-10* 
RM1018 4 11.78 0.000598 73 37 hmz. CUR 66.36 s-e-2, ga-6, ga-10* 
RM136 6 11.04 0.000894 73 37 hmz. CUR 65.77 Su-Cif*** 

RM3183 6 25.04 0.000001 80 28 hmz. CUR 74.07 Su-Cif*** 
RM19983 6 20.95 0.000005 79 31 hmz. CUR 71.82 Su-Cif*** 
RM20086 6 23.86 0.000001 80 29 hmz. CUR 73.39 Su-Cif*** 
RM20208 6 22.73 0.000002 80 30 hmz. CUR 72.73 Su-Cif*** 
RM23662 9 11.04 0.000894 38 72 heterozygote 34.23 - 
RM5799 9 12.46 0.000416 34 70 heterozygote 32.69 - 
RM5526 9 7.72 0.005475 40 69 heterozygote 36.70 - 
RM7120 11 12.00 0.000532 72 36 hmz. CUR 66.67 S-3 
RM463 12 11.04 0.000894 72 38 hmz. CUR 65.77 ga-13** 

RM28607 12 22.73 0.000002 80 30 hmz. CUR 72.73 ga-13** 
RM6396 12 21.63 0.000003 80 30 hmz. CUR 72.07 ga-13** 
RM1227 12 18.24 0.000019 78 32 hmz. CUR 70.27 ga-13** 

* ga-6, ga-10, s-e-2 and S-3 genes were listed by Kinoshita (1991, 1993) 
** ga-13 was listed by Rha et al. (1995) 
*** The dominant suppressor Su-Cif was listed by Matsubara et al. (2003).!  
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Supplemental Figure 2.6a. Regions with missing introgressions from the donor parent MER 
in the 32 CUR/MER ILs. Regions are associated with SNP ID, chromosome, physical position, 
size, SSRs with strong segregation distortion in the BC1F1 generation. 

SNP Chromosome SNP position bp Missing segment 
size bp 

Segregation-
distorted SSR SSR position bp 

S1_22254822 
1 

22254822 
2340732 

  

S1_24595554 24595554   

S1_25974004 
1 

25974004 
12672649 

  

S1_38646653 38646653   

S2_3779 
2 

3779 
15686887 

  

S2_15690666 15690666   

S2_30577767 
2 

30577767 
3844708 RM425 32297904 

S2_34422475 34422475 

S3_2244580 
3 

2244580 
6215963 

  

S3_8460543 8460543   

S3_9246374 
3 

9246374 
3365607 

  

S3_12611981 12611981   

S4_21842406 
 

S4_33650419 
4 

21842406 
 

33650419 
11808013 

RM142 20518899 
RM3839 23904586 

RM1018 26782001 

S5_24577616 
5 

24577616 
3268973 

  

S5_27846589 27846589   

S5_29808179 
5 

29808179 
116873 

  

S5_29925052 29925052   

S6_7498156 
 

S6_27571008 
6 

7498156 
 

27571008 
20072852 

RM132 8751256 

RM3183 12446983 

RM19983 13808188 

S6_27595529 
6 

27595529 
3622109 

RM20086 17163417 

S6_31217638 31217638 RM20208 20705943 

S7_26127859 
7 

26127859 
3552099 

  

S7_29679958 29679958   

S10_11545597 
10 

11545597 
3213214 

  

S10_14758811 14758811   

S12_22673430 
12 

22673430 
1812903 

RM463 22091967 
S12_24486333 24486333 RM28607 24766329 
S12_24557197 

12 
24557197 

2967692 
RM6396 24966349 

S12_27524889 27524889 RM1227 27305234 

 

! !
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Supplemental Figure 2.6b. Regions with missing introgressions from the donor parent RUF 
in the 48 CUR/RUF ILs. 

SNP Chromosome SNP position bp Missing segment size bp 

S4_28562666 4 28562666 
217827 

S4_28780493 4 28780493 

S4_28877188 4 28877188 
521375 

S4_29398563 4 29398563 

S4_29487221 4 29487221 
1642898 

S4_31130119 4 31130119 

S6_26578765 6 26578765 
242265 

S6_26821030 6 26821030 

S6_28009274 6 28009274 
345620 

S6_28354894 6 28354894 

S6_28458078 6 28458078 
1918849 

S6_30376927 6 30376927 

S6_30762479 6 30762479 
442016 

S6_31204495 6 31204495 

S8_4308627 8 4308627 
2518103 

S8_6826730 8 6826730 

S8_7228778 8 7228778 
947537 

S8_8176315 8 8176315 

S8_8328655 8 8328655 
120054 

S8_8448709 8 8448709 

S12_19434483 12 19434483 
68516 

S12_19502999 12 19502999 

 

! !
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Supplemental Figure 2.7. (a) Pericarp color evaluation and genotypic evaluation for the RP 
CUR the two donor parents MER and RUF, 17 ILs and two control lines (cv IR64 and 
Azucena). (b) Pericarp color of the recurrent parent CUR and of the donor parents RUF and 
MER. Pericarp color for six ILs with different allele combination for the loci Rd and Rc. The – 
sign represent the recurrent parent allele CUR and the + sign represent the presence of the 
donor allele MER or RUF based on the GBS genotypic data. 

a) 

Genotype Rc loci donor 
introgression 

Rd loci donor 
introgression Color phenotype 14-bp length Rc 

deletion 
CUR -  - White Yes 
MER + + Red No 

MER16 + - Red No 
MER23 + - Red No 
MER22 - + White Yes 
MER24 - - White Yes 
MER15 - - White Yes 
MER17 - - White Yes 

RUF + + Red No 
RUF01 + - Red No 
RUF04 + + Red No 
RUF07 - + White Yes 
RUF08 + + Red No 
RUF10 - + White Yes 
RUF12 - + White Yes 
RUF29 + - Red No 
RUF32 - + White Yes 
RUF36 + + Red No 
RUF39 + - Red No 
RUF41 + + Red No 
IR64 - - White Yes 

Azucena - - White Yes 

 

b) 

! !
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Supplemental Figure 2.8. Stepwise Regression Single Marker Analysis (SR-SMA) in 
CUR/RUF for (a)”Days to flowering” and (b) “Average plant height” (c) “Number of tillers”, 
and (d) “Number of panicles” evaluated under natural acid conditions (Environment 1), and 
limed conditions (Environment 2). Bar graphs show LOD values for each marker; significance 
thresholds (horizontal red line) estimated from 1000 permutations corresponding to 
experiment-wise α = 0.05. (a) ”Days to flowering”; threshold LOD = 5.5, (b) “Average plant 
height”; threshold LOD = 3.5. For (c, d) ”Number of tillers”, and “Number of panicles”; 
threshold LOD = 3.0 (Note, significance threshold not shown because its value surpassed the 
scale of the LOD axis on the graph; no QTLs detected for these traits above LOD = 3.0). 

!

!

!
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CHAPTER 3: 

Development and evaluation of four reciprocal near-isogenic lines 

carrying four Al tolerance QTLs 

!

Abstract 

Al (Al) toxicity is a primary limitation to crop productivity on acid soils. Studies of 

aluminum tolerance in rice have shown that rice is significantly more tolerant than 

other cultivated cereal crops, and that within O. sativa, the Japonica varietal group is 

significantly more Al tolerant than the Indica varietal group. Previously, a QTL 

analysis was undertaken using a recombinant inbred line (RIL) population derived 

from a cross between an Al tolerant tropical japonica cultivar, Azucena, and a 

susceptible indica variety, IR64, and four QTLs were identified on chromosomes 1, 2, 

9, and 12. To study the effect of each QTL individually, we developed 4 sets of 

reciprocal near isogenic lines (NILs). These were developed by introgressing each 

QTL into the genetic background of the alternate parent, such that Azucena alleles at 

the 4 QTL loci were introgressed individually into the IR64 genetic background, and 

vice versa.  Azucena alleles conferred Al tolerance at the QTLs on chromosomes 1, 9 

and 12, while IR64 alleles conferred tolerance at the QTL on chromosome 2. In 

addition, three pyramided lines (PYLs) were developed by combining three Al tolerant 

loci from Azucena on chromosomes 1, 9 and 12 into the IR64 genetic background. 

Phenotypic evaluation for Al tolerance using the relative-root-growth (RRG) index 
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validated the effects of the QTLs on chromosome 1, 9, and 12.  Azucena alleles at 

these loci increased RRG by 28.6%, 19.2%, and 31.2%, respectively, when 

introgressed into IR64. When the IR64 allele at the QTL on chromosome 1 was 

introduced into the Azucena background we observed a reduction of 24.7% in RRG. 

These NILs and PYLs represent valuable germplasm resources for understanding the 

genetic basis of Al tolerance in rice, and as prebreeding materials for increasing levels 

of Al tolerance in plant improvement. 

 

Introduction 

 

Aluminum (Al) toxicity is a major stress that limits crop production on highly acidic 

soils (Delhaize and Ryan 1995, Kochian et al. 2004). Acid soils, which are 

characterized by pH values < 5 (Uexküll and Mutert 1995), are distributed over 70% 

(~2,500 million ha) of the world’s potentially arable land, mainly in the tropics and 

subtropics where food production is a major concern (Dudal, 1988; Uexküll and 

Muetert, 1995; Magalhaes, 2006). Agronomical management, such as liming of soils 

or use of flooding in the irrigated system (paddy fields) can ameliorate the effects of 

Al by raising the pH of the soil. On the contrary, in the absence of soil amendments, or 

under dry-land or rain-fed conditions, acid soils can be problematic. At these low soil 

pH values, the phytotoxic form of Al, predominantly the Al3+ ion, solubilizes into the 

soil solution causing rapid inhibition of root growth, restricting the ability of the plant 

to take up water and nutrients (Kochian 1995, Ma 2007, Ryan et al. 2010). The stunted 
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and damaged root system hampers normal plant development and results in major 

yield losses (Tang et al. 2003, Wang et al. 2006). 

 

Plants vary considerably in their ability to tolerate the toxic symptoms of Al, both 

between species and within species. This variation is driven by the ability to exclude 

Al from their tissues (Al avoidance), their ability to detoxify Al once it enters the 

apoplast or symplast (Al tolerance), or by a combination of both strategies (Kochian et 

al. 2004, Delhaize et al. 2012). Most of the natural variation for Al tolerance in cereal 

species such as wheat or sorghum is controlled by a single major genetic locus.  The 

tolerance mechanism involves the exudation of organic anions from the root that 

chelate Al3+ and prevent its entry into the root cells (Kochian et al. 2005, Ryan et al. 

2010, Ma. 2014). The most representative and well-studied genes conferring this Al 

tolerance mechanism are TaALMT1 (Triticum aestivum aluminum-activated malate 

transporter), first reported in wheat, and SbMATE (multidrug and toxic compound 

extrusion family gene/Aluminum activated citrate transporter MATE/AACT), 

originally identified in sorghum (Magalhaes et al. 2007). These genes encode an Al3+-

activated anion channel and an Al3+-activated citrate transporter, respectively. Both are 

located on the plasma membrane and TaALMT1 facilitates the efflux of malate while 

SbMATE facilitates citrate efflux from root apices. Both organic acids are strong 

chelators of Al3+, alleviating its toxicity in the rhizosphere (Sasaki et al. 2004, 

Magalhaes et al. 2007).  Homologues of both TaALMT1 and SbMATE have been 

found in rye (ScALMT1, Collins et al. 2008, ScFRDL2, Yokosho et al. 2010), barley 
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(HvAACT1, Furukawa et al. 2007), maize (ZmMATE1, Maron et al. 2010), and rice 

(OsFRDL4, Yokosho et al. 2011).  

 

Among the small-grain cereals, rice (Oryza sativa L.) shows the highest level of 

tolerance to Al toxicity (Ma et al. 2002, Famoso et al. 2010). In contrast to wheat and 

sorghum, the Al tolerance mechanism in rice is highly quantitative in nature, 

controlled by multiple genes and multiple mechanisms. This complexity may 

contribute to the high levels of Al tolerance in rice compared with other Gramineous 

plant species (Ma et al. 2002, Famoso et al. 2010, Famoso et al. 2011). 

 

The use of Al sensitive mutants has allowed eight different genes involved in Al 

tolerance to be positionally cloned and characterized in rice (Ma et al. 2014). ART1 

(Al-resistance transcription factor 1), a C2H2 zinc-finger transcription factor (Yamaji 

et al. 2009), is a key molecular component that coordinates the expression of other Al 

tolerance genes in rice (Yamaji et al. 2009). It is constitutively expressed in roots and 

interacts with a cis-element [GGN(T/g/a/C)V(C/A/g)S(C/G)] found in the promoters 

of 29 out of 31 genes associated with Al tolerance in rice (Yamaji et al. 2009, Tsutsui 

et al. 2011). Functional analysis of ART1 downstream-regulated genes shows that they 

are involved in the detoxification of Al, both externally and internally (Yamaji et al. 

2009, Ma et al. 2014). Seven proteins from the genes regulated by ART1, namely 

STAR1, STAR2 (Huang et al. 2009), OsFRDL4 (Yokosho et al. 2012), OsMGT1 (Chen 

et al. 2012) OsCDT3 (Xia et al. 2013), Nrat1 (Xia et al. 2010, Xia et al. 2011) and 
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OsALS1 (Huang et al. 2012), are localized in root cells and have been shown to play 

different roles in Al detoxification. 

 

STAR1 and STAR2 (for sensitive to aluminum rhizotoxicity1 and 2) encode nucleotide-

binding and transmembrane domains, respectively, of a bacterial-type ABC 

transporter. The gene products are localized in vesicle membranes where they have an 

efflux transport activity, moving UDP-Glucose (UDP-Glc) from the cytosol into the 

vesicles. The release of UDP-Glc through exocytosis at the root-cell plasma 

membrane to the apoplast possibly serves to modify the cell wall by masking sites for 

aluminum binding which would otherwise limit cell wall extensibility (Huang et al. 

2009).  

 

The genes OsFRDL4, OsCDT3, OsMGT1 and Nrat1 all encode plasma-membrane-

localized proteins. OsFRDL4 is an Al3+-activated MATE transporter responsible for 

secreting citrate in response to Al (Yokosho et al. 2011). OsCDT3 encodes a small 

cysteine-rich peptide that exhibits Al binding properties, and like OsFRDL4, may play 

a role in stopping the entry of Al into root cells by detoxifying Al3+ in the rhizosphere 

(Xia et al. 2013). OsMGT1 is an Mg-transporter that could alleviate internal Al 

toxicity by enhancing Mg uptake (Chen et al. 2012). 
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Al-cell-uptake and sequestration into vacuoles have been reported in highly Al tolerant 

species such as buckwheat (Fagopyrum esculetum), tea (Comellia sinesis) and the 

ornamental plant, Hydrangea ssp. (Ma et al. 1997, Ma et al. 2001, Poscherieder et al. 

2008). In rice the gene Nrat1 (Nramp-aluminum-transporter 1), belonging to the 

Nramp protein family (natural resistance-associated macrophage protein), is an Al3+-

specific plasma membrane influx transporter that is the first step in a mechanism that 

reduces Al concentration in the apoplast and stores it safely in the vacuole or another 

subcellular compartment (Xia et al. 2010, Xia et al. 2011, Li et al. 2014, Xia et al. 

2014). Nrat1 works via OsALS1, a half-size ABC transporter localized in the 

tonoplast, thought to be required for internal detoxification of Al by mobilizing it into 

the vacuole (Huang et al. 2012).  

 

A genome wide association (GWA) analysis identified a region around the Nrat1 gene 

that explained 40% of the natural variation for Al tolerance in the aus subpopulation 

(Famoso et al. 2011). Li et al. (2014) and Xia et al. (2014) demonstrated that there is a 

strong positive association between the level of NRAT1 expression and natural Al 

tolerance across susceptible aus accessions and tolerant aus and temperate japonica 

accessions. Li et al. (2014) further observed that overexpression of the tolerant aus 

allele of OsNrat1 in Arabidopsis enhanced levels of Al tolerance in transgenic lines. 

These are the first reports documenting that natural variation at a locus previously 

identified only by mutant analysis plays a major role in conferring Al tolerance in rice 

and other plant species.  
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A total of 48 quantitative trait loci (QTLs) for Al tolerance were identified by GWA 

analysis using 383 diverse O. sativa accessions (Famoso et al. 2011). Other studies 

using both intra- and inter-specific bi-parental mapping populations identified 34 QTL 

associated with Al tolerance in rice (Wu et al. 2000, Nguyen et al. 2001, Nguyen et al. 

2002, Nguyen et al. 2003, Ma et al. 2002, Xue et al. 2006, Xue et al. 2007, Famoso et 

al. 2011).  

 

Famoso et al. (2011) identified four QTLs using a population of 134 recombinant 

inbred lines (RIL) derived from a cross between the susceptible cultivar, IR64 

(indica), and the tolerant variety, Azucena (tropical japonica). QTLs on chromosomes 

1 (AltTRG1.1), 2 (AltTRG2.1), and 12 (AltTRG12.1) were detected using total relative root 

growth (TRG-RRG) as a measure of Al tolerance, and the fourth QTL, on 

chromosome 9 (AltLRG9.1), was identified using relative root growth of the longest root 

(LRG-RRG). The Azucena allele conferred increased tolerance at the loci on 

chromosomes 1, 9, and 12, but reduced tolerance at the locus on chromosome 2. The 

AltTRG1.1, AltTRG2.1, AltLRG9.1 and AltTRG12.1 QTLs explained 9.5%, 5.9%, 16.5% and 

19.3% of the total variance for TRG-RRG and LRG-RRG, respectively (Famoso et al. 

2011).  Subsequent to the work by Famoso et al. (2011), Spindel et al. (2013) 

increased the marker density on the IR64 x Azucena RIL population from ~200 

simple-sequence repeat (SSR) markers to 30,984 single nucleotide polymorphisms 

(SNPs) using genotyping by sequencing (GBS) (Elshire et al. 2011). When QTL 
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mapping was performed using the high-density set of SNP markers, the QTLs on 

chromosomes 1, 9 and 12 were confirmed. The QTL on chromosome 2, which had the 

lowest LOD-score in the previously published analysis, did not pass their significance 

threshold (Spindel et al. 2013) (Table 3.1). Of interest for the work reported here, the 

AltTRG12.1 QTL region identified by Famoso et al. (2011) encompassed the ART1 

locus on chromosome 12, previously reported to be a key component of Al tolerance 

by coordinating the expression of 31 downstream Al tolerance genes (Yamaji et al. 

2009). 

 

Table 3.1. Al tolerance QTL analysis using 134 RILs and two different markers sets: 200 
SSRs (Famoso et al. 2011) and 13,000 SNPs (Spindel et al. 2013). 

Trait Chr. 
Peak Mb 

pos. 
*LFM 

pos. 
**RFM 

pos. 
LOD vPVE 

Additive 
effect 

(Azucena) 
QTL ID Publication 

TRG-
RRG 

1 35.2 34.32 36.1 4.56 9.5 2.58 AltTRG1.1 Famoso et 
al. 2011 

LRG-
RRG 

1 39.97 39.47 40.6 4.68 9.62 7.25 AltTRG1.1 Spindel et 
al. 2013 

TRG-
RRG 

2 27.61 26.79 29.17 2.9 5.9 -2.08 AltTRG2.1 Famoso et 
al. 2011 

LRG-
RRG 

9 18.81 18.15 19.4 6.57 16.5 4.42 AltLRG9.1 Famoso et 
al. 2011 

LRG-
RRG 

9 18.49 18 18.94 5.82 12.2 8.33 AltLRG9.1 Spindel et 
al. 2013 

TRG-
RRG 

12 3.19 2.88 3.89 7.85 19.3 3.76 AltTRG12.1 Famoso et 
al. 2011 

TRG-
RRG 

12 3.49 2.93 3.78 7.76 24.04 4.02 AltTRG12.1 Spindel et 
al. 2013 

*LFM pos: leaf flanking marker positions in Mbp 
***RFM pos: right flanking marker positions in Mbp  
v PVE: percentage of variance explained by the QTL  
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To validate the QTL mapping and GWA results and simultaneously facilitate marker 

assisted breeding for enhanced Al tolerance in both indica and japonica rice, we 

developed reciprocal sets of near isogenic lines (NILs) in the genetic background of 

IR64 (indica) and Azucena (japonica). Analysis of these lines allowed us to estimate 

individual effect sizes for each QTL and to determine the functional significance of 

each. By evaluating different, naturally occurring QTL alleles in different genetic 

backgrounds, we were able to evaluate genotype x genotype interactions and to test 

the stability of each individual QTL. Each set of NILs consisted of four lines, with 

QTL alleles introgressed from the opposite parent on chromosomes 1, 2, 9, and 12. 

The NILs were then evaluated for Al tolerance using the total relative root growth 

(TRG-RRG) index. In addition we generated four homozygous pyramided lines 

(PYLs) in the IR64 genetic background, each containing a different combination of 

favorable (Al tolerant) alleles from Azucena in the IR64 background: (1) 

AltTRG1.1+AltLRG9.1, (2) AltTRG1.1+AltTRG12.1,  (3) AltLRG9.1+AltTRG12.1, and (4) 

AltLRG9.1+AltTRG1.1+AltTRG12.1, to estimate gene action and interaction for each 

positive Azucena allele. 

 

Materials and methods 

 

Plant materials 
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The elite indica variety IR64 and the tropical japonica cultivar Azucena were used as 

recurrent parents for the development of the NILs. Five lines from the IR64 x Azucena 

RIL mapping-population (Ahmadi et al. 2005) were selected as donor parents: RIL-48, 

RIL-186, RIL-56, RIL-252, and RIL-241. The genetic composition of each donor RIL 

is shown in Table 3.2 The line RIL-48 was used as the donor of Azucena alleles for 

crossing into the IR64 recipient for the target QTLs AltTRG1.1 on chromosome 1, 

AltTRG2.1 on chromosome 2, AltLRG9.1 on chromosome 9, and AltTRG12.1 on 

chromosome12. The lines RIL-186, RIL-56, RIL-252, and RIL-241 were used as 

donors of IR64 alleles for crossing into the Azucena recipient for AltTRG1.1, AltTRG2.1, 

AltLRG9.1, and AltTRG12.1.  

 

Table 3.2. Genetic composition of the donor RILs used to construct each set of NILs. 

RIL ID Recipient 
parent** % IR64 % Azucena Target donor 

Alt-QTL chr. 

RIL-48 IR64 62.83 37.17 1, 2, 9, 12 

RIL-186 Azucena 29.2 70.8 1 

RIL-56 Azucena 28.32 71.68 2, 12 

RIL-252 Azucena 38.5 61.5 9, 12 

RIL-241 Azucena 35.73 64.27 12 

** Recipient parent is the parent used for backcrossing each RIL 

 

Development of near-isogenic lines and pyramided lines 
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A marker-assisted backcrossing (MABC) strategy was conducted to develop each set 

of reciprocal NILs. A detailed crossing pedigree for the construction of each NIL-set 

is shown in Figures 3.1 and 3.2. To develop the NILs in the IR64 genetic background 

three rounds of backcrossing and one cycle of selfing were performed to obtain 

homozygous NILs for AltTRG1.1 (NILsIR64Alt1.1), AltTRG2.1 (NILsIR64Alt2.1), AltLRG9.1 

(NILsIR64Alt9.1), and AltTRG12.1 (NILsIR64Alt12.1). In the NILs with the Azucena 

genetic background two rounds of backcrossing and one cycle of selfing were done to 

develop homozygous NILs for AltTRG1.1  (NILsAZUAlt1.1), and AltTRG2.1 

(NILsAZUAlt2.1). For NILs containing AltLRG9.1 (NILsAZUAlt9.1), and AltTRG12.1 

(NILsAZUAlt12.1), three rounds of backcrossing and one cycle of selfing were carried 

out to develop homozygous NILs. Genotypic positive selection, or foreground 

selection, was done with a customized set of 12 insertion/deletions markers (InDels), 

three for each QTL, two located at the flanks and one in the middle (Table 3.3). Plants 

selected based on positive selection were then genotyped for negative selection, or 

background selection using a custom designed 6K-Infinium-array that assayed 2,387 

SNP markers distributed across the rice genome. Plants that contained positive donor 

alleles in the target regions and as few negative donor alleles as possible in the rest of 

the genetic background were self-pollinated and/or advanced to the next cycle of back-

crossing. 
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Table 3.3. InDel markers used for NILs and PYLs development. 

Marker ID Chr QTL Forward Reverse 

indel_1-1_A 1 AltTRG 1.1 CTGCAGCTTTGTTGCAGAAG TAATTGCCCAGCAAACATCA 

indel_1-2_A 1 AltTRG 1.1 GGGCAAATCAATTGCATGA TCCTCCACAAATGACCATCA 

indel_1-3_C 1 AltTRG 1.1 GTCGGTATCCTACGCCTTGA GAGTAAAATGGGCCATGGAA 

indel_2-1_A 2 AltTRG 2.1 CAACCTCCCAAAAGCTTGAT GAAAGTTTACGTGCCCCATC 

indel_2-2_A 2 AltTRG 2.1 CGTTACCGGCTTTCTGCTTA TTGAAATGGTGTGACGGAAA 

indel_2-3A 2 AltTRG 2.1 GCGCCTTGTTTTGCAGTATT GCGACGTAAACGTAATGGTAA 

RM242 9 AltLRG 9.1 GGCCAACGTGTGTATGTCTC TATATGCCAAGACGGATGGG 

indel_9-2D 9 AltLRG 9.1 ATGATCAGAGCAAGGGGACA GGCAATACGAGCATTTCTCC 

RM527 9 AltLRG 9.1 GGCTCGATCTAGAAAATCCG TTGCACAGGTTGCGATAGAG 

indel_3.186 12 AltTRG 12.1 TGACAAAGCGCAGAGAGAGA TAGTGCCGATCGATGTAACG 

indel_ART1 12 AltTRG 12.1 CGACGAGCTCTTCAAGGTATG GCAGCACCTCGTACTTCTCC 

indel_3.62 12 AltTRG 12.1 GCACACACCATTAAGTCAAACAA TCCACCAAAGATTAAGGGTGA 

 

To control for any small residual non-targeted donor genome at each developed NILs, 

sister lines for each NILs were selected to be use as control during the phenotypic 

evaluations. These lines have the same genotypic make up background as its 

respective NIL but differed in the allele at the target locus. 

 

To combine three Al tolerance-enhancing alleles, AltTRG1.1, AltLRG9.1, and AltTRG12.1, 

from Azucena into a single genotype in the IR64 background, an optimized marker-

assisted selection (MAS) scheme was used based on Servin et al. (2004). The 

objective was to generate lines with different combinations of the desired alleles, 
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starting with NILsIR64Alt1.1, NILsIR64Alt9.1, and NILsIR64Alt12.1 as parental material. 

Two single crosses were made between NILIR64Alt1.1 x NILIR64Alt12.1 and 

NILIR64Alt9.1x NILIR64Alt12.1, followed by a double cross between genotypically 

positive lines selected from the single crosses to pyramid the desired Al-tolerant QTL 

alleles (PYLAlt1.1-9.1, PYLAlt1.1-12.1, PYLAlt9.1-12.1, and PYLAlt1.1-9.1-12.1). One 

round of self-pollination was carried out to achieve homozygosity for all introgressed 

loci. Genotypic positive selection using the InDel marker set was done to track each 

introgression and to identify their allelic state. A detailed crossing pedigree for the 

development of each pyramided line is described in Figure 3.3.!

!

Figure 3.1. Crossing scheme used to develop the four NILs in the genetic background of 
IR64.! !
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! !

Figure 3.2. Crossing scheme used to develop the four NILs in the genetic background of 
Azucena. !
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!

Figure 3.3. Crossing scheme used to develop the four PYLs in the genetic background of 
IR64. 
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InDel markers and marker assays  

Total DNA was extracted from fresh leaf tissue collected for individual seedlings 

using the Extract-N-Amp™ Plant Kit (Sigma-Aldrich, http://www.sigmaaldrich.com/). 

For MAS and genotyping during the development of the NILs, and pyramided lines, 

plants were genotyped with InDels and targeted Primers for InDels markers were 

identified and designed according to Imai et al. (2013). Polymerase chain reactions 

(PCR) were performed using 20 ng of DNA as template. GoTaq® Green Master Mix 

(Promega, https://www.promega.com/) was used to amplify the InDels PCR products. 

 

To amplify the InDel markers the thermal cycler was programmed for a first 

denaturation of 94°C for 3 min, followed by 30 cycles at 94°C for 30 sec, 55-61°C 

(depending on annealing temperature of each primer pair) for 45 sec, 72°C for 1 min, 

and a final extension at 72°C for 10 min. PCR amplified fragments were visualized 

using 4% agarose gels stained with SYBR® Safe DNA Gel Stain (Life Technologies, 

http://www.lifetechnologies.com/). 

 

Genotyping using the Infinium 6K SNP array  

For genotyping using the 6K Infinium array, total DNA was extracted using a 

modified CTAB protocol described by Imai et al. (2013). The 6K Infinium assays 

were done as described by Arbelaez et al. (2015) (as described in Chapter 2).  
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Hydroponic Al tolerance evaluation 

Uniform seedlings for each line were obtained by germinating between 120 and 240 

seeds in rolled paper towels that were kept moist and in the dark at 28°C. The most 

uniform 40 to 80 seedlings were selected based on their primary root size and 

transferred into modified Magnavaca hydroponic solution either with stress [Al3+ = 

160 uM activity] or without stress (no Al3+) for five days (as per Famoso et al. 2010).  

20 to 40 plants per treatment were grown at 28°C with 12 hrs light per day, and at 

26°C and 12 hrs of dark, After five days in the growth chamber, images were taken to 

quantify root growth on each individual seedling. Details about the composition of 

nutrient solutions and growth chamber conditions can be found in Famoso et al. 

(2010).  Root images were taken and processed as described by Famoso et al. (2010) 

and Clark et al. (2013). The RRG indices were estimating as described by Famoso et 

al. (2010) 

 

Statistical analysis 

To compare each set of NILs and pyramided-lines with their corresponding recurrent 

parent, and to perform pairwise comparisons among “genotypic groups” in the fine 

mapping analysis, a one-way analysis of variance (ANOVA) was performed using R 

(http://www.r-project.org/). Contrasts among the phenotypic means of the NILs and 

pyramided lines were done using a Tukey’s HSD multiple comparison test with a 



 

 106 

significant threshold set of 5% (P < 0.05).  Broad sense heritability for each Al 

tolerance experiment was estimated as !! = !!!! (!!! + !!!!/!). 

 

Results 

 

Development of near isogenic lines and pyramided lines  

Two sets of reciprocal NILs for Al tolerance were developed in the genetic 

background of the indica cultivar IR64 and the japonica cultivar Azucena to validate 

previous QTL mapping results and as the basis for further genetic analysis and 

breeding applications. Each set of NILs consisted of four lines targeting QTL 

associated with Al tolerance: AltTRG1.1, AltTRG2.1, AltLRG9.1, and AltTRG12.1. The 

percentage of recurrent parent genome recovered for each NIL, and the size of the 

introgressed donor segment are summarized in Table 3.4. Among the eight NILs, the 

percentage of recurrent parent genome ranged from 96.4 to 99.2%, with an average of 

97.8%. All the NILs contain an introgressed segment that encompassed the target QTL 

locus. The introgressed segments ranged from 2.31 Mbp to 10.05 Mbp. Based on the 

resolution of the 6K SNP chip, three previously undetected donor introgressions were 

identified on chromosome 5 in NILIR64Alt1.1, NILIR64Alt2.1, and NILAZUAlt2.1; each of 

these introgressions was smaller than 1.68 Mbp. NILIR64Alt1.1 and NILIR64Alt2.1 

shared the same 1.68 Mb introgression on chromosome 5 while NILAZUAlt2.1 has a 1.4 

Mb introgression on the long arm of chromosome 5. 
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Four homozygous pyramided lines in the IR64 background are currently being 

developed. They contain pairs of QTLs, or all three target QTLs in a single line 

(Figure 3.4). PYLAlt1.1-9.1, PYLAlt1.1-12.1, and PYLAlt9.1-12.1 were recently selfed 

and seed from these lines will be grown and positively selected to obtain homozygous 

PYLs. To construct the ideotype PYLAlt1.1-9.1-12.1, a double cross was done in the 

summer of 2014 and progeny will be positively selected for genotypes containing all 

three introgressions. The selected plants will be selfed and their progeny will be 

screened again to select a single homozygous plant containing all three-target loci. 

 

Table 3.4. Genetic composition of the NILs, and position of each donor introgression. 

Line name 
# of 

donor 
segments 

% 
recurrent 
genome 

% donor 
genome 

chr. with 
segments 

Target 
segment 
position 

MSU.7 (Mb) 

Target 
segment 
size (Mb) 

Non-target 
segment 
size (Mb) 

IR64 n.a. 100.00 0.00 n.a. n.a. n.a. n.a. 

Azucena n.a. 100.00 0.00 n.a. n.a. n.a. n.a. 

NILsIR64Alt1.1 2 96.48 3.35 1, 5 31.47 - 41 9.26 1.68 

NILsIR64Alt2.1 2 98.06 1.76 2, 5 26.11 - 29.79 3.68 1.68 

NILsIR64Alt9.1 1 98.79 1.03 9 14.77 - 18.39 3.62 n.a. 

NILsIR64Alt12.1 1 99.26 0.56 12 1.41 - 3.72 2.31 n.a. 

NILsAZUAlt1.1 1 98.76 1.07 1 33.32 - 37.03 3.71 n.a. 

NILsAZUAlt2.1 2 96.56 3.26 2, 5 25.65 - 35.69 10.05 1.4 

NILsAZUAlt9.1 1 98.10 1.73 9 13.63 - 19.8 6.17 n.a. 

NILsAZUAlt12.1 1 98.66 1.17 12 1.41 - 5.52 4.11 n.a. 
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Al tolerance evaluation of near isogenic lines and pyramided lines  

Levels of Al tolerance in the four sets of reciprocal NILs were evaluated as RRG, 

using the parents, IR64, Azucena, and segregating NIL families of sister lines as 

controls. Normal distributions were observed for RRG values in the two reciprocal 

sets of NILs, but the mean RRG was greater for NILs in the Azucena background 

(RRGmean = 0.81) than for those in the IR64 background (RRGmean = 0.51) (Figure 3.5a 

and 3.5b).  An analysis of variance indicated that the effect of genotypes was a 

significant factor for RRG in the experiments done in the IR64 recipient lines as well 

in the Azucena recipient lines (P < 0.05). The broad sense heritability estimate on a 

per plant basis in both experiments was H2 = 0.97 for RRG in both the IR64 and the 

Azucena backgrounds.  The RRG values for each NIL and controls are summarized in 

Table 3.5. 

 



 

 109 

 

Figure 3.4. Graphical representation of each NIL in the IR64 background with Azucena donor 
introgressions shown in green and in the Azucena background with the IR64 introgression in 
green and the PYLs. 
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Table 3.5. Summary of Al tolerance phenotypes (mean RRG) for each NIL, parent and control 
line 

Line Type N TRG-RRG 
mean 

Std. 
Error 

Lower 
95% 

Upper 
95% 

*TK-HSD  

(p < 0.05) 

Azucena Parent 19 0.75 0.01 0.72 0.78  

IR64 Parent 20 0.50 0.01 0.48 0.53  

NILsIR64Alt1.1-A NIL 20 0.57 0.01 0.55 0.60 A 

NILsIR64Alt1.1-H control 19 0.52 0.01 0.49 0.55 B 

NILsIR64Alt1.1-I control 20 0.50 0.01 0.48 0.53 B 

NILsIR64Alt2.1-A NIL 20 0.48 0.01 0.46 0.51 A 

NILsIR64Alt2.1-H control 19 0.43 0.01 0.41 0.46 A 

NILsIR64Alt2.1-I control 20 0.50 0.01 0.47 0.52 A 

NILsIR64Alt9.1-A NIL 20 0.51 0.01 0.48 0.53 A 

NILsIR64Alt9.1-H control 19 0.52 0.01 0.49 0.55 B 

NILsIR64Alt9.1-I control 20 0.45 0.01 0.42 0.48 B 

NILsIR64Alt12.1-A NIL 20 0.58 0.01 0.55 0.60 A 

NILsIR64Alt12.1-H control 20 0.50 0.01 0.48 0.53 B 

NILsIR64Alt12.1-I control 20 0.45 0.01 0.42 0.47 C 

Azucena Parent 40 0.84 0.02 0.80 0.88  

IR64 Parent 40 0.55 0.02 0.51 0.59  

NILsAZUAlt1.1-A NIL 40 0.90 0.02 0.86 0.94 A 

NILsAZUAlt1.1-H control 39 0.94 0.02 0.90 0.98 A 

NILsAZUAlt1.1-I control 40 0.78 0.02 0.74 0.82 B 

NILsAZUAlt2.1-A NIL 40 0.86 0.02 0.82 0.90 A 

NILsAZUAlt2.1-H control 40 0.84 0.02 0.80 0.88 A 

NILsAZUAlt2.1-I control 38 0.82 0.02 0.78 0.86 A 

*TK-HSD (p < 0.05): Tukey-Kramer HSD test, levels not connected by the same letter are significantly 
different (p < 0.05).  
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Figure 3.5. RRG distribution for NILs in the IR64 background (a) and the Azucena 
background (b). 

 

A multiple ad-hoc comparison test determined significant differences (P < 0.05) 

between NILIR64Alt1.1 and the recurrent parent IR64, as well as between NILIR64Alt1.1 

and its sister lines that were homozygous for the IR64 allele at the target locus. 

Compared to the IR64 recurrent parent, Al tolerance increased by 28.6% when the 

Azucena allele was introgressed into the IR64 genetic background at the AltTRG1.1 

locus. To determine whether the effect was additive or dominant, we compared the 

level of Al tolerance in NILIR64Alt1.1 to that of sister lines that were heterozygous at 

the AltTRG1.1 locus. As seen in Figure 3.6, the heterozygous genotype was partially 

dominant to the IR64 homozygous allele at AltTRG1.1 in the IR64 genetic background. 

 

In the Azucena reciprocal background, we also observed a significant difference in Al 

tolerance between NILAZUAlt1.1 and the recurrent parent, Azucena, as well as between 

NILAZUAlt1.1 and its homozygous sister line.  The IR64 introgression at the AltTRG1.1 

locus decreased Al tolerance by 24.7% in NILAZUAlt1.1 compared to the recurrent 
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parent, Azucena. The allele effect was completely dominant, as evidenced by the 

comparison between NILAZUAlt1.1 and its heterozygous sister lines (Figure 3.7). 

 

!

Figure 3.6. TRG-RRG boxplot showing NILs in the IR64 background, control lines and 
parents, IR64 and Azucena, for the four target loci: Alt1.1, Alt2.1, Alt9.1 and Alt12.1.!

! !
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! !

Figure 3.7. TRG-RRG boxplot showing NILs in the Azucena background, control lines and 
the parents, IR64 and Azucena, for the two target loci: Alt1.1, Alt2.1. 

 

For the QTL AltTRG2.1, no significant differences were observed in Al tolerance when 

NILIR64Alt2.1 and NILAZUAlt2.1 were compared with their respective recurrent parents, 

IR64 and Azucena. No significant difference in Al tolerance was observed when the 

NILs were compared with their heterozygous or homozygous sister lines either. 

 

At the AltLRG9.1 QTL locus, no significant differences were observed when 

NILIR64Alt9.1 was compared with its recurrent parent, IR64. We did, however, see a 
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significant difference when NILIR64Alt9.1 was compared with its homozygous sister-

line carrying IR64 alleles at the target locus. The Azucena introgression in 

NILIR64Alt9.1 enhanced Al tolerance by 19.2% and showed complete dominance when 

compared to its heterozygous and homozygous sibs. In the case of the NILAZUAlt9.1 

we hypothesized that the introgression in the target locus would decrease the TRG-

RRG value compare with the sister line carrying the Azucena allele and would show 

some degree of dominance towards the recurrent parent Azucena. The progeny of 

these lines will be evaluated by the end of October 2014. 

 

NILIR64Alt12.1 was 31.2% more Al tolerant than its recurrent parent IR64 and the 

effect of the Azucena introgression at the AltTRG12.1 locus was additive when 

compared to its heterozygous and homozygous sib lines. In the Azucena recipient lines 

we hypothesized that the IR64 introgression at the AltTRG12.1 locus would decrease 

significantly the Al tolerance of the NILAZUAlt12.1 compared to the recurrent parent 

Azucena. The progeny of these lines will be evaluated by the end of October 2014. 

 

For the PYLAlt1.1-9.1, PYLAlt1.1-12.1, PYLAlt9.1-12.1, and PYLAlt1.1-9.1-12.1 we 

are currently in the process of obtaining fixed PYLs. With this germplasm we will be 

able to test if each combination of loci behaves in an additive or an epistatic way.  We 

will be particularly interested to understand how the genetic background may affect 

levels of Al tolerance in these lines, and whether interaction effects are observed 
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between specific QTL loci. The progeny of PYLs carrying pair-wise combinations of 

QTLs will be evaluated by January 2015. 

 

Discussion 

 

Rice as a highly Al-tolerant species has developed a number of mechanisms to avoid 

and detoxify Al that involves multiple genes (Nguyen et al. 2001, Ma et al. 2002, 

Famoso et al. 2011). The analysis of mutants has identified and characterized eight 

genes associated with Al tolerance (as reviewed by Ma et al. 2014) but only two 

studies have so far provided evidence that natural genetic variation at these loci is 

responsible for Al tolerance in cultivated rice.  Both of those studies focused on 

natural variation associated with the cloned gene Nrat1 (Li et al. 2014, Xia et al. 

2014). NILs are ideal germplasm-resources to validate the effect of previously 

identified QTL (Shen et al. 2001, Wang et al. 2005, Ding et al. 2011). They can be 

used to dissect the effect of complex QTL by isolating a target locus from its native 

genetic background, allowing it to be independently tested in a Mendelian fashion 

using less intensive statistical methods (Zhang et al. 2009, Kooke et al. 2012). They 

can be used as the parental germplasm for fine-mapping efforts (Lin et al. 2002, Ding 

et al. 2009), and employed to conduct molecular and physiological experiments 

(Wissuwa et al. 2002).  
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In the present study we efficiently transferred four reciprocal loci associated with Al 

tolerance from five RILs into the genetic background of the Al susceptible line IR64 

and the tolerant variety Azucena, exclusively using MAS. Molecular markers can 

greatly enhance the development of NILs, by detecting undesired fragments in non-

carrier chromosomes during early stages of plant development and efficiently 

selecting the best genotypes for crossing or selfing (Tanksley and Nelson, 1996, 

Kooke et al. 2012). Our results showed that we were able to recover the expected 

proportions of recurrent genetic background for each NIL based on original 

estimations of the genetic composition of each donor RIL. On average we recovered 

2.6% more recurrent background than the theoretical expectation across all NILs. Our 

marker resolution assays allowed us to identify five non-target chromosome 

introgressions smaller than 0.53 Mbp distributed across different NILs, while the use 

of sister lines that lacked the major introgressed target fragment allowed us to control 

for undesired effects of non-targeted regions. 

 

Our phenotypic evaluations confirmed that Azucena introgressions into the IR64 

background enhanced Al tolerance for the three QTLs on chromosomes 1, 9 and 12 as 

documented by Famoso et al. (2011), while no effect on Al tolerance was documented 

for the AltTRG2.1 QTL. We did observe an effect on total root length associated with 

the QTL on chromosome 2, but this effect was similar under both control and Al stress 

conditions.  Thus, as an Al tolerance QTL, AltTRG2.1 is either a false positive, or 

requires additional “background introgressions” to confer Al tolerance in either the 
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IR64 or Azucena background. The Azucena alleles at AltTRG1.1 and AltLRG9.1 were 

dominant and conferred a 28.6% and 19.2% increase in Al tolerance, respectively, 

while at AltTRG12.1, the Azucena alleles were additive and conferred a 31.2% increase 

in Al tolerance.  

 

The introgression of IR64 genomic fragments into the Azucena background at the 

AltTRG1.1 locus decreased Al tolerance by 24.8%, compared to the recurrent parent 

Azucena. Similar to the results observed in the IR64 background, no significant effect 

on Al tolerance was seen when IR64 alleles at the AltTRG2.1 locus were introgressed 

into the Azucena background. Future evaluations of NILAZUAlt9.1 and NILAZUAlt12.1 

will be used to test the effects on Al tolerance when the susceptible alleles are 

introgressed into a tolerant genetic background. 

 

As reported by Famoso et al. (2011), the QTL on chromosome 12, AltTRG12.1, has the 

largest effect of the four loci. This region encompasses the C2H2-zinc-transcription 

factor, ART1, that regulates the expression of at least 31 genes in the presence of Al, 

many of them involved in detoxification of Al both externally and internally (Yamaji 

et al. 2009, Delhaize et al. 2012). The NILAZUAlt12.1 is a piece of evidence that can be 

used to demonstrate that the effect of this locus on Al tolerance is associated the ART1 

gene. More interestingly, using PYLs we can test if the effect of each locus is 

independent or if the impact of a given locus is enhanced by the presence of 

AltTRG12.1. Knowing this would provide insight about whether these loci act in an 
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additive or epistatic fashion. Additive results could imply the presence of an 

independent Al tolerance strategy from that previously reported to be regulated by 

ART1. 

 

The NILs and PYLs developed here represent valuable genetic materials for use in 

future genetic studies, including positional cloning studies, gene expression studies, 

and field deployment of Al tolerance QTL (genes). They can also be implemented in 

extensive molecular physiology analysis to understand the mechanisms behind their 

Al tolerance effects. 

! !
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CHAPTER 4: 

Fine mapping of quantitative trait locus AltTRG12.1 conferring Al 

tolerance in rice 

 

Abstract 

Plants vary considerably in their ability to tolerate toxic concentrations of Al3+ in acid 

soils. Rice (Oryza sativa L.) is one of the most aluminum tolerant species among 

small-grain cereals. Through mutant analysis several genes have been associated with 

Al tolerance including the C2-H2 zinc-finger transcription factor ART1, which 

regulates the expression of 31 genes in an Al-dependent manner, many of them 

involved in different Al tolerance mechanisms. Few genes have been identified that 

are involved in natural variation in Al tolerance. By implementing a recombinant fine-

mapping approach, we narrowed down the AltTRG12.1 QTL identified in a biparental 

population between the tolerant cultivar Azucena (tropical japonica) and the 

susceptible variety IR64 (indica) to a ~44 Kbp region that contains 6 predicted genes, 

including ART1. We sequenced the Azucena and IR64 ART1 alleles and found a 

number of polymorphisms between them, including 6 indels and 17 SNPs. We are 

currently doing expression analysis of ART1 and 5 other candidate genes in the 44 Kb 

target region using the parents Azucena and IR64 to test their expression levels in root 

tissue and their response under Al stress. These analyses will be used to elucidate if 
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ART1, our strongest candidate gene in the 44 Kb region, is responsible for the Al 

tolerance effect of the AltTRG12.1 QTL. 

 

Introduction 

 

Roughly 55%, 39%, and 37% of the soils distributed in the tropics of America, Africa, 

and Asia respectively are highly acidic (pH < 5.0) (Sanchez and Salinas 1981). Under 

these conditions, aluminum (Al), which is the most abundant metal in soils (Wolt 

1994), solubilizes as the highly phytotoxic Al3+ ion, which inhibits root growth and 

damages the root system (Kochian et al. 2004, Ma 2007). Enhancing crop Al tolerance 

is crucial to achieve high yields and to improve the stability of cultivars grown on acid 

soils (Guimarães et al. 2012). 

 

Rice (Oryza sativa L.) is significantly more tolerant to Al toxicity than other small 

grain species such as wheat (Triticum aestivum), sorghum (Sorghum bicolor), or maize 

(Zea mays) in hydroponic experiments (Foy 1988, Famoso et al. 2010). The genetic 

architecture of Al tolerance in rice is complex as it is evidenced by the 36 quantitative 

trait toci (QTL) detected in multiple studies (Wu et al. 2000, Nguyen et al. 2001, 

Nguyen et al. 2002, Ma et al. 2002, Nguyen et al. 2003, Xue et al. 2007, Famoso et al. 

2011), and most recently the 48 loci associated with Al tolerance identified from a 
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genome wide association (GWA) analysis using a panel of 383 cultivated accessions 

(Famoso et al. 2011) 

 

Through the use of mutants, eight rice Al tolerance genes have been identified in 

seven different studies; STAR1, STAR2 (Huang et al. 2009), ART1 (Yamaji et al. 

2009), Nrat1 (Xia et al. 2010), OsALS1 (Huang et al. 2012), OsFRDL4 (Yokosho et al. 

2012), OsMGT1 (Chen et al. 2012), and OsCDT3 (Xia et al. 2013). These genes are 

involved in multiple Al tolerance mechanisms that confer tolerance to Al3+ in both the 

root cell wall and the root symplasm (Delhaize et al. 2012, Ma et al. 2014). 

 

Despite the success of mutant analysis to identify and clone Al tolerance genes, these 

genes have not been reported to be involved in natural variation for Al tolerance. One 

exception is the work by Famoso et al. (2011), where a genome wide association study 

(GWAS) identified a region on chromosome 2 that explained 40% of the phenotypic 

variation for Al tolerance in the aus subpopulation of O. sativa. This region contained 

Nrat1 (Nramp aluminum transporter 1), a plasma membrane localized Al3+ uptake 

transporter from the Nramp family of metal transporters (Xia et al. 2010, Huang et al. 

2012). More recently, Li et al (2014) and Xia et al (2014) validated the role of the 

Nrat1 gene in conferring natural variation for Al tolerance in rice, and showed that the 

functional allele reduces the level of toxic Al3+ in the root cell wall and transports it 

into the root cell where it is ultimately sequestered in the vacuole, possibly via a 

tonoplast (OsALS1) transport protein (Huang et al. 2012). 
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A second example involves an Al tolerance gene identified first by mutant analysis 

that was later implicated in a rice Al tolerance QTL study. Using a recombinant inbred 

line (RIL) population derived from a cross between the indica cultivar IR64 and the 

tropical japonica parent Azucena (Ahmadi et al. 2005), Famoso et al. (2011) 

identified four loci associated with Al tolerance on chromosomes 1 (AltTRG1.1), 2 

(AltTRG2.1), 9 (AltLRG9.1) and 12 (AltTRG12.1). The most significant QTL was on 

chromosome 12, AltTRG12.1, and explained >19% of the total phenotypic variation for 

Al tolerance, with the Azucena (tropical japonica) allele conferring increased Al 

tolerance.  

 

These QTL results were validated in this Ph.D. thesis using a set of reciprocal near 

isogenic lines (NILs) (described in Chapter 3). The introgression of Azucena alleles 

for AltTRG12.1 which is co-located with ART1 which was shown to encode a 

transcription factor that regulates the expression of other rice Al tolerance genes 

(Yamaji et al, 2009), into a uniform IR64 background line increased Al tolerance by 

28.6%, compared with the susceptible parent, IR64 (described in Chapter 3). This 

introgression extended from 2.9-5.10 Mbp on chromosome 12 and encompasses the 

ART1 gene, which is located at 3,580,032-3,582,974 bp (Yamaji et al. 2009). ART1 is 

a C2H2-type zinc finger transcription factor (for AL RESISTANCE TRANSCRIPTION 

FACTOR 1) and a homolog of the Arabidopsis STOP1 gene (Iuchi et al. 2007). It is 

constitutively expressed in rice roots and reported to regulate the Al-inducible 

expression of 31 downstream genes, including seven previously cloned genes known 
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to be involved in Al tolerance (Yamaji et al. 2009, Delhaize et al. 2012). This 

regulation is mediated by the interaction between ART1 and cis-elements 

[GGN(T/g/a/C)V(C/A/g)S(C/G)] found in the promoters of 29 of the 31 genes that it 

regulates (Tsutsui et al. 2011). Thus, the role of ART1 is hypothesized to be that of a 

master regulator, controlling the expression of a variety of different physiological 

mechanisms contributing to Al tolerance in rice (Yamaji et al. 2009, Delhaize et al. 

2012, Ma et al. 2014). 

 

In this study we fine-mapped the AltTRG12.1 locus to a ~44 Kbp region on 

chromosome 12, confirmed that the region contains ART1, and conducted sequence 

and expression analysis to test our hypothesis that the ART1 gene underlies the major 

QTL for Al tolerance in the IR64 x Azucena mapping population. 

 

Materials and methods 

 

Development and mapping of AltTRG12.1 fine-mapping population 

The variety IR64 (O. sativa ssp. indica) and the recombinant inbred line RIL-48, from 

the IR64 x Azucena RIL mapping-population (Ahmadi et al. 2005) were used as 

starting parental material to develop two fine mapping populations. The genetic 

makeup of RIL-48 is 62.83% IR64 and 37.17% Azucena (Figure 4.1) RIL-48 contains 



 

 130 

Azucena alleles across the AltTRG12.1 locus on chromosome12, as well as 14 genes 

with Azucena alleles that are regulated by the Al tolerance transcription factor ART1 

described in Table 4.1. RIL-48 was backcrossed with IR64 and 20 F1 plants were 

selfed to generate F3 and F4 populations for fine mapping of the AltTRG12.1 locus. 

Seventeen molecular markers were used for fine mapping, as described in Table 4.2. 

The first round of screening used 11 markers distributed at approximately 0.2 Mbp 

intervals across the 2.4 Mb region comprising the AltTRG12.1 locus. Six markers were 

used for the second round of screening, after the target region had been reduced to 

0.34 Mbp.  

 

A substitution mapping approach was implemented as described by Paterson et al. 

(1990) and Li et al. (2004) to localize the small chromosomal fragments involved in 

Al tolerance. Recombinant lines were identified and grouped into ‘genotypic-groups’. 

Each genotypic group consisted of lines that shared the same informative 

recombination break point or ‘informative marker’ and overlap with a small fragment 

to the left or right of the informative marker. To associate significant phenotypic 

differences with graphical genotypes, pairwise evaluations for Al tolerance were 

performed by examining graphical genotypes within each genotypic group with their 

Al tolerance phenotypic values using progenies derived from each line (F3:4 and F4:5 

generation) (Austin and Lee, 1996). Phenotypic evaluation was done using the 

hydroponic Al-tolerance screening platform and the root-imagining system described 

below.  
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Table 4.1. ART1 regulated genes contained in Azucena fragments in the RIL-48. 

LOC ID: MSUv.7 
(IRGSPv.4) Reference chr. Mb Pos. 

MSUv.7 Class (Homolog) Description 

LOC_Os01g46350 Yamaji et al. 
2009 1 26.37 

Cell wall 
maintenance/root 

elongation 

proteins of unknown 
function domain, expressed 

LOC_Os01g53090 Yamaji et al. 
2009 1 30.51 Unknown Pathogen-related protein, 

putative, expressed 

LOC_Os01g56080 Yamaji et al. 
2009 1 32.28 Unknown Expressed protein 

NP_001044070 Yamaji et al. 
2009 1 33.05 Metabolism/detox SAM-dependen 

methyltransferase 

LOC_Os01g64120 Yamaji et al. 
2009 1 37.24 

Cell wall 
maintenance/root 

elongation 

2Fe-2S iron-sulfur cluster 
binding domain containing 

protein, expressed 

LOC_Os01g64890 Yamaji et al. 
2009 1 37.66 Membrane protein 

CorA-like magnesium 
transporter protein, putative, 

expressed 

LOC_Os01g69020 Yamaji et al. 
2009 1 40.10 Unknown 

Retro transposon protein, 
putative, unclassified, 

expressed 

LOC_Os04g41750 Yamaji et al. 
2009 4 24.56 Unknown Expressed protein 

LOC_Os04g49410 Yamaji et al. 
2009 4 29.30 

Cell wall 
maintenance/root 

elongation 

Expansin precursor, 
putative, expressed 

LOC_Os09g25850 Yamaji et al. 
2009 9 15.49 Membrane protein 

WAX2,; ortholog-
binding/catalytic/iron ion 
binding/oxidoreductase; 

LOC_Os09g30250 Yamaji et al. 
2009 9 18.41 wall maintenance/root 

elongation 

OsSub58 - putative 
Subtilisin homologue, 

expressed 
LOC_Os10g13940 
(Os10g0206800) 

Yamaji et al. 
2009 10 7.59 Membrane protein MATE efflux protein, 

putative, expressed 

LOC_Os12g12590 Yamaji et al. 
2009 12 6.93 Metabolism/detox 

NADP-dependent 
oxidoreductase, putative, 

expressed 

LOC_Os01g178300 Xia et al. 
2013 1 4.07 wall maintenance/root 

elongation 
(OsCDT3) predicted peptide 

of 53 aa rich in cysteine 
Os01g0869200 

 
Chen et al. 

2012 1 39.4 Mg transporter  (OsMGT1) Mg transporter 
AtMGT family 

LOC_Os01g69010 
(Os01g091900) 

Yokosho et 
al., 2011 1 40.09 Efflux protein 

Os-FRDL4, MATE efflux 
protein. Citrate efflux into 

rhizosphere. 

LOC_Os02g03900 
(Os02g0131800) 

Xia et al. 
2010 2 1.66 Membrane protein 

(Nrat1) metal transporter 
Nramp6. Uptake of Al3+ 

into root cells. 

LOC_Os03g54790 
(Os03g0755100) 

Huang et al. 
2009 3 31.14 Membrane protein 

(ALS1) ABC transporter, 
ATP-binding protein. 
Sequesters Al3+ into 

vacuoles. 

LOC_Os05g02750 
(Os05g0119000) 

Huang et al. 
2009;  5 0.99 Membrane protein 

(STAR2 ) ABC transporter, 
membrane-permease 

subunit. Efflux of UDP-gluc  

LOC_Os06g48060 
(Os06g0695800) 

Huang et al., 
2009  6 29.07 Membrane protein 

(STAR1) ABC transporter, 
ATP-binding protein. 

Complexes with STAR1 

LOC_Os12g07280 
(Os12g0170400) 

Yamaji et al. 
2009 12 3.57 Zinc Finger 

Transcription factor 

(ART1) Al Resistance 
Transcription Factor 1 C2H2 

-type zinc-finger TF 
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!

Figure 4.1. Graphical genotype of the RIL donor parent RIL-48. IR64 derived DNA indicated 
in red and Azucena derived DNA indicated in blue. IR64 represents 62.8% of the total genome 
of RIL-48; 16 independent Azucena segments are distributed on 11 of the 12 rice 
chromosomes. Black lines represent the positions of 31 genes reported to be regulated by 
ART1 (Yamaji et al. 2009), including 8 cloned genes: STAR1, STAR2 (Huang et al. 2009), 
ART1 (Yamaji et al. 2009), Nrat1 (Xia et al. 2010), OsALS1 (Huang et al. 2012), OsFRDL4 
(Yokosho et al. 2012), OsMGT1 (Chen et al. 2012), and OsCDT3 (Xia et al. 2013), reported to 
be involved in different Al tolerance mechanisms as described in Table 4.1. 

 

InDel and KASP™ markers and marker assays  

DNA was extracted from fresh leaf tissue using the Extract-N-Amp™ Plant Kit 

(Sigma-Aldrich, http://www.sigmaaldrich.com/). Plants were genotyped using InDel 

and SNP markers based on competitive allele-specific PCR KASP™ chemistry assays 

(LGC, http://www.lgcgroup.com/). InDel and KASP™ SNP primers were identified 

and designed according to Imai et al. (2013). Polymerase chain reactions (PCR) were 

performed using 20 ng of DNA as template for the InDels and 10 ng of DNA for the 

KASP™ markers. GoTaq® Green Master Mix (Promega, https://www.promega.com/) 

was used to amplify the InDels PCR products and the KASP™ Assay/Master mixes 

(LGC, http://www.lgcgroup.com/) were used to amplify the KASP™ PCR products. 

 

Chr. 1 

OSCDT3!
(4.07)!

Os01g46350*
(26.37)!
Os01g53090!
(30.51)!
Os01g56080!
(32.28)!

Os01g64120*
(37.24)!
OsMGT1!(37.66)!
OsFRDL4!(40.09)!
Os01g69020*
(40.1)!

Chr. 2 
Nrat1!
(1.66)!
Os02g09390!
(4.82)!

Os02g51930!
(31.8)!
Os02g53130!
(32.51)!

Chr. 3 
Os03g0126900!
(1.75)!

Os03g19170!
(10.75)!

ALS1!(31.14)!
Os03g55290!
(31.46)!

Os03g0760800!
(35.66)!

Chr. 4 

Os04g41750!
(24.56)!

Os04g49410!
(29.3)!

Chr. 5 
STAR2!(0.99)!

Chr. 6 

Os06g36450!
(21.4)!

STAR1!
(29.07)!

Chr. 7 

Os07g39860!
(23.9)!

Chr. 8 Chr. 9 

Os09g25850!
(15.49)!
Os09g30250!
(18.41)!

Chr. 10 

Os10g13940!
(7.59)!

Os10g38080!
(20.32)!

Os10g42780!
(23.0)!

Chr. 11 

Os11g29680!
(16.74)!
Os11g29780!
(16.82)!

Chr. 12 

ART1!(3.57)!
Os12g12590!
(6.93)!
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Amplification and visualization of InDel markers were as described by Arbelaez et al. 

(2015). PCR conditions and graphical viewing of genotyped KASP™ markers were as 

described by Imai et al. (2013). 

Table 4.2. Molecular markers used during fine-mapping analysis. Marker ID represents the 
marker name; Chr. indicates the chromosome where each marker is located; Position MSU7 
(bp) indicates the physical position in base pairs on the MSU v. 7 pseudomolecules; and 
Forward and Reverse are the primer sequences used to amplify the markers. 

Marker ID Chr. Position 
MSU7 (bp) Forward Reverse 

K_2.93 12 2940317 
*GAAGGTGACCAAGTTCATAGACA 

ATAAGCTGAAAACCTGGAAACAGTG
G 

**GAAGGTCGGAGTCAACGGATTCAGA 

indel_3.18 12 3186609 TGCCAAAGCGCAGAGAGAGA TAGTGCCGATCGATGTAACG 

K_3.28 12 3287769 
*GAAGGTGACCAAGTTCATGCTATTAT 

CTCCTTCGTCTTGCTCATTGGCATT 
**GAAGGTCGGAGTCAACGGATTATTCA 

K_3.4 12 3480237 
*GAAGGTGACCAAGTTCATGCTGTGAA 

GCCTGCCGTTCACGCTGTACAA 
**GAAGGTCGGAGTCAACGGATTGAATG 

K_3.57 12 3578363 

*GAAGGTGACCAAGTTCATGCTACACTCCTG
ATTTTATAGTGTAATGTTTG 

GCAAAAGACATCGGGCTCATGTCAA 
**GAAGGTCGGAGTCAACGGATTCACACTCC
TGATTTTATAGTGTAATGTTTA 

indel_ART1 12 3581918 CGACGAGCTCTTCAAGGTATG GCAGCACCTCGTACTTCTCC 

K_3.58 12 3586738 
*GAAGGTGACCAAGTTCATGCTATTCT 

CTCCGTGAGTTGGCATCATATGTGAA 
**GAAGGTCGGAGTCAACGGATTCTGCA 

indel_3.62 12 3623299 GCACACACCATTAAGTCAAACAA TCCACCAAAGATTAAGGCTGA 

K_3.8 12 3865251 
*GAAGGTGACCAAGTTCATGCTATCGA 

ACTAACCTGAACATGTCATGCAGAGA 
**GAAGGTCGGAGTCAACGGATTGATC 

indel_4.14 12 4141713 CGATCTAGTCGACAACTGCAA TGGAACAGTACGTTGTGATCTTC 

indel_4.64 12 4649818 CCGTTTCTGCTACACTTTCTCTTT ACCGAACACACAATTTCAGATG 

indel_4.75 12 4760008 ATCTTGAGAAGTTGTCCCTTGATT CCTATCAAATGTAACACAAGCACA 

indel_4.98 12 4981850 ATCTGTGAAGGAGGGAGGTGT CTCTATTTCTTGTTGATTACAGGATCA 

* 1st allele-specific forward primer 
** 2nd allele-specific forward primer  
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Hydroponic Al tolerance evaluation 

Between 100 and 200 seeds were germinated in rolled paper towels that were kept 

moist and in the dark at 28°C for four days. The most uniform 40 to 80 seedlings, 

based on their primary root size were selected and transferred into modified 

Magnavaca hydroponic solution either with stress [Al3+ = 160 uM] or without stress 

(no Al3+) for five days (as per Famoso et al. 2010). Twenty to 40 plants per treatment 

were grown at 28°C with 12 hrs light per day, and at 26°C and 12 hrs of dark, After 

five days in the growth chamber, images were taken to quantify root growth on each 

individual. Details about the composition of nutrient solutions and growth chamber 

conditions can be found in Famoso et al. (2010). Root images were taken and 

processed as described by Famoso et al. (2010) and Clark et al. (2013). The RRG 

indices were estimating as described by Famoso et al. (2010). 

 

ART1 sequencing 

Genomic DNA from IR64 and Azucena was extracted from young shoot tissue using 

the DNeasy Plant Mini Kit (Qiagen). The ART1 open reading frame was amplified 

using primers Fwd: ACTGGCTAACGATCTTGATTCCTC and Rev: 

AGCCATCCATTCATCTCACCCCA and sequenced with a series of internal primers 

using the following Polymerase Chain Reaction (PCR) conditions; 40 ng of DNA as 

template, 11 µM of 5xGC, 1.1 µM of dNTPs, 1.65 µM of each primer, 1.65 µM of 

DMSO and 0.55 µM of Phusion-Taq polymerase were diluted in 55 µM of water. The 

reactants were denaturated at 98°C for 3 min followed by 34 cycles at 98°C for 10 sec, 
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64°C for 30 sec, 72°C for 60 sec, and a final extension of 10 min at 72°C. An ABI 

3730x1 DNA Analyzer was used for sequencing reactions at Cornell University 

Institute of Biotechnology (http://www.biotech.cornell.edu/node/562). 

 

RNA isolation and quantitative real-time PCR assays 

Twenty five-day-old seedlings of IR64 (O. sativa indica) and Azucena (O. sativa 

tropical japonica) were exposed to Al under hydroponic conditions (as described by 

Famoso et al. 2010) for 24 hours. Plants were exposed to either 0 uM or 80 uM Al3+ 

activity. Tissue was collected from root-tips and total roots, RNA was extracted, 

cDNA was synthesized using the RNeasy Mini Kit (GIAGEN) and real-time PCR was 

performed as described by Maron et al. (2010). The real-time primers were as follows: 

ART1 Fwd: CCAGCCGCTGAAGACGAT, Rev: GCAGTGGCTCCGCTTGTAGT, 

and TIP41 was used as endogenous control, Fwd: 

CGCTCCAGCTCTTTGAAGATAAA, Rev: ACTCTCCCCAAAAACCATCTCA. 

 

Primers for each of the four additional predicted genes contained in the candidate 

region; LOC_Os12g0790, LOC_Os12g07300, LOC_Os12g07310, LOC_Os12g07340, 

and LOC_Os12g07350, are currently being designed to carry out qRT-PCR assays 

using the same protocol. 

 

Statistical analysis 
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To perform pairwise comparisons among “genotypic groups” in the fine mapping 

analysis, a one-way analysis of variance (ANOVA) was performed using R 

(http://www.r-project.org/). Contrasts among the phenotypic means of the NILs and 

pyramided lines were done using a Tukey’s HSD multiple comparison test with a 

significant threshold of 5% (P < 0.05), levels not connected by the same letter are 

significantly different. 

 

Results 

 

AltTRG12.1 fine mapping  

A total of 4,224 F3 plants derived from a cross between RIL-48 and IR64 were 

genotyped with 11 molecular markers across a 2.4 Mbp region encompassing the 

AltTRG12.1 locus (Figure 4.2). Of these, 481 recombinant plants were identified and 

grouped into five ‘genotypic groups’. Pairwise phenotypic evaluations of their 

progenies were carried out for specific ‘genotypic groups’. 

 

As controls, non-recombinant F3 lines across the AltTRG12.1 locus were phenotyped 

(‘CONTROL 1’, Figure 4.3). Significant differences in Al tolerance based on relative 

root growth of the total root system, RRG, were observed when the progeny of 

homozygous lines carrying Azucena alleles (AA), heterozygous lines (het), and 
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homozygous lines carrying IR64 alleles (II) were compared (ANOVA, P < 0.05). AA 

lines were significantly more tolerant (RRG mean = 0.64) than II (RRG mean = 0.49) 

(Figure 4.3). The mean phenotype of the het lines (RRG mean = 0.56) was not 

significantly different than the mid-parent value estimated between the AA and II lines 

(RRG mean = 0.565), indicating that the AltTRG12.1 QTL had an additive effect. 

 

The first genotypic group, ‘GROUP 1’ (Figure 4.3), was used to test if the region 

associated with Al tolerance in the AltTRG12.1 QTL was to the left or right of the 

marker ‘K_3.28’. The RRG of 120 plants derived from lines genotyped AA and het to 

the left and right of ‘K_3.28’, respectively (RRG mean = 0.52), now referred as AA-

K_3.28-het plants, was compared with the RRG of 133 plants derived from lines 

genotyped II-K_3.28-het (RRG mean = 0.55). Simultaneously, in ‘GROUP 2’, 176 

plants derived from lines genotyped het-K_3.28-AA (RRG mean = 0.65) were 

compared with 80 plants genotyped het-K_3.28-II (RRG mean = 0.37) (Figure 4.3). 

Pair wise tests with a significant level of P<0.05 in ‘GROUP 1’ indicated no 

significant differences between AA-K_3.28-het and II-K_3.28-het lines. Comparison 

in ‘GROUP 2’ between het-K_3.28-AA and het-K_3.28-II showed significant 

differences for Al tolerance. In conclusion the locus associated with Al tolerance is to 

the right of ‘K_3.28’ (Figure 4.3).  
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Figure 4.2.  Fine mapping of AltTRG12.1 QTL using 4,224 F3 and 3,552 F4 plants from a cross 
between IR64 and RIL-48. Molecular markers used at each step are indicated below each blue 
bar, physical distances on chromosome 12 indicated above the blue bar. The ART1 gene is 
shown as an orange rectangle; other candidate genes in target region indicated as green 
rectangles. 
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Figure 4.3. Fine-mapping analysis. Haplotypes were defined by recombination breakpoints 
(shown as orange, green or grey boxes) and clustered into Genotypic groups (column 1). 
Informative marker column indicates markers used to define recombination breakpoints; 
Genotypic class indicates nomenclature for each unique recombinant haplotype group; TRG-
RRG mean indicates the mean phenotypic performance (relative root growth of the total root 
growth in Al treatment vs. control), of a genotypic class; Number of families indicates the 
number of F3 families that contributed F4 offspring in each genotypic class; N indicates 
number of F4 plants phenotyped for each ‘genotypic class’. T-K HSD denotes genotypic 
classes showing significant phenotypic differences based on Tukey’s pairwise comparisons (p 
< 0.05). 
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‘GROUP 3’ was used to test if the AltTRG12.1 QTL region associated with Al 

tolerance was to the left or right of marker ‘indel_3.62’. The RRG of 346 plants 

derived from lines genotyped het-indel_3.62-II (RRG mean = 0.56), were compared 

with 410 plants derived from the contrasting genotype II-indel_3.62-het (RRG mean = 

0.46). Pair wise tests between the lines in ‘GROUP 3’ showed significant differences 

(Figure 4.3). When they were compared with control lines het and II from 

‘CONTROL 1’ it was concluded that the locus associated with Al tolerance was to 

the left of ‘indel_3.62’ (Figure 4.3). From these two analyses, a region of 340 Kbp 

between markers ‘K_3.28’ and ‘indel_3.62’ was associated with Al tolerance (Figure 

4.2). 

 

A total of 3,552 informative F4 plants were used for the second generation of fine 

mapping. These individuals were genotyped with 6 molecular markers targeting a 

region of 340 Kbp (Figures 4.2 and 4.3). Based on this analysis, we identified 55 

recombinants and grouped them into five ‘genotypic groups’. To test if the region 

associated with Al tolerance was to the left or right of marker ‘K_3.57’, 152 plants 

derived from lines with the genotype II-K_3.57-het and phenotyped for Al tolerance 

(RRG mean = 0.56), were compared with 59 plants derived from lines with the 

genotype AA-K_3.57-II (RRG mean = 0.48) from ‘GROUP 5’, 148 het, and 113 II 

control plants from ‘CONTROL 2’ group (Figure 4.3). Pair wise tests (P<0.05) 

showed significant differences between II-K_3.57-het compared to AA-K_3.57-II and 

control lines II (Figure 4.3). It was concluded that the locus associated with Al 
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tolerance was to the right of marker ‘K_3.57’. Based on the last experiment, a target 

region of 44.74 Kbp between markers ‘K_3.57’ and ‘indel_3.62’ was determined to be 

associated with Al tolerance (Figure 4.1). The target region was thus located between 

3,578,414  - 3,623,153 bp on chromosome 12 (Figure 4.2). 

 

Candidate genes in the 44.74 Kbp candidate region 

Gene prediction analysis using DNA sequence of the 44.74 Kbp from the reference 

genome Nipponbare MSU.7 (http://rice.plantbiology.msu.edu/cgi-

bin/gbrowse/rice/#search) identified six putative genes annotated as 

LOC_Os12g07280, LOC_Os12g07290, LOC_Os12g07300, LOC_Os12g07310, 

LOC_Os12g07340 and LOC_Os12g07350 (Figure 4.2).  

 

The gene model LOC_Os12g07280 is 1,398 bp long with 2 exons and encodes a C2H2 

zinc finger protein of 466 residues (http://rice.plantbiology.msu.edu/cgi-

bin/ORF_infopage.cgi?orf=LOC_Os12g07280). It is also known as STAR3 

(SENSITIVE TO ALUMINUM RHIZOTOXICITY 3) or ART1 (ALUMINUM 

RESISTANCE TRANSCRIPTION FACTOR 1) (Yamaji et al. 2009). It has been 

characterized as a transcriptional activator that is constitutively expressed in root 

tissues and regulates the expression of downstream genes involved in Al tolerance  

(Yamaji et al. 2009) (http://www.uniprot.org/uniprot/Q2QX40). ART1 is a homolog of 
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the Arabidopsis STOP1 gene (Iuchi et al. 2007) and it has an orthologue in maize, 

GRMZ2G068710 (TRANSPARENT TESTA 1). 

 

The gene model LOC_Os12g07290 is 1,272 bp long with 4 exons, and encodes an 

alpha-1,4-fucosyltransferase (putatively expressed) protein with 424 residues. 

Orthologous genes of LOC_Os12g07290 have been reported in Arabidopsis, 

Brachypodium, maize, grapevine, poplar, sorghum and beet. In plants the enzyme is 

expected to be involved in Lewis formation of N-linked glycans (Bakker et al. 2001). 

In eukaryotes, N-linked glycans have numerous roles such as the prevention of 

proteolytic degradation or the induction of the correct folding and biological activity 

of proteins (Rayon et al. 1998). 

 

The gene model LOC_Os12g07300 is 1,980 bp long with 16 or 17 exons, and encodes 

an N-acetyltransferase 10 (putatively expressed) protein of 660 residues. Orthologous 

genes have been reported in Arabidopsis, Brachypodium, maize, grapevine, poplar and 

sorghum.  N-acetyltransferase genes are involved in N-acetylation, one of the most 

common post-translational protein modifications in eukaryotic cells (Byeon et al. 

2014). 

 

The gene model LOC_Os12g07310 is 633 bp long with 2 exons, and encodes a citrate-

binding protein precursor (putatively expressed) of 211 residues. Orthologous genes of 
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LOC_Os12g07310 have been reported in Brachypodium, grapevine, poplar and 

sorghum. The expression of LOC_Os12g07310 has been associated with aerobic and 

anaerobic germination in rice, being upregulated after 12 and 30 hours, respectively, 

for each treatment after germination (Huang et al. 2009). Norton et al. (2008) showed 

that this locus was upregulated in roots of the cultivars Azucena and Bala when 

exposed to 1 ppm of Arsenate. LOC_Os12g07310 has also been reported to be 

positively regulated during germination in rice seeds (Jain et al. 2009). 

 

LOC_Os12g07340 is a predicted gene consisting of 399 bp and a predicted protein 

length of 113 residues supported only by gene prediction. 

 

The gene model LOC_Os12g07350 is 1,803 bp long with 15 exons, and encodes a 

tRNA nucleotidyltransferase/polyA polymerase family protein of 601 residues. 

Orthologues have been reported in Arabidopsis, Brachypodium, maize, grapevine, 

poplar and sorghum. In Arabidopsis the orthologous locus AT1G22660 is involved in 

RNA processing, gravitropism, and tRNA processing, and the protein product was 

located in the chloroplasts and mitochondria 

(http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G22660).  

This gene is not known to be associated with response to abiotic stress. 

 

Polymorphisms between Azucena and IR64 in the six candidate genes  
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Using re-sequencing information from IR64 and Azucena, 564 polymorphic SNPs 

were identified across the 44.74 Kbp fine-mapped region. Nineteen of these SNPs 

were non-synonymous and they were detected in the coding regions of five of the six 

candidate genes localized in the fine-mapped region. The positions of these SNPs and 

the amino-acid substitutions associated with them are summarized in Table 4.3.  

 

Table 4.3. Non-synonymous polymorphisms in the six candidate genes located within the 
44.74 Kbp region detected using re-sequencing data. 

Gene models Chromosome Physical position 

MSU7 (bp) 

Azucena 

SNP allele 

IR64 SNP 

allele 

Predicted 

aaChange 

LOC_Os12g07280 

chr12 3581289 C T Thr->Met 

chr12 3581808 T G Val->Gly 

chr12 3581838 G T Cys->Phe 

chr12 3581889 C A Ala->Glu 

chr12 3581892 C A Ala->Glu 

chr12 3582330 G C Ser->Thr 

chr12 3582449 C A Pro->Thr 

chr12 3582479 A G Asn->Asp 

chr12 3582534 A G Glu->Gly 

LOC_Os12g07290 
chr12 3583710 C G Pro->Ala 

chr12 3583845 G C Ala->Pro 

LOC_Os12g07300 

chr12 3591739 A G Asn->Ser 

chr12 3596412 G C Leu->Phe 

chr12 3596957 A T Lys->Met 

LOC_Os12g07310 n.a. n.a. n.a. n.a. n.a. 

LOC_Os12g07340 

chr12 3612991 C T Arg->Cys 
chr12 3613025 G A Arg->Gln 
chr12 3613099 G A Gly->Arg 
chr12 3613133 G A Arg->Gln 

LOC_Os12g07350 
chr12 3619505 T G Cys->Gly 

chr12 3619695 G T Gly->Val 
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Figure 4.4. DNA sequence alignment of ART1 from Azucena and IR64. Red and orange boxes indicate InDels, and blue boxes 
represent base pair changes. 



 

 146 

Nine of the non-synonymous SNPs were located in LOC_Os12g07280, the ART1 

gene, while two non-synonymous SNPs were found in each of three genes, 

LOC_Os12g07290, LOC_Os12g07300, and LOC_Os12g07350, and four were 

identified in LOC_Os12g07340. There were no predicted non-synonymous 

polymorphisms found in the coding region of LOC_Os12g07310, the citrate binding 

protein precursor. 

 

To validate the re-sequencing results and further explore the high level of 

polymorphism detected in the ART1 gene, we performed Sanger sequencing across the 

entire LOC_Os12g07280 gene to compare the IR64 and Azucena ART1 alleles. We 

identified six InDels in exon 2, four of which were between 3-9 bp (1-3 aa), one was 

15 bp (5 aa) and one was 24 bp (8aa) (Figure 4.5). These polymorphisms included 5 

insertions and one deletion in the indica cultivar, IR64, compared to the tropical 

japonica cultivar, Azucena (Figures 4.4 and 4.5). None of these polymorphisms 

truncated the protein product or were predicted to affect the C2H2 domain. When 

Azucena was compared to the Nipponbare reference genome, it was identical across 

the ART1 gene except for a single synonymous SNP in exon 2 at 3,582,533 bp on 

chromosome 12. 
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Figure 4.5. Amino acid alignment of ART1 proteins from Azucena and IR64. Red and orange 
boxes indicate InDels, and blue boxes represent amino acid changes. 

 

We next examined the 2kb region upstream of the transcriptional start site of each of 

the six candidate genes in IR64 and Azucena to identify SNPs that might affect gene 

expression. Using the re-sequencing data, our analysis identified 15 SNPs in the 

putative promoter region of ART1 (LOC_Os12g07280, 67 SNPs in the alpha-1,4-

fucosyltransferase gene (LOC_Os12g07290), 15 SNPs in the N-acetyltransferase 10 

gene (LOC_Os12g07300), 16 SNPs SNPs in the citrate-binding protein (LOC_Os12g 
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07310), 11 SNPs in the expressed protein (LOC_Os12g07340), and 27 SNPs in the 

gene LOC_Os12g07350. 

 

Azucena and IR64 candidate gene expression analysis 

Expression analysis in the form of qRT-PCR is underway for all six-candidate genes.  

We have developed one pair of qRT-PCR primers for each of the six genes, and 

primers for the ART1 gene have been validated and shown to amplify well.  

Preliminary qRT-PCR experiments using both root tips and whole root systems have 

been completed for ART1, and we see unequivocal evidence for gene expression in the 

root tissue.  Similar experiments are underway for the other five genes at this time.  

This work will allow us to determine which of the remaining genes is expressed in the 

root apex (site of Al toxicity where tolerance genes should reside), and whether any of 

them are up- or down-regulated in response to Al, and whether there is any differential 

expression in the sensitive IR64 compared to the resistant Azucena cultivars.  Analysis 

of the qRT-PCR data will be included in the manuscript that we submit for publication 

but could not be included in this thesis. 

 

Haplotype analysis across 44kb AltTRG12.1 fine mapped region 

To further investigate the extent of natural variation in and around the 44 Kbp fine 

mapped region encompassing the AltTRG12.1 locus, we are in the process of 

performing haplotype analysis targeting both the candidate genes themselves (i.e., we 
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will construct gene haplotypes, GH) and the 100-200 kb region around the fine 

mapped region (i.e., we will construct extended haplotypes, EH), as described by 

Takano Kai et al. (2009). To construct these haplotypes, we will first identify SNPs 

that are polymorphic between IR64 and Azucena in a genotyping dataset consisting of 

~700K SNPs x ~400 diverse O. sativa accessions (previously generated in the 

McCouch lab). This genotyping dataset is known as the High Density Rice Array 

(HDRA) and the 400 O. sativa accessions are referred to as the Rice Diversity Panel 1 

(RDP1). Using IR64 and Azucena as a filter, we will limit the number of SNPs used to 

construct gene haplotypes and extended haplotypes so that we focus our attention on 

the SNPs that are associated with the variation that we observed in our IR64/Azucena 

QTL mapping experiment. Once we identify the SNP loci of interest, we will extract 

genotypes from the RDP1 dataset, focusing on the indica, tropical japonica, and 

temperate japonica subpopulations.  The SNPs from this collection of accessions will 

be used to construct gene haplotypes and extended haplotypes across the target region. 

 

Our HDRA haplotypes will be enriched with additional SNPs that we have identified 

in a re-sequencing dataset of 125 diverse rice genomes (data available in the McCouch 

lab). A preliminary evaluation has identified 2,279 SNPs in the 44kb fine-mapped 

region that are segregating in IR64 and Azucena. A larger number of SNPs will be 

identified in the extended flanking regions. Thus, this re-sequencing data will provide 

enhanced resolution for haplotype construction and will allow us to look for putative 

recombinants across the 44 Kb target region that may help us further fine map the Al 
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tolerance QTL. We will examine the frequency and distribution of the haplotype 

variation in O. sativa and look for associations with Al tolerance using phenotype data 

(RRG) from 383 rice reported in the GWA study by Famoso et al. (2011). This work 

is underway and will be completed prior to submission of a published manuscript. 

 

Discussion 

 

Fine-mapping using recombinational genetics has been successful in refining the 

position of a QTL and in many cases, in isolating the gene(s) underlying a QTL (Li et 

al. 2004, Sweeney et al. 2006, Magalhaes et al. 2007, Huang et al. 2009, Yamaji et al. 

2009, Luo et al. 2013). Using a substitution mapping approach (Paterson et al. 1999) 

in combination with selective sampling, we identified the most informative 

recombinants in our target region and narrowed down the AltTRG12.1 QTL to a ~44 Kb 

region. By phenotyping multiple families within each ‘genotypic group’, each of 

which had different combinations of IR64 and Azucena alleles in their genetic 

backgrounds, we were able to reduce the background ‘noise’ and pairwise testing 

allowed us to detect a significant association between Al tolerance (RRG) and a fine-

mapped region of 44.74 Kb located between the markers K_3.57 and indel_3.62 on 

chromosome 12.  
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This fine-mapped region contained five expressed genes and one putative gene, and 

the most promising candidate among them was the C2H2-type zinc finger 

transcription factor ART1 (Yamaji et al. 2009). Based on mutant analysis, this gene 

was previously demonstrated to be an important component of Al tolerance in rice, 

and shown to regulate 31 downstream genes, suggesting its importance in multiple Al 

tolerance mechanisms (Yamaji et al. 2009, Tsutsui et al. 2011, Delhaize et al. 2012, 

Ma et al. 2014). However, the role of ART1 in natural variation has not yet been 

confirmed.   

 

We investigated the polymorphisms between IR64 and Azucena across the coding 

region of ART1 and the other 5 candidate genes, LOC_Os12g07290, 

LOC_Os12g07300, LOC_Os12g07310, LOC_Os12g07340, and LOC_Os12g07350, 

and identified non-synonymous mutations in coding regions in 5 of the 6 genes in the 

fine-mapped region. The largest number of non-synonymous polymorphisms were 

found in the ART1 gene. In contrast, no non-synonymous polymorphisms were found 

between IR64 and Azucena in the coding region of the citrate binding protein 

precursor gene, LOC_Os12g07310, previously reported to show increased levels of 

expression in the presence of Arsenate (Norton et al. 2008), and the only other gene, 

along with ART1 (Yamaji et al. 2009), reported to be expressed in root tissue (Norton 

et al. 2008). While non-synonymous SNPs were found in the genes 

LOC_Os12g07290, LOC_Os12g07300, and LOC_Os12g07340, none of these genes 

have been functionally characterized, so they are not strong candidates for association 
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with Al tolerance.  Finally, LOC_Os12g07350 is a tRNA nucleotidyltransferase/polyA 

polymerase family protein that was previously characterized in Arabidopsis and 

annotated as AT1G22660. This gene is involved in RNA processing, gravitropism, 

and tRNA processing, and is located in the chloroplast and mitochondria, but is not 

known to be associated with response to abiotic stress. 

 

To find out more about the differences between the IR64 and Azucena ART1 alleles 

we sequenced across the ART1 gene in both parents. Our results revealed two large 

InDels of 15 and 24 bp, respectively, in the second exon of ART1. These 

polymorphisms resulted in several amino-acid changes but none caused a missense-

mutation or affected the C2H2 domain (Tsutsui et al. 2011).  Nevertheless, these 

polymorphisms do alter the protein structure and affect activation or DNA-binding 

properties, as reported for other plant transcription factors, such as tga1 in maize 

(Wang et al. 2005), qSH1 (Konishi et al. 2006) and sh4 in rice (Li et al. 2006). 

 

We are currently conducting a gene and extended haplotype analysis across each of 

the six candidate genes and across the AltTRG12.1 QTL region. We are testing to see if 

there are haplotypes that were not detected by GWAS using a previous, low-density 

genotyping dataset (Famoso et al. 2011), that can now be associated with Al tolerance 

using the new, high-density SNP dataset. The enhanced resolution provided by our re-

sequencing data and the HDRA SNP dataset from the RDP1 will be used to eliminate 
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candidate genes that are positionally implicated in our current fine-mapping effort, but 

could be eliminated if we are able to detect a rare recombination event in the RDP1.  

 

Our approach aims to use all available genetic, molecular and genomic information to 

identify the gene(s) underlying the AltTRG12.1 QTL. We have yet to prove that ART1 is 

responsible for the Al tolerance phenotype associated with the AltTRG12.1 QTL in 

Azucena, but it remains our strongest candidate and there are several additional lines 

of evidence that are being explored. 

 

First, we will examine the expression patterns of all six candidate genes in the fine-

mapped region. We will first determine which of these genes is expressed in root 

tissue, as all of the previously reported Al tolerance genes have been expressed in 

roots. We will then compare the expression of each gene under control conditions or 

under Al stress, and between Azucena (resistant cultivar) and IR64 (susceptible 

cultivar).  While differential expression in response to control conditions or Al stress, 

or in a resistant or susceptible genetic background, is not a necessary condition for an 

Al tolerance gene, it would provide strong evidence of that functionality. If a gene 

shows no differential expression, it would be eliminated from further consideration as 

an Al tolerance gene, unless our sequence analysis had identified non-synonymous 

variation in either the Azucena or the IR64 allele.   
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Finally, we will use the reciprocal Near Isogenic Lines (NILs) described in Chapter 3 

as the basis for RNASeq experiments where we aim to identify genes that are 

differentially expressed in rice in response to Al vs control conditions, and in response 

to the presence of the resistant (Azucena) allele or the susceptible (IR64) allele in the 

same genetic background.  These specially constructed genetic stocks are key to the 

success of this experiment.  It will specifically allow us to address the possibility that 

the ART1 gene may confer Al tolerance by moderating the expression of some or all of 

the 31 genes that have been reported to be regulated by ART1 (Yamaji et al. 2009).  

We will develop co-expression networks based on the RNASeq data in the reciprocal 

NILs, and associate those co-expression networks with levels of Al tolerance in the 

NILs, as described in Chapter 3.  This approach does not make any assumptions about 

which genes may be co-regulated, or which genes may show differential expression in 

response to Al, and it allows us to compare the impact of the Azucena allele in its 

native genetic background (Azucena) as well as in the susceptible genetic background 

(IR64) and vice versa.  This unique genetic material will provide new insights into the 

genotype x genotype (GXG) interactions that mediate Al tolerance in rice.   

 

In total, this work offers novel opportunities for manipulating natural variation in the 

context of plant breeding. It is also likely to provide valuable targets for genetic 

manipulation where lessons learned in rice may be applied to a wide range of other 

species where native levels of Al tolerance are much lower than in rice. 

! !
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ADDENDUM 1: 

 

Evaluation of Oryza rufipogon accessions for Al tolerance as basis for 

a GWA study 

 

Cultivated rice is reported to be significantly more tolerant to Al toxicity than other 

cereal crops. When a panel of 383 diverse O. sativa accessions was evaluated for Al 

tolerance using relative root growth (RRG; treatment:control) of seedlings grown in a 

hydroponics solution, 57% of the phenotypic variation was explained by 

subpopulation. The mean level of Al tolerance observed in Japonica varieties was as 

twice that of Indica varieties. We were interested to determine whether the wild 

ancestor of O. sativa carried genes conferring higher levels of Al tolerance than the 

best O. sativa varieties, and to better understand the ancestry and evolutionary history 

of Al tolerance in rice. Using a panel of 70 diverse wild rice accessions belonging to 

the O. rufipogon complex, we evaluated Al tolerance (measured as RRG) of seedlings 

at three time points, after 5, 10 and 13 days growing in 160µM Al solution. The 

accessions had previously been genotyped at 700,000 SNP loci using the High Density 

Rice Array (HDRA), providing the basis for a genome wide association study 

(GWAS) to identify quantitative trait loci (QTLs) associated with Al tolerance in O. 

rufipogon, and to compare the them to the QTLs that had been previously reported for 

O. sativa.  This is an ongoing collaboration with the graduate student Janelle Jung. 
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This experiment will allow us to begin to address the following questions:  

(1) Do we detect any significant GWAS-QTLs in O. rufipogon using a panel of 

only 70 accessions? 

(2) When we compare the results of GWAS in O. rufipogon to previously reported 

results of GWAS in O. sativa (Famoso et al., 2011), do any Al tolerance QTLs 

col-localize on the rice chromosomes?  

(3) Is the GWAS mapping resolution in O. rufipogon better than in O. sativa due 

to the more rapid LD decay in the wild accessions? 

(4)  Are there significant differences in Al tolerance among or between the sub-

populations of O. rufipogon, based on the FastStructure subpopulation models 

developed by graduate student Hyunjung Kim?  

(5) If significant differences are identified among different sub-populations of O. 

rufipogon, how much of the phenotypic variation is explained by population 

structure?  

(6) Based on the population structure analysis in O. rufipogon, the wild groups 

W5, W6, and W7 were classified as aus-like, indica-like, and japonica-like 

ancestors. Are there significant phenotypic differences between these groups of 

wild ancestors that could provide evidence of ancestry for the Al tolerance 

differences between Japonica and India observed in cultivated rice?  

 

Plant materials 
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A sub-set of 70 O. rufipogon Griff. accessions from the Rice Diversity Panel 1 

(RDP1) seed-stock collection, and two O. sativa L. controls, the Al tolerant Azucena 

and Al susceptible IR64 cultivars (Table Addendum 1.1), were phenotyped for Al 

tolerance during March and April of 2012. Previously, a population structure analysis 

using 113,996 GBS SNPs (performed by Hyunjung Kim, Cornell University, personal 

communication) classified each accession into one of the seven groups, corresponding 

to W1 (8 acc.), W2 (9 acc.), W3 (7 acc.), W4 (2 acc.), W5 (5 acc.), W6 (13 acc.), and 

W7 (6 acc.). In addition, 18 wild accessions were classified as admixed (ADMIX), 

where the percent ancestry in any single subpopulation was < 80% (Figure Addendum 

1.1). 
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Table Addendum 1.1. Subpopulation identity and Al tolerance (log10 RRG) of 70 wild 
accessions from the RDP1 rice-stock collection. Sub-population identity based in 80% 
ancestry: W1, W2, W3, W4, W5, W6, and W7. Source: Hyunjung Kim, personal 
communication. 

Line ID 
NSF-TV 

IRRI 
IRGC ID Species Country 

Subpopulatio
n (80 % 
identity) 

Al 
tolerance 5 

days 

Al 
tolerance 
10 days 

Al 
tolerance 
13 days 

402 80539 O. spontanea India W5 -0.43 -0.50 -0.40 
410 80759 O. nivara Myanmar W4 0.04 0.02 -0.02 
413 81850 O. nivara India W2 -0.49 -0.43 -0.34 
415 81909 O. spontanea India W2 -0.55 -0.53 -0.45 
428 82989 O. rufipogon China ADMIX -0.44 -0.44 -0.44 
431 82992 O. rufipogon China ADMIX 0.00 n.a -0.02 
433 83795 O. rufipogon India W3 -0.51 -0.48 -0.38 
438 86476 O. rufipogon India ADMIX -0.30 n.a -0.20 
442 93181 O. nivara Nepal W2 -0.91 -0.81 -0.85 
444 93188 O. nivara Nepal W2 -0.80 -1.06 -0.75 
445 93189 O. nivara Nepal W2 -0.53 -0.58 -0.36 
446 93224 O. spontanea Nepal W2 -0.54 -0.50 -0.28 
449 100195 O. nivara Myanmar W4 -0.18 -0.16 -0.17 
450 100916 O. nivara China W1 -0.40 -0.40 -0.20 
451 101508 O. nivara India ADMIX -0.53 -0.44 -0.47 
453 103404 O. rufipogon Bangladesh ADMIX -0.47 -0.19 -0.27 
454 103821 O. nivara China ADMIX -0.11 -0.19 -0.15 
461 104057 O. rufipogon China W7 -0.35 -0.38 -0.31 
467 104624 O. rufipogon China W7 -0.23 -0.24 -0.11 
477 104967 O. spontanea China ADMIX -0.69 -0.72 -0.71 
481 105343 O. nivara India W1 -0.31 -0.27 -0.26 
482 105349 O. rufipogon India W1 -0.36 -0.37 -0.29 
483 105375 O. rufipogon Thailand W1 -0.23 -0.27 -0.22 
484 105388 O. rufipogon Thailand ADMIX -0.56 -0.74 -0.46 
487 105428 O. nivara Sri Lanka W1 -0.68 -1.16 -0.74 
488 105491 O. rufipogon Malaysia W5 -0.43 -0.37 -0.31 
490 105567 O. rufipogon Indonesia W3 -0.36 n.a -0.28 
493 105706 O. nivara Nepal W2 -0.47 -0.55 -0.42 
495 105717 O. nivara Cambodia W6 -0.71 -0.75 -0.52 
498 105735 O. rufipogon Cambodia ADMIX -0.81 -0.93 -0.76 
499 105767 O. rufipogon Thailand ADMIX -0.63 -0.28 -0.37 
501 105821 O. nivara Thailand W6 -0.63 -0.48 -0.49 
503 105843 O. rufipogon Thailand W3 -0.68 -0.54 -0.67 
506 105879 O. nivara Bangladesh W5 -0.36 -0.42 -0.40 
508 105890 O. rufipogon Bangladesh ADMIX -0.44 -0.43 -0.28 
509 105897 O. rufipogon Bangladesh W3 -0.42 -0.42 -0.33 
514 105956 O. rufipogon Indonesia W3 -0.40 -0.35 -0.31 
523 106155 O. nivara Laos W6 -0.46 -0.66 -0.44 
555 105349 O. rufipogon India W1 -0.43 -0.39 -0.36 

600 100187 O. sativa/O. 
rufipogon Malaysia W3 -0.48 -0.36 -0.33 

602 100900 O. nivara India W1 -0.47 -0.46 -0.48 

665 100203 O. rufipogon/O. 
sativa Myanmar ADMIX -0.43 -0.26 -0.28 

669 100593 O. nivara Taiwan W7 -0.12 -0.12 -0.03 
673 100647 O. rufipogon Taiwan W7 -0.27 -0.19 -0.18 
676 100692 O. rufipogon Taiwan W7 -0.12 -0.03 0.01 
683 100918 O. nivara Cambodia W6 -0.38 -0.33 -0.26 
685 100923 O. rufipogon Myanmar ADMIX -0.43 -0.69 -0.58 
686 100926 O. rufipogon Myanmar ADMIX -0.37 -0.34 -0.28 
691 101967 O. nivara India W5 -0.76 -1.04 -0.78 

701 103813 O. nivara/O. 
rufipogon China ADMIX -0.32 -0.13 -0.31 

704 103818 O. rufipogon/O. 
nivara China ADMIX -0.25 -0.18 -0.12 

707 103835 O. nivara Bangladesh W5 -0.51 -0.50 -0.44 
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708 103836 O. nivara Bangladesh ADMIX -0.17 n.a -0.48 

715 104497 O. rufipogon/O. 
nivara Thailand ADMIX -0.45 -0.38 -0.43 

716 104647 O. rufipogon Thailand W6 -0.80 -0.97 -0.76 
717 104650 O. nivara Thailand W6 -0.74 -0.58 -0.70 
720 104703 O. nivara India W2 -0.60 -0.87 -0.67 
721 104705 O. nivara India W1 -0.35 -0.32 -0.28 

722 104962 O. rufipogon/O. 
nivara China W6 -0.85 -0.68 -0.68 

723 104969 O. nivara China W6 -0.61 -0.62 -0.48 
736 105494 O. rufipogon Myanmar W6 -0.52 -0.70 -0.57 

738 105601 O. rufipogon/O. 
nivara Thailand W6 -0.77 -0.73 -0.79 

743 105705 O. nivara Nepal W2 -0.46 -0.39 -0.35 
746 105740 O. nivara Cambodia W6 -0.71 -0.38 -0.42 
751 105895 O. nivara Bangladesh W7 -0.24 -0.29 -0.21 
757 106148 O. nivara LAOS W6 -0.70 -0.63 -0.60 
759 106336 O. rufipogon Cambodia W3 -0.23 -0.38 -0.35 
762 106396 O. nivara Myanmar W6 -0.84 -0.60 -0.79 

Azucena Azucena O. sativa japonica IRRI tropical 
japonica -0.13 -0.07 -0.07 

IR64 IR64 O. sativa indica IRRI Indica -0.38 -0.30 -0.23 

 

Hydroponic Al tolerance evaluation 

Al tolerance was evaluated as follows: using 10 reps per treatment for each wild 

accession, ~50 seeds were germinated in rolled paper towels that were kept in dark-

moist conditions at 28°C for four days. The most 20 uniform seedlings, based on their 

primary root size were selected and randomly transferred into 10 30-L plastic 

containers with modified Magnavaca hydroponic solution either without stress (no 

Al3+) (5 containers) or with stress [Al3+ = 160 uM] (5 containers). Plants were grown 

at 28°C with 12 hrs light per day, and at 26°C and 12 hrs of dark. Seedlings were 

phenotyped for root-traits during three time points after 5, 10 and 13 days under stress 

conditions. Details about the composition of nutrient solution, growth chamber growth 

conditions and root images processing can be found in Famoso et al. (2010). To 

estimate the effect that each container might have in the Al tolerance phenotypic 

variation in our experiment, 10 reps of each control cultivar, Azucena and IR64, were 
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transferred into each of the 10 tubs used in the experiment, grown and phenotyped as 

the wild accessions of interest. 

 

!

Figure Addendum 1.1. Rectangle graph at top of figure shows the model-based ancestry for 
each wild accession (O. rufipogon) from the Rice Diversity Panel 1 (RDP1) seed stock 
collection using 113,996 GBS SNP. Color codes are as follows: W1, dark green, W2, light 
green, W3, black, W4, gray, W5, orange, W6, red, W7, blue, and W8, purple. Bottom map 
shows the geographical distribution for each accession color coded based on the model-based 
ancestry. Source: Hyunjung Kim, personal communication.  

  



 

 166 

Statistical analysis 

To assess significant differences for Al tolerance among different accessions and sub-

populations, we implemented one-way analysis of variance (ANOVA) and Tukey’s 

pair-wise comparisons using R (http://www.r-project.org/) with a significant threshold 

of 5% (P < 0.05). 

 

Data repository 

The wild RDP1 Al tolerance phenotypes files can be found in the McCouch Rice Lab 

Data Bucket Repository folder: 

Index of/data_buckets/Aluminum_tolerance/GWAS.HDRA_G5.0/phenotype_inputs 

Under the two files named: 

“nsftv.700K_v2.RDP1_AlTol_Wild_Means_ONLY_TRG_RRG_D5D10D13DAvg_JJ_

030513.txt” and “nsftv.Al_Tol_Famoso_Jung.phenotype.mean.20130718.txt” (last 

modified on the 10th of March 2014). 

 

Al tolerance phenotypes 

In order to quantify the level of Al tolerance for each accession, we estimated the 

relative root growth (RRG) of 10 reps per accession in control and in Al treatment 

(160µM Al solution) at each time point, as described by Famoso et al. (2010), 

Chapters 4 and 5. Because Al tolerance values were not normally distributed in the 70 
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wild accessions, we transformed the phenotypic values using the logarithm base-10 

function. The histograms for the transformed Al tolerance values at 5, 10 and 13 days 

under stress are shown in Figure Addendum 1.2. An analysis of variance showed 

significant differences (P < 0.05) for Al tolerance among genotypes and among 

containers for all day-stress treatments. Compared to the Al tolerant control cultivar, 

Azucena, we found that after 5 days of treatment, one accession was significantly 

more tolerant than Azucena, 14 showed no difference, and the remaining accessions 

were significantly more susceptible. After 10 days under stress conditions, 10 

accessions showed no significant difference and the 60 remaining accessions were 

significantly more susceptible to Al than the tolerant O. sativa variety, Azucena. 

Finally at 13 days under stress our results showed 15 accessions had no significant 

differences for Al tolerance compared to Azucena, and the rest of the wild accessions 

were significantly more susceptible. 

 

!

Figure Addendum 1.2. Histograms of the log10 (RRG) values evaluated at 5 days under Al 
treatment (gray), 10 days under Al treatment (orange), and 13 days under Al treatment (red).  
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 a. 

!

 b. 

!

 c. 

!

Figure Addendum 1.3. Boxplots showing log10 (RRG) for each sub-population after (a.) 5 
days, (b.) 10 days, and (c.) 13 days of Al stress treatment. !
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To further investigate the effect of population structure on Al tolerance in our sample 

of wild accessions, we performed an ANOVA and found significant differences 

among subpopulations for all time point stress treatments. Subpopulation structure 

explained 51, 42, and 38.5% of the Al tolerance phenotype in O. rufipogon (log 10 

RRG) at 5, 10 and 13 days under stress, respectively. A detailed look in these 

differences using a Tukey’s multiple comparison test found that at all treatments, 

subgroup W7 (japonica-like) was significantly more tolerant than W5 (aus-like), and 

both W7 and W5 were more tolerant than the W6 (indica-like) sub-population (Figure 

Addendum 1.3). 

 

These preliminary results suggest that the japonica-like ancestor of cultivated Asian 

rice was already significantly more tolerant than the wild ancestors of the aus and the 

indica subpopulations.  Our phenotypic data, along with the HDRA-SNP genotypic 

information on each accession, provide the basis for addressing the questions we 

outlined above. The GWAS and corresponding data analysis will be completed and a 

manuscript will be prepared summarizing our findings.  This is the first report about 

levels of Al tolerance in the wild ancestors of rice, and our study offers valuable new 

insights into the evolutionary origins and genetics of natural variation underlying Al 

tolerance in rice. 
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ADDENDUM 2: 

Evaluation of two interspecific Introgression Line populations for Al 

tolerance 

 

Wild relatives of rice represent a valuable source of genetic variation for plant 

breeders and an invaluable source of information for genetic and genomic research 

initiatives (Lorieux. 2004). As summarized by Sanchez et al. (2013), several useful 

quantitative traits loci (QTL) conferring tolerance to abiotic and biotic stresses have 

been identified in wild relatives of rice. Further, Xiao et al. (1998) identified 

transgressive variation for yield when small chromosomal fragments from a low-

yielding accession of O. rufipogon Griff. were introgressed into an elite, tropical 

japonica cultivar, Jefferson, and these results were subsequently validated under field 

conditions (Imai et al. 2013).  

 

Aluminum toxicity (Al) is one of the primary limitations to crop production 

worldwide. It is toxic to root growth under acid soils (pH < 5.0), which represent 70% 

of the world’s potentially arable soils (Uexküll and Muetert, 1995). The most relevant 

symptom of Al toxicity is a rapid inhibition of root growth, resulting in a stunted root 

system, which limits the ability of the plant to acquire water and essential nutrients 

(Kochian et al. 2004).  Several QTL studies based on intraspecific populations of rice 

have identified 32 QTLs associated with Al tolerance (Wu et al. 2000, Nguyen et al. 
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2001, Nguyen et al. 2002, Ma et al. 2002, Xue et al. 2007, Famoso et al. 2011), and a 

genome wide association study (GWAS) identified 48 loci associated with Al 

tolerance using a panel of 383 diverse cultivated accessions of O. sativa by (Famoso et 

al. 2011).  

 

The present study used two interspecific populations of introgression lines (ILs), 

derived from the crosses CUR/MER and CUR/RUF (described in chapter 2 of this 

thesis) to identify loci associated with Al tolerance. We phenotyped a set of 32 

CUR/MER and 48 CUR/RUF ILs after 5 days in Al stress treatment using our Al 

tolerance hydroponic screening platform. We plan to use this data to map loci 

associated with Al tolerance for each IL population and to test the following questions:  

1. Do we detect any QTLs associated with transgressive variation for Al 

tolerance?  

2. Do any of the QTLs detected in this study co-localize with QTLs reported by 

previous studies?  

3. Can we validate target QTL regions using populations derived from IL-F2 

individuals and narrow down the region(s) associated with Al tolerance? 

 

Plant materials 

The O. sativa ssp. tropical japonica cultivar BRSM Curinga (CUR) (Morais et al. 

2005), the wild accessions IRGC105491 (O. rufipogon Griff.) (RUF) and W2112 (O. 
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meridionalis Ng.) (MER), 48 ILs from CUR/RUF population, 32 ILs CUR/MER 

(described in chapter 2), the Al susceptible control variety IR64 (O. sativa indica), and 

the Al tolerant control variety Azucena (O. sativa japonica) were used for quantitative 

evaluation of levels of Al tolerance. 

 

Hydroponic Al tolerance evaluation 

Seedlings from the recurrent parent CUR, the donor parents MER and RUF, the 80 

ILs, along with two checks (Al-susceptible cultivar IR64 and Al-tolerant cultivar 

Azucena) were grown for 5 days in a growth chamber under two treatments: no Al3+ 

(control) and with 160 µM of Al3+ activity. Plants were grown at 28°C with 12 hrs 

light per day, and at 26°C and 12 hrs of dark. Growth conditions and nutrient solution 

composition were described by Famoso et al (2010). Twenty seedlings per genotype 

per treatment were evaluated for the total root length (TRL) in centimeters for each 

seedling using the RootReader2D software (Clark et al. 2012). Aluminum tolerance 

was determined by the relative root growth index (RRG) where 

!!"! = !!"#!!"#$%!!"#!!"!!"!!" !"#!!"#$%!!!!"!!"!!". To guarantee 

uniformity among seedlings of each genotype, 100 seeds were germinated per 

genotype and the 40 most homogenous seedlings were used and randomly transferred 

into 10 30-L plastic containers with the hydroponic solutions. 

 

Statistical analysis 
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To detect significant differences between each IL and the recurrent parent, for Al 

tolerance, post hoc Dunnett’s pairwise multiple comparison tests using Curinga as the 

control were performed with a significant level of 0.01. Because some ILs carry more 

than one segment from the donor parent, a stepwise regression marker analysis 

described by Li et al. (2007) were implemented using the software iciMapping v.3.2 

(http://www.isbreeding.net/software/?type=detail&id=13) to identify QTLs linked to 

segregating traits. A likelihood ratio test based on linear regression was used to 

estimate LOD scores from the p-values. A permutation test using 1000 permutations 

(Doerge and Churchill, 1995) was used to determine the experiment-wise significance 

threshold at a 0.05 level of significance. 

 

Al tolerance results 

A normal distribution for Al tolerance (RRG) was observed in both IL libraries 

(Figure Addendum 2.1). Significant differences in Al tolerance were observed 

between the parents, O. meridionalis (MER), O. rufipogon (RUF) and O. sativa, cv 

Curinga (CUR), as well as among the ILs (Figure Addendum 2.2). The O sativa 

recurrent parent, CUR, was 4-fold more tolerant than MER and 2-fold more tolerant 

than RUF. In the CUR/MER library, nine ILs were significantly less Al-tolerant 

(Dunett post-hoc test, p < 0.01) than the recurrent parent CUR (Figure Addendum 

2.2a). A single marker analysis (SMA) identified two statistically significant regions 

(LOD > 2.1) on chromosomes 1 and 8 associated with Al susceptibility (Figure 

Addendum 2.3a). In the CUR/RUF library, seven ILs showed significant differences 
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for Al tolerance (Dunett post-hoc test, p < 0.01): four ILs were significantly more 

tolerant than CUR, while three were significantly more susceptible than CUR (Figure 

Addendum 2.2b). A stepwise regression single marker analysis (SMA) identified two 

regions on chromosome 1 that were significantly associated with Al susceptibility 

(LOD > 3.21) (Figure Addendum 2.3b).  

 

!

Figure Addendum 2.1. Distribution of Aluminum tolerance phenotypes measured as 
Relatiave Root Growth (RRG) in the (a) CUR/MER and (b) CUR/RUF ILs.!

! !
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! !

Figure Addendum 2.2. Boxplots showing Relative Root Growth (RRG) in the CUR/MER and 
CUR/RUF populations. (a) RRG boxplot for CUR/MER. (b) RRG boxplot for CUR/RUF. 
Recurrent parent is colored in red and donor parent in blue. The ILs with RRG significantly 
different from Curinga (p < 0.01) are colored in orange.  
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!

!

Figure Addendum 2.3. Stepwise Regression Single Marker Analysis (SR-SMA) in the (a) 
CUR/MER and (b) CUR/RUF ILs for Al tolerance evaluated under hydroponic conditions. Bar 
graphs show LOD values for each marker; significance thresholds (horizontal red line) 
estimated from 1000 permutations corresponding to experiment-wise α  = 0.05. (a) 
CUR/MER; threshold LOD = 2.2, (b) CUR/RUF; threshold LOD = 3.15. 
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 With these preliminary results we are currently developing F2 derived populations 

from selected ILs from both populations. These progeny will be used to validate the 

QTL identified on chromosome 1, a region that colocalizes in both IL populations as 

well as overlaps with a region identified in previous QTL studies. This region will also 

be compared to QTLs identified in O. rufipogon using the wild RDP1 panel that is the 

basis for our GWAS, as described in Addendum 1. 

! !
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