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ABSTRACT 

  Cultivated peanut, Arachis hypogaea, is an allotetraploid species with low genetic 

diversity that is susceptible to the pathogen peanut rust, caused by the fungus Puccinia arachidis. 

Research has shown that wild peanut species A. stenosperma and A. batizocoi harbor resistance to 

various pests and pathogens, including P. arachidis. Previously, a synthetic allotetraploid created 

from a cross between A. stenosperma and A. batizocoi was utilized in a marker-assisted 

backcrossing scheme to introgress wild-derived root-knot nematode resistance into A. hypogaea. 

The resulting BC3 population showed possible resistance to other pathogens. Select BC3 families 

were screened and subsequent genotyping lead to the identification of an introgression of wild 

DNA on linkage group B02, from A. batizocoi, related to rust resistance. Primers were also 

developed and validated for this segment of wild alleles. We expect that the lines and markers 

developed here will be used for breeding cultivars with rust resistance using marker-assisted 

selection. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

INTRODUCTION 

 Cultivated peanut— Arachis hypogaea L.— is an allotetraploid species with low genetic 

diversity due to its unique polyploid origin, subsequent domestication, and sexual isolation from 

its wild diploid relatives (Bertioli et al., 2019; Halward et al., 1992; Holbrook & Stalker, 2003; 

Husted, 1936; Kochert et al., 1996; Leal-Bertioli et al., 2021). Some sources of resistance have 

been identified in cultivated peanut; however, no complete resistance has been found in the 

cultivated germplasm (Bertioli et al., 2019; Hammons, 1977; Husted, 1936; Kochert et al., 1996; 

Mondal et al., 2012; Mondal & Badigannavar, 2015; Moretzsohn et al., 2013; Subrahmanyam et 

al., 1983). Wild peanut species contain many sources of resistance to pests and diseases and are 

adapted to a wide variety of environments, so they are an important source of resistance in breeding 

programs (Bertioli et al., 2011; Leal-Bertioli et al., 2015a; Leal‐Bertioli et al., 2018). 

            Peanut rust, Puccinia arachidis, is a fungal disease that affects peanut crops worldwide. P. 

arachidis can lead to early pod senescence, reduced seed size, and a low seed oil content which 

can lead up to a 50% reduction in yield (Leal‐Bertioli et al., 2010; Mondal et al., 2014; 

Subrahmanyam et al., 1997; Subrahmanyam et al., 1985b). Several methods of cultural and 

chemical control can be used to reduce the effect of rust on crop yield but utilizing pathogen-

resistant peanut cultivars as an alternative is recognized to be a more effective strategy for 

managing pathogens in the field for a myriad of reasons (Culbreath et al., 2002; Daudi et al., 2021; 
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Francis et al., 2020; Knauft & Ozias-Akins, 1995; Levinson et al., 2021; Subrahmanyam et al., 

1997). For this purpose, multiple synthetic allotetraploids with resistance to rust have been created 

and various rust-resistant breeding lines have been released by breeding those synthetic 

allotetraploids with A. hypogaea (Bertioli et al., 2021b; Clevenger et al., 2018; Gao et al., 2021; 

Gowda et al., 2002; Levinson et al., 2021; Moss et al., 1998; Moss et al., 1997; Nigam et al., 1998; 

Reddy et al., 1996; Singh, 1986; Singh et al., 2003; Stalker, 2017; Varman, 1999). However, to 

combat the constantly evolving nature of plant pathogens, it is important to identify and utilize 

novel sources of resistance when breeding new lines of cultivated peanut. To this purpose, this 

study aimed to discover a new source of rust resistance from wild peanut species that will be useful 

to researchers that are breeding pathogen-resistant lines of A. hypogaea. A segment of wild alleles 

on the B/K-subgenome, derived from A. batizocoi, was successfully identified as a new source of 

resistance to peanut rust.  

 

LITERATURE REVIEW 

Peanut (Arachis hypogaea) 

            The peanut— Arachis hypogaea L.— is an important crop used for food, oil, and fodder 

that is mostly cultivated in tropical and sub-tropical regions of the world. In 2020, peanut was 

cultivated on a total of 31.6 million ha worldwide with an annual production of 53.8 million tons. 

The main producers of peanut in 2020 were: Asia at 58% (percentage of worldwide production in 

tons) with China producing 34% of the total and India producing 18%, Africa at 26% with Nigeria 

producing 8%, and the Americas at 8% with the United States production accounting for 5%. 

Yields around the world vary widely, in Africa averaging about 1 t/ha, in China just under 4 t/ha 

and the United States about 4.25 t/ha (FAOSTAT, 2021). In 2021, the United States planted more 
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than half a million ha (0.65 Mha) of peanut. The state of Georgia produced 52% of the total U.S. 

peanut production in 2021, followed by Alabama, Florida, Texas, North Carolina, South Carolina, 

Arkansas, Virginia, Mississippi, Oklahoma, and New Mexico (NASS, 2021) (Figure 1.1).  

 There are four primary commercial classes of A. hypogaea that are commonly grown: 

Virginia, Spanish, Valencia, and Runner (Holbrook & Stalker, 2003; Smith, 1950). Of the peanuts 

grown in the United States, about 70% are runner type, 20% are Virginia type, 10% are Spanish 

type, and less than 1% are Valencia type (Holbrook & Stalker, 2003). Peanut is used both for oil 

production due to its high oil content and for direct consumption of the grain (Arya et al., 2016). 

It can be consumed raw, boiled, roasted, mixed with other dishes, or used as a peanut butter spread. 

It provides vital dietary calories, nutrients, and proteins that are especially important in developing 

countries such as Sub-Saharan Africa. Peanut is often used as a weaning food for children in these 

countries, who are especially vulnerable to malnutrition (Arya et al., 2016; Mupunga et al., 2017; 

Rami et al., 2013; Settaluri et al., 2012; Singh & Singh, 1991). 

Peanut origin and genetics 

 Taxonomically, Arachis hypogaea L. belongs in the genus Arachis, in the family Fabaceae, 

and the subfamily Faboidea.  The genus Arachis likely originated in the highlands in the 

southwestern Mato Grosso do Sul region of Brazil close to Gran Pantanal, which is where most 

wild species with three leaflets (A. guaranitica Chodat. and Hassl. and A. tuberosa Bong. Ex 

Benth.), an ancestral phenotype, are found (Gregory et al., 1980; Simpson, 2001a; Stalker, 2017). 

The genus is comprised of approximately 83 described species that are divided into nine sections 

based on geographic distribution, reproductive compatibility, and morphology (Del Pilar De Souza 

et al., 2005; Krapovickas & Gregory, 1994; Krapovickas et al., 2007; Valls & Simpson, 2010). 

Cultivated peanut (A. hypogaea L.) is part of the section Arachis and is one of two tetraploid (2n 
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= 4x =40) species, the other being the wild species A. monticola. The section Arachis also includes 

29 wild diploid species (2n = 2x =20) including its progenitors A. ipaënsis and A. duranensis. (Chu 

et al., 2021; Krapovickas & Gregory, 1994; Krapovickas et al., 2007; Leal-Bertioli et al., 2021; 

Rami et al., 2013; Seijo et al., 2021; Ballén-Taborda, 2019; Valls & Simpson, 2010). 

 A. hypogaea is an allotetraploid species (AABB, 2n = 4x =40) that evolved in South 

America approximately between five and 10 thousand years ago (Bertioli et al., 2020; Bertioli et 

al., 2019). This occurred due to the hybridization of two wild diploid species, Arachis duranensis 

(A genome donor) and Arachis ipaënsis (B genome donor) and then a spontaneous chromosome 

doubling (Bertioli et al., 2016; Bertioli et al., 2019; Cuc et al., 2008; Grabiele et al., 2012; Halward 

et al., 1992; Husted, 1936; Kochert et al., 1996; Lavia et al., 2011; Moretzsohn et al., 2013; Ramos 

et al., 2006; Robledo et al., 2009; Robledo & Seijo, 2010; Seijo et al., 2004). Human movement 

brought A. ipaënsis into the range of A. duranensis which allowed these wild species to hybridize 

(Bertioli et al., 2016; Simpson, 2001a). Cultivated peanut’s genome size (~2.7 Gb) is roughly the 

size of the genomes of A duranensis (1.25 Gb) and A. ipaënsis (1.56 Gb) combined (Bertioli et al., 

2016; Bertioli et al., 2019). 

 It has been shown that an induced allotetraploid IpaDur ([A. ipaënsis K30076 x A. 

duranensis 14167](2n=4x=40)) crossed with cultivated peanut produced highly fertile, vigorous, and 

phenotypically normal progeny (Fávero et al., 2006). These progenies were used—along with two 

other synthetic allotetraploid crosses created with A and B genome wild peanut relatives—to create 

a linkage map that further supports the close relationship between the genomes of the wild 

progenitors and current cultivated peanut (Shirasawa et al., 2013). High DNA identity (modal 

values of 99.98%) makes it likely that one accession of A. ipaënsis (K 30076) represents the B 

genome donor (Bertioli et al., 2016; Yin et al., 2020). Accessions of A. duranensis from Rio Seco 
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(with modal DNA identity of about 99.85%) are genetically very close to the A genome donor 

(Bertioli et al., 2020). Utilizing the availability of these close representatives of the original peanut 

ancestors, Leal-Bertioli et al., 2021 were able to recreate the events of 5-10 thousand years ago. 

This study concluded that two genetic bottlenecks occurred leading to Arachis hypogaea. First was 

the hybridization and polyploidization events, which lead to sexual reproductive isolation from its 

wild diploid relatives (Bertioli et al., 2016; Bertioli et al., 2021b; Leal-Bertioli et al., 2021; Yin et 

al., 2020); the second bottleneck occurred where only a few lineages with stronger mechanisms 

for limiting genomic instability were able to survive (Leal-Bertioli et al., 2021). 

Peanut rust (Puccinia arachidis) 

 Peanut rust, Puccinia arachidis, is a major disease of peanut that is found worldwide. P. 

arachidis coevolved with peanut in South America, and the first record was in a collection 

from Surinam in 1827 (Hennen et al., 1976; Leppik, 1971). It was originally recognized as Uredo 

arachidis by Nils Gustav Lagerheim, then as Uromyces arachidis by Paul Hennings in 1896, then 

as Bullaria arachidis in 1922 by Arthur and Mains. It was then collected from Paraguay by 

Benedict Balansa and subsequently identified by Spegazzini as a new species and renamed as P. 

arachidis (Hennen et al., 1976; Mondal & Badigannavar, 2015). P. arachidis was mainly confined 

to South America until 1969, with the exception of a few outbreaks in the southern U.S. 

(Hammons, 1977; Subrahmanyam et al., 1989). Since 1969, P. arachidis has been reported around 

the world wherever peanut is grown (Bromfield & Bailey, 1972; Leal-Bertioli et al., 2015a; 

Subrahmanyam et al., 1997; Subrahmanyam et al., 1983). The full taxonomic classification of P. 

arachidis is phylum: Basidiomycota (basidial fungi), subphylum: Pucciniomycotina, class: 

Pucciniomycetes, order: Pucciniales, family: Pucciniaceae, genus: Puccinia (Aime et al., 2014; 

EOL, 2022; Kirk et al., 2008; Mondal & Badigannavar, 2015). 
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 Puccinia arachidis prefers warm and humid conditions and can spread very quickly 

throughout the field. It primarily spreads through the repeated life cycle of the fungal 

urediniospores in the field. Symptoms start 8-10 days after infection. First, small white flecks 

appear on the abaxial leaf surface, which develop into red/brown colored pustules/uredinia. These 

pustules are usually circular and are raised up from the leaf surface, and measure from 0.3-2.0 mm 

in diameter. The pustules rupture and the urediniospores emerge from under the leaf surface. The 

pustules are red when they first emerge, and then become brown as they mature. Most of the 

pustules occur on the abaxial leaf surface, although they can form on the adaxial surface as well. 

Necrosis occurs around the pustules and can lead to defoliation. Rust can lead to early pod 

senescence, reduced seed size, and a low seed oil content which has an economic impact on the 

value of the crop (Leal‐Bertioli et al., 2010; Mondal & Badigannavar, 2015; Subrahmanyam et al., 

1997). 

 Puccinia arachidis urediniospores are the primary inoculum source for rust outbreaks in 

the field. Disease development is favored by long periods of warm temperature of 22℃ or higher 

in conjunction with wet weather or high humidity of at least 78%. The pathogen moves within the 

field via wind, rain splash, and insects, and can persist from season to season if volunteer peanut 

plants are present (Mondal & Badigannavar, 2015; Sunkad & Kulkarni, 2007). However, the 

urediniospores are unlikely to survive if the field is fallow for more than 1 month (Subrahmanyam 

et al., 1997). 

 If P. arachidis is not prevented or controlled, it can cause as much as 50% yield loss 

(Subrahmanyam et al., 1985b). Late leaf spot (Nothopassalora personata) and early leaf spot 

(Passalora arachidicola) are often found in fields with peanut rust, and yield losses of up to 70% 

can occur when the diseases occur simultaneously (Khedikar et al., 2010; Levinson et al., 2021; 
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Subrahmanyam et al., 1997; Subrahmanyam et al., 1985a). In 2019, it was estimated that leaf spots 

caused a total of $44.05 million in economic losses in Georgia, caused by a 1.5% reduction in 

peanut crop value (Kemerait, 2021). 

Puccinia arachidis management 

 There are several management strategies for rust control and for reducing the spread of the 

disease in the field. Reducing inoculum, intercropping, crop rotation, mulching, and soil 

amendments can be effective (Francis et al., 2020; Ghosh & Dayal, 1998; Levinson et al., 2021; 

Sill, 1982; Subrahmanyam et al., 1997; Thurston, 2019). Leaving the field fallow for one month 

in between successive peanut crops and ensuring there are no volunteer peanuts present to harbor 

inoculum is also recommended (Levinson et al., 2021; Subrahmanyam et al., 1997). Adjusting the 

time of sowing and controlling weeds in order to avoid the environmental conditions that favor the 

fungus can also be useful (Subramanyam & McDonald, 1984). Ensuring strict plant quarantine 

practices can be effective in keeping rust from spreading to disease-free areas (Francis et al., 2020). 

These practices are especially important in countries where chemical controls are less readily 

available due to financial constraints (Levinson et al., 2021; Subrahmanyam et al., 1997). 

 Rust often occurs with leaf spots; therefore, it is important that the fungicides used are 

effective against leaf spots as well as rust (Subrahmanyam et al., 1997). Several different chemicals 

are known to be effective, including dust formulations of copper, sulfur, or copper and sulfur. 

Using spray Bordeaux mixture plus dithiocarbamates can be even more effective (Subrahmanyam 

et al., 1997). Applying Calixin at 0.5 ml/liter of water or Kavach at 2 g/liter of water can also be 

effective (Culbreath et al., 2002). Tridemorph can be effective against P. arachidis but is not useful 

for controlling leaf spots (Chiteka et al., 1988; Subrahmanyam et al., 1997). The application of 

high doses of phosphorous fertilizers (60-75kg phosphate/ha) has also been reported to slow down 
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the development of rust (Mayee, 1987). However, nowadays, the most commonly used fungicides 

are chlorothalanil 0.2%, tebuconazole, mancozeb 0.25%, or Hexaconazole/propiconazole applied 

30 days after germination until 15 days before harvesting at regular 10–15-day intervals (Culbreath 

et al., 2002; Francis et al., 2020; Subrahmanyam et al., 1997). Standard fungicide spraying regimes 

in Georgia account for about 10% of farmer costs, and for more than 10% peanut cultivation’s 

greenhouse gas emissions (UGA Extension, 2022). 

 Despite the availability of chemical control, small-holder farmers in developing countries 

rarely follow the recommended application standards. This can lead to lowered efficacy of the 

chemical controls and to the possible development of pathogen resistance (Monyo et al., 2009; 

Smith & Littrell, 1980). The development of pathogen resistance to chemical control along with 

the natural evolution of plant pathogens that leads to resistance against various forms of 

management could cause additional problems for farmers. Therefore, it is important for farmers in 

developing countries as well as the United States that rust resistant, high-yielding peanut cultivars 

are developed (Daudi et al., 2021; Khedikar et al., 2010; Levinson et al., 2021; Mondal & 

Badigannavar, 2015).  

Arachis genetic resources 

 As described in a previous section, A. hypogaea likely went through two genetic 

bottlenecks that, along with domestication by humans, led to the cultivated peanut we know today 

(Bertioli et al., 2020; Bertioli et al., 2016; Bertioli et al., 2021b; Bertioli et al., 2019; Leal-Bertioli 

et al., 2021; Yin et al., 2020). While A. hypogaea is morphologically diverse, resistances to 

pathogens and pests are limited due to its lack of genetic diversity and reproductive isolation from 

its diploid wild relatives (Bertioli et al., 2016; Bertioli et al., 2019; Halward et al., 1992; Husted, 

1936; Kochert et al., 1996; Leal-Bertioli et al., 2015b; Moretzsohn et al., 2013). Strong resistance 
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against P. arachidis and other important peanut pathogens and pests have been found in the 

secondary, and tertiary gene pool of the genus Arachis. However only the secondary gene pool 

(which includes the section Arachis) is useful due to its compatibility with cultivated peanut, albeit 

with special manipulations of ploidy (Mondal & Badigannavar, 2015; Rami et al., 2013). 

Rust resistance in cultivated peanut 

            Some rust resistance has been found in cultivated peanut, mainly in the subspecies 

fastigiata (Hammons, 1977; Mehan et al., 1996; Singh et al., 1997). The resistance available in 

cultivated peanut is often called the “slow rusting type” because the incubation period is longer, 

the pustules are smaller, the uridinia often fail to rupture or have reduced urediniospore production, 

and the germinability is lowered (Bromfield, 1971; Cook, 1980; Power et al., 2019; 

Subrahmanyam et al., 1983; Subrahmanyam et al., 1997; Wynne et al., 1991). 

 The International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) 

previously screened more than 13,000 cultivated germplasm accessions for resistance to rust and 

found about 150 resistant lines (Mondal & Badigannavar, 2015; Subrahmanyam et al., 1980; 

Subrahmanyam et al., 1997; Subrahmanyam et al., 1983; Subrahmanyam et al., 1995). Several 

rust-resistant mutants have also been reported in cultivated species, mainly in Peru, Bolivia, and 

India (Badigannavar et al., 2005; Bromfield, 1971; Mondal & Badigannavar, 2015; Power et al., 

2013; Power et al., 2019; Rajgopal et al., 2002; Shokes & Melouk, 1995; Wynne et al., 1991). 

Various rust-resistant lines have also been bred using cultivated peanut and released as germplasm. 

Some examples include Tifrust1-14 (Hammons et al., 1982a; Hammons et al., 1982b) and ICG 

12625, 2381, 12697, and 11426 (Upadhyaya et al., 2014). Research is ongoing into breeding more 

resistant cultivars and finding resistance in commonly used cultivars (Power et al., 2019). 
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Rust resistance in wild peanut 

            Wild peanut species (Arachis sp.) are adapted to a large variety of habitats and can be found 

in xerophytic forests, in temporarily flooded areas, in grasslands, and in sub-tropical rainforest. 

They can also survive on a wide range of soil types, from rocky soils to sandy soils with a variety 

of drainage types (Bertioli et al., 2011; Krapovickas et al., 2007) Arachis species are indigenous 

to South America and can be found widely distributed across the whole continent (Moss & Feakin, 

1985; Stalker, 2017). 

 Wild peanuts contain many sources of resistance to pests and diseases that plague A. 

hypogaea (Bertioli et al., 2003; Bertioli et al., 2011; Stalker, 2017). Within the section Arachis, 29 

wild diploid species harbor resistance to rust, late leaf spot, early leaf spot, and other important 

peanut pathogens (Stalker, 2017). Various studies have identified which of these wild species are 

resistant to diseases that commonly affect peanut, including: A. batizocoi, A. cardenasii, A. 

duranensis, A. ipaënsis, A. stenosperma, A. valida, A. monticola, A. diogoi, and A. correntina 

(Ballén-Taborda et al., 2021; Bera et al., 2018; Bertioli et al., 2003; Bertioli et al., 2011; Leal‐

Bertioli et al., 2010; Fávero et al., 2009; Holbrook & Stalker, 2003; Kumar & Kirti, 2015; Leal-

Bertioli et al., 2009; Leal-Bertioli et al., 2015a; Leal-Bertioli et al., 2015b; Leal-Bertioli et al., 

2017; Morgante et al., 2013; Mota et al., 2018; Nelson et al., 1989; Nelson et al., 1990; Nigam et 

al., 1991; Pande & Rao, 2001; Rami et al., 2013; Sharma et al., 2003; Simpson et al., 2003; Stalker, 

1984; Stalker, 2017; Subrahmanyam et al., 1983; Subrahmanyam et al., 1985a; Subramanyam & 

McDonald, 1984; Upadhyaya et al., 2011). It was recently discovered that a single accession of A. 

cardenasii (GKP 10017) that was utilized in breeding programs in the 1960s (Stalker et al., 1979) 

has resulted in current commercial lines with resistance to P. arachidis as well as to other important 

peanut diseases (Bertioli et al., 2021a). 
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Transferring wild alleles into peanut 

 While it is possible to use chemical and cultural control to deal with diseases in the field, 

utilizing pathogen-resistant peanut cultivars is a more economically viable, technically feasible, 

environmentally friendly, and socially acceptable strategy (Daudi et al., 2021; Knauft & Ozias-

Akins, 1995; Mondal & Badigannavar, 2015). In the past, incorporating wild species disease 

resistance into breeding programs tended to decrease the yield because most wild alleles are 

agronomically maladapted. However, in recent years molecular techniques and other methods have 

allowed researchers to increase disease resistance while also increasing yield and other beneficial 

characteristics (Holbrook et al., 2016). Compared to conventional breeding, molecular breeding 

allows researchers to better handle traits which are difficult to manage through conventional 

phenotypic selection as well as increasing the efficiency and accuracy of pyramiding traits or QTLs 

for a specific trait (Ribaut and Hossington, 1998; Xu and Crouch, 2008). 

 Most wild species are diploid, so transferring genes/alleles from the wild species to the 

tetraploid A. hypogaea is not a simple process (Bertioli et al., 2021b; Rami et al., 2013; Simpson, 

2001; Simpson, 1991; Stalker, 2017). However, there are methods for creating wild-derived 

synthetic allotetraploids that can then be bred with cultivated peanut (Bertioli et al., 2021b; Rami 

et al., 2013; Simpson, 2001; Simpson, 1991). The first method is called the “hexaploid” route. 

First the tetraploid A. hypogaea (2n=40) is hybridized with a diploid wild relative (2n =20) to 

produce a sterile triploid. The hybrid is then chromosome-doubled to create a hexaploid (6x=60) 

which is crossed and then selfed or back-crossed with A. hypogaea. Selection can be attempted for 

desired traits, but not every combination of cultivated and wild peanut is viable, as some produce 

sterile offspring (Simpson, 2001; Simpson and Starr, 2001). A second method is known as the 

“tetraploid” route: a diploid A-genome wild peanut species is crossed with a diploid B-genome 
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species resulting in a sterile hybrid that is then treated with colchicine. This induces doubling of 

the chromosomes to create a tetraploid hybrid that can be successfully crossed with cultivated 

peanut (Simpson, 2001; Simpson and Starr, 2001). Researchers have focused their efforts on the 

tetraploid route in recent years because of its greater ease and higher fertility of progeny (Ballén-

Taborda et al., 2021; Chu et al., 2021; Fávero et al., 2006; Foncéka et al., 2009; Gao et al., 2021; 

Leal‐Bertioli et al., 2018; Levinson et al., 2021; Mondal & Badigannavar, 2015; Stalker, 2017). 

Breeding for rust resistance 

 Researchers have been successful utilizing wild peanut species to introgress resistance to 

peanut pathogens and pests, and specifically to P. arachidis. Synthetic allotetraploids have been 

created by crossing different combinations of wild peanut species. Allotetraploids that are sexually 

compatible with A. hypogaea can be used to introgress resistance alleles by utilizing conventional 

breeding methods as well as marker-assisted selection to advance progeny with selected QTL that 

have been tested for resistance to rust (Gao et al., 2021; Khedikar et al., 2010; Leal-Bertioli et al., 

2015a; Levinson et al., 2021; Stalker and Moss, 1987; Stalker and Wynne, 1982; Stalker et al., 

1982; Stalker, 2017; Stalker et al., 1979; Sujay et al., 2012). Various wild species containing rust 

resistant breeding lines have been released for use, including VG 9514 (Varman, 1999), GPBD 4 

(Clevenger et al., 2018; Gowda et al., 2002), ICGV 86699 (Reddy et al., 1996), and ICGV 99001-

99005 (Singh et al., 2003) and more (Moss et al., 1998; Moss et al., 1997; Nigam et al., 1998; 

Stalker, 2017). 

 In more recent years, wild peanuts species have been used to introgress rust resistance into 

cultivated peanut including A. batizocoi, A. correntina, A. duranensis, A. stenosperma, A. gregoryi, 

A. magna, A. cardenasii, A. diogoi, and A. valida.  Multiple accessions of these synthetic 

allotetraploids have been found to be resistant to rust, including: BatCor, BatDur1, BatDur2, 
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BatSten1, GregSten, MagCard, MagDio, MagDur, and ValSten1 (Gao et al., 2021; Holbrook et 

al., 2016; Khedikar et al., 2010; Leal-Bertioli et al., 2015b; Levinson et al., 2021; Rami et al., 

2013; Singh, 1986; Sujay et al., 2012). It has been found that the specific accessions within the 

wild peanut species is also important when trying to utilize that species for breeding, as resistance 

can vary between individual accessions in a species (Pande & Rao, 2001; Rami et al., 2013; Singh 

et al., 1996) so induced allotetraploids have been created using multiple accessions of the same 

species. Rust resistant germplasm has also been released from more complicated crosses, like the 

[A.batizocoi (A. cardenasii × A. diogoi)]4x cross as well as a line from its backcross with cultivated 

A. hypogaea Florunner (Simpson et al., 1993). However, only a few accessions have been used so 

far for breeding rust resistance, so it is important that research continues to identify and use new 

sources of resistance. 

 

OBJECTIVES 

 The main objective of this project was to utilize a population of BC3 plants from a marker-

assisted backcrossing scheme to identify the wild-derived source of resistance to peanut rust. The 

BC3 population had originally been created to introgress resistance to root-knot nematode from the 

wild donor parents (A. batizocoi and A. stenosperma) but the wild parents have previously been 

found to have resistance to P. arachidis as well. In order to utilize this source of resistance to help 

create rust resistant lines, selected BC3 families were first screened in order to identify a family 

that segregates for rust resistance and then single-nucleotide polymorphism (SNP)-based 

genotyping was used to identify the linkage group containing the segment of wild DNA related to 

the resistance. 

                                                                                                                              



 

14 

 

Figure 1.1: U.S. Peanut Production 2021. Percentages of peanut produced in 2021 (based on the 

total lb produced per state) in the U.S (NASS, 2021). Map created with Microsoft Excel.  
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CHAPTER 2 

IDENTIFYING A SOURCE OF WILD-DERIVED RESISTANCE TO PEANUT RUST 

(PUCCINIA ARACHIDIS) IN A BC3 POPULATION 

 

INTRODUCTION 

 Cultivated peanut— Arachis hypogaea L.— is an allotetraploid species with low genetic 

diversity due to its unique polyploid origin and subsequent domestication (Bertioli et al., 2019; 

Halward et al., 1992; Husted, 1936; Leal-Bertioli et al., 2021). Cultivated peanut is sexually 

isolated from its diploid wild peanut relatives, leading to an absence of gene-flow from wild peanut 

species which also contributes to the susceptibility of cultivated peanut to various pathogens and 

pests (Holbrook & Stalker, 2003; Husted, 1936; Kochert et al., 1996; Leal-Bertioli et al., 2021). 

Some sources of resistance have been identified in cultivated peanut; however, no complete 

resistance has been found in the cultivated germplasm (Bertioli et al., 2019; Hammons, 1977; 

Husted, 1936; Kochert et al., 1996; Mondal & Badigannavar, 2015; Moretzsohn et al., 2013; 

Subrahmanyam et al., 1983a). Due to this, it is important to find and utilize wild peanut species, 

which contain many sources of resistance to pests and diseases and are adapted to a wide variety 

of environments (Bertioli et al., 2011; Leal‐Bertioli et al., 2018; Stalker, 2017). 

            Peanut rust, caused by the fungus Puccinia arachidis, is a fungal disease that affects crops 

worldwide. Puccinia arachidis can lead to early pod senescence, reduced seed size, and a low seed 

oil content which can reduce yield by up to 50% (Mondal et al., 2014; Subrahmanyam et al., 1997; 

Subrahmanyam et al., 1985b). Yield can be reduced up to 70% when P. arachidis and the fungal 
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diseases early leaf spot (Passalora arachidicola) and late leaf spot (Nothopassalora personata) 

occur simultaneously in the field (Subrahmanyam et al., 1985b). Several methods of cultural and 

chemical control can be used to manage P. arachidis in the field (Culbreath et al., 2002; Francis 

et al., 2020; Levinson et al., 2021; Subrahmanyam et al., 1997). However, fungicides increase the 

cost considerably, and, in many developing countries where peanut is an important protein source, 

peanut farmers rarely have the resources to afford the chemical controls in the dosages necessary 

to be effective, which can lead to the development of pathogen resistance (Khedikar et al., 2010). 

Utilizing pathogen-resistant peanut cultivars can be a more economically viable, technically 

feasible, environmentally friendly, and socially acceptable strategy for managing pathogens in the 

field (Daudi et al., 2021; Knauft & Ozias-Akins, 1995). 

 Cultivated peanut (A. hypogaea) is tetraploid (2n = 4x =40) while the related wild peanut 

species (Arachis sp.) are diploid (2n = 2x =20) (Bertioli et al., 2016; Bertioli et al., 2019; Bertioli 

et al., 2011; Krapovickas & Gregory, 1994). To overcome the issue of cultivated and wild peanut’s 

sexual incompatibility, researchers can create wild-derived synthetic allotetraploids that can be 

bred with cultivated peanut (Bertioli et al., 2021b; Chu et al., 2021; Leal-Bertioli et al., 2021; Leal-

Bertioli et al., 2015b; Nguepjop et al., 2016). Multiple synthetic allotetraploids with resistance to 

rust have been created for this purpose (Bertioli et al., 2021b; Fávero & Valls, 1998; Fávero et al., 

2015; Fávero et al., 2006; Gao et al., 2021; Levinson et al., 2021; Singh, 1986; Singh et al., 2003). 

Various rust-resistant breeding lines created by crossing synthetic allotetraploids with A. hypogaea 

have also been released for use (Gowda et al., 2002; Moss et al., 1998; Moss et al., 1997; Nigam 

et al., 1998; Reddy et al., 1996; Singh et al., 2003; Varman, 1999). Research is ongoing to 

determine and utilize more sources of resistance from wild peanut species. 
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 Previously, a marker-assisted backcrossing scheme (MABS) was utilized to introgress 

genes responsible for Meloidogyne arenaria (root-knot nematode or “RKN”) resistance from wild 

diploid species Arachis batizocoi (“Bat”) and A. stenosperma (“Sten”) into cultivated peanut 

(Ballén-Taborda et al., 2019; Ballén-Taborda et al., 2021b; Ballén-Taborda, 2019). A. stenosperma 

was used as the source of the A-genome (Moretzsohn et al., 2013; Tallury et al., 2005) and A. 

batizocoi was the source of the B/K genome (Moretzsohn et al., 2013; Robledo et al., 2009). The 

wild Arachis relatives were obtained from the USDA-GRIN system (https://www.ars-grin.gov/) 

and a synthetic allotetraploid (named BatSten1) (Bertioli et al., 2021b) was created to be crossed 

with cultivated tetraploid peanut. A. stenosperma PI666100 (original collection voucher V10309) 

and A. batizocoi PI298639 (original collection voucher K9484) were crossed, and the diploid 

hybrid was treated with colchicine to induce chromosome doubling. BatSten1 was crossed with A. 

hypogaea cv. Runner-886 and select F2:3 lines with RKN resistant segments previously identified 

on the A02 and A09 chromosomes (Leal-Bertioli et al., 2015a) were used as the donor parents 

(Figure 2.1) (Ballén-Taborda et al., 2019). 

 Three cycles of backcrossing were completed in three consecutive years (2016, 2017 and 

2018) in two locations (Athens and Tifton, GA) using three breeding elite lines (A. hypogaea 5-

646-10, 13-1014 and TifGP-2) from Tifton, GA as the recurrent parents (Ballén-Taborda et al., 

2021a; Holbrook, 2016; Holbrook et al., 2012). TifGP-2 is a breeding line with good yield and 

grade and normal oleic content (Holbrook et al., 2012) and 5-646-10 (a [Florida-07 x Tifguard]-

derived breeding line) and 13-1014 (a [C1805-617-1 (Florida-07 x Tifguard) x Georgia-06G]-

derived line) both have good yield and grade and high oleic/linoleic oil ratio (Holbrook, 2016). 

Twenty-two SNP markers were used for selection of lines with the desired chromosome segments 

at each cycle (Ballén-Taborda et al., 2021b; Ballén-Taborda et al., 2019). This resulted in a BC3F2 
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population of peanut with confirmed resistance to RKN from the wild peanut genome and the 

phenotype of cultivated peanut A. hypogaea (Ballén-Taborda et al., 2021b). 

 Along with RKN resistance, A. batizocoi and A. stenosperma have been found to be 

resistant to peanut rust and other peanut diseases late leaf spot, early leaf spot, and tomato-spotted 

wilt virus (Ballén-Taborda et al., 2019; Ballén-Taborda et al., 2021b; Bera et al., 2018; Fávero et 

al., 2009; Leal-Bertioli et al., 2015a; Stalker, 2017; Subrahmanyam et al., 1983b; Subrahmanyam 

et al., 1985a). Therefore, it was expected that cryptic alleles that confer resistance to other 

pathogens were also selected into some of the BC3 lines. In this study, selected families from the 

BC3F3 and BC3F4 generations of this MABS population were screened for possible resistance to 

rust conferred by segments of wild DNA from donor parent BatSten1 not yet characterized (Figure 

2.1). The resistant genotypes identified from the screening were then used to identify the segment 

of wild DNA conferring rust resistance. This research will contribute to future production of peanut 

lines with resistance to RKN along with a new source of resistance to peanut rust. 

 

MATERIALS AND METHODS 

Plant materials 

 Select families from the MABS BC3F2 population created by Ballén-Taborda et al. (2019) 

were used in this project. As described above, this population was created by crossing the induced 

allotetraploid BatSten1 with cultivated susceptible A. hypogaea lines 13-1014 and 5-646-10, and 

TifGP-2 in order to introgress RKN resistance (Figure 2.1). Previously, phenotypic variation was 

found in the BC3F2 population by evaluating for the following variables: seed size (weight (g), 

length and width (mm)), leaf spot incidence (presence or absence), architecture (scored from 1-5, 

with 1 for erect and 4 for prostrate growth habit, and 5 for dwarf plants), fertility (number of pegs), 
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and flower color (cultivated orange phenotype or wild yellow phenotype) (Table 2.1) (Ballén-

Taborda et al., 2021a). The BC3F2 population had an average seed weight of 0.72 g, an average 

seed length of 16.94 mm, and an average seed width of 10.11 mm (Ballén-Taborda et al., 2021a). 

Seeds from the selected BC3F2 families (BC3F3 genotypes) were grown under greenhouse 

conditions, allowed to self-pollinate, and then the progeny (BC3F4 genotypes) were also grown in 

the greenhouse (Figure 2.1). 

 Three characterized families from the MABS population were chosen to be screened for 

rust resistance. These families were selected using the percentage of Batsten1 DNA still present 

on the genome and the presence of certain segments of wild DNA of interest based on previous 

research. None of these segments of interest had previously been connected to rust resistance. Two 

families (BC3F1_Seed8_S15 and BC3F1_Seed7_S3) were selected with a low percentage of 

BatSten1 (wild) DNA (6.7% and 9.6% respectively), and one family (BC3F1_Seed11), with a 

higher percentage of BatSten1 (15.5%), based on the results from genotyping using the 

Thermofisher “Axiom_Arachis v 2.0” 48K SNP array (Ballén-Taborda et al., 2021a; Korani et al., 

2019). These three families will herein be referred to as Seed8, Seed7 and Seed 11, respectively. 

Seed8 and Seed7 were bred in Tifton and Athens, GA using recurrent female parents A. hypogaea 

Runner 886 and 5-646-10. Seed8 had segments of wild DNA on LGs A04 and A06, and both 

Seed7 and Seed8 had a segment on LG B02 (Figure 2.2). These segments of wild DNA on LG 

A04, A06, and B02 have previously been linked to late leaf spot (LLS) resistance but this has not 

been validated (Ballén-Taborda et al., 2021a; Bertioli et al., 2022). In 2020, plants from the BC3F2 

population were planted in the field in Midville, GA and two BC3F3 seeds from one Seed8 plant 

that performed well in the field (showed A. hypogaea morphology and little disease) were also 

screened for rust resistance. Seed11 was bred in Tifton, GA using recurrent female parents A. 
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hypogaea Runner 886, 13-1014, and 5-646-10. Along with this, Seed11 had a wild segment on LG 

A02, which has been found to be related to RKN resistance (Ballén-Taborda et al., 2019; Ballén-

Taborda et al., 2021b), as well as wild segments on LG A06 and B02 that might be related to LLS 

resistance (Figure 2.2) (Ballén-Taborda et al., 2021a; Bertioli et al., 2022). 

Rust resistance evaluation 

            Rust isolates were gathered from infected peanut plants in the field in Tifton, Georgia. Rust 

urediniospores were scraped off the leaf surface using a scalpel and placed in 2 mL microcentrifuge 

tubes. Because rust is an obligate biotroph, the rust culture was maintained on leaves from 

susceptible cultivars A. hypogaea cv. Runner-886, A. hypogaea Tifrunner, A. hypogaea 5-646-10, 

and A. hypogaea 13-1014. To maintain the necessary quantity and virulence of the rust, the spores 

were scraped off and used to inoculate new leaves every 14-28 days.  

            Eighty-two BC3F3 and 94 BC3F4 genotypes were evaluated for resistance to peanut rust 

(176 genotypes total). The control genotypes used were susceptible cultivated lines (A. hypogaea 

cv. Runner-886, A. hypogaea Tifrunner, A. hypogaea 5-646-10, and A. hypogaea 13-1014) and the 

resistant BatSten1 (Bertioli et al., 2021b). Evaluation was done using detached leaf assays 

essentially as previously described (Moraes & Salgado, 1982). Three to six of the first fully 

expanded lateral leaves were removed from 55 to 251-day-old plants grown under greenhouse 

conditions. The selection of the first expanded leaf helped to counter the differences in age between 

some of the plants. Most bioassays included plants that had been grown from seed, but cuttings 

from six BC3F3 plants were grown as well in order to run additional detached-leaf bioassays on 

those genotypes. Each leaf was rinsed in water, rubbed gently, and dried with a paper towel. The 

petiole of each leaf was submerged in water, cut diagonally with scissors, wrapped in wet cotton 

wool, and placed in an individual petri dish. Each petri dish contained a cotton pad, filter paper, 
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and a glass slide to keep the chamber moist but allow the leaf to rest above the water. Each leaf 

was inoculated on the abaxial surface using a soft brush with a suspension of 5x105 spores/ml on 

0.005% Tween 20. Petri dishes were maintained in a growth chamber at 24℃ with a 12 hour light: 

dark photoperiod and kept moist using sterilized water sprayed onto the cotton every one or two 

days. A stereomicroscope assisted in counting pustules and evaluating sporulation. The leaves 

were then scanned, and leaf area was calculated using the software APS Assess 2.0. 

            The leaves were observed every one to two days for signs of rust pustules. Pustules 

typically began to emerge after approximately 14 days and the leaves were observed every day 

following that. The following components of resistance were recorded: incubation period (the 

number of days after inoculation when pustules were first observed) (IP), total number of 

pustules/leaf area (cm2) (TPA), the number of sporulated pustules/leaf area (cm2) (SPA), the 

susceptibility index (I), and the susceptibility index/leaf area (cm2) (IA). The susceptibility index 

(I), developed by Leal-Bertioli et al. (2015a), is a measure of the number and size of pustules, 

using a modified scale developed by Savary et al (1989). The formula I = ∫(s * n)/LA was used, 

where s= pustule size (1 = microscopic unsporulated pustule, 2-5 = sporulated pustules from 0.5 

to 3 mm, 6 = sporulated pustule more than 3mm in size) (Figure 2.3), n = number of pustules of a 

particular size, and LA = leaf area (mm2). The IP was the only score recorded while the leaves 

were still in the growth chamber. The petri dishes containing individual leaves were placed in a -

4℃ refrigerator to inhibit further fungal growth and the number and size of pustules were recorded 

using a stereomicroscope within seven days of the end of the bioassay. To account for the variation 

between each bioassay caused by factors such as the age of the plants and the virulence of the rust 

inoculation, the data was then standardized using z-scores (IAZ) (Andrade, 2021). A formula was 

then used to transform the z-scores to a scale of 0-1 (Standardized IA (IAS) = (X-Xmin)/ (Xmax-
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Xmin)). The same method was used to standardize the IP, TPA, and SPA, and the standardized data 

are called IPS, TPAS, and SPAS, respectively. 

Whole genome SNP genotyping, analysis, and data filtering 

            Genomic DNA from the 149 BC3F3 and BC3F4 genotypes from the Seed7, Seed8, and 

Seed11 families that had been screened for rust, along with controls (A. hypogaea cv. Runner-886, 

A. hypogaea Tifrunner, A. hypogaea 5-646-10, A. hypogaea 13-1014, and BatSten1), was extracted 

from leaves using the DNeasy Plant Mini Kit (QIAGEN) according to manufacturer’s instructions. 

DNA concentration was determined using Qubit Fluorometric Quantification and samples were 

then submitted for genotyping with the Thermofisher “Axiom_Arachis v 2.0” 48K SNP array 

(Korani et al., 2019). The genotypic data were extracted, processed, and analyzed using Axiom 

Analysis Suite 2.0 software and then filtered using Unix scripts (Supplemental Script 2.S1) 

developed by Ballén-Taborda et al. (Ballén-Taborda et al., 2019). The polymorphic SNP markers 

were filtered and assigned to the A-subgenome (A. stenosperma-specific markers) or the B/K-

subgenome (A. batizocoi-specific markers). The positions of the A-genome marker homologues in 

the A. duranensis pseudomolecule determined their physical location on the chromosome, and the 

physical location of the B/K-genome markers were determined based on the A. ipaënsis 

pseudomolecules (https://www.peanutbase.org/) (Bertioli et al., 2016). The SNP markers were 

further divided into 20 linkage groups (LG): 10 on the A-subgenome (named A01 – A10) and 10 

on the B/K-subgenome (named B01-B10). The genetic distances between the markers (in cM) 

were created using previous data from Ballén-Taborda, et al using Joinmap v 4.0 (Ballén-Taborda 

et al., 2019; Van Ooijen, 2006). Further, each SNP marker showed one of four results after 

filtering: no call, homozygous for the cultivated (A. hypogaea) allele (A1A1 or BB) (-/-), 
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heterozygous (A1A2 or BK) (-/+), or homozygous for the wild (A. stenosperma or A. batizocoi) 

allele (A2A2 or KK) (+/+). 

 SNP primer design and Kompetetive Allele Specific PCR (KASP) reaction 

 In this project, Kompetetive Allele Specific PCR (KASP) was used to validate the results 

from the Axiom_Arachis v 2.0 array by identifying wild segments on LG B02 using SNP-specific 

primers (Semagn et al., 2014). For this purpose, four primer sets consisting of three PCR primers 

each was developed for the segment of interest, on LG B02. The primers were designed using the 

web-based program BatchPrimer3 (https://wheat.pw.usda.gov/demos/BatchPrimer3/) using the 

“Allele-specific primers and allele flanking primers” option (You et al., 2008). The parameters 

were set as described by Ballén-Taborda et al. (2019):60−120 bp in size, GC content of 30-80% 

and Tm between 58 and 60°. Four KASP primer assays were designed for the segment at LG B02. 

The KASP primer assay mix comprised of 12 µl of each allele-specific primer, 30 µl of flanking 

marker and 46 µl of H2O. The KASP plate was filled with 4 µl of primer assay and 1 µl of genomic 

DNA from individual samples in each well. Plates were read using the LightCycler® 480 System 

using endpoint genotyping (Hoffmann et al., 2008). 103 individuals from the Seed8 family were 

genotyped using KASP.  

 Statistical analysis 

In order to analyze the results from each individual bioassay, the Shapiro-Wilk test was 

used to determine the normality of the phenotypic data (Shapiro & Wilk, 1972). Within each 

individual bioassay, a non-parametric one-way Kruskal-Wallis test was then used to assess the 

differences in the phenotypic data at a 5% level of significance (P < 0.05) (Kruskal & Wallis, 

1952). The Fisher’s Least Significant Differences (LSD) post hoc test was used for genotype 

grouping within each individual bioassay (Fisher, 1936). Both the Kruskal-Wallis and Fisher’s 
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LSD tests were performed using the R-package “agricolae” (Mendiburu, 2021). To compare the 

bioassays to each other, the Skillings-Mack test was used to assess the differences in the 

phenotypic data at a 5% level of significance (Skillings & Mack, 1981). The R-package 

PMCMRplus was used for the Skillings-Mack test (Pohlert, 2022). 

In order to validate that the wild segment on LG B02 is significantly correlated to rust 

resistance, Pearson’s Correlation Coefficient (Pearson, 1895) was used with the R-package 

“ggcorrplot” (Kassambara, 2019). The Pearson’s Correlation Coefficient was calculated using all 

individuals from Seed7, Seed8, and Seed11 families from all nine detached-leaf bioassays. To 

compare genotypes with the presence or absence of the segment on LG B02 over all nine 

bioassays, multiple comparisons were performed using the Kruskal Wallis method at a 5% level 

of significance (Kruskal & Wallis, 1952) and to test pairwise comparisons between genotypes the 

Wilcoxon test 5% level of significance (Woolson, 2007) was used. Finally, the same analysis was 

performed for the Seed8 genotypes over all nine bioassays specifically to analyze the difference 

in the scores from individuals with the wild segment at LG B02, heterozygous at that segment, or 

without the wild segment at LG B02. Both the the Kruskal Wallis and Wilcoxon tests were 

performed using the function stat_compare_means of “ggpubr” R package version 0.4.0 

(Kassambara, 2019).  

 

RESULTS 

Selection of a BC3 family that segregates for rust resistance 

 In order to identify a family that segregated for rust resistance, three families from the 

MABS BC3F2 population derived from A. batizocoi and A. stenosperma (Seed7, Seed8, and 
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Seed11) were screened in two detached-leaf bioassays (Assay 1 and Assay 2). Seventy BC3F3 

genotypes were assayed: 24 genotypes each from the Seed7 and Seed11 families, and 22 genotypes 

from the Seed8 family. Each genotype was screened at least one time. Four susceptible cultivars 

(A. hypogaea cv. Runner-886, A. hypogaea Tifrunner, A. hypogaea 5-646-10, and A. hypogaea 

13-1014) and one resistant allotetraploid (BatSten1) were used as controls. Although there was 

some variability between bioassays, BatSten1 was consistently asymptomatic and susceptible 

controls were consistently symptomatic  

The overall average Index/Area (cm2) (IA) for all genotypes including controls, was 3.30 

and 1.07 for Assay 1 and 2, respectively. The BC3F3 families (Seed7, Seed8, and Seed11) screened 

showed variable resistance to rust (Tables 2.2-2.3, Figure 2.4). Seed7 was highly resistant to rust. 

In Assay 1, out of the 12 genotypes screened, 11 were asymptomatic (91.67%), and in Assay 2, 

nine out of 12 were asymptomatic and the symptomatic leaves had few pustules. On the other 

hand, Seed11 was highly susceptible to rust. In Assay 1, all 12 genotypes were symptomatic and 

in Assay 2, 11 out of 12 were symptomatic with many large pustules. Seed8 genotypes segregated 

for rust resistance. In Assay 1, six out of the 11 genotypes screened were asymptomatic, and in 

Assay 2, eight out of 11 were asymptomatic. Within both Assay 1 and 2, the IP, TPA, SPA, and 

IA values were non-normal and significantly different at P<0.05 (Table 2.4). Seed8 was then 

chosen for further analysis.  

Screening Seed8 genotypes for rust resistance 

The Seed8 family segregated for rust resistance therefore it was chosen for further rust 

screening. BC3F3 and BC3F4 individuals from Seed8 were tested for rust resistance to correlate 

phenotyping with genotyping results to identify the wild segments that confer resistance. Ninety-
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four BC3F4 Seed8 genotypes and 20 BC3F3 Seed8 genotypes were screened for rust resistance over 

seven bioassays (Assays 3-9). Each genotype was screened at least two times. In all seven 

bioassays, BatSten1 was consistently asymptomatic, and the susceptible controls were mostly 

symptomatic. In Assays 3-9, the BC3F3 and BC3F4 Seed8 genotypes showed varying degrees of 

resistance to rust; out of the 114 Seed8 individuals screened, 40 were consistently asymptomatic 

over each bioassay (35.09%). Within each individual bioassay, the IP, TPA, SPA, and IA values 

were non-normal and significantly different at P<0.05 (Table 2.4). Due to the variability between 

the bioassays, each score was standardized so that results from different bioassays could be 

compared (Supplemental Tables 2.S1- 2.S3). 

Results of all nine bioassays (1 and 2 using all families, and 3-9 only with Seed8) were 

compiled for final analyses. A total of 128 Seed8 genotypes (34 BC3F3 and 94 BC3F4) were 

screened over nine bioassays from 2020-2021 (called Assays 1-9). The average IAS for the 

susceptible controls over all nine bioassays was 0.04 for A. hypogaea 13-1014, 0.02 for A. 

hypogaea 5-646-10 (data lost for Assay 5), 0.07 for A. hypogaea Runner 886, and 0.10 for A. 

hypogaea Tifrunner. Forty-nine of the 128 Seed8 genotypes (38.28%) were consistently 

asymptomatic over all nine bioassays. The average IAS for all 128 Seed8 genotypes screened (not 

including controls) was 0.007. Within each of the nine bioassays, the frequency distributions for 

IAS, standardized total pustules/area (TPAS), standardized sporulating pustules/area (SPAS), and 

standardized incubation period (IPS) for the Seed8 genotypes (plus controls) were non-normal, 

with IAS, TPAS, and SPAS skewing towards resistance (example in Figure 2.5). The data 

variances among the genotypes (including controls) for the average IAS, TPAS, SPAS, and IPS 

over Assays 1-9 were also significantly different at P<0.05 (Table 2.5).  
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Whole genome SNP genotyping and identification of wild segment correlated with rust 

resistance 

 Using the Thermofisher “Axiom_Arachis” v 2.0 array (Korani et al., 2019), genomic DNA 

from 148 BC3 genotypes and five controls were genotyped in two batches (herein called Affy 1 

and Affy 2) and the results were then combined. In Affy 1, 67 BC3F3 individuals were genotyped: 

22 Seed8, 23 Seed7, and 22 Seed11 individuals. After filtering, a total of 1,046 polymorphic SNP 

markers were identified. 618 of those SNPs were assigned to the A-subgenome (A. stenosperma-

specific markers) and 430 to the B/K-subgenome (A. batizocoi-specific markers). In Affy 2, 81 

individuals were genotyped: 12 BC3F3 Seed8 genotypes and 69 BC3F4 Seed8 genotypes (including 

two progenies from a Seed8 individual grown in the field in Midville 2020). After filtering, a total 

of 1,030 polymorphic SNP markers were identified. 598 of those SNPs were assigned to the A-

subgenome and 432 to the B/K-subgenome. In both Affy 1 and 2, the SNPs were organized into 

20 linkage groups (LGs), and the LGs ranged in size from approximately 7.84 x 107 base pairs 

(LG A07) to approximately 1.45 x 108 bp (LG B09). The map of filtered A- and B/K-subgenome 

SNP markers covered a total physical distance of about 2.46 x 109 bp. The distance between 

adjacent markers ranged from 36 bp (LG A01) to 6.27 x 107 bp (LG A08). The number of SNP 

markers in each linkage group varied from 24 (LG B04) to 162 (LG A01).  

 For data visualization, a color map was created from the genotyping results using Microsoft 

Excel. Different families had very distinct profiles (Figure 2.6A). The color map revealed that a 

segment of wild alleles on LG B02 was present in the resistant individuals, and absent in the 

susceptible ones, and therefore likely to be related to rust resistance (Figure 2.6B). Further analyses 

were done to confirm this. The segment consisted of six SNP markers spanning about 2.66 x 106 

bp. Four of the markers were present in both Affy 1 and 2, while the other two were present only 
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in Affy 2 (Table 2.6). The full genotyping data of the presence/absence of the six SNP markers on 

the Seed 8 individuals is presented on Tables 2.7-2.9. 

Specific SNP genotyping  

 Four primer sets were successfully designed to target one of the six SNP markers on the 

wild-derived segment on LG B02, associated with rust resistance (Table 2.10). Due to time 

constraints, only one of the four primer sets (the primer set targeting marker “B02_2363097_Bat”) 

was used for KASP in this project (Figure 2.7). The KASP results confirmed the presence or 

absence of wild DNA segments on LG B02 as shown by Affy 1 and Affy 2, in single 

(heterozygosis) or double dosage (homozygosis) (Table 2.11). One hundred and three BC3 Seed8 

individuals (previously tested for rust resistance) were genotyped using KASP. Out of these, 79 

individuals had already been genotyped using the Axiom_Arachis.  A total of 126 BC3 Seed8 

individuals were genotyped using one or both of the SNP genotyping methods (Axiom_Arachis 

array and KASP) and results were consistent. 

Confirmation of segment B02 as associated with rust resistance 

Out of the 126 BC3 Seed8 individuals genotyped, 100 (78.74%) presented the LG B02 

segment, 42 being heterozygous (42%), and 58 homozygous (58%). The average standardized 

Index/Area (IAS) of BC3 Seed8 individuals without the B02 segment was 0.031, whereas average 

of IAS of individuals with B02 in heterozygosis was 0.005 and in homozygosis was 0.001. 

Additionally, 35 out of 58 homozygotes were asymptomatic (60.34%), 12 out of 42 heterozygotes 

were asymptomatic (28.57%), and only one of the 29 Seed8 genotypes without the wild segment 

on LG B02 was asymptomatic (3.45%). All Seed8 individuals with B02 segment in homozygosis 

or heterozygosis had lower susceptibility traits than the individuals without the B02 segment and 

lower than the cultivated controls (Figure 2.8). Results showed a significant negative Pearson’s 
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correlation between the wild SNPs at LG B02 and IAS, TPAS, and SPAS (Table 2.12). In other 

words, the wild segment on LG B02, derived from A. batizocoi, was correlated with rust resistance. 

Seed7 and Seed11 families and LG B02 

 The Seed7 and Seed11 families were not used to identify the wild segment on LG B02, but 

they were genotyped alongside Seed8 on Affy1 (Figure 2.6). Of the four symptomatic Seed7 

genotypes, only one had the wild segment at LG B02. Out of the 21 asymptomatic Seed7 

genotypes, only one did not have the wild segment at LG B02. Twenty-three of the 24 Seed11 

genotypes were symptomatic, and none had the wild segment at LG B02. The Pearson’s correlation 

test using all families showed a strong negative correlation between the segment of wild DNA 

present on LG B02 and the IAS, TPAS, and SPAS, and a strong positive correlation with IPS, at a 

0.001% significance (Table 2.12). These results corroborate the correlation between the wild 

segment on LG B02 and rust resistance. 

 

DISCUSSION 

In this study, we aimed to generate the information and tools for the introgression of 

genomic regions of wild species that confer rust resistance into allotetraploid cultivated peanut. 

The information being the definition of the segment that control disease resistance, and the tools 

being specific SNP markers to track the genomic regions of interest in a tetraploid genetic context. 

Cultivated peanut is very susceptible to rust and the knowledge and tools for introgressing wild 

alleles that confer resistance are of great importance for breeders and growers in regions where 

rust is a limiting factor for peanut production. In this project, a segment of wild alleles on linkage 

group (LG) B02 from the wild peanut species Arachis batizocoi has been identified as a new source 

for future P. arachidis resistance breeding programs. 
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The wild species A. cardenasii was recently found to be the source of disease resistance 

(including resistance to peanut rust) in some cultivars grown around the world (Bertioli et al., 

2021a). However, in order to prevent pathogens such as P. arachidis from evolving to overcome 

the resistance provided by these sources, new diversity needs to be introduced into the peanut gene 

pool. Research has been done to identify and utilize sources of resistance to this pathogen from 

both cultivated peanut and wild peanut species. Within the last 50 years, only a few rust-resistant 

lines have been bred and released using only cultivated peanut. On the other hand, within the past 

few years, wild-derived allotetraploids GA-BatSten1 (aka BatSten1), GA-MagSten1, and 

ValSten1 have been registered as new sources of disease (including rust) resistance (Bertioli et al., 

2021a; Chu et al., 2021; Gao et al., 2021). Here we utilized a population created from the induced 

allotetraploid BatSten1 as the source of resistance in a population of marker-assisted BC3 

individuals that had originally been developed for root-knot nematode (RKN) resistance. 

Nine detached-leaf bioassays were performed from 2020-2021 to screen the three BC3 

families selected (Seed7, Seed8, and Seed11) from a marker-assisted backcrossing scheme 

(MABS) for resistance to Puccinia arachidis. This back-crossing scheme aimed to select for plants 

that had segments of wild DNA on LGs A02 and A09 that are related to RKN resistance (Ballén-

Taborda et al., 2019; Ballén-Taborda et al., 2021b). Along with these segments, other wild 

introgressions remained in some of the families, including segments that might be related to late 

leaf spot (LLS) resistance (Bertioli et al., 2022). Both Seed7 and Seed8 had wild segments that 

might be related to LLS resistance (LGs A04, A06, and B02) and Seed11 had wild segments on 

LG A06 and LG B02, as well as an RKN-related segment on LG A02. While these segments are 

not the focus of this project, they might be useful in future breeding programs, so they were used 

as part of the initial family selection process. The first two bioassays were performed to identify 
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which of these families might segregate for rust resistance. A segregating family was needed to 

compare the genomes of the resistant and susceptible individuals against each other, and to use 

that data to determine a segment of wild DNA related to the resistance. The results for each family 

from the first two bioassays allowed us to determine that neither the Seed7 nor Seed11 families 

segregated for rust resistance, and to identify and select the Seed8 family as segregating for rust 

resistance. Seven more bioassays were then conducted using Seed8 individuals to create a 

population of resistant and susceptible plants which were then genotyped. The genotyping results 

were used to identify the segment related to rust resistance. 

SNP Genotyping and rust resistance phenotyping led to the identification of a segment of 

alleles located at the top of LG B02 that was present on almost every resistant BC3 Seed8 

individual and was absent on most of the susceptible Seed8 individuals. Along with this, it was 

confirmed that most of the resistant individuals in the Seed7 family were homozygous or 

heterozygous for the LG B02 segment and that none of the individuals in the Seed11 family 

(susceptible to rust) contain the segment. This validated the wild segment on LG B02 as a source 

of rust resistance. Along with the primer set that was used in this project, three other sets of primers 

were designed to target the segment at LG B02 using KASP. These four primer sets will be 

valuable to researchers using marker-assisted selection in their breeding programs to introgress 

rust resistance into other peanut lines. Marker-assisted selection allows researchers to identify 

which plants are most likely to be resistant to the pathogen of interest without the need for 

extensive field testing. This can speed up the time that it takes to complete each round of breeding 

as well as the time it takes to identify resistant progeny after each round. Both the Seed7 and the 

Seed8 families have been confirmed as sources of rust resistance and can be used for breeding 

programs and the KASP primer sets can be used to identify other families that can be useful in the 
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same way. The LG B02 segment is a region that contains an abundant number of both TIR and 

non-TIR NB-LRR-encoding genes (Bertioli et al., 2016), which are likely to be involved in the 

rust resistance. In a different study, it was shown that the marker linked to a rust resistance QTL 

from Arachis magna K30097 Krapov., W.C. Greg. & C.E. Simpson maps closely to an NB-LRR–

encoding gene (Araip.RV63R) (Bertioli et al., 2016; Leal-Bertioli et al., 2015a) 

Previously, quantitative-trait loci (QTL) for rust resistance have been identified in the 

cultivated peanut genome (Khedikar et al., 2010; Sujay et al., 2012). Further, some simple 

sequence repeat (SSR) markers have been identified that are linked to a rust resistance gene 

(Mondal et al., 2012). Like the KASP primers sets that were designed to target the specific SNP 

markers on LG B02 in this project, these SSR markers can be used for marker-assisted selection 

in order to improve breeding programs (Mace et al., 2006; Mondal & Badigannavar, 2010; Mondal 

& Badigannavar, 2015). A QTL closely linked to SSR marker IPAHM 103 has been used in 

marker-assisted selection during a rust resistance breeding program (Khedikar et al. 2010; 

Upadhyaya et al. 2014). However, it is important to continue to find new sources of resistance to 

avoid the evolution of the pathogen to overcome the old resistance. Along with this, in current 

research, SNPs are much more specific and abundant, so the creation of primer sets to target 

specific SNP markers in this project will be beneficial to future researchers.    

The BC3 individuals that are homozygous or heterozygous for the segment of wild alleles 

on LG B02 were found to be more resistant to rust on average than the individuals without the 

segment. However, it was also observed that the susceptible controls (A. hypogaea 5-646-10, 13-

1014, Tifrunner, and Runner 886) were all much more susceptible to rust than the BC3 individuals 

without the segment. This suggests that there are other segments that contribute to rust resistance. 

The SNP genotyping revealed that along with the segment on LG B02, there were other 
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introgressions of wild DNA on the genomes of the three families. Discovering the location of this 

wild segment or segments would be beneficial for future breeding programs as either an alternate 

source of resistance, or to increase the resistance already being given by the segment on LG B02. 

Recently, seeds from the same population of BC3 individuals that was used in this project 

were sent to researchers at the Acceso Peanut Corp to be planted in a field in Haiti (Supplemental 

Table 2.S4). These plants were then rated for various traits, including resistance to P. arachidis. 

The disease pressure of P. arachidis is much higher and more predictable in Haitian fields than it 

is in Georgia. These individuals were genotyped using Axiom_Arachis v 2.0 array in the BC3F1 

and BC3F2 generations, so the presence or absence of the wild segment on LG B02 is known for 

the parents of the F3 generation that was rated in the field. The plants were rated for the presence 

of rust using a scale from 1-9, with one being no disease, and nine being an almost completely 

dead and defoliated plant (Dorzin, 2022). While this data is still preliminary, the individuals that 

had the segment on LG B02 in previous generations (93B, 93C, and 226C) appear to be more 

resistant to rust than the individuals without the segment (14D, 107B, and 214B) and the cultivated 

varieties (Runner Georgia-06G and Georgia Green) that were used as controls. Along with this, 

the families with the LG B02 segment were as susceptible or less susceptible than the lines with a 

rust resistance segment derived from A. cardenasii (IAC-321 and IAC-322) (Supplemental Table 

2.S4) (Dorzin, 2022). One family in particular (226C) had a rating of 1, meaning no rust was found 

on the plants at all (Dorzin, 2022). While further research is needed to validate the findings from 

Haiti, it is promising that plants in the field with the segment on LG B02 appear to be more resistant 

to P. arachidis than cultivated peanut lines and lines with Arachis cardenasii-derived rust 

resistance. This experiment is being repeated this year to confirm these results and seeds have also 

been sent to Senegal for similar experiments. 
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Because the genome of Arachis batizocoi has not yet been sequenced, we do not know 

what QTL or genes of interest might be located on the B-subgenome or LG B02 specifically. 

However, because we constructed the SNP marker genomes based on pseudomolecules created 

using the genomes of wild ancestors A. ipaënsis and A. duranensis (Bertioli et al., 2016), we can 

use the corresponding genes from A. ipaënsis to represent the A. batizocoi genome. Along with 

this, various R genes have been identified on LG B02 (Bertioli et al., 2016). More work needs to 

be done to find out if the segment of wild alleles on LG B02 are linked to any resistance genes or 

other genes of interest. 

As previously discussed, along with the segment on LG B02, there are other wild 

introgressions present on the genomes of some of the individuals in the three families used in this 

project. Many of the individuals in the Seed8 family have segments on either LG A04, LG A06, 

or both that might be related to late leaf spot (LLS) resistance based on preliminary data (Bertioli 

et al., 2022). Along with this, the segment on LG B02 has also been linked to LLS resistance using 

the same preliminary data. These possible wild-derived source of resistance to late leaf spot are 

unconfirmed and need to be researched further before being used in breeding programs. However, 

if this research does find that there is a relationship between these segments and LLS resistance, 

the Seed8 individuals with those segments would be sources of resistance to multiple pathogens. 

As LLS and peanut rust often occur simultaneously in the field, having a line of peanuts that has 

resistance to both would be useful.  

This work has had significant results related to the identification of a new source of peanut 

rust resistance as well as these unknown segments that might be useful for rust or other disease 

resistance. The identification of this segment on LG B02 and the development of multiple SNP 



 

53 

markers that target this segment are both stepping-stones towards future MAS breeding programs 

for rust resistance that will have benefits for farmers around the world. 

 

 

Figure 2.1. Schematic of the marker-assisted backcrossing scheme (MABS) utilized from 

2016-2019 to incorporate root-knot nematode resistance from the wild species A. stenosperma 

V10309 and A. batizocoi K9848 into cultivated peanut (Ballén-Taborda, et al., 2019). Superior F
2
-

derived F
3
 lines were selected as donor parents (orange box, dashed outline). Recurrent parents 

(yellow boxes) included TifGp-2, 5-646-10 and 13-1014. Three generation of backcrossing cycles 

were performed in Athens and Tifton in 2016, 2017, and 2018. In each cycle, KASP genotyping 

was performed to identify lines carrying RKN resistance segments. Selected progeny from each 

cycle were used as male parents for the next backcrossing cycle (blue boxes). In 2020, three lines 

(see Table 2.1) were selected from the BC
3
F

2
 population based on Thermofisher “Axiom_Arachis” 

v 2.0 SNP genotyping (blue box, dashed lines). From 2020-2021, nine detached-leaf bioassays 

were performed to screen these lines for resistance to Puccinia arachidis (green boxes). SNP 

genotyping via KASP and Affymetrix SNP array was performed on both generations (BC
3
F

3 
and 

BC
3
F

4
, green boxes). 
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Table 2.1. Phenotypic characterization of select BC3F2 (Ballén-Taborda, et al., 2019). The 

following traits were recorded: fertility (measured by recording the number of pegs produced by 

each plant), leaf spot incidence (presence ‘1’ or absence ‘0’) spots, plant architecture (scored from 

1-5, with 1 for erect and 4 for prostrate growth habit, and 5 for dwarf plants), flower color (orange 

cultivated phenotype or yellow wild phenotype), seed size (weight, length, and width). 

Trait BC3F2_Seed7_S3 BC3F2_Seed8_S15 BC3F2_Seed11_S5 
Number of Pegs 6 15 8 
Leaf Spots 1 0 1 
Architecture 4 3 3.5 
Flower Color Orange Orange Orange 
Seed Weight (g) 0.83 1.255 0.52 
Seed Length (mm) 16.76 18.69 14.03 
Seed Width (mm) 11.23 13.42 9.57 
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Figure 2.2. Color map of selected BC3F2 genotypes from the MABS population created using 

Excel from Axiom_Arachis 2.0 array data, courtesy of Ballén-Taborda, et al (2019). Each block 

represents a linkage group (LG) on the A-subgenome (blue) or the B/K-subgenome (red). Each 

row shows the results at a specific SNP marker and each column shows the results for a specific 

genotype. The rows between the dotted lines are the SNP markers that have been found to be 

related to disease resistance. The BC3F3 progeny of these three plants were then screened for rust 

resistance in this project. 

Cultivated (A1A1), heterozygous (A1A2), and wild (A2A2) genotypes for the A-subgenome are 

represented by light blue, medium blue, and dark blue, respectively. Cultivated (BB), heterozygous 

(BK), and wild (KK) genotypes for the B/K-subgenome are represented by light orange, medium 

orange, and dark orange, respectively. White represents “no call”.  

Columns a-b show the parental controls: a) donor parent Batsten1, b) recurrent parents A. 

hypogaea Runner 886, A. hypogaea 5-646-10, A. hypogaea 13-1014, and A. hypogaea Tifrunner. 

Columns c-e show the results for the three individual BC3F2 plants that  were seclected to test in 

this project: c) Seed7, d) Seed8, e) Seed11.  
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Figure 2.3. Scanned images of leaves from rust bioassays with pustule scores 1-6. Pustule 

score 1 = microscopic unsporulated pustule, 2-5 = sporulated pustules from 0.5 to 3 mm, 6 = 

sporulated pustule more than 3mm in size. The pustule scores represent individual pustules, some 

of these images have examples of more than one pustule score on one leaf.                   
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Table 2.2. Overview of the results of each BC3F3 genotype from Assay 1. The statistical 

grouping was done using Fisher’s LSD test. IA (Index/Area (cm
2
)), TPA (Total Pustules/Area 

(cm
2
)), SPA (Sporulating Pustules/Area (cm

2
)), IP (Incubation Periods (days).  
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Table 2.3. Overview of the results of each BC3F3 genotype from Assay 2. The statistical 

grouping was done using Fisher’s LSD test. IA (Index/Area (cm2)), TPA (Total Pustules/Area 

(cm2)), SPA (Sporulating Pustules/Area (cm2)), IP (Incubation Periods (days).  
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Figure 2.4. Results from Assays 1 and 2 for Seed7, Seed8, and Seed11 (BC
3
F

3
s) using the 

average standardized IA (IAS) for each genotype. Error bars represent one standard error.   

 

 

 

Bioassay 
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Table 2.4. Overview of the chi-squared test results for each bioassay. Results are from the non-

parametric Kruskal-Wallis test at P < 0.05. 
a
 IA (Index/Area (cm

2
)), TPA (Total Pustules/Area 

(cm
2
)), SPA (Sporulating Pustules/Area (cm

2
)), IP (Incubation Periods (days)), 

b *
P <0.05, **P 

<0.01, ***P<0.001 
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Figure 2.5. Frequency distributions of Seed8 IAS (standardized index/area (cm
2
)) from each 

bioassay. 18 BC
3
F

3
 Seed8 genotypes (A, B, C, D, and G) and 94 BC

3
F

4
 Seed8 genotypes (C, E, F, 

G, H, and I) along with controls. 

 

 

Table 2.5. Overview of chi-squared test results from all 9 assays. This includes all genotypes 

and the results from the non-parametric Skillings-Mack test at P < 0.05. 
a
 IAS (Standardized 

Index/Area (cm
2
)), TPAS (Standardized Total Pustules/Area (cm

2
)), SPAS (Standardized 

Sporulating Pustules/Area (cm
2
)), IPS (Standardized Incubation Periods (days)) 

b *
P <0.05, **P <0.01, ***P<0.001 
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Figure 2.6: A) Color map of BC3F3-4 genotypes from the MABS population created using Excel 

from Thermofisher “Axiom_Arachis” 2.0 array data. Each block represents a linkage group (LG) 

on the A-subgenome (blue) or the B/K-subgenome (orange). Each row shows the results at a 

specific SNP marker and each column shows the results for a specific genotype. The genotypes 

shown (from left to right) are donor parent Batsten1, susceptible A. hypogaea (cultivated) 

genotypes, and the Seed7, Seed8, Seed11 families.  

B) Top: a zoomed-in image of the genotyping of the wild LG B02 segment for some Seed 8 

individuals. Top: Results for IAS of Assay 1 and 2 of the same individuals. Note that with a single 

exception, asymptomatic individuals possess the wild B02 segment.  

B B02 
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Table 2.6. SNP markers on LG B02. The probeset_ID is the name assigned to the SNP marker 

by Thermofisher. The reassigned name can be read: linkage group, the position of the first basepair 

in the marker (custpos), and the wild species the marker correlates to (Bat = A. batizocoi). The 

custpos is the position of the first basepair in the marker, the numbering starts at zero at the first 

bp of the linkage group. * Target region used for KASP analyses in this work  
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Table 2.7. Results from Affy 1 for LG B02 (BC3F3s). The presence or absence of the segment 

on the top of LG B02 on Seed8 BC3F3 individuals is shown, based on Thermofisher 

“Axiom_Arachis” v 2.0 SNP assay. Each SNP marker showed one of four results: no call, 

homozygous for the cultivated (A. hypogaea) allele (BB) (-/-), heterozygous (BK) (-/+), or 

homozygous for the wild (A. batizocoi) allele (KK) (+/+).   
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Table 2.8. Results from Affy 2 for LG B02 (BC3F3s). The presence or absence of the segment 

on the top of LG B02 on Seed8 BC
3
F

3
 individuals is shown, based on Thermofisher 

“Axiom_Arachis” v 2.0 SNP assay. Each SNP marker showed one of four results: no call, 

homozygous for the cultivated (A. hypogaea) allele (BB) (-/-), heterozygous (BK) (-/+), or 

homozygous for the wild (A. batizocoi) allele (KK) (+/+).  
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Table 2.9. Results from Affy 2 for LG B02 (BC3F4s). The presence or absence of the segment 

on the top of LG B02 on Seed8 BC
3
F

3
 individuals is shown, based on Thermofisher 

“Axiom_Arachis” v 2.0 SNP assay. Each SNP marker showed one of four results: no call, 

homozygous for the cultivated (A. hypogaea) allele (BB) (-/-), heterozygous (BK) (-/+), or 

homozygous for the wild (A. batizocoi) allele (KK) (+/+).  
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Figure 2.7 Graph of Kompetitive Allele-Specific PCR (KASP) results using a primer designed 

to target LG B02 (marker B02_263097). The x-axis shows the FAM fluorescence values detected 

by the light reader, and the y-axis shows the VIC fluorescence values. Each triangle or circle 

represents one DNA sample from an individual plant. The light reader detects the fluorescence 

from each well, and samples group on the graph as one of the two alleles, heterozygous for both, 

or negative. This graph shows a run with controls that represent genotypes with the wild allele at 

the SNP marker (blue, BatSten1 and A. batizocoi) and the genotypes without the wild allele 

(green). 
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Table 2.11- KASP results for SNP marker B02_2363097_Bat for BC3F3 and BC3F4 Seed8 

genotypes. Each genotype showed one of four results: no call, homozygous for the cultivated (A. 

hypogaea) allele (BB) (-/-), heterozygous (BK) (-/+), or homozygous for the wild (A. batizocoi) 

allele (KK) (+/+). 
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Figure 2.8. Averages of susceptibility parameters for Seed8 genotypes. A) Standardized total 

pustules per area (TPAS), B) Standardized sporulated pustules per area (SPAS) and C) 

standardized Index/area (IAS) of susceptible Arachis hypogaea cultivars, Seed8 individuals 

without the wild B02 segment (Cultivated_homozygous), with the segment in single js 

(heterozygous) and in double doses (Wild_homozygous), and the progenitor induced allotetraploid 

BatSten1. Error bars represent one standard error. Grouping done with the Wilcoxon test. 
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Table 2.12. Pearson’s Correlation for all genotypes comparing the presence or absence of the 

wild segment on LG B02 using results from both Axiom_Arachis v 2.0 array and KASP. a IAS 

(Standardized Index/Area (cm2)), TPAS (Standardized Total Pustules/Area (cm2)), SPAS 

(Standardized Sporulating Pustules/Area (cm2)), IPS (Standardized Incubation Periods (days))  

* df=180,  = 0.001. 
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Figure 2.9. Averages of susceptibility parameters for all genotypes. A) Standardized total 

pustules per area (TPAS), B) Standardized sporulated pustules per area (SPAS) and C) 

standardized Index/area (IAS) of susceptible Arachis hypogaea cultivars, individuals from all three 

families without the wild B02 segment (Cultivated_homozygous), with the segment in single doses 

(heterozygous) and in double doses (Wild_homozygous), and the progenitor induced allotetraploid 

BatSten1. Error bars represent one standard error. Grouping done with the Wilcoxon test.  
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SUPPLEMENTAL SCRIPTS 

Script 2.S1. Unix script for filtering of SNP genotyping data from extracted Thermofisher 

“Axiom_Arachis” v 2.0 SNP genotyping results using Axiom Analysis Suite 2.0. Script written 

by Ballén-Taborda et al. (Ballén-Taborda et al., 2019).  

 

#Input file: 

Extracted_Affy.txt 

#Filtering and replacing results by identifying cultivated alleles (A. hypogaea Runner 886), wild 

alleles (BatSten1), and heterozygous alleles. First filtering for markers (column2) on the A-

subgenome (“Sten”) and then filtering for markers on the B-subgenome (“Bat”). 

BatSten1 (columns 3 and 4) ≠ Runner 886 (columns 9 and 10) 

 AA ≠ AB 

 AA ≠ BB 

 AB ≠ AA 

 AB ≠ BB 

 BB ≠ AA 

 BB ≠ AB 

awk '{if($2=="Sten" && $3=="AA" && $4=="AA" && $9== "AB" && $10== "AB") 

print $0}' Extracted_Affy.txt | perl -lpe "s/AA/sten2/g" | perl -lpe "s/AB/-/g" | perl -lpe 

"s/BB/sten1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_sten1.txt & 
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awk '{if($2=="Sten" && $3=="AA" && $4=="AA" && $9== "BB" && $10== "BB") 

print $0}' Extracted_Affy.txt | perl -lpe "s/AA/sten2/g" | perl -lpe "s/BB/-/g" | perl -lpe 

"s/AB/sten1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_sten2.txt & 

awk '{if($2=="Sten" && $3=="AB" && $4=="AB" && $9== "AA" && $10== "AA") 

print $0}' Extracted_Affy.txt | perl -lpe "s/AB/sten2/g" | perl -lpe "s/AA/-/g" | perl -lpe 

"s/BB/sten1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_sten3.txt & 

awk '{if($2=="Sten" && $3=="AB" && $4=="AB" && $9== "BB" && $10== "BB") 

print $0}' Extracted_Affy.txt | perl -lpe "s/AB/sten2/g" | perl -lpe "s/BB/-/g" | perl -lpe 

"s/AA/sten1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_sten4.txt & 

awk '{if($2=="Sten" && $3=="BB" && $4=="BB" && $9== "AA" && $10== "AA") 

print $0}' Extracted_Affy.txt | perl -lpe "s/BB/sten2/g" | perl -lpe "s/AA/-/g" | perl -lpe 

"s/AB/sten1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_sten5.txt & 

awk '{if($2=="Sten" && $3=="BB" && $4=="BB" && $9== "AB" && $10== "AB") 

print $0}' Extracted_Affy.txt | perl -lpe "s/BB/sten2/g" | perl -lpe "s/AB/-/g" | perl -lpe 

"s/AA/sten1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_sten6.txt  

awk '{if($2=="Bat" && $3=="AA" && $4=="AA" && $9== "AB" && $10== "AB") 

print $0}' Extracted_Affy.txt | perl -lpe "s/AA/bat2/g" | perl -lpe "s/AB/-/g" | perl -lpe 

"s/BB/bat1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_bat1.txt & 

awk '{if($2=="Bat" && $3=="AA" && $4=="AA" && $9== "BB" && $10== "BB") 

print $0}' Extracted_Affy.txt | perl -lpe "s/AA/bat2/g" | perl -lpe "s/BB/-/g" | perl -lpe 

"s/AB/bat1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_bat2.txt & 
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awk '{if($2=="Bat" && $3=="AB" && $4=="AB" && $9== "AA" && $10== "AA") 

print $0}' Extracted_Affy.txt | perl -lpe "s/AB/bat2/g" | perl -lpe "s/AA/-/g" | perl -lpe 

"s/BB/bat1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_bat3.txt & 

awk '{if($2=="Bat" && $3=="AB" && $4=="AB" && $9== "BB" && $10== "BB") 

print $0}' Extracted_Affy.txt | perl -lpe "s/AB/bat2/g" | perl -lpe "s/BB/-/g" | perl -lpe 

"s/AA/bat1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_bat4.txt & 

awk '{if($2=="Bat" && $3=="BB" && $4=="BB" && $9== "AA" && $10== "AA") 

print $0}' Extracted_Affy.txt | perl -lpe "s/BB/bat2/g" | perl -lpe "s/AA/-/g" | perl -lpe 

"s/AB/bat1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_bat5.txt & 

awk '{if(($2=="Bat" && $3=="BB" && $4=="BB" && $9== "AB" && $10== "AB") 

print $0}' Extracted_Affy.txt | perl -lpe "s/BB/bat2/g" | perl -lpe "s/AB/-/g" | perl -lpe 

"s/AA/bat1/g" | perl -lpe "s/NoCall/-/g" > Extracted_Affy_bat6.txt  

#Concatenate files 

 head -7 Extracted_Affy.txt > Filtered_Affy.txt 

 cat Extracted_Affy_sten1.txt Extracted_Affy_sten2.txt Extracted_Affy_sten3.txt 

 Extracted_Affy_sten4.txt Extracted_Affy_sten5.txt Extracted_Affy_sten6.txt 

 Extracted_Affy_bat1.txt Extracted_Affy_bat2.txt Extracted_Affy_bat3.txt 

 Extracted_Affy_bat4.txt Extracted_Affy_bat5.txt Extracted_Affy_bat6.txt >> 

 Filtered_Affy.txt 

 

 

 

 



 

87 

SUPPLEMENTAL TABLES 

Supplemental Table 2.S1. Average standardized results of Seed7 and Seed11 along with the 

presence or absence of the wild segment on LG B02 based on SNP genotyping by Thermofisher 

“Axiom_Arachis” v2.0 array and KASP. Genotypes with double doses of the wild segment on LG 

B02 are marked “2”, genotypes with one dose of the wild segment on LG B02 are marked “1”, 

and without the segment on LG B02 marker “0”. IAS (Standardized Index/Area (cm
2
)), TPAS 

(Standardized Total Pustules/Area (cm
2
)), SPAS (Standardized Sporulating Pustules/Area (cm

2
)), 

IPS (Standardized Incubation Periods (days)). 
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Supplemental Table 2.S2. Average standardized results of BC3F3 Seed8 along with the 

presence or absence of the wild segment on LG B02 based on SNP genotyping by Thermofisher 

“Axiom_Arachis” v2.0 array and KASP. Genotypes with double doses of the wild segment on LG 

B02 are marked “2”, genotypes with one dose of the wild segment on LG B02 are marked “1”, 

and without the segment on LG B02 marker “0”. IAS (Standardized Index/Area (cm
2
)), TPAS 

(Standardized Total Pustules/Area (cm
2
)), SPAS (Standardized Sporulating Pustules/Area (cm

2
)), 

IPS (Standardized Incubation Periods (days)). 
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Supplemental Table 2.S3. Average standardized results of BC3F4 Seed8 along with the 

presence or absence of the wild segment on LG B02 based on SNP genotyping by Thermofisher 

“Axiom_Arachis” v2.0 array and KASP. Genotypes with double doses of the wild segment on LG 

B02 are marked “2”, genotypes with one dose of the wild segment on LG B02 are marked “1”, 

and without the segment on LG B02 marker “0”. IAS (Standardized Index/Area (cm
2
)), TPAS 

(Standardized Total Pustules/Area (cm
2
)), SPAS (Standardized Sporulating Pustules/Area (cm

2
)), 

IPS (Standardized Incubation Periods (days)). *Seed8_SA_S1 and Seed8_SA_S2 were progenies 

of a Seed8 plant grown in Midville, GA. 
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Supplemental Table 2.S4. Preliminary results from rust field trials in Haiti (Dorzin, 2022). 

The F1 and F2 generations of most of these families were genotyped using the Thermofisher 

“Axiom_Arachis” v 2.0 SNP Array by Ballén-Taborda et al. (Ballén-Taborda et al., 2019). Plants 

were rated in the field for the presence of rust using a scale from 1-9, with one being no disease, 

and nine being an almost completely dead and defoliated plant. 93B and 93C were not included in 

the Axiom_Arachis v 2.0 array.
 a 

Families with rust resistance derived from A. cardenasii 
b Families from the marker-assisted backcrossing scheme (MABS) created for root-knot nematode 

resistance c 216C did not have the segment by BC3F2, so the plants grown in Haiti did not have the 

segment d 93B and 93C were not included in the Axiom_Arachis v 2.0 array 
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CHAPTER 3 

CONCLUSIONS 

 

Peanut diseases like Puccinia arachidis cause economic damage to farms around the 

world. In countries where peanut is an essential staple of day-to day life, loss of the crop can be 

devastating. Yet the same places that rely on peanut in this way often don’t have access to the 

most effective chemical controls. Creating lines of pathogen-resistant plants can circumvent 

these problems and allow farmers to apply fewer fungicides or other methods of control. Using 

wild peanut species to introgress this resistance can be more difficult than breeding cultivated 

lines together, but the results are worth it. We decided to screen lines from the marker-assisted 

backcrossing scheme (MABS) because the wild parents harbor resistance to P. arachidis, and 

because the population already has confirmed resistance to root knot nematode (RKN). The two 

BC3 lines with resistance to rust that also have wild-derived RKN resistance will be even more 

useful in future breeding programs. In order to continue forward with a breeding program to 

introgress rust and RKN resistance into a new line, more work has to be done to characterize the 

Seed7 and Seed8 lines. Along with phenotypic characteristics such as seed size and pod 

morphology, the specific wild alleles that each line contains will contribute to their usefulness in 

a breeding program. Lines with introgressions on the A-subgenome that are related to RKN, and 

late leaf spot resistance will be important as well as the new segment we have identified on LG 

B02. It will also be possible to use the primer assays designed for this project to screen other 

lines from the MABS population to find more options for breeding.  


