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Abstract 

 
 

 As more consumers are paying attention to food quality and nutrients, obtaining desirable 

flavor and quality attributes become an important breeding objective for peanut. In this study, 120 

accessions from the US Mini-core collection are utilized to investigate the population structure 

and genome-wide association studies (GWAS) are employed to identify its impacts on the market-

trait association. In order to analyze the flavor and quality attributes (including sensory attributes, 

sugars, fatty acids, and tocopherols), this study first used the Affymetrix version 2.0 SNP array to 

identify a total of 17,232 high-quality single nucleotide polymorphisms (SNPs) from the U.S. 

peanut Mini-core Collection. 310, 474, 569 and 230 QTLs were identified related to sensory 

attributes, sugars, fatty acids, and tocopherols, respectively, including 14, 87, 105 and 73 

significant QTLs for each profile. Among the significant QTLs, there were 4, 55, 86, and 49 QTLs 

with PVE higher than 15% for each profile, respectively (Table 3), indicating the high heritability 

of these traits. Consequently, genes were screened within 1 Mb of the significant QTLs and a total 

of 136 candidate genes were identified functionally associated with corresponding traits, including 

13 genes associated with sensory attributes, 65 genes with sugars, 35 genes with fatty acids and 

23 genes with tocopherols, respectively. Among these candidate genes, most of them are known 

to be involved in the biosynthesis and metabolism process of carbohydrates, fatty acids, and 

polyphenols. Furthermore, these results were confirmed by association mapping using SSRs and 

next-generation RNA-sequencing (RNA-Seq) two approaches. These findings provided a 

promising insight into the complicated genetic architecture of sensory and quality attributes in 

peanut and would promote the marker-assisted selection (MAS) in peanut breeding with seed 

flavor and nutrition quality. 
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Chapter One 

Literature Review 

1.1 Introduction 

As one species in the legume family, which bears small and bright yellow flowers, and a 

subterranean pod, the peanut (Arachis hypogaea L., 2n = 4x = 40), produces edible seeds. It can 

be classified into nine taxonomic sections based on its morphology, geographic distribution, and 

cross-compatibility (Bertioli et al., 2011; Upadhyaya et al., 2011; Pandey et al.,2012). Cultivation 

can produce a spontaneous chromosome duplication hybrid, such as A. hypogaea is cross produced 

by the wild diploid species A. duranensis (A-genome) and A. ipaensis (B-genome) (Seijo et al., 

2004). Peanut is genetically diploid, even if it is a tetraploid (AABB) (Stalker et al., 1991). The 

DNA of domesticated peanut is equally attributed to the A- and B-genomes (Singh et al., 1996).  

As the worldly third-largest oil-seed crop, the production of peanut can reach to 41.3 million tons 

and 1676 kg/ha. Nevertheless, the production of Asia (2217 kg/ha) and Africa (929 kg/ha) is lower 

than the Americas (3632 kg/ha) (FAOSTAT, 2014). In 2018, approximately 5.46 million metric 

tons of peanuts were produced in the U.S.A. (USDA, 2019). Not only limited to the peanut oil, 

cake, and meal, the U.S. peanuts industry also produces toasted peanut, peanut butter, savory 

snacks, peanut oil and peanut flour (Kaya et al., 2009). Half of the peanut production market is 

peanut butter, and the other half is snack nuts and confectionery products (American Peanut 

Council, 2017). The unique and pleasant flavor of peanuts during roasting is the reason for its 

popularity (Sanders et al.,1997). Many factors can influence peanut flavor, including genetic, 

environmental, handling, processing, and storage conditions(Sanders et al.,1995). The interactions 

among these factors can affect the chemical composition of peanuts and then affect its flavor 

quality. For example, over 200 aroma-active compounds await to be identified to have an influence 
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over the roasted peanuts’ flavor (Schirack et al., 2006). Hence, it is crucial to explore how the 

aroma-active compounds affect the peanuts’ flavors, especially the specific compounds which are 

responsible for the roasted peanut flavor. Hence, how to obtain desirable flavor and quality 

attributes becomes an important breeding objective for peanut.  

However, although a massive effect through traditional breeding methods has been made to 

improve crop productivity, the outcomes are still unsatisfactory. The increasing demand for peanut 

requires higher productivity; thus, conventional breeding is no longer adequate to address the 

complicatedgenetic behavior of the majority of aspired traits. Even though plant and crop breeding 

researchers are still dedicating to find out the best methods of molecular plant breeding (Khedikar 

et al., 2010; Holbrook et al.,2011; Chu et al., 2011; Pandey et al., 2012; Fountain et al., 2015; Song 

et al., 2016; Janila et al., 2016; Shasidhar et al., 2017), there require more perspective from biology 

basic scientific research.  

The present study aims to provide an overview of the significant milestone developments in 

molecular plant breeding history, the major principles that influence the current practice, and the 

factors that influence the adoption process in peanut improvement programs. This study made a 

significant contribution to discovering the application of genes and their function on molecular 

plant breeding. 

1.2 The sensory and quality attributes of peanut  

Different varieties of macro- and micro- nutrients constitute the human diet, with multiple types 

of vitamins, minerals, antioxidants, and other beneficial phytochemicals. All the above are 

indispensable to maintain a healthy body. The macronutrients are sources to proffer all sorts of 

proteins, carbohydrates, and fats; in the meantime, the food industry is responsible for supplying 

these as primary products or as ingredients of a wide variety of foods (Gunstone, 2011). Previous 
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studies have been intensely focused on the chemical components of cultivated peanut; however, it 

remains unclear and waits for further elucidation as to how the chemicals or processing steps affect 

the ultimate peanut flavor and nutrition. Roasting peanuts can produce a unique flavor, which is 

one of the significant factors influencing consumers’ choice and acceptance. Even though it has 

been considered for 40 years that pyrazines are the source of roasted peanut flavor, the reliability 

and validity of this fact need more information to substantiate, which poses a challenge to the 

investigation in peanut flavor quality. Moreover, pyrazines found in the volatile composition of 

roasted peanut does not necessarily indicate that they play a significant role in peanut flavor. When 

the concentrations are below the sensory threshold, there is a possibility that compounds in a 

portion of food do not have any influence in deciding the flavor (McGorrin, 2002). Besides, prior 

studies have reported that pyrazines producing nutty/roasted notes do not explicitly imply they are 

the basis for roasted peanut flavor. Sometimes the interactions with the matrix and other chemical 

compounds in the food may affect the relationship between the individual aroma compounds and 

the corresponding flavor. (Drake and Civille, 2003). The techniques used to isolate and separate 

the flavor components may lead to the formation of several artifacts and loss of volatiles. There 

are no defined references, language, or system developed or carried out to identify the role of 

pyrazine compounds in roasted peanuts’ flavors, except the Odor activity value (OAV), which is 

the ratio of concentration to the sensory odor threshold (Drake, 2007). Therefore, further measures 

and analysis require to be taken to prove and clarify the importance and balance of these 

compounds for the overall flavor of roasted peanuts, since there is no report about OAVs isolated 

from the flavor compounds in early studies.  

1.2.1 Flavors profiles 
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Widely used lexicon terms to analyze the flavor characteristics is descriptive sensory analysis 

(DSA). DSA was developed by a group of experienced panelists and has often been used to 

describe the various flavor characteristics. When it comes to the completion phase, a well-defined 

and non-random list of flavor terms will be used to describe the newfound sensory characteristics 

from a particular food (Drake and Civille, 2003). The other advantage of DSA is to have a panel 

trained in using the lexicon descriptors, which function to evaluate both quantitative and 

qualitative components of a product (Meilgaard et al.,1991). The participation of a professionally 

trained panel can contribute to the efficiency of final results, such as the compelling correlation of 

DSA with instrumental and/or consumer data that can be reached(Drake and Civille, 2003). 

In general, there are three steps determining the relationships between sensory and instrumental 

analysis of foods: 1) selection of flavors of interest using DSA; 2) instrumental analysis of volatile 

extracts; and 3) confirmation of aroma -active compounds via quantitation, threshold testing, and 

DSA of model systems (Drake et al.,2006). Schirack et al. (2006) used this approach and found 

that phenylacetaldehyde, guaiacol, and 2,6 - dimethyl pyrazine were responsible for the stale/floral 

and ashy off - flavoring high-temperature microwave - blanched peanuts. By following a similar 

tactic, Didzbalis et al. in 2004 showed that fruit - like esters such as ethyl 2 - methyl propanoate, 

ethyl 2 - methyl butanoate, and ethyl 3 - methyl butanoate as well as short-chain in organic acids 

(butanoic, 3 - methlbutanoic, and hexanoic) were significantly related to the fruity/fermented off-

flavor developed in immature peanuts cured under high temperatures. 

A well-accepted explanation is that when under heat, foods with roast flavor will have the Maillard 

reaction, in which the polymerization of free amino acids with sugar can change the flavor (Nursten 

et al., 2005). These compounds have been detected in peanuts (Chiou, et al., 1993; Pattee et al., 

2001; Liu et al., 2011). Besides the outside environment and chemicals inside the food, data 
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showed that the processing is crucial in producing flavor. For instance, maceration significantly 

increased roasted peanut and dark roast aromas, and reduce sweet, raw bean aromas, and sweetness. 

Baking reduces roasted peanut and dark roast, and increases raw bean aromas comparing with 

frying, and also impacts color development (Lykomitros et al.,2016). Therefore, both raw materials 

and processing methods can change the flavor and nutrient of peanuts. Based on the previous 

research, the peanut sensory attributes have high inheritability in peanut, such as attribute sweet, 

bitter, and sweet aromatic, while quality attributes have even higher (Pattee et al., 1995, 2000). It 

is reported that the sweet attribute has very high broad-sense heritability with H = 0.28, that is, 28% 

of the total variability in sweet is due to genetic causes, while heritability of roasted peanutty 

attribute is only 0.06 and heritability of bitter attributes is 0.06 (Pattee et al., 2001). Except for the 

sensory attributes, the seed nutrient quality attributes, such as sugars, fatty acids, and tocopherols, 

are also common study subjects due to their close relation with human health. As reported, 

genotypes accounted for 38-78% of the total variation for the known Carbohydrates, suggesting 

that broad-sense heritability for these components is high. (Pattee, 2000). While the levels of 

tocopherols have been reported to be environmentally influenced, although there may be some 

genetic forces in effect. (Baydar et al., 2005; Jonnala et al., 2006). Besides, Zhang et al. (2004) 

showed that the main genetic effects for oleic acid content were more important than genotype × 

environment interaction effects, with total narrow-sense heritability as high as 77.5% in Brassica 

napus L. 

1.2.2 Sugars profile 

The flavor of the roasted peanut (Arachis hypogaea L.) seed is an essential factor in influencing 

consumer acceptance. As an antecedent, carbohydrates can facilitate the process in which the 

compounds impart the roasted peanut characteristic (Neta et al., 2010; Davis et al., 2015). 
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Although the function of the peanut carbohydrates has been identified and quantitated (Pattee et 

al., 2000; Neto et al., 2010; Shiriki et al., 2015), we are still unclear about their specific role in 

roasted peanut flavor generation. For example, after looked into peanut monosaccharide, 

oligosaccharide, and polysaccharide fractions as the origin of intermediates for flavor molecules, 

Cha et al. in 1993 found that heating will result in many identified sensory.  It was found that the 

individual components of the peanut carbohydrate fraction would change during the phase of 

maturation and curing (Ross and Mixon, 1989; Vercellotti et al., 1995). They also change across 

seed size and over storage time (Pattee et al., 1981), decrease higher soil temperatures (McMeans 

et al., 1990), and vary among a limited number of genotypes (Basha, 1992). What kind of 

genotypic relationship caused by such variations remains yet unknown. The sensory attributes of 

roasted peanut are heritable and subjected to environmental conditions (Pattee and Giesbrecht, 

1990; Pattee et al., 1997, 1998; Isleib et al., 1995). The following research focused on exploring 

genotypic carbohydrate variation needs to address the role of carbohydrates in roasted peanut 

quality development. 

In summary, there is a wide range of genotypic variation in carbohydrate components across 

different peanut genotypes. Precedent work has shown similarly high genotypic variation for the 

sweetness attribute in roasted peanuts (Pattee et al., 1998). A higher degree of sweetness usually 

results in superior flavor profiles, compared with the lower bitter and higher roasted peanut 

attribute intensities. As the sensory evaluation is a costly process, it would be rewarding to 

establish the relationships between sensory attributes and chemical composition in peanut breeding 

for the purpose of keeping the flavor quality in future peanut varieties. The indirect selection for 

flavor may be more efficient than direct selection, as the former is based upon a simple chemical 

assay of carbohydrate components, and the latter relies upon sensory panel data. 
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1.2.3 Fatty acids profile  

The palmitic acid (C16:0), oleic acid (C18:1), and linoleic acid (C18:2) are the primary fatty acid 

in peanut oil. However, other acids, such as stearic acid (C18:0), arachidic acid (C20:0), eicosenoic 

acid (C29:1), behenic acid (C22:0), and lignoceric acid (C24:0) are in minimum quantities. 

Linoleic fatty acids (C18:3) present in trace amounts (Casini et al., 2003). The Codex Alimentarius 

suggests that in peanut oil, the arachidic and higher fatty acid content should not exceed 48 g/kg. 

Other fatty acids, such as the C20:0 and C22:0 in olive oil, should be following adulteration with 

peanut oil (Young, 1996). Peanut oil is generally composed of 80% unsaturated fatty acids and 20% 

saturated ones (Cobb and Johnson, 1973). The oil in mature peanuts contains 96% triacylglycerol, 

with the main fatty acids being palmitic, oleic, and linoleic (Ahmed and Young, 1982; Sanders, 

1980). In peanut oil, the percentage of long-chain fatty acids should be approximate to or smaller 

than 2%, and the percentage of FFAs should stay between 0.02 and 0.6% (Guthrie et al., 1949). 

The overview of the fatty acid profile of peanut oil is presented in Table 3. Peanut oil is an ideal 

option for cooking and frying due to its excellent oxidative stability (O’Brien, 2004). Soybean oil 

may be a better choice when frying, but it could generate some flavor defects when in long-term 

use (Young, 1996). The oleate/linoleate ratio (O/L) and iodine value (IV) are important, especially 

in terms of governing product shelf life. Low IV and high-O/L ratio indicates enhanced shelf life 

and decreased rancidity (Andersen and Gorbet, 2002). Different genotype, seed maturity, climatic 

condition, growth location will generate different fatty acid compositions of peanut oil (Hashim et 

al.,1993). During the seed growing period, the lower temperatures would result in more 

unsaturation (Casini et al., 2003). Generally, when the oleic acid increases, the linoleic would 

decrease as the seed arrives at maturity. When the seed progresses from intermediate to mature 

stage, palmitic and linoleic acids decrease while oleic acid increases (Hinds, 1995). Some other 
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studies showed that the fatty acid profile is stable across years (Andersen and Gorbet, 2002). The 

soil type can be an influential factor, and prior studies found that seeds would contain more stearic 

acid and saturated fatty acids when grown on the volcanic clay loam, but would contain less 

linoleic and total unsaturated acids if grown on volcanic sandy loam (Hinds, 1995). Worthington 

et al. (1972) also found that genotypes can also influence the fatty acid composition of peanuts. 

Generally, the three major fatty acids (Palmitic, oleic, and linoleic acid) were more pliant to outside 

factors than the minor fatty acids. In particular, Isleib et al. (2006) showed that the oleic-to-linoleic 

acid ratio (O/L ratio) was over ten times higher for HO peanuts comparing with normal peanuts. 

This change in fatty-acid profile was due to the incorporation of two key recessive genes into 

breeding lines, yielding new high HO varieties (Knauft et al., 1993). 

1.2.4 Tocopherols profile 

Tocopherol is one of the natural antioxidants. Generally, peanuts oil contains four types of 

tocopherols (Carr´ın and Carelli, 2010). Noticeably, tocopherols, and tocotrienols can be removed 

by 10–20% through refining caustic and alkali chemical, and 30–60% can be removed through 

deodorization or steam distillation (O’Brien, 2004). Therefore, α- and γ -tocopherol is mostly 

found in refined peanut oil. Casini et al.(2005) investigated four harvest periods and found that the 

tocopherol levels between 199 and 815.6 ppm to crude type runner peanut oil from Argentina. 

They, therefore, concluded that tocopherol content would increase under the condition of high 

precipitations and low soil temperatures. Similarly, Hashim et al. (1993) also discovered that there 

are significant differences between maturity stages of runner- and virginia-type peanut cultivars 

within the tocopherol profile. Prior data, which is from an oil composition factors study, 

demonstrated that the tocopherol content varies consistently across peanuts from various origins 

(Sanders et al., 1992). Compared to the peanuts grown in China or Argentina, peanuts grown in 
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the U.S. can produce higher tocopherol content. The highest levels of a whole seed basis were 250 

ppm, and the lowest levels were about 100 ppm. Misuna et al.,(2008) found that the antioxidant 

activity of eight commercial peanut cultivars by 2, 2-diphenyl-1-picrylhydrazyl (DPPH) assay and 

suggested that peanut oil has an antioxidant activity of 0.17% (W/V). 

Hence, with these high hereditary characters above, it could be more efficiently and effectively to 

conduct the peanut breeding based on sensory and quality attributes by obtaining genetic molecular 

markers associated to corresponding traits and utilizing them in Marker-assisted selection, 

comparing to the long-term and high-cost traditional breeding strategy (Collard et al., 2005, 2007; 

Xu et al., 2008).  

1.3 Marker-assisted selection (MAS) 

Mapping out and tagging essential crop genes can be significantly facilitated along with a range 

of crop plants molecular markers (Ibitoye, et al.,2010). The importance of marker-assisted 

selection (MAS) should be attenuated as it can improve the efficiency of plant breeding through a 

precise transfer of the genomic regions of interest and facilitate the recovery of the recurrent parent 

genome. The success of MAS is under the influence of a few critical factors, for example, the 

amount of target genes to be transferred, the range between the target gene and the flanking 

markers, the amount of genotypes chosen in each breeding propagation, the characteristics of 

germplasm and the technical options available at the marker level (Kumar, 1999; Collard et 

al.,2005).  

As reported in some temperate cereal crops (Varshney et al.,2006) and legume crops (Varshney et 

al.,2010a), molecular genetic breeding exceeds the conventional breeding on handling traits, which 

is challenging to administer during conventional phenotypic selection. In addition to handling trait 

complexity, molecular breeding can more accurately introgress multiple recessive alleles with less 
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time spent along with pyramiding of several monogenic traits or QTLs for a single trait (Xu and 

Crouch, 2008; Varshney et al.,2009). However, having the large amount of molecular markers, 

genetic maps, and suitable phenotyping platforms is the prerequisite to apply the molecular 

breeding approaches on germplasm. Furthermore, with all the efforts united from the global peanut 

academicians, a significant progress has been made in the area of Arachis genomics and some 

efforts have been spent on QTL mapping and molecular breeding for resistance to biotic/abiotic 

stresses for peanut improvement in the past five years (Varshney et al.,2010). Among all genomic 

resources, molecular markers can be directly applied to germplasm characterization, trait mapping, 

and molecular genetic breeding. Many advanced marker systems, such as restriction fragment 

length polymorphisms (RFLPs), random amplified polymorphic DNAs (RAPDs), amplified 

fragment length polymorphisms (AFLPs), diversity arrays technology (DArT) markers, sequence-

tagged sites (STSs), and expressed sequence tags (ESTs) (Kesawat et al.,2009; Gupta et al.,2010; 

Ibitoye et al., 2010), have been developed during the past three decades.  

Nevertheless, simple sequence repeats (SSRs) or microsatellites and single nucleotide 

polymorphism (SNP) markers are regularly advocated for plant genetics and breeding strategies. 

SSR markers are multi-allelic, co-dominant, and operable, while the SNP markers are highly 

vulnerable to high-throughput genotyping methods. However, developing and employing SNP 

markers is still not routinely used as a technique in crop species and especially not in low-tech 

laboratories. In peanut, some tryouts have been made such as using RFLP, RAPD and AFLP 

markers to do diversity analysis (Subramaniyan et al.,2000; Herselman, 2003; Bravo et al.,2006) 

and genetic mapping (Herselman et al.,2004; Garcia et al.,2005; Leal-Bertioli et al.,2009). 

However, only a small amount of SSR markers were available until 2005. The low diversity 
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identified by SSR markers in the cultivated gene pool indicates that in future studies, we need a 

large-scale SSR marker development.  

Besides, transcriptomic resources, for example, expressing sequence tags (ESTs), can help us 

understand and explore genome dynamics, the development of gene-based markers and maps, the 

transcript profiling for identifying the candidate genes involved in the expression of traits of 

interest, and the identification of transcriptional changes during plant immunity responses. 

Currently, the NCBI has a total of 252,832 Arachis ESTs are available in the public domain (Guo 

et al., 2015). The University of Georgia has developed almost 1 million reads representing >350 

Mb of transcript sequences from 17 tetraploid genotypes by using 454-titanium sequencing 

technology.  

With advancements in genetic testing methods, more simple breeder-friendly markers are coming 

in the spotlight. These technological improvements will bring screening for allele composition 

closer to breeding programs (Ibitoye et al.,2010). In addition, to deeply understand the potential 

function of markers in genetic improvement of crops, improvements in genomics of model species 

such as rice and Arabidopsis should be integrated with DNA marker technology. 

1.4 Molecular approaches for peanut breeding 

1.4.1 Association mapping using SSRs 

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

quantitative phenotype. The QTL links typically to, or contains, the genes that control the 

phenotype. Using QTL mapping can help identify markers for marker-assisted selection (MAS) 

and therefore enhance the efficiency of selection in plant breeding (Li et al., 2011). There are two 

approaches to genetic mapping. One is traditional bi-parental mapping, which draws the 

population from crosses of two individual genotypes. However, the restricted recombination 
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events restrict genetic resolutions. Moreover, it would cost more time and effort for the bi-parental 

mapping approach to create large enough populations. Besides, it requires more steps to pinpoint 

the location of the QTL or clone the gene. The other approach is called association mapping, which 

uses the recombination events from many lineages, and exploits relationships between markers 

and traits in much broader germplasm. The first step of association mapping is to identify the 

markers with the unequal distribution of alleles among the individuals of a trait. Then the 

researcher can identify the markers that have the association with a particular trait of interest 

(Schafer and Hawkins, 1998). Comparing with the traditional mapping, the association mapping 

takes less time and money and increases the precision of QTL location. Moreover, because of the 

association analysis using broad germplasm with a diverse genetic background, it is more efficient 

to identify the association between markers and traits (Zeng et al., 2009). The linkage 

disequilibrium (LD), which association mapping relies on, is the physical linkage between markers 

and trait loci. 

However, different from F2 or RIL (recombinant inbred line), the observed LD in a natural or 

breeding population also could be produced by non-linkage factors like genetic drift, selection and 

population admixture (Jannink and Walsh, 2002; Flint-Garcia et al., 2003; Mackay and Powell, 

2007). Thus, LD could be observed between unlinked loci, which could cause false-positive 

associations. The number of false associations can be reduced by comprising the population 

structure and kinship relatedness among individuals (Stich et al., 2008). In addition, this problem 

also can be partially solved by using random mating populations. The LD between QTLs and 

unlinked markers could decrease to some extent when the recombination rate increases (Zeng et 

al., 2009). 
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Association analysis was first applied in humans to identify loci causing certain diseases (Risch 

and Merikangas, 1996). In plants, this method was first used to identify associations with flowering 

time in maize (Thornsberry et al., 2001). Currently, association mapping has been implemented in 

above ten plant varieties, such as glutinous phenotype and yield in rice (Olsen and Purugganan, 

2002; Agrama et al., 2007), heading date and flowing time in perennial ryegrass (Skøt et al., 2005, 

2007), late blight resistance in potato (Malosetti et al., 2007), salt tolerance in wild barley (Ivandic 

et al., 2003) and fiber traits in cotton (Kantartzi and Stewart, 2008). In peanut related studies, Wang 

et al. (2011) were the first ones to make an attempt at association mapping. Following his first 

tryout, Yan et al. (2013) applied 64 SSR markers in 136 accessions and found four markers 

associated with quality traits based on 3-years phenotyping data. More lately, a genome-wide 

association study (GWAS) in peanut has been reported, in which 300 genotypes were tested for 36 

traits, including biotic and abiotic defense, seed quality, and yield. (Pandey et al., 2014). 

Based on previous studies, this study applied 81 SSR markers and two functional SNP markers 

from FAD2 on 94 Arachis hypogaea Mini-core collection germplasm accessions for association 

mapping of seed quality traits in peanut. 

1.4.2 Genome-wide association studies (GWAS) 

Most natural variants in crop plants are generated from spontaneous mutations in wild progenitor 

plants under both natural and human selection. (Huang et al.,2014). By combining the colossal 

germplasm resources with genetic tools such as genome sequences, genetic populations, 

transformation techniques and genome-wide association studies (GWAS), crop researchers have 

the capability to extensively and efficiently make use of natural variation and associated 

phenotypic variation with the underlying genotypic variants (Godfray et al.,2010; Tester et 

al.,2010). With the rapid development of sequencing technologies, such as diversity arrays 
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technology and computational methods, GWAS is now becoming a powerful tool for detecting 

natural variation underlying complex traits in crops (Rafalski, 2010). Different form GWAS in 

humans, which usually adopt a case-control design (Int. HapMap Consort, 2005& 2007), GWAS 

employed in crops, usually relies on a permanent resource and can be used to generate specific 

mapping populations for specific traits or QTLs in crops (Atwell et al., 2010).  

Heretofore, there have been many successfully cases of GWAS being carried out in many crops, 

including maize, rice, sorghum, and foxtail millet (Huang et al.,2010; Huang et al., 2012; Jia et al., 

2013; Kump et al.,2011; Li et al., 2013; Morris et al.,2012; Zhao et al., 2011). Based on the size 

of developed and published resources, rice and maize are the two primary models for crop GWAS. 

In peanut, with sequence completion of the two progenitors of cultivated peanut, Arachis 

duranensis and Arachis ipaensis and Mini-core large amounts of the sequence variation in peanut 

germplasm captured by United States Department of Agriculture (USDA) (Fronicke et al.,2011). 

The SNPs identified in the data will be analyzed for the linkage disequilibrium evident in the 

diversity panels, and therefore, provide the foundation for GWAS studies (especially for the 

phenotypes already measured) and efficient QTL mapping as well as the generation of a peanut 

haplotype map in conjunction with the reference sequence.  

A matter requiring attention in crop GWAS analysis is the need to account for the massive 

population structure, including weighing the trade-offs of increased false-negative and decreased 

false-positive rates from accounting for that structure (Korte et al.,2013; Platt et al.,2010).  

There are some powerful tools for testing associations between single-nucleotide polymorphisms 

and multiple correlated phenotypes in genome-wide association studies, including the Efficient 

Mixed-Model Association eXpedited (EMMAX) program, the compressed mixed linear model 

method and the interactive Web-based application, GWAPP (Kang et al.,2010, Lipka et al.,2012; 
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Lippert et al.,2011; Seren et al.,2012). However, of the variety of genes in the middle of one 

GWAS locus, only one may function to the QTL, which is known as the causal gene. Hence, the 

following analyses of GWAS loci and supplementary experiments might be required to pinpoint 

the causal genes. Gene annotation, expression profiles, and variant catalogs can be thoroughly 

analyzed in the post-GWAS stage. 

1.4.3 Next-Generation RNA-Sequencing (RNA-Seq) 

RNA-Seq is a lately developed strategy for analyzing transcriptome profiles that applies deep-

sequencing methods, rendering a much more accurate measurement of levels of transcripts and 

their isoforms. (Wang et al.,2009). It is rapidly overwhelming microarrays as the technology of 

choice for whole-transcriptome studies (Van Verk et al.,2013). For example, it is a critical and 

efficient method to catalog expressed genes, validate gene predictions, and profile gene expression 

in cultivated peanut tissues across multiple developmental stages and upon challenge with multiple 

stresses. RNA-Seq is a more extensive and precise measurement of gene expression than 

microarray experiments. Similar study is being done in soybean, and an example of the study can 

be obtained at http://www.soybase.org/soyseq/ (Froenicke et al.,2011). The advent of RNA-

sequencing (RNA-Seq), a rapid technique for genome-wide gene expression analysis, provides 

powerful alternatives to facilitate the production of different genotypes in a more efficient manner 

(Lu et al., 2014). Recently, gene structures and expression profiles in many crops, including wheat, 

corn, soybean, peanut, in response to stress conditions were determined with RNA-Seq technology 

(Brasileiro et al., 2015; Chen et al., 2013; Li et al., 2014; Lang et al., 2019; Petre et al., 2012; Ruan 

et al., 2018; Zhao et al., 2018). 

Generally, we converted mRNA into cDNA and then form an RNA-Seq library in an RNA-Seq 

experiment. We can achieve relative abundant and accurate measured transcript and splice variants 
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by sequencing the millions of DNA fragments in the library. VanVerk et al.,(2013) provided 

detailed instructions on how to systematically implement these tools at each step of a standard 

plant RNASeq workflow (showed as followed) for plants with a reference genome. 

The use of RNA-Seq for genome-wide transcriptome studies has increased drastically in the past 

years. If transcripts can be sequenced without fractioning the cDNA or amplifying PCR, this tool 

would primarily reduce computing time and improve the correct assignment of sequencing reads. 

This tool can bring possibilities for whole-genome expression profiling at an unprecedented level 

of detail (Majewski et al.,2011). 

The above four sections emphasize that despite recent advances and successful examples in 

molecular crop breeding, one of the current notable challenges remains to identify those gene 

combinations that lead to significant peanut improvement. It also suggests that the most effective 

approach to accelerate such efforts is to integrate better the different research disciplines and 

activities that form core components of molecular crop breeding.  

1.5 Overall goal and objectives 

The goal of this research was to screen the U.S. peanut Mini-core collection for sensory attributes 

and detect the QTL responsible for crop improvement. In particular, the objectives of this research 

were to 

Objective 1: Population structure and molecular marker-trait association mapping of sensory 

attributes using SSRs in peanut. 

1. Examine genetic diversity and population structure in the peanut Mini-core collection by 

SSR markers; 

2. Conduct association mapping of SSR markers to sensory attributes in peanut; 

3. Provide genetic materials for breeding programs. 
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Objective 2: Genome-wide association study of sensory attributes using SNPs in peanut. 

1. Examine genetic diversity and population structure by SNP markers 

2. Locate SNP markers associated with the traits for MAS breeding 

3. Narrow down genes associated with SNPs involved in corresponding traits and study the 

pathway related to the responses. 

Objective 3: Identify and functional validate genes involved in high oleic acid using high- 

throughput mRNA sequencing in cultivated peanut.  

1. Identify genes regulated in different growth stages. 

2. Identify genes related to high oleic acid trait by comparing the four genotypes.  

3. Reveal and analyze the post-transcriptional regulation pathway related to high oleic acid. 
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Chapter Two 

Genome-Wide Association Study of Sensory and Quality Attributes in Cultivated Peanut  

2.1 Abstract  

As more consumers are paying attention to food quality and nutrients, obtaining desirable flavor 

and quality attributes become an vital breeding objective for peanut. Currently, 120 accessions of 

the U.S. peanut Mini-core collection are used to investigate the genetic population structure and 

its potential usefulness on genetic marker- agronomic trait relationship through genome-wide 

association studies (GWAS). In order to analyze the flavor and quality attributes (including 

sensory attributes, sugars, fatty acids, and tocopherols), this study first used the Affymetrix version 

2.0 SNP array to identify a total of 17,232 high-quality single nucleotide polymorphisms (SNPs) 

from the Mini-core Collection. 310, 474, 569, and 230 QTLs were identified related to sensory 

attributes, sugars, fatty acids, and tocopherols, respectively, including 14, 87, 105, and 73 

significant QTLs for each profile. Among the significant QTLs, there were 4, 55, 86, and 49 QTLs 

with PVE higher than 15% for each profile, respectively (Table 3), indicating the high heritability 

of these traits. Consequently, genes were screened within 1 Mb of the significant QTLs, and a total 

of 136 candidate genes were identified functionally associated with corresponding traits, including 

13 genes associated with sensory attributes, 65 genes with sugars, 35 genes with fatty acids and 

23 genes with tocopherols, respectively. Among these candidate genes, most of them are known 

to be involved in the biosynthesis and metabolism process of carbohydrates, fatty acids, and 

polyphenols. These studies provided a prospective insight into the intricate genetic structure on 

sensory and quality attributes in peanut and would promote the marker-assisted selection (MAS) 

in peanut breeding with seed flavor and nutrition quality.  
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2.2 Introduction 

Peanut (Arachis hypogaea L.), of the legume family, is one of the most important economic crops 

grown worldwide. Unlike other crops, a large part of the peanut production is used for human 

consumption, such as toasted peanut, peanut butter, savory snacks, oil production, and peanut flour 

(Kaya et al., 2009; Chang et al., 2013). Hence, how to obtain desirable flavor and quality attributes 

becomes a vital breeding objective for peanut. 

Although there are extensive researches about chemical components of cultivated peanut, how the 

chemicals or processing steps affect the ultimate peanut flavor and nutrition has not been 

completely elucidated. Nursten in 2005 gave a well-accepted explanation that when under heat, 

foods with roast flavor will have the Maillard reaction, in which the polymerization of free amino 

acids with sugar can change the flavor. Also, data showed that the processing is crucial in 

producing flavor, besides the outside environment and chemicals inside the peanut. (Lykomitros 

et al., 2016). Hence, both raw materials and processing methods can change the flavor and nutrient 

of peanuts. Based on the previous research, the peanut sensory attributes have high inheritability 

in peanut, such as attribute sweet, bitter, and sweet aromatic, while quality attributes have even 

higher (Pattee et al., 1995, 2000).  

Besides sensory attributes, the seed nutrient quality attributes, such as sugars, fatty acids, and 

tocopherols, are also as common study subjects due to their closely relation with human health, 

also due to their high-impact on peanut flavor (Schirack et al, 2006; Leclercq et al., 2007; Liu et 

al., 2011). Previous studies show that genotypic variation accounts for 38%-78% of the overall 
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variation of the known Carbohydrates, implying that high broad-sense heritability for such 

compositions. (Pattee, 2000). While the levels of tocopherols have been reported to be 

environmentally influenced, there may be some genetic forces in effect. (Baydar et al., 2005; 

Jonnala et al., 2006). Therefore, with these high hereditary characters, it could be more efficiently 

and effectively to conduct the peanut breeding for sensory and quality attributes by obtaining 

genetic molecular markers associated to corresponding traits and utilizing them in Marker-assisted 

selection, comparing to the long-term and high-cost traditional breeding strategy (Collard et al., 

2007; Xu et al., 2008).  

Even though some agronomic traits and diseases related QTLs and genes have already been 

mapped, the genetics study for sensory and quality attributes is primarily limited, due to the lack 

of applicable genetic markers and the comparatively large genome size (∼2.7 Gb) and complex of 

the allotetraploid genome structure in cultivated peanuts (Bertioli et al, 2019). Nevertheless, the 

developed sequencing technologies made the whole-genome sequencing more straightforward and 

allowed the analysis of the impact of sensory and quality attributes on genomic variation peanut 

(Tseng et al., 2016; Wilson et al., 2016; Bertioli et al., 2016), such as specific-locus amplified 

fragment sequencing technology, which is an effective method for large-scale single nucleotide 

polymorphism (SNP) identification and genotyping (Sun et al., 2013).  

Our objectives are to locate the genomic loci associated with the four major attributes, and screen 

candidate genes residing within 1 Mb of the identified QTLs. This study would provide the clue 

to understand the genetic mechanisms related to sensory and quality attributes and promote the 

marker-assisted selection in the peanut breeding program.  

2.3 Materials and Methods 

2.3.1 Plant materials 
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The peanut Mini-core collection was constructed by a stratification strategy from the US peanut 

core collection based on morphological traits (Holbrook and Dong, 2005) were used in this 

research. This Mini-core collection includes 120 accessions evenly distributed in two subspecies 

(hypogaea and fastigiata) , containing four botanical varieties (hypogaea, fastigiata, peruviana, 

vulgaris). The other 12 accessions were selected from the gene bank to present two botanical 

varieties of aequatoriana, and hirsute (Table 2.S5).  

2.3.2 Descriptive sensory profile 

After harvest, the raw peanuts were first dried and mechanically shelled at the USDA, ARS 

National Peanut Laboratory in Dawson, GA. The dried and shelled mature peanuts were shipped 

to the USDA-ARS Market Quality and Handling Research Unit in Raleigh, NC for analysis. The 

raw peanut samples were roasted in a forced-air oven (Model LXD, Dispatch Industries, 

Minneapolis, MN) at 171°C to a final color of L=48 ±1 on the Hunter scale as determined using a 

colorimeter (Hunter Labs, Reston, VA). Samples were grounded to a paste through a Robot Coupe 

Blixer 3 commercial food processor (Robot Coupe USA, Inc., Ridgeland, MS). This preparation 

eliminated any seed to seed variation (Sanders, et al., 1989).  

The pastes were presented to an eight members panel trained in the descriptive evaluation of peanut 

flavor maintained by the USDA-ARS Market Quality and Handling Research Unit in Raleigh, NC. 

The panel was trained to use the Spectrum Flavor Descriptive Analysis Technique (Meilgaard, et 

al., 1999). Samples were presented randomly with three-digit numbers. The flavor descriptors 

previously described were rated on 15 point scales (Johnsen, et al., 1988; Sanders, et al., 1989). 

The samples were presented blindly in duplicate, and scores were reported as means. 

2.3.3 Sugars profile 
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The pressed paste recovered from the sampling for tocopherols was completed defatted by boiling 

hexane in a Soxhlet apparatus. The remaining meal was analyzed for sugars as previously 

described (Pattee, et al., 2000). In brief, approximately 100 mg of defatted peanut meal was 

extracted with 15 mL of an aqueous solvent mix (chloroform/methanol/water 60/25/15 v/v/v). The 

samples were vortexed to mix and then sonicated for 15 min to extract. The samples were then 

centrifuged at 1000 rpm to pellet the remaining solid material. The solvent layer was decanted to 

a small beaker and evaporated overnight in a vacuum oven fitted with a solvent trap. The dried 

residue was brought up with 1 ml of water containing 2.3 mM lactose and 1.2 mM cellobiose as 

internal standards. The solution was diluted 40 fold with water and filtered through a sulfonic acid 

column (Dionex On Guard I.I.H., Thermo-Dionex, Sunnyvale, CA) to dislodge free amino acids. 

Solutions were then analyzed using HPLC allocated with an ion-exchange column and a pulsed 

amperometric detector (PAD). The HPLC was equipped with Dionex BioLC system fitted with a 

Dionex PA-1 column (250 mm X 4.6 mm i.d.) and an electrochemical detector. The mobile phase 

was 200 mM sodium hydroxide in water at 1.0 mL/min. The column was heated to 30°C. For 

quantitation, a standard mix containing the internal standards, myo-inositol, glucose, fructose, 

sucrose, raffinose, and stachyose was used. All standards were purchased from Sigma Chemical 

Corp. (St. Louis, MO). All analyses were done in triplicate and reported as means. Response 

factors based on the internal standards were calculated and used for the quantitation. 

2.3.4 Fatty acids profile 

Raw oil content: oil percentage was measured by Maran Pulse nuclear magnetic resonance (NMR). 

The NMR calculated % oil and % H2O in the sample using 5 and 10 g of whole mature seeds for 

weighing and further analysis for each entry. The formula for oil percentage calculation was as 

following: [oil % * 100 / (100 – H2O % * 100)]. 
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Fatty acid composition: We used a coffee bean grinder to grind three to five seeds into a fine 

powder. Then we extract the oil by transferring almost 150 mg of ground powder into a 16 x 100 

mm disposable test tube, and 5.0 ml of n-heptane (Fisher Scientific). We added 500 µl of 0.5 N 

sodium methoxide (NaOCH3) in methanol solution to the test tube, mixed it with the sample, and 

converted fatty acids to methyl esters. Then we added 7ml distilled water to separate the organic 

layer from the aqueous layer and seed residue after 2 hours. To do the GC analysis, we transferred 

the 1.5 ml aliquot of the organic layer containing the methyl esters to a 2.0 ml autosampler. To 

determine fatty acid composition, an Agilent 7890A gas chromatograph (GC) equipped with a 

flame ionization detector (FID) and an autosampler was used. In addition, we used a fatty acid 

methyl ester (FAME) standard mix RM-3 (purchased from Sigma) to establish peak retention times. 

Agilent Technologies showed that peak separation performed on a DB-225 capillary column (15 

m x 0.25 mm i.d. with a 0.25 µm film). We set helium as the carrier gas to a flow rate of ~1.0 

ml/min. One µl of sample was injected at a 60:1 split ratio onto the column maintained isothermally 

at 210°C. The temperature of inlet and detector were 280°C to 300°C. Each sample took 12 min 

for a total run. The relative peak areas help us identify and determine the fatty acid composition 

(Wang et al., 2005).  

2.3.5 Tocopherols profile 

Raw peanut samples were ground to a fine meal by a household grinder (Krups International, 

Frankfurt am Main, Germany). Approximately 200 g of meal was wrapped in cheesecloth and 

loaded into the X and the peanut oil was extracted using a hydraulic machine (Model 2622-1, 

Carver, Inc., Wabash, IN). The tocopherols in the oil were analyze by normal phase HPLC 

(Hashim et al., 1993). In a word, 200 mg of oil was weighed into a 2 mL autosampler vial and 0.8 

mL of hexane containing 2% (v/v) isopropanol was added. The contents of the vial were vortexed 
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to mix and injected onto the HPLC (Agilent Model 110, Agilent Technologies, Santa Clara, CA). 

The mobile phase was 2% (v/v) isopropanol in hexane running isocratically at 1.2 mL/min. The 

column was a Luna Silica held at a temperature of 30°C. Detection was by UV at 295nm. Solutions 

of authentic tocopherols in hexane were run simultaneously as standards. Standards of α, γ, and δ 

tocopherols were purchased from Sigma Chemical Corp. (St. Louise, MO) while β-tocopherol 

from Matreya L.L.C. (State College, PA). Standards were used to determine retention times and 

as external standards for calculations of tocopherol contents. All analyses were done in triplicate 

and reported as means. 

2.3.6 Genotyping and quality control 

The 120 accessions were genotyped using the Illumina Soy SNP50k iSelect BeadChip (Illumina, 

San Diego, CA. USA) with a total of 17,723 SNPs as described in Table 2.1. Genotyping Module 

v1.8.4 (Illumina, Inc. San Diego, CA) were used for SNP alleles calling. Those SNPs with 

unknown physical location were removed from next-step study. To ensure accuracy of the results, 

especially for the GWAS analysis below, further data filtering was conducted by eliminating 

heterozygote SNPs (with missing rates larger than 98%,), SNPs with missing rates larger than 10%, 

minor allele frequencies less than 5%, as well as SNPs existing in minor states resulting in only 

two alleles were separating for each SNP site. After the filtering, a total of 11,173 SNPs was kept 

for further analysis.  

2.3.7 SNP calling 

This study used Seqtk to process and filter all reads for the purpose of quality control. Burrows-

Wheeler Aligner (BWA) was adopted to map the high-quality paired-end reads using the two 

ancestral species reference genome (A. ipaensis and A. duranensis) (Li and Durbin, 2009) as well 

as cultivated peanut reference genome (Zhuang et al., 2019). Realigner Target Creator and InDel-
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Realigner in GATK were utilized for InDels realignment, Unified Genotyper for  genotypes calling 

among the 120 accessions with default parameters, the “Depth of Coverage” module of GATK for 

the sequencing depths calculation for each sample (McKenna et al., 2010), and GATK (McKenna 

et al., 2010) and SAM tools for single SNPs confirmation (Li et al., 2009). As the peanut genome 

has allotetraploid characteristics, the genotyping errors caused by partial homologous alignment 

were adjusted by the first sequencing depth comparison, then filtered those SNPs with genomic 

integrity (genotyping rate) and minor allele frequency (MAF). This study excluded abnormally 

high homologous locations where not many SNPs existed.  

2.3.8 Statistical analysis and Manhattan plot 

In this study, SNP & Variation Suite (SVS, Version 8.0), as well as Genome Association and 

Prediction Integrated Tool (GAPIT), were used to exploit potential genetic associations between 

SNP markers and four main sensory and quality attributes. Linkage disequilibrium (LD) pruning 

strategy was adopted to generate a set of independent SNPs within 50 SNPs (the number of SNPs 

for each round of LD pruning), a step of five SNPs, with r2 threshold of 0.5 using composite 

haplotype method (CHM) (Wang et al., 2009). Eleven thousand and one hundred seventy-three 

(11,173) independent SNPs and LD blocks were screened out after the LD pruning process. 

Identical by state (IBS) analysis among all pairs of samples were conducted using the independent 

SNP markers. Principal component analysis (PCA) was used to assess population structure genetic 

diversity (Price et al.,2006). Then the Efficient Mixed-Model Association eXpedited (EMMAX) 

algorithm was utilized to examine the sample population structure in the association test with the 

first two principal components (PC1, PC2). The model is Y = Xβ- + Zµ + ε, where Y was the 

vector of sensory attributes, X was the matrix of fixed effects containing the first two PCs, β was 

the coefficient vector; Z was the matrix of random additive genetic effects, µ was the vector 
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representing the coefficients of the random effect The other model is Var(µ) = Gσg2, where G was 

the simple IBS allele-sharing matrix, and σg2 was the additive genetic variance, and ε was the 

vector of random residuals.  

The Manhattan plot was mapped out based on the channel peanut genome sequence (version 

Coco1.0). This study adopted the Bonferroni-correction to determine the threshold P-value for 

genome-wide significance (Duggal et al., 2008). Based on that, The LD block was defined as a set 

of contiguous SNPs with the minimum pairwise r2 value exceeding 0.50 (Gu et al., 2011). After 

LD pruning, 1,024 independent SNPs and LD blocks were kept. Thus, after Bonferroni correction, 

the threshold P-value for genome-wide significance was 0.05/1024 = 4.48e-5 (-log10 (P-value) = 

4.31), while he threshold P-value for the “suggestive association” was 1/1024 = 9.77e-4(-log10 

(P-value) = 3.01), which allowed one false-positive effect in a genome-wide association test.  

2.3.9 QTLs and candidate gene search 

In order to find the candidate genes, this study examined genes located within 0.5 Mb of the most 

significant SNPs associated with sensory attributes and identified potential candidates by 

referencing the peanut genome from PeanutBase (https://peanutbase.org/). The identified genes 

were annotated using BLAST from the non-redundant protein database (Pruitt et al., 2005). 

2.4 Results  

2.4.1 Phenotypic analysis among peanut accessions 

The phenotypic evaluation displayed a wide range of the natural variations in the 120 peanut 

accessions from the Mini-core collection (Fig 2.3, Table 2.S5). Four flavors and nutrient-related 

traits were evaluated in cultivated peanuts, including sensory attributes, sugars, fatty acids, and 

tocopherols. For most traits, the phenotypic data displayed a near-normal distribution shape. For 

example, the trait Bitter, ranges from 1.92 to 4.12, with a mean at 2.50; Sweet, varies from 2.06 to 
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3.64, with an average of 2.79 (Fig 2.3, Fig 2.4). However, some traits, especially in sensory 

attributes, skewed to the extreme value, like Raw Beany, Ashy, Cardboardy (Table 2.S6). Thus, 

after the descriptive statistics analysis of phenotypic variation on nine traits listed in Fig 2.3 & Fig 

2.4, 23 traits were selected to conduct further analysis, which abided by a normal distribution and 

with enough data (missing data less than 10%). These 23 traits encompassed six categories from 

sensory attributes profile, six from sugars profile, six from fatty acids profile, and five traits from 

the tocopherols profile.  

2.4.2 Peanut genomes and SNP profiles  

A total of 18,426 high-quality SNP markers uniformly spreading on A sub-genome and B sub-

genome were acquired from the 120 accessions. After filtering out the SNPs located on scaffolds, 

17,232 high quality SNPs with MAF > 5% and integrity > 50% were chosen for next-step analyses 

(Table 2.1). The filtered SNP markers, though, were not homogeneously distributed across the 

whole peanut genome, with 7,516 and 8,914 SNPs on A and B sub-genomes, respectively. 

Chromosome B09 possessed the highest amount of SNPs (9.62%; 1,658 of 17,232), while shortest 

chromosome A08, with a genome size of 51.90 Mb, contained the least (2.12%; 365 of 17,232). 

The average numbers of SNPs/Mb were seven and eight on A and B sub-genomes, respectively. 

While the average genes/Mb were both 35 for two sub-genomes. In detail, Chromosome B03 had 

the highest number of genes (5,188 of 77,617), followed by its counterpart, chromosome A03, 

with the second-highest number of genes (4,929 of 77,617) (Table 2.1).  

A total of 310, 474, 569, and 230 associated QTLs were identified through GWAS analysis with 

sensory attributes profile, sugars profile, fatty acids profile, and tocopherols profile, respectively, 

including 14, 87, 105 and 73 significant QTLs for each profile (Table 2,2). Among the significant 
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QTLs, there were 4, 55, 86, and 49 QTLs with PVE higher than 15% for each profile (Table 2.2), 

indicating a higher heritability for these traits.  

2.4.3 US Mini-core collection and population structure 

Unlike many other crops, the cultivated peanut is of hybrid origin and has an allotetraploid genome 

that comprises two complete sets of chromosomes from two ancestral wild diploid species, A. 

duranensis (A-genome) and A. ipaensis (B-genome) (Bertioli et al., 2019). Among 120 genotypes, 

there were six botanical varieties, fastigiata, hypogaea, peruviana, vulgaris, aequatoriana, and 

hirsute (Table 2.S5). Despite some mall divergence, the population structure is obviously related 

to the botanical variety. Based on ΔK information from STRUCTURE analysis, we chose K = 6 

as optimal stratification (Fig. 2.1.A). After 10 runs with K = 6, the run with the highest likelihood 

value was chosen to allocate the following membership coefficients (Q) to each genotype, and as 

a result, a graphical bar plot was generated with Q with six subpopulations, named with G1, G2, 

G3, G4, G5 and G6 (Fig. 2.1.B). 

2.4.4 Sensory attribute profile 

Nine flavor related traits were chosen for the identification of potential genetic loci and regions, 

while only six traits were finally kept, because of their values abided by a normal distribution, 

which were Sweet, Bitter, Sweet Aromatic (SA), Raw Beany (RB), and Woody Hulls Skins (WHS). 

In six sensory attribute traits, significant QTLs were only found in sweet and bitter traits by the 

Manhattan plots based on EMMAX method (see Fig 2.6) and quantile-quantile plots (see Fig 2.5), 

in which the13 QTLs on linkage groups A03, A04, A09, B04, and B06 significantly associated 

with trait Sweet and one QTL on linkage group A03 with trait Bitter (- log10 (P-value) > 4.31). 

However, according to the Bonferroni correction (-log10 (P-value) = 3.01), the 310 SNP associated 

with six flavor traits achieved the corrected P-value (Fig 2.6, Table 2.2 & 2.3). A 0.5 Mb genomic 
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region on both sides of the peak SNPs, which associated with the corresponding traits, was 

subsequently analyzed for the exploration of potential genes (Table 2.8). The distribution of all 

310 QTLs across 20 linkage groups (LG) revealed that 171 QTLs were related to Sweet trait, while 

139 QTLs were related to five other traits (Table 2.S1). Especially, 13 of the 14 significant QTLs 

were found significantly associated with the Sweet trait, whereas one was found significantly 

associated with the Bitter trait. No more significant associations were found between QTLs and 

the other four traits. This result indicated that the Sweet trait has the highest heritability comparing 

with other sensory attributes, which is consistent with past papers saying roasted peanut sweet 

attribute was a highly heritable trait (Pattee et al., 1998). In the meanwhile, 59 and 48 QTLs were 

suggestively mapped throughout LGA04 and LGB04, respectively, indicating that these two 

chromosomes have more related genomic regions than the other chromosomes. Also, one genomic 

region, AX-177643393 on LGA03, was found significantly related to both Sweet and Bitter traits. 

A total of 101 genes were identified associated with sensory attributes, including 13 genes in 

significant genomic regions, and 85 in suggestive regions. A total of 13 genes were identified 

functionally associated with sensory attribute within the 14 significant genomic regions, where six 

genes located in LGA04 and four genes located in LGB03. Of the 13 genes, ten genes were 

functionally associated with trait Sweet, three genes associated with trait Bitter. All these genes 

were annotated to involve in biological macromolecule metabolic processes, such as carbohydrate 

and phenols. 

For other sensory attributes such as SA, RB, and WHS, there were 92 SNPs identified to reach the 

suggestive value, with 63 QTLs associated with SA, 24 QTLs associated with RB, and 5 QTLs 

with WHS, although they did not reach the significant corrected P-value. Besides, 43 genes were 

found associated with related traits in these suggestive regions, with 16 genes functionally 
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associated with SA, 19 genes associated with RB, and 8 genes associated with WHS. Besides, 15 

genes were also screened within the suggestive region for trait sweet, as well as 24 genes for trait 

bitter (Table 2.8). Interestingly, previous studies showed significant correlations among sweet, 

bitter, and roasted peanut attributes as well. It was reported that there was a positive correlation 

between total sugars and sweetness, while a negative correlation between total sugars and 

bitterness, which is consistent with this study (Pattee et al., 2000). 

2.4.5 Sugars Profile 

The Manhattan plots drawn by EMMAX method (See Fig 2.7) and the Q-Q plots (See Fig 2.5) 

demonstrated that there were 36 QTLs significantly associated with trait Sucrose, 22 QTLs 

associated with Fructose, 15 QTLs associated with Raffinose, and 14 QTLs associated with Total 

Sugar ((-log10 (P-value) > 4.31). The distribution of all 79 QTLs across 17 linkage groups (LG) 

revealed that 34 QTLs were distributed throughout 9 LGs of the A sub-genome. The rest 45 QTLs 

were mapped across 8 LGs of the B sub-genome (Table 2.2& 2.3), indicating both A sub-genome 

B sub-genome plays an essential role in genomic regions that are related to the carbohydrate 

biosynthesis process. 

Of 36 Sucrose related QTLs, six were found in LGA04, nine were found in Chromosome B04 and, 

five were found in LGB05. As shown in Table 2.5, their PVE ranged from 14.37% to 22.56%, 

while MAF ranged from 0.06 to 0.13. However, the highest SNP AX-147233387 (- log10 (P-value 

= 9.08)) was located at position 57,329,521bp on LGA09, with PVE 29.57 and minor allele 

frequencies 0.06. Except for LGA04, LGA09, LGB04, and LGB05, significant genomic regions 

on the other ten linkage groups were also found associated with Sucrose by EMMAX method, 

with one to two QTLs on each linkage group. Interestingly, like sucrose, Fructose, and Total Sugar 

have similar significant QTLs distribution patterns identified in linkage groups. There were three 
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QTLs in LGA04 and five in LGB04 of 14 significant QTLs for trait Fructose, while four QTLs in 

LGA04 and four in LGB04 of 14 significant QTLs for trait Total Sugar. However, trait Raffinose 

had unique significant QTLs distribution patterns identified in linkage groups, with eight 

significant QTLs in LGB09 of 15 in total (Table 2.5). 

One hundred and thirty-nine genomic regions on different linkage groups were found to be 

suggestively associated with trait Sucrose ((− log10 (P-value) > 3.01), but there were no 

statistically significant at the genome level. As shown in Table 2.S2, LGA04 harbored more 

suggestive QTLs (40) than other linkage groups in a long-range genomic region from 27,200,581 

bp to 120,352,138 bp, with PVE ranging from 9.62 to 14.16. Followed by LGB04, LGB05 

contained 29 and 20 QTLs reaching suggestive genome-wide significance, with PVE ranging from 

9.98 to 14.10, and from 9.67 to 14.16, respectively. Since the peanut genome sequence is available, 

genes were determined within the region containing both significant and suggestive QTLs. 

Similarly, 89, 49, and 56 genomic regions on different linkage groups were found to be 

suggestively associated with trait Fructose, Raffinose, and Total Sugar ((− log10 (P-value) > 3.01). 

There were also 62 genomic regions found to be suggestively associated with trait Inositol, shown 

in Table 2.9. 

Within 1Mb, 21 genes were found close to the QTLs, which were significantly associated with 

Sucrose of the 37 genetic regions (Table 2.S2). Of the 21 genes, 17 were found to have known 

functions in carbohydrate metabolic processes, such as B363MR (sucrose phosphate synthase), 

THTJ31 (NAD-dependent malic enzyme), and HLUA2X (Malic oxidoreductase). There was also 

one gene found to have functions in the 070EBZ (SWEET sugar transporter). Similarly, 8, 8, and 

21 genes were found nearby significant QTLs associated with trait Fructose, Raffinose, and Total 

Sugar, respectively (Table 2.9). Sucrose-phosphate synthase (SPS) was reported as a key 
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regulatory enzyme in the pathway of sucrose biosynthesis and is also linked to quantitative trait 

loci controlling plant growth and yield, suggesting biological multifunction for this gene 

(Castleden et al., 2004). Besides, Lin et al. reported that SWEET9, belongs to SWEET sugar 

transporter, could function in (1) sucrose efflux from the phloem, (2) sugar uptake into, and (3) 

sugar efflux from nectary parenchyma. 

2.4.6 Fatty Acids Profile 

According to the result of GWAS analysis, a total of 569 QTLs were identified related to Fatty 

Acids Profile, of which 105 are significant QTLs (Table 2.6, Fig 2.5 & Fig 2.8). The distribution 

of all 569 QTLs across 20 linkage groups revealed that 194 QTLs were distributed through 10 LGs 

of the A sub-genome, and 375 QTLs were mapped across 10 LGs of the B sub-genome (Table 

2.S3). This indicated that the B sub-genome has more genomic regions associated with the fatty 

acid biosynthesis process than the A sub-genome. 

There were 31 significant QTLs dispersed on nine linkage groups associated with trait IV value 

((% oleic * 0.8601) + (% linoleic * 1.7321 + % eicosenoic * 0.7854)) (Hashim et al., 1993). 14 of 

them were concentrated on LGB10 in a genomic region from 111,329,372 to 126,438,874bp, 

spanning approximately 15.11Mb with PVE ranging from 14.32% to 18.73%, MAF ranging from 

0.16 to 0.35 and − log10 (P-value) ranging from 4.43 to 5.63 (Table 2.3). The same QTLs 

distribution pattern appeared for trait O/L ratio (% oleic (18:1)/ linoleic (18:2)), with nine QTLs 

concentrated on LGB10 spanning approximately 12.42 Mb. As shown in Table X, their PVE 

ranged from 14.45% to 15.33%, and MAF ranged from 0.16 to 0.35. The explanation of this 

phenomenon could be that both IV value and O/L ratio were calculated based on the content of 

oleic acid and linoleic acid. The results in which the QTLs were found associated with trait P/S 

ratio (% palmitic (16:0)/ stearic (18:0)), LGA03 (8), LGB03 (22), and LGB10 (13) harbored 43 of 
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the 50 significant QTLs in total, indicated these three linkage groups play an important role in 

genomic regions in the metabolic regulation process between palmitic acid and stearic acid. Two 

genomic regions (AX- 176815995and AX- 176822343) on LGB05 were found to be significantly 

related to trait Saturation rate (% saturated FA/ total FA), and they explained 15.90% and 15.24% 

of the phenotypic variance. One genomic region (AX- 147263936) located on LGB03 and 

explained 14.83% of the phenotypic variance. 

To explore the potential genes involved in Fatty Acids profile, this study examined the ± 0.5 Mb 

regions, which were around the SNPs nearby significant QTLs. A total of 35 genes nearby 

significant QTLs associated with Fatty Acids profile were determined, including 16 genes 

associated with trait IV value, six genes associated with O/L ratio, 11 genes associated with P/S 

ratio, and two genes associated with the Saturation rate (Table 2.10). Among these genes, 23 genes 

were found to have known functions in fatty acid biosynthetic process and lipid metabolic process. 

Interestingly, all six genes found associated with O/L ratio were also identified in the genes 

associated with IV value, including X66CUM (3-ketoacyl-CoA synthase 10), 5IXZ6F 

(sphingolipid delta desaturase), MF24RD (enoyl-CoA hydratase/isomerase family protein), 

133ZSG (3-ketoacyl-CoA synthase), V2BP3N (3-ketoacyl-CoA synthase), FLDD49 (3-

hydroxyisobutyryl-CoA hydrolase-like protein 5-like isoform X2). Two genes (133ZSG and 

V2BP3N) were found to be associated with the Saturation rate, and one gene (3ZW7IP) was found 

to be associated with P/S ratio were also found in the genes associated with IV value (Table 2.10). 

2.4.7 Tocopherols Profile 

Tocopherols are a series of naturally occurring compounds that serve to provide antioxidant 

protection to the fatty acids present in peanuts. According to the Manhattan plots (Fig 2.9) and Q-

Q plots (Fig 2.5), 70 significant QTLs were found to be associated with the Tocopherols profile. 
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Same as the sugars profile, the distribution of all 70 QTLs across 19 linkage groups (LG) suggested 

that 32 QTLs were distributed throughout 9 LGs of the A sub-genome. 38 QTLs were mapped 

across 10 LGs of the B sub-genome (Table 2.7), indicating both A sub-genome B sub-genome 

plays a crucial role in genomic regions in the tocopherol biosynthesis process. Besides, 157 

suggestive QTLs were also identified to be associated with the Tocopherols profile. On LGB06, 

there were five significant QTLs associated with α-Tocopherol in a genomic region from 

104,214,231 to 117,556,196 bp, spanning approximately 13.35 Mb, as shown in Table 3, with PVE 

ranged from 17.38% to 17.60% and − log10 (P-value) ranged from 5.23 to 5.29. Followed by 

LGA06, 3 QTLs reached genome-wide significance, with PVE ranged from 15.83% to 17.60%, 

and minor allele frequencies (MAF) ranged from 0.05 to 0.06. Except for LGB06 and LGA06, 

other SPNs close to significant QTLs were dispersed on LGA03 (1), LGA04 (1), LGA08 (1), and 

LGB01 (1). A total of 30 SNPs nearby significant QTLs were found to be associated with β-

Tocopherol, of which seven QTLs concentrated on LGA03 and six located on LGB05, with PVE 

ranged from 14.24% to 14.80%, and from 16.90% to 18.13% respectively. The other significant 

QTLs were distributed on different linkage groups, and the ratio of phenotypic variation was 

explained by the QTLs varied from 14.17% to 22.41%. Two genomic regions (AX-147241099 

and AX- 176791511) on LGB02 were found to be significantly related to δ -Tocopherol, and they 

explained both 15.48% of the phenotypic variance. LGA09 and LGB09 harbored three and four 

significant QTLs of the 13 in total related to γ-Tocopherol, respectively. However, the most 

significant SNP (AX- 176805798) located in LGB06, with MAF 0.06 and PVE 27.56. One 

genome-wide significant region for Total Tocopherols was detected on LGB06. The genome-wide 

significant region harbored five QTLs that were statistically significant at the genome level (− 

log10 (P-value) > 4.31). The significant SNPs were in a genomic region from 104,214,231 to 
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117,556,196 bp, spanning a total of approximately 13.35 Mb with PVE ranged from 18.59 to 19.10% 

(Table 2.7). Besides, other SPNs close to significant QTLs associated with Total Tocopherols were 

dispersed on LGA04 (2), LGA06 (1), LGA08 (1), LGB05 (1) and LGB09 (1), which is similar to 

linkage groups distribution pattern for α-Tocopherol, indicating α-Tocopherol accounts for a large 

proportion of Total Tocopherols. 

1 Mb regions around SNPs nearby significant QTLs were also examined to screen the potential 

genes involved in the Tocopherols profile. A total of 23 genes was identified to be significantly 

associated with Tocopherols, including five genes functionally associated with α-Tocopherol, 

eight genes associated with β-Tocopherol, two genes associated with δ -Tocopherol, five genes 

associated with γ -Tocopherol, and three genes associated with Total Tocopherols (Table 2.11). 

2.5 Discussion  

The min-core of the peanut germplasm collection is a set of samples that serve as a manageable 

representative selection to represent the overall collection based on morphological traits (Holbrook 

and Dong, 2005). No previous study has been conducted to investigate the flavor related traits for 

the Mini-core. The chemistry of peanut flavor has been studied intensely but has not been 

completely elucidated. Roast flavor in many foods has been attributed mainly to the Maillard 

reaction, which is the polymerization of free amino acids with sugars under heat. These compounds 

have been identified in peanuts (Chiou, et al., 1993), but the use of them to produce peanut flavor 

in model systems was not successful.   

With more DNA markers available in peanut, genome-wide association mapping is becoming 

feasible. SNP coverage on the genome and genotype diversity panel sizes can affect the ability to 

achieve significance. The SNP numbers used in this study were relatively small. GWAS has a 

higher power to detect associated markers, but it is also can produce false-positive associations, 
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which is the type I errors (Campbell et al., 2005; Zhong et al., 2017). EMMAX model, using high-

density markers to calculate a pairwise relatedness, was utilized for correcting population 

stratification, which can lead to biased or spurious results (Kang et al., 2010). Hence, the EMMAX 

model was used and modified for the first ten PCs after the kinship matrix-pairwise IBS distance 

calculation, to eliminate the false-positive results caused by the population structure observed in 

this study. It has been widely applied in association study and yields more accurate statistics than 

other methods (Zhou and Stephens, 2012). The statistical significance of suggestive QTLs detected 

in this study may also be affected by phenotyping errors. PCA was used to quantify the population 

structure of these 120 accessions (Fig 2.S3). Six distinct clusters were presented in the figure, 

which indicates that these Mini-core collections represent a highly structured population. 

In our study, 1583 significant QTLs related to four main sensory and quality attributes were 

detected, and the used diversity panel is suitable for GWAS.  

2.5.1 Sensory Attributes profile 

As more powerful strategies being utilized for the discrimination and description of both the 

qualitative and quantitative sensory attributes in roasted peanuts, such as the descriptive sensory 

analysis by trained panelists (Meilgaard et al., 1999; Pattee et al., 2001), there are more and more 

publications characterizing the variation in sensory attributes in recent years. Highly significant 

correlations have been found among the least square means for the sensory attributes, such as bitter 

with sweet in roasted peanut (Pattee et al., 1997, 1998). Furthermore, certain roasted peanut 

sensory and quality attributes have been shown to be heritable traits (Pattee et al., 1995, 1998), 

with highly significant correlations among least square means for the attributes (Pattee et al., 1997, 

1998), with broad-sense heritability in U.S. peanut germplasm sources ranging from 10.6% to 24.3% 

(Pattee et al., 1995). These previous results inspire strong confidence to breeders the enormous 
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potential for improving the sensory and quality attribute levels through various proper breeding 

strategies.  

In this study, 19 SNP peaks along with potential genes and QTLs were determined associated with 

corresponding sensory attribute traits (Fig 2.3 and Table 2.S3). Within these genetic regions, a 

total of 310 SNPs associated with six traits reached the corrected P-value (-log10 (P-value) = 3.01) 

(Fig 2.6, Table 2.3), according to the Bonferroni correction. However, only 12 QTLs identified are 

significantly associated with the sensory attributes, with 11 QTLs associated with the Sweet trait, 

and one with the Bitter trait. There were no significant QTLs identified associated with the other 

four traits. This result indicated that the Sweet trait has the highest heritability comparing with 

other sensory attributes, which is consistent with earlier papers saying roasted peanut sweet 

attribute had the highly heritable traits (Pattee et al., 1998). 

More significant QTLs found on trait Sweet, with 7 SNP localized on LGA03, LGA04, LGA09, 

and LGB04, indicating there is a high heritability for this trait. There were 48 genes with 1Mb 

from peak SNP AX-147248776 (Fig 2.10), explaining 17% of the PVE. Within this genomic 

region, FMT16N (130835613-130841090 bp), known as transferring glycosyl group transferase, 

was found to locate in Chromosome B04, which catalyzed the transfer of sugar residues from an 

activated donor substrate to an acceptor molecule (Saxena et al., 1995). There are two more critical 

genes screened within 1 Mb of the genetic region. For example, the ACJ5YK, known as 

transferring cinnamyl alcohol dehydrogenase homolog, catalyzed the final step in the biosynthesis 

of monolignols (Ma, 2010). The 7P4FH0, which helps code probable polygalacturonase, involves 

in carbohydrate biosynthetic process. Some other essential genes, such as 7P4FH0 (probable 

polygalacturonase), VJ6UAM (Aldehyde/histidinol dehydrogenase), FDLX2Z 

(Glycosyltransferase), 42PK2U (Fasciclin-like arabinogalactan family protein), 2X1NQK 
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(Glycosyltransferase), 3PMI9T (sterol 3-beta-glucosyltransferase), FW69P6 (Glucose/ribitol 

dehydrogenase), 31KTN8 (Galactose oxidase), were also found participating in carbohydrate 

metabolism in other significantly SNPs regions. Besides, genomic regions on other linkage groups 

were also found to be suggestively associated with Sweet by EMMAX method and obtained nine 

genes distribute in 5 chromosomes (Table 2.8 & 2.S1).  

Interestingly, all 11 significant QTLs associated with trait Sweet, including AX-147248776, were 

also identified significantly with trait Sucrose and Total Sugar, with PVE ranging from 14.66% to 

29.93%, and 14.98 to 21.49%, respectively, indicating the sucrose and total sugars play 

fundamental roles in Sweet trait. Another interesting phenomenon found was that there was an 

appreciable quantity of QTLs related to disease located around the peak SNPs. Around SNP peak 

SNP B4-AX-147248776, there were 23 genes related to disease resistant, which including Y7I7Z8, 

IB6E9K, BW1AWE, 27QVSF, IZ5HKP, Q1WEA7, EG26MQ, 59G75N, Q05SK2, QZS0X1, 

RGV79Z, 27BWBV, N2E3I0, UZQ44S, UAH69W, F5ZG0R, XA8QRS, DKE03A, occupying 54% 

of total genes. In order to identify potential QTLs for thrips, TSWV and leaf spot in peanut, Wang 

et al. in 2013 constructed two genetic maps, in which, one QTL for TSWV, qF2TSWV3, was 

found in the same genetic region (seq5D5-GM2744) on linkage group AhII with another QTL for 

leaf spot, qF2LS1. Besides, another QTL, qF5LS10 for leaf spot reported in this article, was 

located between GM1254 and seq15C10 on linkage group LGT17. This finding shows that this 

genetic region should involve in disease resistance, indicating there is specific functional internal 

relation between carbohydrate metabolic process and disease resistance. 

For the Bitter trait, a total of 17 QTLs were discovered with one significant QTLs and 16 

suggestive QTLs distributed on different linkage groups (Table 2.4). The significant SNP AX-

176814258 was also associated with trait Sweet, indicating these two traits share a linked pathway 
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for related component metabolic process. The SNP located at 12720888 bp in LGA03, with a 

minor allele frequency of 0.06 and explaining 15.68% of the phenotypic variance.  Other 

suggestive peak SNPs were distributed on LGA01, LGA06, LGA07, LGA08, LGA10, LGB03, 

LGB06, LGB07, LGB08, and LGB10. The candidate genes in the peanut genome sequence of 

1Mb windows (SNP position ± 0.5 Mb) and surrounding each identified promising SNP were 

obtained. A total of 27 genes were determined, which included three genes nearby significant 

QTLs and 24 genes around suggestive QTLs. The corresponding genomic positions and biological 

processes related to the flavor genes are listed in Table S3 and Table S6. Within the significantly 

genetic region, three genes, 2X1NQK (Glycosyltransferase), EZ9WFK (strictosidine synthase 

activity), G490LK (arabinogalactan protein), have the known functions in carbohydrate and related 

compound metabolism. Besides, 24 functionally related genes were found around the suggestive 

peak SNPs, including several important genes involved in sugar synthesis, such as CKCA5J 

(Glucose-1-phosphate adenylyltransferase, reported function in glycogen biosynthetic process), 

G1I4C8 (located in LGB8, reported function in seed storage protein and nutrient reservoir activity). 

Some genes within 1MB of the significant QTLs were reported in other agricultural traits 

regulation pathways, like disease resistance, suggesting that the regulation of these compound 

synthetic is involved in the disease defense pathway. 

2.5.2 Sugars Profile 

The sugars (simple carbohydrates) in peanuts serve to provide energy for the growing seed. As a 

result, maturity is the major effector for the concentration of sugars in peanut.   The maturity of a 

peanut crop at harvest is under the influence of the genetics of grown cultivar and the 

environmental conditions of growth. Sugar levels have been closely related to positive flavor 

descriptors such as sweet and sweet aromatic as well as to negative descriptors such as fruity 
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fermented (Pattee et al., 2000; Greene et al., 2008). Interestingly, we found that all 11 significant 

QTLs associated with trait Sweet was also identified significantly with trait Sucrose and Total 

Sugar, with PVE ranging from 14.66% to 29.93%, and 14.98 to 21.49%, respectively. 

A total of 87 QTLs were identified significantly associated with Sugars profile, including 36 QTLs 

significantly associated with trait Sucrose, 22 QTLs with Fructose, 15 QTLs with Raffinose, and 

14 QTLs with Total Sugar ((− log10 (P-value) > 4.31). Moreover, all the 17 significant QTLs 

associated with trait Total sugar were identified in trait Sucrose, indicating that the sucrose 

biosynthesis process has more significant in the whole sugar biosynthesis process than raffinose 

and other sugars. Twenty-one genes were found close to the significant QTLs associated with 

Sucrose (Table 2.S2). Among these 21 genes, 17 were found to have known functions in 

carbohydrate metabolic process, including B363MR (sucrose phosphate synthase), THTJ31(NAD-

dependent malic enzyme), and HLUA2X (Malic oxidoreductase). Specifically, there are also three 

genes involved in glucose metabolic process, including 74FNJK (glucose-6-phosphate 

dehydrogenase), PV44JT (glyceraldehyde-3-phosphate dehydrogenase) and 9E7XBZ (glucose-6-

phosphate dehydrogenase), two genes involved in mannose metabolic process, including RSDZ0N 

(Galactose mutarotase-like domain) and 0R79PA (NAD(P)-binding Rossmann-fold superfamily 

protein). Besides, an important gene, 070EBZ, was screened to have functions in the SWEET sugar 

transporter, which plays a vital role in sugar transport in a plant cell. Besides trait Sucrose, 8 and 

21 genes were found nearby significant QTLs associated with trait Fructose, Raffinose, 

respectively, including 5QB4T4 (sugar transporter), function in transmembrane transporter 

activity (Table 2.9). 

2.5.3 Fatty acids profile 
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569 QTLs are reaching the suggestive line (-log10 (P-value) = 3.01), with 194 QTLs distributed 

through 10 LGs of the A sub-genome, and 375 QTLs mapped across 10 LGs of the B sub-genome 

(Table 2.S3). Like suggestive QTLs, among 104 significant QTLs 75 located on the B sub-genome 

and 29 located on the A sub-genome (Table 2.6). This indicated that the B sub-genome has more 

genomic regions associated with the fatty acid biosynthesis process than the A sub-genome. 

Moreover, the significant QTLs concentrate upon LGB03 and B10, possessing 31 and 38 QTLs, 

respectively. Precisely, 15 of the 31 significant QTLs associated with IV were mapped on LGB10, 

while nine of the 20 significant QTLs associated with O/L ratio were on LGB10, as shown in Table 

3, suggesting the LGB10 participates in regulating the mutual transformation of oleic acid and 

linoleic acid. For trait, P/S ratio, LGB03 (22), and LGB10 (13) harbored 35 of the 50 significant 

QTLs, indicated these two linkage groups play indispensable roles in genomic regions in the 

metabolic regulation process between palmitic acid and stearic acid. 

Among the genes identified within ± 0.5 Mb regions of the significant QTLs, 23 genes were found 

to have known functions in fatty acid biosynthetic process and lipid metabolic process. 

Interestingly, all six genes found associated with O/L ratio were also identified in the genes 

associated with IV value, including X66CUM (3-ketoacyl-CoA synthase 10), 5IXZ6F 

(sphingolipid delta desaturase), MF24RD (enoyl-CoA hydratase/isomerase family protein), 

133ZSG (3-ketoacyl-CoA synthase), V2BP3N (3-ketoacyl-CoA synthase), FLDD49 (3-

hydroxyisobutyryl-CoA hydrolase-like protein 5-like isoform X2). Two genes (133ZSG and 

V2BP3N) were found to be associated with the Saturation rate, and one gene (3ZW7IP) was found 

to be associated with P/S ratio were also found in the genes associated with IV value (Table 2.10). 

2.5.4 Tocopherols profile 
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Tocopherols are a series of naturally occurring compounds that serve to provide antioxidant 

protection to the fatty acids present in peanuts. Additionally, especially α-tocopherols, have 

vitamin E bioactivity for humans. Peanuts contain substantial levels of tocopherols that approach 

those of tree nuts and have higher levels of γ-tocopherol (Maguire et al., 2004). The γ-form 

provides the highest levels of antioxidant activity to plant oils (Cooney et al., 1993; Jonnala et al., 

2006). Although there may be some genetic forces in effect, the levels of tocopherols have been 

reported to be environmentally influenced (Baydar et al., 2005; Jonnala et al., 2006). Besides, 

tocopherols could be only produced by photosynthetic organisms, containing all plants, algae, and 

most cyanobacteria (Horvath et al., 2006).  

Previous studies showed that there are two main tocopherol biosynthetic pathways in plant: 

Shikimate pathway, using Chorismate and Tyrosine as the precursor substances, and 

methylerythritol phosphate (MEP) pathway, using Pyruvate, Glyceraldehyde 3-phosphate, 

geranylgeraniol, and Chlorophyll A as the precursor substances (Qi et al., 2005, Valentin et al., 

2006). Another tocopherol biosynthetic pathway was also reported in a plant, which is mediated 

by Cytochrome P450 ω-Hydroxylase (Sontag et al., 2007; Bardowell et al., 2012). In our study, a 

total of 23 genes was identified to be significantly associated with Tocopherols, including five 

genes functionally associated with α-Tocopherol, eight genes associated with β-Tocopherol, two 

genes associated with δ -Tocopherol, five genes associated with γ -Tocopherol, and 3 genes 

associated with Total Tocopherols (Table 2.11). Among these genes identified, four genes were 

reported involved in Shikimate pathway, including QYLY8C (Tyrosine transaminase family), 

DLM7XC (Tyrosine aminotransferase), 36ZVTJ (Prephenate dehydratase) and 71EM27 

(Prephenate dehydratase), seven genes were reported involved in MEP pathway, including 

308EKY (phosphoenolpyruvate carboxylase), A8AWVV (pyridoxal kinase), QYLY8C (Pyridoxal 
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phosphate-dependent transferase), FXLQ18 (pyruvate decarboxylase), 79DDAD (peptidyl-prolyl 

cis-trans isomerase CYP40-like isoform X1), 989M5Y (pyruvate orthophosphate dikinase), and 

WLW17E (E2 component of pyruvate dehydrogenase), and the genes were reported involved in 

Cytochrome P450 ω-Hydroxylase mediated pathway, including ZZ7V32 (Cytochrome P450 

superfamily protein), 3GHL6G (Cytochrome P450 superfamily protein), M1JRW6 (Cytochrome 

P450 superfamily protein), 9P7KAZ (Cytochrome P450 superfamily), E313MA (Cytochrome 

P450 superfamily protein), U5WKYJ (Cytochrome P450) and W3WWNZ (Cytochrome P450 

superfamily). IS0G8W, suggestively associated with three SNP makers (AX-147233960, AX-

176797662, AX-147233770), encodes a key enzyme, phytol kinase, in MPE pathway, which 

catalyzes chlorophyll phytol to phytyl diphosphate. A recent study shows that down-regulation of 

tomato PHYTOL KINASE (VTE5) strongly impairs tocopherol biosynthesis and affects prenyl 

lipid metabolism in an organ-specific manner (Almeida et al., 2016). Besides, VTE5 deficiency 

was significantly impacted lipid metabolism, including prenylquinones, carotenoids, and fatty acid 

phytyl esters (Edreva et al., 2005; Demmig-Adams et al., 2014). 

However, although high-quality genome assembly for peanut (Arachis hypogaea), cultivar 

‘Tifrunner,’ and the corresponding genome annotation were finished in recent (Bertioli et al., 

2019), the annotation is still incomplete. Hence, some genes of critical enzymes involved in 

tocopherol biosynthetic pathway could even not be screened in peanut genome annotation, such as 

dimethylallyl diphosphate, isopentenyl diphosphate, methylerythritol phosphate, tocopherol 

cyclase, homogentisate phytyltransferase, and 2-methyl6-phytylbenzoquinol methyltransferase 

(Qi et al., 2005; Valentin et al., 2006). 
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Table 2.1 Distribution of 17,723 SNPs in 20 chromosomes detected in 120 peanut accessions. 

Chromosome Chr length 
(Mb) 

Number of 
SNPs 

Number of 
genes 

Average 
number of 

SNPs per Mb 

Average 
number of 

genes per Mb 
A01 112.42 1225 3493 11 31 
A02 102.98 709 3129 7 30 
A03 143.81 951 4929 7 34 
A04 128.8 1059 3833 8 30 
A05 115.93 1047 3868 9 33 
A06 115.5 880 3712 8 32 
A07 64.9 490 2850 8 44 
A08 51.9 365 2940 7 57 
A09 120.52 415 3694 3 31 
A10 117.09 375 3488 3 30 
B01 119.44 802 3791 7 32 
B02 120.58 742 3580 6 30 
B03 117.38 688 5133 6 44 
B04 114.59 821 4276 7 37 
B05 128.7 727 4433 6 34 
B06 123.85 971 4372 8 35 
B07 107.94 890 3813 8 35 
B08 108.12 1121 3710 10 34 
B09 126.9 1658 4409 13 35 
B10 115.18 1296 4164 11 36 

A genome 1073.85 7516 35936 7 33 
B genome 1182.68 8914 41681 8 35 

AB genome 2202.01 17232 77617 8 35 
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Table 2.2 Summary of QTLs associated with Sensory attributes profile, Sugars profile, Fatty 

Acids profile, and Tocopherols profile. 

Traits QTLs 
identified 

Significant 
QTLs 

-log10 
 (P-Value) 

PVE (%) MAF 

Sensory Attribute Profile 
Sweet 171 13 3.02-4.90 9.93-16.67 0.03-0.12 
Bitter 43 1 3.11-4.62 10.24-5.68 0.06-0.42 

Sweet Aromatic 63 0 3.01-4.25 9.89-14.37 0.04-0.48 
Raw Beany 24 0 3.05-3.99 10.04-13.43 0.05-0.47 

Woody Hulls Skins 5 0 3.02-3.30 9.90-10.93 0.05-0.13 
Sugars Profile 

Sucrose 175 36 3.01-9.20 9.62-29.93 0.05-0.48 
Frucose 103 22 3.01-4.99 9.62-16.56 0.05-0.41 

Raffinose 64 15 3.02-5.82 9.65-19.39 0.05-0.48 
Inositol 62 0 3.01-4.26 9.63-14.03 0.09-0.45 

Total_Sugar 70 14 3.01-6.27 9.63-21.49 0.05-0.46 
Fatty Acid Profile 

IV (%) 168 31 3.01-5.63 9.67-17.92 0.08-0.43 
Sat (%) 58 4 3.02-4.80 9.64-15.90 0.05-0.45 

P/S ratio (%) 164 50 3.01-7.21 9.63-23.85 0.08-0.42 
O/L ratio (%) 149 20 3.01-6.64 9.63-22.03 0.06-0.48 

LCS (%) 17 0 3.02-3.58 9.67-11.65 0.06-0.44 
ROC (%) 13 0 3.17-3.86 10.21-12.64 0.09-0.45 

Tocopherols profile 

α-Tocopherol 26 14 3.02-5.70 9.64-18.96 0.05-0.42 
β-Tocopherol 90 30 3.04-6.76 9.72-22.41 0.05-0.47 
δ-Tocopherol 15 5 3.08-4.68 9.88-15.49 0.05-0.39 
γ-Tocopherol 69 13 3.01-5.74 9.63-19.08 0.05-0.41 

Total_Tocopherols 30 11 3.06-6.29 9.81-20.92 0.05-0.38 
 †PVE phenotypic variation explained; MAF minor allele frequency 
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Table 2.3 The distribution of QTLs significantly associated with four sensory and quality 

attribute profiles on peanut linkage groups. 

Linkage 
Chr 

Flavor Sugars 

Sweet Bitter Total Sucrose Fructose Raffinose Total 
Sugars Total 

A01 0 0 0 1 0 0 0 1 
A02 0 0 0 1 0 0 1 2 
A03 1 1 2 2 0 0 1 3 
A04 3 0 3 6 3 0 4 13 
A05 0 0 0 1 1 0 0 2 
A06 0 0 0 2 2 0 2 6 
A07 0 0 0 0 0 2 0 2 
A08 0 0 0 0 0 0 0 0 
A09 1 0 1 2 0 1 0 3 
A10 0 0 0 0 0 2 0 2 
B01 0 0 0 2 0 0 0 2 
B02 0 0 0 1 0 0 0 1 
B03 0 0 0 2 1 0 1 4 
B04 5 0 5 9 5 0 4 18 
B05 0 0 0 5 0 0 0 5 
B06 3 0 3 0 0 0 0 0 
B07 0 0 0 0 0 2 0 2 
B08 0 0 0 0 0 0 0 0 
B09 0 0 0 1 2 8 1 12 
B10 0 0 0 1 0 0 0 1 

A_genome 5 1 6 15 6 5 8 34 
B_genome 8 0 8 21 8 10 6 45 

Total 13 1 14 36 14 15 14 79 
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Table 2.3 The distribution of QTLs significantly associated with four sensory and quality 

attribute profiles on peanut linkage groups (continue). 

Linkage 
Chr 

Fatty Acid Tocopherols  

IV Sat PS OL Total Toco 
alfa 

Toco 
beta 

Toco 
delta 

Toco 
Gamma 

Toco 
Tocal Total 

A01 1 0 3 0 4 0 1 0 0 0 1 
A02 3 0 0 0 3 0 2 0 0 0 3 
A03 0 0 8 1 9 1 7 0 1 0 9 
A04 0 0 1 0 1 1 1 0 1 2 6 
A05 4 2 1 3 10 0 3 0 1 0 4 
A06 1 0 0 0 1 3 0 0 0 1 5 
A07 0 0 0 0 0 0 2 0 0 0 2 
A08 1 0 0 0 1 1 0 0 0 1 2 
A09 0 0 0 0 0 0 0 0 3 0 3 
A10 0 0 0 0 0 0 0 0 0 0 0 
B01 1 0 1 0 2 1 3 0 0 0 4 
B02 0 0 0 0 0 0 0 2 0 0 2 
B03 3 1 22 5 31 0 1 0 0 0 1 
B04 0 0 0 0 0 0 0 0 0 0 0 
B05 2 0 1 2 5 0 6 0 1 1 8 
B06 0 0 0 0 0 7 1 0 1 5 14 
B07 0 0 0 0 0 0 1 0 0 0 1 
B08 0 0 0 0 0 0 0 0 1 0 1 
B09 0 0 0 0 0 0 0 0 4 1 5 
B10 15 0 13 9 38 0 2 0 0 0 2 

A_genome 10 2 13 4 29 6 16 0 6 4 32 
B_genome 21 1 37 16 75 8 14 2 7 7 38 

Total 31 3 50 20 104 14 30 2 13 11 70 
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Table 2.4 The significantly associated SNPs identified for Sensory Attributes profile. 
 

SNP ID Linkage 
Chr Position (bp) P-Value - log10 

 (P value) PVE (%) MAF 

Sweet 
AX-147248776 14 130,709,725 1.27E-05 4.90 16.67 0.05 
AX-176814258 3 12,720,888 2.30E-05 4.64 15.76 0.06 
AX-147233387 9 57,329,521 3.09E-05 4.51 15.30 0.49 
AX-176817025 4 56,979,926 4.11E-05 4.39 14.87 0.10 
AX-176812647 6 103,377,028 4.45E-05 4.35 14.74 0.10 
AX-176814709 4 96,322,537 4.49E-05 4.35 14.73 0.10 
AX-176807262 14 21,082,467 4.80E-05 4.32 14.63 0.10 
AX-176808976 14 29,985,825 4.80E-05 4.32 14.63 0.10 
AX-176817147 14 45,705,796 4.80E-05 4.32 14.63 0.10 
AX-176810797 14 102,637,105 4.80E-05 4.32 14.63 0.10 
AX-176793698 4 84,313,635 4.80E-05 4.32 14.63 0.10 

Bitter 
AX-176814258 3 12720888 2.43E-05 4.62 15.68 0.06 

 †PVE phenotypic variation explained; MAF minor allele frequency 
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Table 2.5 The significantly associated SNPs identified for Sugars profile. 
 

SNP ID Linkage 
Chr Position (bp) P-Value - log10  

(P value) PVE (%) MAF 

Sucorse 
AX-147233387 9 57329521 6.26E-10 9.20 29.93 0.49 
AX-176791806 9 57325451 8.30E-10 9.08 29.57 0.06 
AX-176814258 3 12720888 7.90E-08 7.10 23.52 0.07 
AX-147248776 14 130709725 1.58E-07 6.80 22.56 0.06 
AX-176795517 6 107248386 7.83E-07 6.11 20.30 0.05 
AX-147249828 15 32289690 2.17E-06 5.66 18.84 0.09 
AX-176813185 4 118132903 2.82E-06 5.55 18.45 0.11 
AX-176810860 4 103751547 3.23E-06 5.49 18.26 0.10 
AX-147222500 5 50695101 3.23E-06 5.49 18.26 0.10 
AX-176809744 15 26697331 3.23E-06 5.49 18.26 0.10 
AX-176817449 15 31843948 3.23E-06 5.49 18.26 0.10 
AX-176802351 4 33883342 3.76E-06 5.42 18.04 0.10 
AX-176802397 1 3195706 3.90E-06 5.41 17.98 0.05 
AX-176799002 3 15708945 4.07E-06 5.39 17.92 0.10 
AX-176817452 15 38756394 5.18E-06 5.29 17.57 0.05 
AX-176799580 14 126157122 6.93E-06 5.16 17.14 0.05 
AX-176815599 14 3381672 1.07E-05 4.97 16.50 0.06 
AX-177639289 20 6469563 1.14E-05 4.94 16.40 0.17 
AX-176811232 13 6935401 1.35E-05 4.87 16.15 0.05 
AX-176800737 12 3762602 1.69E-05 4.77 15.82 0.06 
AX-147259779 19 2420274 1.72E-05 4.77 15.79 0.06 
AX-176814709 4 96322537 1.76E-05 4.75 15.76 0.12 
AX-176809849 4 97487299 1.99E-05 4.70 15.57 0.12 
AX-176812647 6 103377028 2.21E-05 4.66 15.42 0.12 
AX-176800704 14 26997129 3.29E-05 4.48 14.82 0.13 
AX-176817439 15 28510823 3.56E-05 4.45 14.70 0.05 
AX-176793698 4 84313635 3.64E-05 4.44 14.66 0.13 
AX-176807262 14 21082467 3.64E-05 4.44 14.66 0.13 
AX-176808976 14 29985825 3.64E-05 4.44 14.66 0.13 
AX-176817147 14 45705796 3.64E-05 4.44 14.66 0.13 
AX-176810797 14 102637105 3.64E-05 4.44 14.66 0.13 
AX-176817025 4 56979926 3.70E-05 4.43 14.64 0.13 
AX-176810136 2 817431 3.82E-05 4.42 14.59 0.06 
AX-147243168 13 3566707 3.82E-05 4.42 14.59 0.06 
AX-147237372 11 52532 4.31E-05 4.37 14.41 0.09 
AX-147237373 11 52758 4.31E-05 4.37 14.41 0.09 
AX-176817084 14 16403547 4.43E-05 4.35 14.37 0.06 

Frucose 
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AX-176811668 5 91845257 1.02E-05 4.99 16.56 0.10 
AX-147226746 6 110928698 1.38E-05 4.86 16.12 0.05 
AX-176795330 14 8969353 1.55E-05 4.81 15.95 0.09 
AX-176813712 14 9074346 1.55E-05 4.81 15.95 0.09 
AX-176817073 14 10046248 1.55E-05 4.81 15.95 0.09 
AX-176809746 14 10408809 1.55E-05 4.81 15.95 0.09 
AX-176805374 6 109233745 2.60E-05 4.58 15.17 0.10 
AX-176812961 4 3782868 2.04E-05 4.69 15.53 0.09 
AX-147220028 4 51628148 3.08E-05 4.51 14.92 0.17 
AX-176804821 14 54137860 3.12E-05 4.51 14.90 0.08 
AX-177641364 19 26148551 3.23E-05 4.49 14.85 0.15 
AX-176816801 13 9686512 3.44E-05 4.46 14.75 0.34 
AX-176799831 4 45363969 3.77E-05 4.42 14.61 0.17 
AX-177644256 19 22490213 4.62E-05 4.34 14.31 0.14 

Raffinose 
AX-177637400 19 105708794 1.53E-06 5.82 19.34 0.36 
AX-176819101 17 995898 2.04E-06 5.69 18.92 0.41 
AX-177639043 19 34765063 7.22E-06 5.14 17.08 0.38 
AX-177644524 17 47230439 1.60E-05 4.80 15.90 0.36 
AX-176795258 7 62317917 1.60E-05 4.80 15.90 0.36 
AX-176820727 19 22420833 1.70E-05 4.77 15.81 0.38 
AX-176791962 19 28334973 1.70E-05 4.77 15.81 0.38 
AX-177639178 19 25221600 1.94E-05 4.71 15.61 0.38 
AX-176797662 9 102772739 1.99E-05 4.70 15.57 0.47 
AX-176796351 10 76363955 2.39E-05 4.62 15.30 0.45 
AX-177639837 19 18482880 2.41E-05 4.62 15.29 0.38 
AX-176806100 7 55457156 2.90E-05 4.54 15.01 0.37 
AX-176824170 19 145041727 3.46E-05 4.46 14.74 0.39 
AX-176793446 10 77768991 4.58E-05 4.34 14.32 0.45 

Total Sugars 
AX-176814258 3 12720888 3.39E-07 6.47 21.49 0.07 
AX-176795517 6 107248386 3.65E-06 5.44 18.08 0.05 
AX-147248776 14 130709725 6.74E-06 5.17 17.18 0.37 
AX-147233387 9 57329521 1.50E-05 4.82 15.99 0.09 
AX-176813185 4 118132903 1.55E-05 4.81 15.94 0.11 
AX-176799580 14 126157122 1.73E-05 4.76 15.78 0.12 
AX-176802351 4 33883342 2.29E-05 4.64 15.36 0.10 
AX-176791806 9 57325451 2.38E-05 4.62 15.30 0.06 
AX-176812647 6 103377028 2.50E-05 4.60 15.23 0.12 
AX-176815599 14 3381672 2.69E-05 4.57 15.12 0.06 
AX-147259779 19 2420274 2.88E-05 4.54 15.02 0.06 
AX-176814709 4 96322537 2.96E-05 4.53 14.98 0.12 
AX-177639289 20 6469563 3.11E-05 4.51 14.90 0.17 
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AX-176809849 4 97487299 3.86E-05 4.41 14.58 0.12 
AX-176810136 2 817431 4.08E-05 4.39 14.49 0.06 
AX-147243168 13 3566707 4.08E-05 4.39 14.49 0.06 
AX-176817084 14 16403547 4.80E-05 4.32 14.25 0.06 

†PVE phenotypic variation explained; MAF minor allele frequency 
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Table 2.6 The significantly associated SNPs identified for Fatty Acids profile. 

SNP ID Linkage 
Chr Position (bp) P-Value - log10 (P 

value) PVE (%) MAF 

IV (%) 
AX-177640460 20 120772301 2.33E-06 5.63 18.73 0.30 
AX-147264395 20 113584807 2.69E-06 5.57 18.53 0.30 
AX-177637254 20 119907218 2.69E-06 5.57 18.53 0.30 
AX-176804144 20 115730891 2.88E-06 5.54 18.43 0.31 
AX-177638677 20 120214136 2.88E-06 5.54 18.43 0.31 
AX-177637104 20 121402159 2.88E-06 5.54 18.43 0.31 
AX-176819943 15 134187510 4.06E-06 5.39 17.92 0.33 
AX-176800147 15 134385876 4.06E-06 5.39 17.92 0.33 
AX-176799264 5 93724160 4.06E-06 5.39 17.92 0.33 
AX-176804925 20 112467768 4.19E-06 5.38 17.88 0.35 
AX-176822799 20 116425340 4.19E-06 5.38 17.88 0.35 
AX-177638452 20 117191238 4.52E-06 5.34 17.77 0.16 
AX-176792735 5 93859929 6.60E-06 5.18 17.21 0.33 
AX-147243963 13 18642606 8.44E-06 5.07 16.85 0.33 
AX-176797282 1 6934245 9.42E-06 5.03 16.69 0.14 
AX-176822408 13 9113573 1.11E-05 4.96 16.45 0.34 
AX-176811155 5 95722033 1.34E-05 4.87 16.17 0.32 
AX-176796440 11 10661525 1.55E-05 4.81 15.95 0.32 
AX-177637648 20 111329372 1.80E-05 4.74 15.72 0.31 
AX-177639314 20 124890936 1.83E-05 4.74 15.70 0.35 
AX-176816801 13 9686512 1.89E-05 4.72 15.65 0.34 
AX-147264338 20 111357517 2.19E-05 4.66 15.43 0.32 
AX-176804911 2 22662900 2.49E-05 4.60 15.23 0.15 
AX-176805810 2 22662927 2.49E-05 4.60 15.23 0.15 
AX-176791500 20 4946993 2.69E-05 4.57 15.12 0.27 
AX-176792724 2 6344117 2.72E-05 4.57 15.10 0.31 
AX-147221477 5 1898385 3.87E-05 4.41 14.57 0.31 
AX-177639549 20 112215783 3.99E-05 4.40 14.53 0.34 
AX-147224423 6 4727732 4.05E-05 4.39 14.50 0.14 
AX-177639835 20 126438874 4.59E-05 4.34 14.32 0.30 
AX-147231439 8 42766581 4.66E-05 4.33 14.29 0.32 

Sat (%) 
AX-176815995 5 83783072 1.60E-05 4.80 15.90 0.21 
AX-176822343 5 59674162 2.49E-05 4.60 15.24 0.31 
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AX-147263936 20 36197991 3.27E-05 4.49 14.83 0.44 
P/S ratio (%) 
AX-147243963 13 18642606 6.23E-08 7.21 23.85 0.33 
AX-176807302 13 71269320 4.97E-07 6.30 20.95 0.15 
AX-176802555 13 85973572 1.50E-06 5.83 19.38 0.32 
AX-176800303 13 71966139 1.89E-06 5.72 19.03 0.31 
AX-177640460 20 120772301 1.95E-06 5.71 18.99 0.30 
AX-176812877 13 50828292 2.65E-06 5.58 18.55 0.32 
AX-176794224 13 51144102 2.65E-06 5.58 18.55 0.32 
AX-176816920 13 71083056 2.65E-06 5.58 18.55 0.32 
AX-176812558 13 73285066 2.65E-06 5.58 18.55 0.32 
AX-176798714 1 82680865 2.65E-06 5.58 18.55 0.32 
AX-176803950 3 83639278 2.81E-06 5.55 18.46 0.31 
AX-176809440 13 70679022 3.04E-06 5.52 18.34 0.31 
AX-176798965 3 35912339 3.16E-06 5.50 18.29 0.17 
AX-176820627 13 42072598 3.70E-06 5.43 18.06 0.33 
AX-176807020 13 73579709 4.00E-06 5.40 17.95 0.31 
AX-176804898 13 102270862 4.00E-06 5.40 17.95 0.31 
AX-176803007 3 85646533 4.00E-06 5.40 17.95 0.31 
AX-176819452 13 49061948 4.44E-06 5.35 17.79 0.16 
AX-176817595 13 81114683 4.59E-06 5.34 17.74 0.32 
AX-176808699 13 37912119 4.85E-06 5.31 17.66 0.33 
AX-176816890 13 38349597 4.85E-06 5.31 17.66 0.33 
AX-176802747 4 18450776 4.85E-06 5.31 17.66 0.33 
AX-176811636 3 43664456 4.85E-06 5.31 17.66 0.33 
AX-176804144 20 115730891 5.12E-06 5.29 17.58 0.31 
AX-177638677 20 120214136 5.12E-06 5.29 17.58 0.31 
AX-177637104 20 121402159 5.12E-06 5.29 17.58 0.31 
AX-176804925 20 112467768 6.06E-06 5.22 17.34 0.35 
AX-176822799 20 116425340 6.06E-06 5.22 17.34 0.35 
AX-176802309 3 99994285 7.40E-06 5.13 17.04 0.31 
AX-177638452 20 117191238 1.06E-05 4.97 16.51 0.16 
AX-176802804 3 76469583 1.08E-05 4.96 16.48 0.16 
AX-176812632 13 39758074 1.19E-05 4.93 16.35 0.16 
AX-176823501 13 14822762 1.22E-05 4.91 16.30 0.35 
AX-147264395 20 113584807 1.30E-05 4.89 16.21 0.30 
AX-177637254 20 119907218 1.30E-05 4.89 16.21 0.30 
AX-176811706 3 32290418 1.55E-05 4.81 15.95 0.33 
AX-176796440 11 10661525 1.64E-05 4.78 15.86 0.32 
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AX-147249143 15 9068762 1.67E-05 4.78 15.84 0.32 
AX-176812422 13 80567791 1.82E-05 4.74 15.70 0.32 
AX-177639835 20 126438874 1.88E-05 4.73 15.66 0.30 
AX-176822464 1 3696555 2.02E-05 4.69 15.55 0.33 
AX-176799733 1 7124014 2.32E-05 4.63 15.34 0.32 
AX-176812316 13 48865573 2.84E-05 4.55 15.04 0.16 
AX-176800673 13 79761955 2.84E-05 4.55 15.04 0.16 
AX-176795787 13 121078994 3.08E-05 4.51 14.92 0.34 
AX-177637648 20 111329372 3.09E-05 4.51 14.91 0.31 
AX-176815442 3 13133357 3.32E-05 4.48 14.81 0.33 
AX-177639314 20 124890936 3.43E-05 4.46 14.76 0.35 
AX-147264338 20 111357517 3.49E-05 4.46 14.73 0.32 
AX-147221477 5 1898385 4.34E-05 4.36 14.40 0.31 

O/L ratio (%) 
AX-176819943 15 134187510 2.31E-07 6.64 22.03 0.33 
AX-176800147 15 134385876 2.31E-07 6.64 22.03 0.33 
AX-176799264 5 93724160 2.31E-07 6.64 22.03 0.33 
AX-176822408 13 9113573 5.40E-07 6.27 20.83 0.34 
AX-176792735 5 93859929 5.59E-07 6.25 20.78 0.33 
AX-147243963 13 18642606 7.37E-07 6.13 20.39 0.33 
AX-176816801 13 9686512 5.32E-06 5.27 17.53 0.34 
AX-176791500 20 4946993 7.54E-06 5.12 17.01 0.27 
AX-176811155 5 95722033 8.44E-06 5.07 16.85 0.32 
AX-176796440 11 10661525 1.34E-05 4.87 16.17 0.32 
AX-176798965 3 35912339 1.84E-05 4.74 15.69 0.17 
AX-177640460 20 120772301 2.34E-05 4.63 15.33 0.30 
AX-176820627 13 42072598 2.51E-05 4.60 15.22 0.33 
AX-177639314 20 124890936 2.83E-05 4.55 15.05 0.35 
AX-176804144 20 115730891 3.13E-05 4.50 14.89 0.31 
AX-177638677 20 120214136 3.13E-05 4.50 14.89 0.31 
AX-177637104 20 121402159 3.13E-05 4.50 14.89 0.31 
AX-176804925 20 112467768 3.83E-05 4.42 14.59 0.35 
AX-176822799 20 116425340 3.83E-05 4.42 14.59 0.35 

AX-177638452 20 117191238 4.21E-05 4.38 14.45 0.16 
AX-176800303 13 71966139 4.49E-05 4.35 14.35 0.31 

†PVE phenotypic variation explained; MAF minor allele frequency 
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Table 2.7 The significantly associated SNPs identified for Tocopherols profile. 

SNP ID 
Linkage 

Chr Position (bp) P-Value 
- log10  

(P value) PVE (%) MAF 
α-Tocopherol 

AX-176819533 16 12671909 1.99E-06 5.70 18.96 0.06 
AX-176792655 16 117556196 5.07E-06 5.29 17.60 0.06 
AX-176805357 6 94179951 5.07E-06 5.29 17.60 0.06 
AX-147252198 16 11622918 5.16E-06 5.29 17.57 0.05 
AX-176808373 16 104214231 5.88E-06 5.23 17.38 0.07 
AX-176817673 16 105588679 5.88E-06 5.23 17.38 0.07 
AX-176794514 16 105915649 5.88E-06 5.23 17.38 0.07 
AX-176807852 16 108453558 5.88E-06 5.23 17.38 0.07 
AX-176795517 6 107248386 1.24E-05 4.91 16.28 0.05 
AX-176810052 8 45093830 1.39E-05 4.86 16.10 0.26 
AX-176795785 6 5124210 1.68E-05 4.78 15.83 0.05 
AX-176808631 11 22160973 2.66E-05 4.57 15.14 0.06 
AX-176814258 3 12720888 3.90E-05 4.41 14.56 0.07 
AX-176810057 4 112402040 4.02E-05 4.40 14.51 0.05 
β-Tocopherol 

AX-176812053 17 124694409 1.76E-07 6.76 22.41 0.05 
AX-176806543 13 7336269 2.16E-07 6.67 22.12 0.08 
AX-176794213 15 18362902 3.52E-06 5.45 18.13 0.36 
AX-176804110 15 18587237 3.52E-06 5.45 18.13 0.36 
AX-176813453 5 17327471 3.52E-06 5.45 18.13 0.36 
AX-176807392 5 18917629 3.52E-06 5.45 18.13 0.36 
AX-176818540 4 1656177 3.52E-06 5.45 18.13 0.36 
AX-176807189 3 112857458 4.42E-06 5.35 17.80 0.10 
AX-176800776 15 16143672 4.55E-06 5.34 17.76 0.36 
AX-176819938 15 17861943 4.55E-06 5.34 17.76 0.36 
AX-176811294 15 18122159 5.74E-06 5.24 17.42 0.36 
AX-176796096 5 18596510 7.03E-06 5.15 17.12 0.37 
AX-176817367 15 15304406 8.16E-06 5.09 16.90 0.36 
AX-147263251 20 6465564 1.79E-05 4.75 15.73 0.18 
AX-177639004 20 6469478 1.79E-05 4.75 15.73 0.18 
AX-176796595 16 5942908 1.99E-05 4.70 15.57 0.35 
AX-176821973 1 10115045 2.48E-05 4.60 15.24 0.16 
AX-176804214 3 112856983 3.33E-05 4.48 14.80 0.36 
AX-176820936 11 1409056 3.52E-05 4.45 14.72 0.16 
AX-176818525 11 58428809 3.63E-05 4.44 14.67 0.48 
AX-176795105 7 73246538 3.90E-05 4.41 14.56 0.35 
AX-176814383 3 64446273 3.90E-05 4.41 14.56 0.18 
AX-176810428 7 73297977 4.19E-05 4.38 14.45 0.35 
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AX-176810550 3 1930218 4.81E-05 4.32 14.24 0.18 
AX-176817109 3 112856948 4.81E-05 4.32 14.24 0.18 
AX-176815701 3 112857177 4.81E-05 4.32 14.24 0.35 
AX-176808255 3 112857201 4.81E-05 4.32 14.24 0.35 
AX-176795366 2 6392300 4.81E-05 4.32 14.24 0.35 
AX-176796733 2 6394704 4.81E-05 4.32 14.24 0.18 
AX-176791718 11 1411071 5.05E-05 4.30 14.17 0.17 
δ-Tocopherol 

AX-147241099 12 22562082 2.11E-05 4.68 15.49 0.06 
AX-176791511 12 30172328 2.11E-05 4.68 15.49 0.06 
γ-Tocopherol 

AX-176805798 16 95233197 1.83E-06 5.74 19.08 0.06 
AX-147257537 18 7765731 2.15E-06 5.67 18.85 0.05 
AX-176817459 15 41204780 5.49E-06 5.26 17.48 0.12 
AX-176803682 4 37436565 9.88E-06 5.01 16.61 0.11 
AX-176791660 19 143735714 1.16E-05 4.94 16.38 0.31 
AX-177638506 19 111617928 1.45E-05 4.84 16.05 0.32 
AX-147233375 9 54638085 1.45E-05 4.84 16.05 0.32 
AX-147234334 9 113662975 1.58E-05 4.80 15.92 0.45 
AX-176796415 9 98176011 2.83E-05 4.55 15.04 0.35 
AX-176812851 5 79572378 3.34E-05 4.48 14.80 0.33 
AX-176814440 3 106948006 3.48E-05 4.46 14.73 0.33 
AX-147262354 19 143694732 3.71E-05 4.43 14.64 0.41 
AX-176822955 19 114117157 3.84E-05 4.42 14.58 0.32 

Total Tocopherols 
AX-176803682 4 37436565 5.08E-07 6.29 20.92 0.11 
AX-176792655 16 117556196 1.80E-06 5.74 19.10 0.06 
AX-176805357 6 94179951 1.80E-06 5.74 19.10 0.06 
AX-176808373 16 104214231 2.58E-06 5.59 18.59 0.07 
AX-176817673 16 105588679 2.58E-06 5.59 18.59 0.07 
AX-176794514 16 105915649 2.58E-06 5.59 18.59 0.07 
AX-176807852 16 108453558 2.58E-06 5.59 18.59 0.07 
AX-176815360 4 22606633 1.88E-05 4.73 15.66 0.10 
AX-176817459 15 41204780 2.15E-05 4.67 15.46 0.12 
AX-176791660 19 143735714 3.13E-05 4.50 14.89 0.31 
AX-176810052 8 45093830 4.83E-05 4.32 14.24 0.26 

†PVE phenotypic variation explained; MAF minor allele frequency 
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Table 2.8 Candidate genes within the potential QTL regions significantly associated with 

Sensory attributes profile. 

Linkage 
Chr Gene name SNP ID 

SNP 
position (bp) Function or Biological process 
Sweet 

B4 ACJ5YK AX-147248776 130709725 cinnamyl alcohol dehydrogenase; 
oxidoreductase activity 

B4 FMT16N AX-147248776 130709725 transferring glycosyl group transferase 
B4 7P4FH0 AX-147248776 130709725 probable polygalacturonase 
B4 VJ6UAM AX-176810797 102637105 Aldehyde/histidinol dehydrogenase 
B4 FDLX2Z AX-176810797 102637105 Glycosyl transferase 

B4 42PK2U AX-176807262 21082467 Fasciclin-like arabinogalactan family 
protein 

A3 2X1NQK AX-176814258 12720888 Glycosyl transferase; 
acetylglucosaminyltransferase activity 

A4 3PMI9T AX-176817025 56979926 sterol 3-beta-glucosyltransferase 
A4 FW69P6 AX-176793698 84313635 Glucose/ribitol dehydrogenase 

A6 31KTN8 AX-176812647 103377028 Galactose oxidase; kelch repeat superfamily 
protein 

Bitter 

A3 2X1NQK AX-176814258 12720888 Glycosyl transferase; 
acetylglucosaminyltransferase activity 

A3 EZ9WFK AX-176814258 12720888 strictosidine synthase activity 
A3 G490LK AX-176814258 12720888 FASCICLIN-like arabinogalactan protein 

Sweet Aromatic 
A3 FG250G AX-176804432 1475928 Nucleotide/sugar transporter family protein 
A3 2X39TD AX-176804432 1475928 Glycoside hydrolase 
A3 77T7YG AX-176804432 1475928 Galactose oxidase 
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Table 2.9 Candidate genes within the QTL regions significantly associated with Sugars profile. 

Linkage 
Chr 

Gene 
name SNP ID  

SNP position 
(bp) Function or Biological process  

 Total Sugars  

A6 G897EA AX-176795517 107248386 xylan alpha-glucuronosyltransferase 3-like 
A6 070EBZ AX-176795517 107248386 Sugar transporter SWEET; SWEET sugar transporter 

B4 7P4FH0 AX-147248776 130709725 probable polygalacturonase; carbohydrate process 

A4 L4K1UG AX-176813185 118132903 probable polygalacturonase; carbohydrate process 

B4 THTJ31 AX-176799580 126157122 NAD-dependent malic enzyme; malate process 
B4 2H46NI AX-176799580 126157122 Glucose/ribitol dehydrogenase; oxidoreductase activity 

B4 L4J78V AX-176799580 126157122 Glucose/ribitol dehydrogenase; oxidoreductase activity 

B4 0R79PA AX-176799580 126157122 Glucose/ribitol dehydrogenase; mannose process 

A4 HI5XRQ AX-176802351 33883342 polygalacturonase; carbohydrate metabolic process 
A4 S10LH7 AX-176802351 33883342 polygalacturonase; carbohydrate metabolic process 

A6 I7CGDJ AX-176812647 103377028 D-ribulose-5-phosphate-3-epimerase 

A6 PV44JT AX-176812647 103377028 glyceraldehyde-3-phosphate dehydrogenase 

B4 EB8TWM AX-176815599 3381672 UDP-D-glucuronate 4-epimerase 
B4 B363MR AX-176815599 3381672 sucrose phosphate synthase; sucrose metabolic process 

B4 5E5ZG3 AX-176815599 3381672 Glycoside hydrolase family 17; carbohydrate process 

B9 36XQKP AX-147259779 2420274 carbohydrate metabolic process 

A2 HLUA2X AX-176810136 817431 Malic oxidoreductase; malate metabolic process 
A2 BG060F AX-176810136 817431 polygalacturonase; carbohydrate metabolic process 

B4 R869CP AX-176817084 16403547 beta-xylosidase; carbohydrate metabolic process 

B4 QJW53T AX-176817084 16403547 polygalacturonase activity; carbohydrate process 

B4 7I8QVG AX-176817084 16403547 polygalacturonase activity; carbohydrate process 
 Sucrose 

A1 QR17ZP AX-176802397 3195706 carbohydrate metabolic process; glycogen process 

A2 HLUA2X AX-176810136 817431 Malic oxidoreductase; malate metabolic process 

A2 BG060F AX-176810136 817431 polygalacturonase; carbohydrate metabolic process 
A4 L4K1UG AX-176813185 118132903 probable polygalacturonase; carbohydrate process 

A4 T6IMA7 AX-176813185 118132903 sterol 3-beta-glucosyltransferase; carbohydrate process 

A4 HI5XRQ AX-176802351 33883342 polygalacturonase; carbohydrate metabolic process 

A4 S10LH7 AX-176802351 33883342 polygalacturonase; carbohydrate metabolic process 
A5 9E7XBZ AX-147222500 50695101 glucose-6-phosphate dehydrogenase 

A6 070EBZ AX-176795517 107248386 Sugar transporter SWEET; SWEET sugar transporter 

A6 PV44JT AX-176812647 103377028 glyceraldehyde-3-phosphate dehydrogenase 

B1 74FNJK AX-147237372 52532 glucose-6-phosphate dehydrogenase 
B1 RSDZ0N AX-147237372 52532 Galactose mutarotase-like domain; mannose process 
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B2 RUYM47 AX-176800737 3762602 polygalacturonase; carbohydrate metabolic process 

B2 7E9Q5B AX-176800737 3762602 sugar porter (SP) family MFS transporter 
B4 7P4FH0 AX-147248776 130709725 probable polygalacturonase; carbohydrate process 

B4 THTJ31 AX-176799580 126157122 Malic oxidoreductase; malate metabolic process 

B4 2H46NI AX-176799580 126157122 Glucose/ribitol dehydrogenase; metabolic process 

B4 L4J78V AX-176799580 126157122 Glucose/ribitol dehydrogenase; metabolic process 
B4 0R79PA AX-176799580 126157122 mannose biosynthetic process 

B4 EB8TWM AX-176815599 3381672 UDP-D-glucuronate 4-epimerase 

B4 B363MR AX-176815599 3381672 sucrose phosphate synthase; ucrose metabolic process 

B4 YH79ID AX-176817147 45705796 Malate dehydrogenase; oxidation-reduction process 
B4 QJW53T AX-176817084 16403547 probable polygalacturonase-like 

B5 58BRI5 AX-176809744 26697331 isocitrate dehydrogenase; isocitrate metabolic process 

B5 IE214W AX-176809744 26697331 1-deoxy-D-xylulose 5-phosphate synthase  

B5 IAPX52 AX-176817439 28510823 UDP-glucosyltransferase; metabolic process 
B9 36XQKP AX-147259779 2420274 Concanavalin A-like lectin/glucanase  subgroup 

B9 20WGQW AX-147259779 2420274 Concanavalin A-like lectin/glucanase  subgroup 
 Fructose 

A4 96HG27 AX-176812961 3782868 
1-deoxy-D-xylulose 5-phosphate synthase; terpenoid 
biosynthetic process 

A4 5QB4T4 AX-176812961 3782868 sugar transporter; transmembrane transporter activity 

A5 6EUV2M AX-176811668 91845257 aldose 1-epimerase family protein; isomerase activity 
A6 SB83T1 AX-147226746 110928698 beta-fructofuranosidase cell wall invertase 

A6 31H9ZG AX-147226746 110928698 beta-fructofuranosidase cell wall invertase fructosidase  

A6 LG83KY AX-176805374 109233745 galactosyltransferase activity 

B4 0ET7PE AX-176817073 10046248 polygalacturonase; carbohydrate metabolic process 
B4 U11QFP AX-176817073 10046248 glucose 6-phosphate/phosphate translocator 

Raffinose 

B9 B59APE AX-177639178 25221600 probable polygalacturonase; carbohydrate process 

B9 NAIG2Q AX-177639178 25221600 Chitinase family protein; cell wall catabolic process 
B7 7NF1VE AX-176819101 995898 Nucleotide-sugar transporter; carbohydrate transport 

B7 BW9991 AX-176819101 995898 monosaccharide transporter; transmembrane transport 

B7 V10QWI AX-176819101 995898 isocitrate dehydrogenase; oxidation-reduction process 

B7 XA27J7 AX-176819101 995898 UDP-Glycosyltransferase superfamily; metabolic process 
B7 I97S71 AX-176819101 995898 UDP-Glycosyltransferase superfamily; metabolic process 

A9 CHRI9U AX-176797662 102772739 Glucose/ribitol dehydrogenase; oxidoreductase activity 

 Inositol 

B8 0A1ABD AX-177643211 118242210 short-chain dehydrogenase-reductase 

A7 VDE0FL AX-147227663 10326430 probable sugar phosphate/phosphate translocator 
 



 93 

Table 2.10 Candidate genes within the regions significantly associated with Fatty Acid profile. 

Linkage 
Chr 

Gene 
name SNP ID  

SNP position 
(bp) Function or Biological process  

IV 
B10 3ZW7IP AX-147264395 113584807 3-hydroxyisobutyryl-CoA hydrolase-like protein 
B10 X66CUM AX-176791500 4946993 3-ketoacyl-CoA synthase; fatty acid process 

B10 5IXZ6F AX-176791500 4946993 
sphingolipid delta desaturase; fatty acid biosynthetic 
process 

B10 MF24RD AX-176791500 4946993 enoyl-CoA hydratase/isomerase family protein 
B3 133ZSG AX-176822408 9113573 3-ketoacyl-CoA synthase; fatty acid process 
B3 V2BP3N AX-176822408 9113573 3-ketoacyl-CoA synthase; fatty acid process 
A6 ML1PU9 AX-147224423 4727732 N-acetyltransferase activity 
A6 N2VJYT AX-147224423 4727732 Acyl carrier protein-like; fatty acid process 
A6 PM4BFB AX-147224423 4727732 fatty-acyl-CoA binding 

A5 FLDD49 AX-176799264 93724160 
3-hydroxyisobutyryl-CoA hydrolase-like protein 5-
like isoform X2 

A5 D9NVDI AX-147221477 1898385 
glycerol-3-phosphate acyltransferase; 
glycerophospholipid metabolic process 

A5 C7I9DN AX-147221477 1898385 4-coumarate: CoA ligase; metabolic process 

A2 K5EEF8 AX-176792724 6344117 
GDSL-like Lipase/Acylhydrolase superfamily 
protein; hydrolase activity 

A2 W96AKI AX-176792724 6344117 
GDSL-like Lipase/Acylhydrolase superfamily 
protein; hydrolase activity 

A2 KFYC81 AX-176792724 6344117 
GDSL-like Lipase/Acylhydrolase superfamily 
protein; hydrolase activity 

A2 NLZ7CM AX-176792724 6344117 
GDSL-like Lipase/Acylhydrolase superfamily 
protein; hydrolase activity 

OL 
B10 X66CUM AX-176791500 4946993 3-ketoacyl-CoA synthase 10; fatty acid process 
B10 5IXZ6F AX-176791500 4946993 sphingolipid delta desaturase; fatty acid process 
B10 MF24RD AX-176791500 4946993 enoyl-CoA hydratase/isomerase family protein;  

B3 133ZSG AX-176822408 9113573 
3-ketoacyl-CoA synthase ; fatty acid biosynthetic 
process 

B3 V2BP3N AX-176822408 9113573 3-ketoacyl-CoA synthase ; fatty acid process 

A5 FLDD49 AX-176799264 93724160 
3-hydroxyisobutyryl-CoA hydrolase-like protein 5-
like isoform X2 

PS 
B10 3ZW7IP AX-147264395 113584807 3-hydroxyisobutyryl-CoA hydrolase-like protein 

B5 X6MFLG AX-147249143 9068762 
Acyl transferase/acyl hydrolase/ 
lysophospholipase; lipid metabolic process 

B3 TQ3K6M AX-176817595 81114683 
cholesterol/phospholipid:diacylglycerol 
acyltransferase; O-acyltransferase activity 

B3 E6IMKI AX-176808699 37912119 
3-hydroxyisobutyryl-CoA hydrolase-like protein; 
metabolic process 

B3 WW5SAZ AX-176823501 14822762 
Acyl-CoA N-acyltransferase; N-acetyltransferase 
activity 

A5 BI8WMI AX-147221477 1898385 glycerol-3-phosphate acyltransferase 
A3 R702JB AX-176798965 35912339 3-hydroxyisobutyryl-CoA hydrolase-like protein 

A3 11NJV3 AX-176798965 35912339 
triacylglycerol lipase 2-like isoform X1; lipid 
process 

A3 DHME93 AX-176802309 99994285 long-chain acyl-CoA synthetase; metabolic process 
A1 0FVV8A AX-176822464 3696555 Glycerophosphoryl diester phosphodiesterase 
A1 MX8U3M AX-176799733 7124014 malonyl CoA-acyl carrier transacylase 
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SAT 
B3 133ZSG AX-176822408 9113573 fatty acid biosynthetic process 
B3 V2BP3N AX-176822408 9113573 fatty acid biosynthetic process 

ROC 
A3 DFH8S5 AX-176814232 2814162 fatty acid biosynthetic process 

LCS 
A7 VZ1TQJ AX-176810056 75161338  fatty acid biosynthetic process 
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Table 2.11 Candidate genes within the QTL regions significantly associated with Tocopherols 

profile. 

Linkage 
Chr Gene name SNP ID  

SNP position 
(bp) Function or Biological process  

Total_Tocopherols 
B6 308EKY AX-176792655 117556196 phosphoenolpyruvate carboxylase; catalytic activity 
A8 QYLY8C AX-176810052 45093830 Tyrosine transaminase family; catalytic activity 
A8 DLM7XC AX-176810052 45093830 tyrosine aminotransferase; biosynthetic process 

α-Tocopherol 
B6 A8AWVV AX-176817673 105588679 pyridoxal kinase; pyridoxal kinase activity 

A8 QYLY8C AX-176810052 45093830 
Pyridoxal phosphate-dependent transferase; 
catalytic activity 

A8 DLM7XC AX-176810052 45093830 
tyrosine aminotransferase; cellular amino acid 
metabolic process 

A4 ZZ7V32 AX-176810057 112402040 
Cytochrome P450 superfamily protein; oxidation-
reduction process 

A3 79DDAD AX-176814258 12720888 
peptidyl-prolyl cis-trans isomerase CYP40-like 
isoform X1; protein binding 

β-Tocopherol 

B5 3GHL6G AX-176794213 18362902 
Cytochrome P450 superfamily protein; oxidation-
reduction process 

B5 M1JRW6 AX-176819938 17861943 
Cytochrome P450 superfamily protein; oxidation-
reduction process 

B3 CN4LCL AX-176806543 7336269 
Cellular retinaldehyde binding/alpha-tocopherol 
transport 

B1 7AY9Y3 AX-176820936 1409056 
Triose-phosphate transporter domain; transporter 
activity 

B1 FXLQ18 AX-176820936 1409056 
Thiamine pyrophosphate (TPP)-dependent enzyme; 
pyruvate decarboxylase 

A4 9P7KAZ AX-176818540 1656177 
Cytochrome P450 superfamily; proteinoxidation-
reduction process 

A3 36ZVTJ AX-176810550 1930218 
Prephenate dehydratase; prephenate dehydratase 
activity 

A1 IFN97P AX-176821973 10115045 Triose hosphate/phosphoenolpyruvate 
δ-Tocopherol 

A4 E313MA AX-176803863 6645276 
Cytochrome P450 superfamily protein; oxidation-
reduction  

A2 989M5Y AX-147215190 91666407 
pyruvate orthophosphate dikinase; pyruvate 
metabolic process 

γ-Tocopherol 
B9 53XZTF AX-176822955 114117157 Pyruvate kinase family protein;catalytic activity 
B8 U5WKYJ AX-147257537 7765731 Cytochrome P450; oxidation-reduction process 
B8 71EM27 AX-147257537 7765731 Prephenate dehydratase; metabolic process 

A9 WLW17E AX-147234334 113662975 
Component(E2) of pyruvate dehydrogenase; 
complex metabolic process 

A9 W3WWNZ AX-147234334 113662975 
Cytochrome P450 superfamily; protein oxidation-
reduction process 
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Figure 2.1 Population structure constructed by STRUCTURE analysis. A) Determine best K 

according to delta K for the SNP dataset. Bottom: Bar plot for K = 6 was created from 120 

genotypes from the U.S. peanut Mini-core collection and was ordered by Q values. Each vertical 

bar represents each genotype and each color represents each cluster. 
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Figure 2.2 Genetic structure of 120 peanut Mini-core collections. A) Kinship Matrix. A heat map 

of the values in the values in the kinship matrix is created. Kinship Matrix showed that Mini-core 

collections were grouped into 6 subpopulations. 2) The collections were also clustered by the 

neighbor-joining tree using whole-genome SNPs. The length of the lines on the tree indicated the 

simple matching distance. There were four main groups including I: virgina and cultivated peanut; 

II: spanish; III: valencia and IV: unclassified.  
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Figure 2.3 Frequency distribution of different sensory and quality attributes in peanut, including 

A) sensory attributes profile, B) sugars profile, C) fatty acids profile and D) tocopherols profile. 
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Figure 2.4 Average sensory and quality attribute profile rating scores in peanut Mini-core 

collections. A) sensory attributes profile, B) sugars profile, C) fatty acids profile and D) 

tocopherols profile. 
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Figure 2.5 Quantile-quantile (QQ) plots of different sensory and quality attributes in peanut, 

including A) sensory attributes profile, B) sugars profile, C) fatty acids profile and D) tocopherols 

profile. The Y-axis was the observed negative base 10 logarithm of p-values, and X-axis was the 

expected observed negative base 10 logarithm of the p-values under the assumption that the p-

values follow a uniform [0,1] distribution. The dotted lines showed the 95% confidence interval 

for the QQ-plot under the null hypothesis of no association between the SNP and the trait. 
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Figure 2.6 Manhattan plots of genome-wide association (GWAS) analysis for peanut sensory 

attributes profile by EMMAX in SVS analysis. The red solid line represents the genome-wide 

significant threshold adjusted by Bonferroni-correction: - log10 (P-value) = 4.31. The blue solid 

line represents the threshold for “suggestive association” adjusted by Bonferroni-correction: - 

log10 (P-value) = 3.01. 
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Figure 2.7 Manhattan plots of genome-wide association (GWAS) analysis for peanut sugars profile 

by EMMAX in SVS analysis. The red solid line represents the genome-wide significant threshold 

adjusted by Bonferroni-correction: - log10 (P-value) = 4.31. The blue solid line represents the 

threshold for “suggestive association” adjusted by Bonferroni-correction: - log10 (P-value) = 3.01. 
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Figure 2.8 Manhattan plots of genome-wide association (GWAS) analysis for peanut fatty acids 

profile by EMMAX in SVS analysis. The red solid line represents the genome-wide significant 

threshold adjusted by Bonferroni-correction: - log10 (P-value) = 4.31. The blue solid line 

represents the threshold for “suggestive association” adjusted by Bonferroni-correction: - log10 

(P-value) = 3.01. 
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Figure 2.9 Manhattan plots of genome-wide association (GWAS) analysis for peanut tocopherols 

profile by EMMAX in SVS analysis. The red solid line represents the genome-wide significant 

threshold adjusted by Bonferroni-correction: - log10 (P-value) = 4.31. The blue solid line 

represents the threshold for “suggestive association” adjusted by Bonferroni-correction: - log10 

(P-value) = 3.01. 
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Figure 2.10 Candidate genes around the most significant SNP associated with sensory attributes 

profile (Sweet trait) on Chromosome B4. A) Zoomed -log10 (P-value) plot for the potential QTLs. 

The red shade represents ±0.5 Mb genomic region of the most significant SNP. The red solid line 

represents the genome-wide significant threshold adjusted by Bonferroni-correction: - log10 (P-

value) = 4.31. The blue solid line represents the threshold for “suggestive association” adjusted by 

Bonferroni-correction: - log10 (P-value) = 3.01. B) Candidate genes within 0.5 Mb of both 

upstream and downstream of the most significant SNP. 
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Table 2.S1 The distribution of QTLs suggestively associated with sensory attributes profile on 

peanut linkage groups. 

Linkage 
Chr 

Flavor 
Sweet Bitter SA RB WHS Total 

A01 9 1 1 2 1 14 
A02 5 0 6 1 0 12 
A03 3 2 6 0 0 11 
A04 47 0 10 2 0 59 
A05 4 0 2 0 0 6 
A06 10 8 1 0 0 19 
A07 0 2 0 1 0 3 
A08 1 2 2 0 0 5 
A09 3 0 0 1 0 4 
A10 0 1 1 1 0 3 
B01 4 0 0 0 0 4 
B02 3 0 2 0 0 5 
B03 6 2 1 2 0 11 
B04 37 0 5 6 0 48 
B05 15 0 7 0 0 22 
B06 10 10 4 1 1 26 
B07 12 2 8 0 0 22 
B08 0 11 5 1 0 17 
B09 2 0 2 6 0 10 
B10 0 2 0 0 3 5 

A genome 82 16 29 8 1 140 
B genome 89 27 34 16 4 170 

Total 171 43 63 24 5 310 
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Table 2.S2 The distribution of QTLs suggestively associated with sugars profile on peanut 

linkage groups. 

Linkage Chr 
Sugars 

Sucrose Frucose Raffinose Inositol 
Total 
Sugar Total 

A01 4 0 2 3 1 10 
A02 14 2 0 2 3 21 
A03 6 5 0 2 2 15 
A04 40 9 3 1 11 64 
A05 6 2 1 0 2 11 
A06 8 10 6 1 2 27 
A07 1 2 4 5 0 12 
A08 1 1 1 0 0 3 
A09 2 0 3 3 3 11 
A10 2 9 6 0 1 18 
B01 4 1 1 3 2 11 
B02 2 1 0 1 1 5 
B03 7 8 0 0 3 18 
B04 29 26 2 0 18 75 
B05 20 0 0 0 9 29 
B06 10 10 1 2 3 26 
B07 13 1 16 2 1 33 
B08 1 1 0 15 1 18 
B09 1 3 12 19 2 37 
B10 4 12 6 3 5 30 

A genome 84 40 26 17 25 192 
B genome 91 63 38 45 45 282 

Total 175 103 64 62 70 474 
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Table 2.S3 The distribution of QTLs suggestively associated with fatty acid profile on peanut 

linkage groups. 

Linkage Chr  
Fatty Acid 

IV Sat PS OL LCS ROC Total 
A01 5 0 5 5 0 0 15 
A02 5 5 5 5 0 0 20 
A03 14 1 19 16 0 3 53 
A04 3 1 2 1 3 0 10 
A05 5 8 10 8 0 0 31 
A06 2 3 1 6 2 0 14 
A07 3 0 3 2 2 0 10 
A08 7 0 7 7 1 0 22 
A09 0 2 2 0 0 1 5 
A10 4 1 4 3 1 1 14 
B01 1 0 1 2 0 0 4 
B02 8 0 8 7 0 1 24 
B03 36 3 39 31 1 3 113 
B04 3 1 2 3 0 0 9 
B05 3 7 10 12 1 0 33 
B06 5 13 3 12 0 0 33 
B07 1 4 0 1 1 0 7 
B08 2 0 3 2 2 0 9 
B09 0 8 1 1 2 1 13 
B10 61 1 39 25 1 3 130 

A genome 48 21 58 53 9 5 194 
B genome 120 37 106 96 8 8 375 

Total 168 58 164 149 17 13 569 
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Table 2.S4 The distribution of QTLs suggestively associated with tocopherols profile on peanut 

linkage groups. 

Linkage Chr 
Tocopherols 

Toco alfa Toco beta Toco 
delta 

Toco 
Gamma 

Toco 
Tocal Total 

A01 1 3 0 0 1 5 
A02 0 6 1 0 0 7 
A03 2 9 2 1 2 16 
A04 3 2 1 2 3 11 
A05 0 5 0 5 1 11 
A06 3 7 2 2 1 15 
A07 0 4 0 1 0 5 
A08 2 1 0 4 2 9 
A09 1 0 2 17 1 21 
A10 0 0 0 0 0 0 
B01 2 4 0 0 2 8 
B02 0 3 3 1 0 7 
B03 1 3 1 0 1 6 
B04 1 1 1 1 0 4 
B05 0 12 0 3 1 16 
B06 7 9 0 6 8 30 
B07 0 2 0 3 0 5 
B08 2 12 2 5 3 24 
B09 1 0 0 16 4 21 
B10 0 7 0 2 0 9 

A genome 12 37 8 32 11 100 
B genome 14 53 7 37 19 130 

Total 26 90 15 69 30 230 
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Table 2.S5 One hundred and twenty peanut Mini-core accessions used for GWAS analysis 

related with Sensory Attribute profiles. 

Code PI no. 
Botanical 

variety Origin Code PI no. 
Botanical 

variety Origin 

G-001 PI152146 fastigiata Uruguay G-036 PI196622 hypogaea 
 
Cote D'Ivoire 

G-002 PI158854 fastigiata China G-037 PI196635 hypogaea Madagascar 
G-003 PI200441 fastigiata Japan G-038 PI240560 hypogaea South Africa 
G-004 PI259617 fastigiata Cuba G-039 PI259658 hypogaea Cuba 
G-005 PI259836 fastigiata Malawi G-040 PI259851 hypogaea Malawi 
G-006 PI262038 fastigiata Brazil G-041 PI268586 hypogaea Zambia 
G-007 PI290566 fastigiata India G-042 PI268696 hypogaea South Africa 
G-008 PI290620 fastigiata Argentina G-043 PI268755 hypogaea Zambia 
G-009 PI295730 fastigiata India G-044 PI268806 hypogaea Zambia 
G-010 PI313129 fastigiata Taiwan G-045 PI268868 hypogaea Sudan 
G-011 PI337406 fastigiata Paraguay G-046 PI268996 hypogaea Zambia 
G-012 PI339960 fastigiata Argentina G-047 PI270786 hypogaea Zambia 
G-013 PI343398 fastigiata Israel G-048 PI270905 hypogaea Zambia 
G-014 PI356004 fastigiata Argentina G-049 PI270907 hypogaea Zambia 
G-015 PI429420 fastigiata Zimbabwe G-051 PI290536 hypogaea India 
G-016 PI471954 fastigiata Zimbabwe G-052 PI290594 hypogaea India 
G-017 PI478850 fastigiata Uganda G-053 PI292950 hypogaea South Africa 
G-018 PI482189 fastigiata Zimbabwe G-054 PI295250 hypogaea Israel 
G-019 PI502040 fastigiata Peru G-055 PI295309 hypogaea Israel 
G-020 PI475863 fastigiata Bolivia G-056 PI296550 hypogaea Israel 
G-021 PI475918 fastigiata Bolivia G-057 PI296558 hypogaea Israel 
G-022 PI476025 fastigiata Peru G-058 PI298854 hypogaea South Africa 
G-023 PI493329 fastigiata Argentina G-059 PI319768 hypogaea Israel 
G-024 PI493356 fastigiata Argentina G-060 PI323268 hypogaea Pakistan 
G-025 PI493547 fastigiata Argentina G-061 PI325943 hypogaea Venezuela 
G-026 PI493581 fastigiata Argentina G-062 PI331297 hypogaea Argentina 
G-027 PI493631 fastigiata Argentina G-063 PI331314 hypogaea Argentina 
G-028 PI493693 fastigiata Argentina G-064 PI337293 hypogaea Brazil 
G-029 PI493717 fastigiata Argentina G-065 PI337399 hypogaea Morocco 
G-030 PI493729 fastigiata Argentina G-066 PI343384 hypogaea Israel 
G-031 PI493880 fastigiata Argentina G-067 PI355268 hypogaea Mexico 
G-032 PI493938 fastigiata Argentina G-068 PI355271 hypogaea Mexico 
G-033 PI159786 hypogaea Senegal G-069 PI370331 hypogaea Israel 
G-034 PI162655 hypogaea Uruguay G-070 PI372271 hypogaea Unknown 
G-035 PI162857 hypogaea Sudan G-071 PI372305 hypogaea Nigeria 
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TABLE S5 | Continued 

Code PI no. 
Botanical 

variety Origin Code PI no. 
Botanical 

variety Origin 
G-072 PI399581 hypogaea Nigeria G-097 PI497639 fastigiata Ecuador 
G-073 PI442768 hypogaea Zimbabwe G-098 PI497318 hypogaea Bolivia 
G-074 PI461434 hypogaea China G-099 PI497395 hypogaea Bolivia 
G-075 PI471952 hypogaea Zimbabwe G-100 PI494018 vulgaris Argentina 
G-076 PI476636 hypogaea Nigeria G-101 PI494034 vulgaris Argentina 
G-077 PI481795 hypogaea Mozambique G-102 PI288210 vulgaris India 
G-078 PI482120 hypogaea Zimbabwe G-103 PI371521 hypogaea Israel 
G-079 PI494795 hypogaea Zambia G-104 PI461427 hypogaea China 
G-080 PI496401 hypogaea Burkina Faso G-105     Grif12545 aequatoriana Ecuador 
G-081 PI496448 hypogaea Burkina Faso G-107 Grif14051 aequatoriana Guatemala 
G-082 PI504614 hypogaea Colombia G-108 PI259748 Hypogaea   Peru 
G-083 PI338338 peruviana Venezuela G-109 PI390428 Hypogaea  Ecuador 
G-084 PI502111 peruviana Peru G-110 PI468250 Var. hypogaea Bolivia 
G-085 PI502120 peruviana Peru G-111 PI497648 fastigiata Ecuador 
G-086 PI155107 vulgaris Uruguay G-112 PI501272 hypogeae Peru 
G-087 PI157542 vulgaris China G-113 PI576613 hirsuta Mexico 
G-088 PI270998 vulgaris Zambia G-114 PI576614 hirsuta Mexico 
G-089 PI271019 vulgaris Zambia G-116 PI576634 hirsuta Mexico 
G-090 PI288146 vulgaris India G-117 PI576636 hirsuta Mexico 
G-091 PI290560 vulgaris India G-118 PI576637 hirsuta Mexico 
G-092 PI403813 vulgaris Argentina G-119 PI648241 hirsuta Ecuador 
G-093 PI407667 vulgaris Thailand G-120  PI648242 aequatoriana Ecuador 
G-094 PI478819 vulgaris India G-121 PI648245 aequatoriana Ecuador 
G-095 PI476432 hypogaea Nigeria G-122 PI648249 aequatoriana Ecuador 
G-096 PI497517 fastigiata Brazil G-123 PI648250 aequatoriana Ecuador 
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Figure 2.S1 Frequency and accumulative frequency of the selected SNP marker density. 

Distribution of SNP marker density was showed as a histogram and an accumulative distribution. 
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Figure 2.S2 Markers heterozygosity and LD decade. A) The frequency of heterozygous were 

computed for all of SNP markers. High level of heterozygosis represents low quality. B) Linkage 

disequilibrium (LD) decade over span. Each dot represented a pair of distance between two 

markers within the region and their squared correlation coefficient. The red line was the moving 

average of the 5 adjacent markers. 
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Figure 2.S3 3D plots of principal component of all 120 peanut Mini-core collections. 
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Chapter Three 

SNP marker associated with sensory and quality attributes were confirmed by association 

mapping using SSRs in peanuts 

3.1 Abstract 

To determine marker-trait association for seed flavor attributes and seed quality, 104 accessions 

To determine the marker-trait association for seed flavor and quality attributes, 104 accessions of 

Mini-core collection was assessed with 131 SSR markers. Seed flavor traits were obtained through 

a trained sensory assess panel. Researchers often employed the nuclear magnetic resonance (NMR), 

gas chromatography (GC), and high-performance liquid chromatography (HPLC) analysis to 

obtain sugars, fatty acid composition, and tocopherols. Genetic diversity and population structure 

analysis stratified four major subpopulations, which are in accordance with four botanical varieties. 

According to the association mapping analysis, we know that pPGPseq5D5, GM2745, GM2723, 

GM1867 are related to sensory attributes, GM1609, Ah32, pPGPseq2C11, XIP297, Ah3 are 

associated with tocopherols, GM2690, GM2774, GM2791are associated with fatty acids and 

GM2690, GM1609 are associated with sugars. Prior scholars used Q model, PCA model, Q+K 

model, and PCA+K model to examine the association between SSR markers and their 

corresponding traits and always have a consistent high R2 outcome. Of all the SSR markers, 

GM1609 and GM2690 are commonly used and highly associated markers, which would be used 

in breeding the flavor-desirable and nutrient-rich cultivars peanuts after further validation is 

achieved. 

3.2 Introduction 

Peanut (Arachis hypogaea L.), one of the species in the family Fabaceae, belongs to the legume 

family, which is cultivated through the tropical, subtropical, and warm regions of the world. As 
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the worldly third-largest oil-seed crop, peanut comprises 50% oil on average, It probably 

originated in South America, the center of origin, most possibly being Brazil and Peru, in which 

more than ten wild species were discovered (Acquaah, 2012). Cultivation can produce a 

spontaneous chromosome duplication hybrid, such as A. hypogaea is cross produced by the wild 

diploid species A. duranensis (A-genome) and A. ipaensis (B-genome) (Seijo et al., 2004). Peanut 

is genetically diploid, even if it is a tetraploid (AABB) (Stalker et al., 1991; Milla et al., 2005). 

The construction of genetic linkage maps is a critical step in the quantitative trait locus (QTL) 

analysis during a marker-assisted selection of plant breeding (Hong et al., 2010). However, lack 

of sufficient molecular markers hinders current peanut genetic research. Simple sequence repeat 

(SSR) markers have been the most broadly utilized molecular markers due to their large level of 

polymorphism, highly abundant, codominant inheritance, practical, readily transferable, and 

comparatively cost-effective (Vignal et al., 2002). The advantages of SSR over other markers will 

become more significant when they are used to track desirable traits in large scale breeding 

programs and as anchor points for map-based gene cloning (He et al., 2003). 

Association mapping can easily detect quantitative trait loci (QTL) with relatively large effects on 

phenotype. It is applied to much broader germplasm than single population trait mapping. In 

peanut, the first trial at association mapping was published for peanut seed quality traits by using 

SSR markers and SNP markers in 2011 (Wang et al., 2011). More recently, a genome-wide 

association study in peanut including 300 genotypes and distinguished 524 significant associations 

for 36 agronomic traits which could be employed in promoting biotic and abiotic stress resistance, 

seed sensory and quality, and crop production (Pandey et al., 2014). 

However, no study on the SSR marker-traits association in peanut has been reported for sensory 

and quality attributes in peanut. Therefore, it is essential to carry out association mapping to 
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identify QTL for sensory and quality attributes in peanut. The objectives of this research were: (1) 

to examine genetic diversity and population structure in the Mini-core collection by SSR markers; 

(2) to determine whether the population structure is associated with botanical varieties; (3) to 

identify whether the employed SSR markers are associated with sensory and quality attributes 

through association mapping; and (4) to verify the associated SNP markers with sensory and 

quality attributes obtained from GWAS analysis. 

3.3 Materials and methods 

3.3.1 Plant material and SSR markers 

The experiment included a total of 104 genotypes of Arachis hypogaea L. from the U.S. peanut 

Mini-core collection (Table 2.1), which encompasses four botanical varieties: fastigiata, hypogaea, 

peruviana, and vulgaris.  

In view of prior relevant research results, 133 SSR markers in total were applied to genotype the 

diversity pattern (He et al., 2003, 2005, 2006; Ferguson et al., 2004; Moretzsohn et al., 2005; 

Budiman et al., 2006; Gimenes, 2007; Cuc et al., 2008; Leal-Bertioli et al., 2009; Nagy et al., 2010; 

Macedo et al., 2012). Here is the list of the names and references for the 133 polymorphic SSR 

markers in Table 2.1. 

3.3.2 Population structure analysis 

The population structure was conducted using program STRUCTURE version 2.2.3 (Pritchard et 

al., 2000; Falush et al., 2003). STRUCTURE program relies on the model-based clustering and 

adopts the Bayesian approach to identify cluster complying with Hardy-Weinberg equilibrium and 

linkage equilibrium. The current study ran the STRUCTURE program for each level of 

subpopulation (K) value ranging from 2 to 10 with the admixture model for ten times. 20,000 

replicates for burn-in, and 20,000 replicates for Markov Chain Monte Carlo (MCMC) procedures 
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were also involved in each time of programming running. We initially set K values between 2 and 

10. Analyses were conducted with correlated allele frequencies (CAF) for the putative populations. 

The final population subgroups were determined based on the second-order rate of change of the 

likelihood function (ΔK) (Evanno et al., 2005), which was calculated by using an application on 

the STRUCTURE Harvester website (Earl and vonHoldt, 2011). 

The genetic distances among the subgroups were calculated as Nei’s minimum distance and 

pairwise Fst by PowerMarker. As the STRUCTURE program suggested, we partitioned the genetic 

variation within and among the populations. PCA was conducted to construct a plot of the most 

significant axes for validating the genetic structure. The unweighted pair group method with 

arithmetic average (UPGMA) tree was constructed by MEGA version 6.0 (Tamura et al., 2013) 

with 100 replications of bootstrapping. 

3.3.3 Association mapping analysis 

TASSEL version 5.2 was used to conduct the marker-trait association (Bradbury et al., 2007). Four 

different models with subpopulation membership rate or principle component analysis as fixed 

covariates and kinship as a random effect were applied in TASSEL (Yu et al., 2006). Q and PCA 

models adopted the general linear model (GLM): Y = Mα + Qw+ e (Q model) or Y = Mα + Pw + 

e (PCA model), where Y is phenotypic value, Mα is marker effects, Qw or Pw represents 

population structure or PCA dimension, and e is the error term. Q+K and PCA+K models adopted  

mixed linear model (MLM): Y = Mα + Qw+ Ku + e (Q+K model) or Y = Mα + Pw + Ku + e 

(PCA+K model), where Ku represents familial relatedness. 

3.3.4 Alignment analysis between targeted SSRs and SNPs 

Genomic survey sequences of targeted SSRs were directly retrieved from Peanut Marker Database 

at PeanutBase (http://marker.kazusa.or.jp/Peanut/marker/list/Genome-SSR). FASTA files were 
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obtained based on the genomic survey sequences from NCBI and BLAST, and then they were used 

to locate the chromosome location of targeted SSR based on the relationship between query and 

target for the particular BLAST hit at https://peanutbase.org/blast/nucleotide/nucleotide. The 

targeted SSRs were selected within 3Mb from significant SNPs associated with corresponding 

traits. 

3.4 Results 

3.4.1 Population structure analysis 

Given ΔK value from STRUCTURE analysis, we chose K = 4 as an optimal grouping (Figure 3.1). 

Out of 10 runs for K = 4, the run with the highest likelihood value was chosen to designate the 

subsequent membership coefficients (Q) to every single genotype. A graphical bar plot was created 

based on Q value (Figure. 3.1). The four subpopulations were assigned with G1, G2, G3, and G4, 

containing 25, 18, 25, and 36 genotypes, correspondingly (Table 3.2). The fixation index (Fst) 

with G1 was the highest and followed by G4, G3, and G2, with a value of 0.27, 0.26, 0.22, and 

0.04, respectively. Moreover, the genetic distance among these four subpopulations measured by 

Nei’s minimum distance and Fst were consistent with the fixation index result, with the largest 

genetic distance between G1 and G4 (0.24 and 0.43), and the narrowest genetic distance between 

G2 and G4 (0.16 and 0.34) (Table 3.3). While the result of principal component analysis (Fig. 3.2) 

showed that G1 and G3 were well separated from G4, G2 was not entirely separated by principal 

component 1 (PC1). Also, G1 and G3 were completely separated, but G2 and G4 were not well 

separated by principal component 2 (PC2). The results from STRUCTURE analysis and principal 

analysis were consistent. 
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The UPGMA (unweighted pair group method with arithmetic average) tree analysis clustered the 

104 genotypes into four branches, including B1, B2, B3, and B4 (Fig. 3.3) based on the chord 

distance of SSR markers . Firstly, B1 contained twenty-four genotypes with twenty-three 

genotypes from subpopulation G1 and one genotype from subpopulation G2. Second, B2 

contained two genotypes that were both from subpopulation G2. Third, B3 contained thirty-one 

genotypes with twenty-three genotypes from subpopulation G3, two genotypes from 

subpopulations G1, five genotypes from subpopulations G2, and one genotype from subpopulation 

G4. Finally, B4 contained forty-seven genotypes with thirty-five genotypes from subpopulation 

G4, one genotype from subpopulation G1, ten genotypes from subpopulation G2, and two 

genotypes from subpopulation G3. The results from UPGMA tree plot were basically in accord 

with the conclusions from STRUCTURE plot and PCA analysis except for only several exceptions. 

Besides, the 104 genotypes can be classified into four botanical varieties according to the 

morphological data: fastigiata, hypogaea, peruviana, and vulgaris. On the contrary, the four 

subpopulations were designated based on the SSR allelic variance. From the distribution frequency, 

56% of the var. fastigiata were classified into subpopulation G1, 67% of the var. peruviana were 

classified into subpopulation G2, 75% of the var. vulgaris were classified into subpopulation G3, 

and 58% of the var. hypogaea were classified into subpopulation G4 (Fig.3.4). Despite some 

discrepancies, the population structure is obviously associated with the botanical variety. 

3.4.2 Marker-trait association analysis 

Four mixed models were applied to examine the association between the SSR markers and various 

traits for sensory and quality attributes in peanuts. After the association analysis, SSR markers 
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were selected based on the p-value and R2 for each model. We selected markers with P-value 

smaller than 0.05 as markers significantly associated with sensory and quality attributes. 

For the flavors profile, four significantly associated SSR markers (pPGPseq5D5, GM2745, 

GM2723, GM1867) were identified based on all four models, PCA model, Q model, PCA+K 

model, and Q+K model. Similarly, three SSR markers (GM2690, GM2774, GM2791) were found 

significantly associated with a fatty acid profile by all four models, while six SSR markers 

(GM1609, Ah32, pPGPseq2C11, XIP297, Ah3, g10) with tocopherols profile, and two SSR 

markers (GM2690, GM1609) with sugars profile. While GM2690 is a common marker for the 

traits of fructose and glucose, indicating certain overlapping of the metabolic process for 

tocopherols and sugars. The proportion of total variance explained by each significant marker 

(based on R2) ranged from 9.40% to 16.03%, with an average R2 of 12.19%. 

3.4.3 SSR markers  confirmed by GWAS analysis 

A comparison analysis was conducted between significantly SSRs by association mapping and 

SNPs associated with corresponding sensory and quality attributes by GWAS analysis within 3Mb. 

We found out that the 37 significantly associated SSRs identified from association mapping were 

aligned with the QTL SNP markers by GWAS analysis. The 37 significantly associated SSRs 

included three SSRs associated with flavors profile, 10 SSRs associated with sugars profile, 11 

SSRs associated with fatty acids profile, and 13 SSRs associated with the tocopherols profile. Of 

this list, there were four SNPs (AX-147243168-GM1609, AX-176793698- pPGSseq19A5, AX-

176813712- GM1867, AX-147226746- GM2779) significantly associated with sugars profile, one 

SNP (AX-176804911- pPGPseq1B9) significantly associated with fatty acids profile, and four 

SNPs (AX-176808373- pPGSseq19A5, AX-147257537- Ah20, AX-176791660- GM1856, AX-
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176791511- AC2C05, AX-176805357- TC31H06, AX-176791660- GM1856) significantly 

associated with tocopherols profile. There were no significant SNPs associated with the flavors 

profile confirmed by association mapping using SSRs (Table 3.9). 

3.5 Discussion 

3.5.1 Population structure and genetic diversity analysis 

The structure analysis could provide stratification and evaluation of the number of subpopulations, 

the level of admixture between and among subpopulations, and the genetic relatedness within 

different varieties. The higher the  ΔK value, the higher the similarity within each subpopulation. 

So, based on the Magnitude of ΔK from STRUCTURE analysis, chose ΔK = 4 was selected as an 

optimal grouping strategy. In this study, thus, the structure analysis using STRUCTURE stratify 

the genetic materials into four subpopulations (named as G1, G2, G3, and G4). The chord distance 

is a measurement of genetic differences, which could be calculated by Powermaker. The lower the 

value, the closer the distance between genotypes, genetically. Hence, the figure showed that G1 

and G3 were well separated from G4 principal component 1, while G2 was not completely 

separated by principal component 1 (PC1). Also, G1 and G3 were completely separated by 

principal component 2, but G2 and G4 were not well separated by principal component 2 (PC2). 

So, we could conclude that the genetic distance between G1 and G4  is farthest, while G2 and G4 

are the closest. The genetic distances could also be calculated as Nei’s minimum distance and 

pairwise Fst by PowerMarker, and obtained that the value between G1 and G4 is highest while G2 

and G4 is the smallest by both algorithms. The results from STRUCTURE analysis and principal 

analysis were consistent. Based on the pairwise Fst between and among the subpopulations, the 

highest diversity was observed between G1 and G4, and the lowest was observed between G2 and 
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G4. Hence, it could be indicated that G1 and G4 subpopulations have diverged to a greater range 

as compared to G2 and G4 subpopulations (Table 3.3). 

The genetic population structure of the four subpopulations was further validated using the 

AMOVA analysis, in which 41.56% of the variation could be demonstrated by the stratification 

into the four subpopulations. This result designated that the separate subpopulations could carry 

single alleles, and genotypes and the result could be distinguished among taxa, particularly for the 

more distant taxa, and Cidade et al. also draw the same conclusion (2013). The AMOVA analysis 

for the botanical variety of peanut germplasm illustrated that 21.21% of the total genetic variance 

could be ascribed to the discrepancies among botanical species as compared to 16.87% from the 

earlier results, which divided botanical variety into three subgroups: hypogaea, fastigiata, and 

mixed subgroup, combining the other two botanical varieties together (Belamkar et al., 2011). 

These results support a conclusion from a previous study that botanical variety is a feeble indicator 

for genetic diversity analysis(Mace et al., 2006). 

The membership between genotypes by principal component analysis identified with the 

relationship by structure analysis. Based on the PCA result, we could conclude  that G1, G3, and 

G4 was almost fully classified by PC1 and PC2, while G2 was scattered along with other 

subpopulations (Fig. 3.2). The bar plot of structure analysis by STRUCTURE revealed that more 

than half of the genotypes in G2 were dispersed a large proportion membership compared to  other 

subpopulations (Fig. 3.4). In UPGMA tree plot, the 104 genotypes from U.S. Mini-core collection 

was gathered into four sections (B1-B4) (Fig. 3.3). Generally speaking, the subpopulations 

classified by STRUCTURE analysis were consistent with the genetic cluster on the phylogenic 

analysis, with 96% of B1 coming from G1, all of B2 from G2, 74% of B3 from G3, and 74% of 

B4 from G4. Furthermore, the subpopulations identified by STRUCTURE analysis were clearly 
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correlated to the botanical variety (G1~ fastigiata, G2~peruviana, G3~ vulgaris, G4~ hypogaea). 

Nevertheless, only three varieties from peruviana were applied in this analysis, including 

PI502120, PI502111 and, PI338338 in which the first two lines were grouped in subpopulation G2 

made up more than 95% proportion of G2.  These two lines were also classified into B2 based on 

UPGMA tree plot. PI338338, collected from Venezuela, was classified in subpopulation G3 with 

51% proportion of G3 and 40% proportion of G2, and it was classified in B3 based on UPGMA 

tree plot. These three genotypes from peruviana were separated into two groups using both 

STRUCTURE and UPGMA analysis, might be caused by a different origin. In UPGMA tree plot, 

B2 was firstly segregated from the other three branches. This result might be caused by the absence 

of genotypes from peruviana. Besides, B4 (belongs to G4 and hypogaea) was segregated from B1 

(belongs to G1 and fastigiata) and B3 (belongs to G3 and vulgaris). These stratification 

corresponded to the classification for botanical variety, because botanical variety var. hypogaea 

are in the subspecies of hypogaea, while botanical variety fastigiata and vulgaris are in the 

subspecies of fastigiata. Hence, there is a prominent association among botanical variety, 

population structure, and stratification distinguished by distance-based methods. 
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Table 3.1 The list of 133 SSR markers used in the study. 

Marker Marker name Repeat motif Reference 
A2 Ad90K4 AT Leal-Bertioli et al.,2009 
A3 Ad90P7 TA    Leal-Bertioli et al.,(unpublished) 
A4 Ad91O22 AG Leal-Bertioli et al.,2009 
A5 Ad92L5 AT Leal-Bertioli et al.,2009 
A8 Ad95D7 AT Leal-Bertioli et al.,2009 
A9 Ai119F10 TA Leal-Bertioli et al.,2009 

A10 Ai119G12 CAT/TTA Leal-Bertioli et al.,2009 
A12 Ai120L22 AT Leal-Bertioli et al.,(unpublished) 
B1 Ai121G16 TTA Leal-Bertioli et al.,2009 
B2 TC4F02 C Moretzsohn et al.,(2005) 
B4 TC13E05 TC Macedo et al.,(2012) 
B7 TC19B07 TC/CT Macedo et al.,(2012) 
B8 TC19B11 TC Macedo et al.,(2012) 
B10 TC20B05 GA/TA Macedo et al.,(2012) 
B11 TC20E08 GT/GA/TG Macedo et al.,(2012) 
B12 TC21C10 GA Macedo et al.,(2012) 
C1 TC21D06 CT Macedo et al.,(2012) 
C2 TC23C08 GA Macedo et al.,(2012) 
C3 TC23E04 GA Macedo et al.,(2012) 
C4 TC23F04 GA Macedo et al.,(2012) 
C5 TC23H10 GA Macedo et al.,(2012) 
C6 TC24B05 TC Macedo et al.,(2012) 
C7 TC24C06 TC Macedo et al.,(2012) 
C9 TC25G11 CT Macedo et al.,(2012) 
C10 TC27H12 AG Macedo et al.,(2012) 
C11 TC28B01 AG/GA Macedo et al.,(2012) 
D1 TC29H08 CT Macedo et al.,(2012) 
D2 TC30D04 GT/GA Macedo et al.,(2012) 
D3 TC31E08 CT/CA Macedo et al.,(2012) 
D4 TC31G11 AG Macedo et al.,(2012) 
D5 TC31H02 GA Macedo et al.,(2012) 
D6 TC31H06 CT Macedo et al.,(2012) 
D7 TC38D06 AG Macedo et al.,(2012) 
D8 TC39B04 CT Macedo et al.,(2012) 
D9 TC39F01 AG/GA Macedo et al.,(2012) 

 
 
 



 130 

Table 3.1 Continued. 

Marker Marker name Repeat motif Reference 
D10 TC42A02 AG Macedo et al.,(2012) 
D11 TC41A10 GA Macedo et al.,(2012) 
D12 TC41C11 AG Macedo et al.,(2012) 
E2 TC42A05 AG Macedo et al.,(2012) 
E3 Ah11.1 TTA Gimenes et al.,(2007) 
E4 Ah20 TG Gimenes et al.,(2007) 
E6 Ah32 NA NA 
E7 Ah51 AG Gimenes et al.,(2007) 
E9 Ah282.1 CCA/AAG Gimenes et al.,(2007) 

E11 GM699 AAT Budiman et al.,(2006) 

F4 GM1135 TCC Nagy et al.,(2009) 
F5 GM1609 CT Nagy et al.,(2009) 
F6 GM1733 AT Nagy et al.,(2009) 
F9 GM1856 CT Nagy et al.,(2009) 
F10 GM1867 AG Nagy et al.,(2009) 
G1 GM1907 TTC Nagy et al.,(2009) 
G2 GM1979 GA Nagy et al.,(2009) 
G3 GM1991 TC Nagy et al.,(2009) 
G5 GM2308 CT Nagy et al.,(2009) 
G6 GM2350 GA Nagy et al.,(2009) 
G7 GM2602 GAA Nagy et al.,(2009) 
G8 GM2603 GAA Nagy et al.,(2009) 
G11 PM31 CT He et al.,(2003) 

G12 PM69 NA He et al.,(2007) 
H1 PM85 NA He et al.,(2009) 
H2 PM308  CT He et al.,(2003) 

H3 PM348 AG He et al.,(2005) 
H11 PM671 GGC He et al.,(2006) 
H12 PM721 GGC He et al.,(2008) 
a1 GM2638 TC Nagy et al.,(2009) 
a3 GM2690 AGA/TTG Nagy et al.,(2009) 
a5 GM2745 TA Nagy et al.,(2009) 
a6 GM2723 GAA Nagy et al.,(2009) 
a7 GM2724 TTC Nagy et al.,(2009) 

a10 GM2769 CTT Nagy et al.,(2009) 
a11 GM2779 AAT Nagy et al.,(2009) 
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Table 3.1 Continued. 

Marker Marker name Repeat motif Reference 
a12 GM2767 GAA Nagy et al.,(2009) 
b1 GM2774 AT Nagy et al.,(2009) 
b4 GM2791 TATGA Nagy et al.,(2009) 
b7 GM2788 TCT/GGT Nagy et al.,(2009) 
b10 GM2831 CAA Nagy et al.,(2009) 
b11 GM2845 CTT Nagy et al.,(2009) 
b12 GM2839 CA Nagy et al.,(2009) 
cc1 pPGPseq1B9 AG Ferguson et al.,(2004) 
cc2 pPGPseq2B9 TTA Ferguson et al.,(2004) 
cc3 pPGPseq2G4 TAA Ferguson et al.,(2004) 
cc4 pPGPseq3B8 TTA Ferguson et al.,(2004) 
cc5 pPGPseq3E10 AAT Ferguson et al.,(2004) 
cc6 pPGPseq5D5 GA Ferguson et al.,(2004) 
cc7 pPGPseq7G2 ATAG Ferguson et al.,(2004) 
cc9 pPGSseq9G5 CT Ferguson et al.,(2004) 
c11 pPGSseq10D4 CT Ferguson et al.,(2004) 
cc12 pPGSseq11G3 TTC Ferguson et al.,(2004) 
d1 pPGSseq13A7 ATA Ferguson et al.,(2004) 
d2 pPGSseq13A10 TTA Ferguson et al.,(2004) 
d3 pPGSseq13E9 AAT Ferguson et al.,(2004) 
d4 pPGSseq14H6 AC Ferguson et al.,(2004) 
d5 pPGSseq15C10 AAT Ferguson et al.,(2004) 
d6 pPGSseq16C6 TC Ferguson et al.,(2004) 
d7 pPGSseq16G8 AT Ferguson et al.,(2004) 
d8 pPGSseq17E1 TAT Ferguson et al.,(2004) 
d9 pPGSseq18A5 TA Ferguson et al.,(2004) 
d10 pPGSseq18C5 ATA Ferguson et al.,(2004) 
d12 pPGSseq18G1 TTG Ferguson et al.,(2004) 
e2 pPGSseq19A5 ATT Ferguson et al.,(2004) 
e3 pPGSseq19B12 TTA Ferguson et al.,(2004) 
e4 pPGSseq19D6 AAT Ferguson et al.,(2004) 
e5 pPGSseq19D9 TAT Ferguson et al.,(2004) 
e8 pPGSseq17E3 TCT Ferguson et al.,(2004) 
e9 pPGSseq19B1 AG Ferguson et al.,(2004) 

e10 pPGPseq2C11 TTA Ferguson et al.,(2004) 
e11 pPGPseq2D12B AAT Ferguson et al.,(2004) 
f1 pPGPseq2F5 TTA Ferguson et al.,(2004) 
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Table 3.1 Continued. 

Marker Marker name Repeat motif Reference 
f2 pPGPseq3B5 AG Ferguson et al.,(2004) 
f3 TC02D06 AG Moretzsohn et al.,(2005) 
f4 TC03A12 TC Moretzsohn et al.,(2005) 
f5 TC03E02 CT/CA Moretzsohn et al.,(2005) 
f7 TC04F12 CT Moretzsohn et al.,(2005) 
f8 TC04G02 TC Moretzsohn et al.,(2005) 
f10 TC05A06 TC Moretzsohn et al.,(2005) 
f11 TC05D06 AG Moretzsohn et al.,(2005) 
f12 TC06E01 GA Moretzsohn et al.,(2005) 
g1 TC06H03 AG Moretzsohn et al.,(2005) 
g4 TC11B04 GA Moretzsohn et al.,(2005) 
g5 TC2A02 CT Moretzsohn et al.,(2005) 
g6 TC3E05 GA Moretzsohn et al.,(2005) 
g7 gi4925 ATT Moretzsohn et al.,(2005) 
g8 RI1F06 ATA/ATT/GA Moretzsohn et al.,(2005) 
g9 AC2C05 TG Moretzsohn et al.,(2005) 
g10 Ah3 GA/AG/GT Gimenes et al.,(2007) 
g11 Ah26 CT Gimenes et al.,(2007) 
g12 Ah193 AAC/GA Moretzsohn et al.,(2004) 
h2 XIP297 TC  Cuc et al.,(2008) 
h6 Lec1 AT Hopkins et al.,(1999) 
h7 XIP105 CT  Cuc et al.,(2008) 
h8 XIP108 TC  Cuc et al.,(2008) 
h9 XIP123 GA  Cuc et al.,(2008) 
h10 XIP136 CT  Cuc et al.,(2008) 
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Table 3.2 Four subpopulations stratified by STRUCTURE analysis for 104 genotypes from the 

U.S. peanut Mini-core collection. 

G1 (25) G2 (18) G3 (25) G4 (36) 
PI259617 PI152146 PI158854 PI290566 
PI262038 PI200441 PI240560 PI343398 
PI337406 PI259836 PI268586 PI159786 
PI356004 PI290620 PI268696 PI162655 
PI429420 PI295730 PI268755 PI162857 
PI471954 PI313129 PI268806 PI196622 
PI482189 PI339960 PI338338 PI196635 
PI475918 PI478850 PI155107 PI259658 
PI493329 PI502040 PI270998 PI259851 
PI493356 PI475863 PI271019 PI157542 
PI493547 PI476025 PI288146 PI268868 
PI493581 PI502111 PI270786 PI268996 
PI493631 PI502120 PI270905 PI274193 
PI493693 PI270907 PI337293 PI290536 
PI493717 PI494795 PI337399 PI290594 
PI493729 PI497639 PI461434 PI292950 
PI493880 PI497318 PI481795 PI295250 
PI493938 PI497395 PI482120 PI295309 
PI325943  PI504614 PI296550 
PI331297  PI290560 PI296558 
PI343384  PI407667 PI298854 
PI471952  PI478819 PI319768 
PI403813  PI476432 PI323268 
PI497517  PI494018 PI331314 
PI461427  PI494034 PI355268 

   PI355271 

   PI370331 
   PI372271 

   PI372305 

   PI399581 
   PI442768 

   PI476636 
   PI496401 

   PI496448 

   PI288210 
   PI371521 
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Table 3.3 Genetic distances within four subpopulations detected by STRUCTURE analysis. 

Group G1 G2 G3 G4 
G1 0.00 0.19 0.18 0.24 
G2 0.37 0.00 0.17 0.16 
G3 0.36 0.35 0.00 0.21 
G4 0.43 0.34 0.40 0.00 

The top diagonal is Nei’s minimum distance and the bottom diagonal is pairwise Fst. 
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Table 3.4 Significantly SSRs associated identified by 4 models for sensory and quality attributes 

in peanut. 

Traits Marker Q PCA Q + K P＋ K P-value R2 (%) 

Fatty Acid 

Raw Oil  
Content  

(% wet wt) 

GM2690 √ √ √ √ 0.0025 9.19 
GM2774 √ √ √ √ 0.0015 10.19 
GM2791 √ √ √ √ 0.0021 9.5 

Tocopherols 

Alpha 
GM1609 √ √ √ √ <0.0001 15.12 

Ah32 √ √ √ √ 0.0007 10.1 
Beta pPGPseq2C11 √ √ √ √ 0.0004 11.26 
Delta XIP297 √ √ √ √ <0.0001 16.03 

Gamma Ah3 √ √ √ √ 0.0002 14.27 
Total g10 √ √ √ √ 0.0004 13.22 

Sugars 

Fructose GM2690 √ √ √ √ 0.002 9.4 
Glucose GM2690 √ √ √ √ 0.0004 10.76 
Sucrose GM1609 √ √ √ √ <0.0001 12.9 

Sensory 
Flavors 

Fruity 
Fermented 

pPGPseq5D5 √ √ √ √ 0.0002 14.14 
GM2745 √ √ √ √ <0.0001 12.9 

Sweet 
Aromatic GM2723 √ √ √ √ <0.0001 12.9 

Raw Beany GM1867 √ √ √ √ <0.0001 12.9 
 
a: ‘√’ means the marker is identified in the model. 
b: The Marker_R2 based on PCA model. 
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Table 3.5 Significantly SSRs associated identified by four algorithms for flavors profile. 

Traits Maker 
Q MODEL PCA MODEL Q + K MODEL P + K MODEL 

P value R2 (%) P value R2 (%) P value R2 (%) P value R2 (%) 

Bitter 

f8 0.002 8.53     0.005 7.48     
A3 0.026 4.67   0.010 6.28   
E3 0.025 4.75   0.010 6.19   
a3 0.011 6.11   0.033 4.30   

D11 0.025 4.77       
E6 0.036 4.17       
H2 0.049 3.68             

DR 

B4 0.021 4.91 0.007 7.61 0.017 5.17     
d5 0.034 4.17   0.021 4.89   
a10 0.029 4.39   0.038 3.95   
D9 0.026 4.56 0.003 9.45 0.038 3.95 0.008 7.07 
a3 0.039 3.94   0.041 3.85   

b10 0.030 4.35   0.047 3.64   
f8 0.029 4.40   0.047 3.64   

F10 0.036 4.06       
e9   0.012 6.65     
f10   0.033 4.72     
G1     0.050 3.97         

FF 

cc6 0.000 12.95 0.000 13.22 0.000 13.97 0.000 14.14 
a5 0.000 11.40 0.001 11.73 0.001 9.73 0.002 10.05 

D12 0.013 5.73 0.012 6.30 0.008 6.59 0.007 7.39 
h9 0.010 6.08 0.018 5.60 0.011 6.09 0.024 5.19 
E7 0.045 3.74       
cc7 0.048 3.66             

Painty 

d12 0.000 34.66 0.000 37.86 0.000 32.07 0.000 37.52 
H1 0.002 9.73 0.002 10.75 0.003 8.22 0.002 10.53 
cc2 0.013 6.12   0.008 6.70 0.040 4.47 
g10 0.007 7.22   0.014 5.80   
e3 0.005 7.59 0.009 7.35 0.037 4.17 0.010 7.09 
h8 0.023 5.15   0.046 3.81   
H2 0.012 6.23 0.037 4.58   0.034 4.75 
cc5 0.034 4.48       
h10 0.036 4.38       
F6     0.042 4.32     0.045 4.25 

SA 

a6 0.002 8.47 0.001 10.68 0.001 10.11 0.001 12.49 
f2 0.006 6.72 0.007 7.26 0.002 9.01 0.005 8.18 
b1 0.011 5.70 0.005 7.77 0.002 8.60 0.002 10.28 

G11 0.036 3.93   0.009 6.35 0.036 4.51 
G1 0.043 3.65   0.036 4.14   
h7 0.033 4.05 0.027 4.80   0.049 3.96 
B8 0.038 3.83 0.030 4.63     0.039 4.39 

RB 

f8 0.003 8.09     0.005 6.91     
F10 0.001 9.33 0.022 5.44 0.008 6.39 0.027 5.08 
A3 0.035 4.14   0.021 4.85   
e5 0.048 3.65   0.037 3.98   
e9   0.015 6.23 0.050 3.53 0.019 5.67 
a3 0.036 4.08       

b12 0.046 3.71       
G2   0.010 6.97   0.011 6.76 
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F5   0.020 5.64   0.018 5.84 
D9   0.022 5.44   0.038 4.41 
cc5             0.042 4.24 

Sweet 

F5         0.008 6.49 0.042 4.07 
C10     0.045 3.81   
d7 0.018 5.30       
f8 0.030 4.51       
G3 0.034 4.31 0.048 4.02     
D8 0.049 3.71         0.028 4.79 

RP 

a6 0.010 6.16 0.013 6.32 0.005 7.30 0.009 7.13 
f2 0.013 5.69 0.010 6.94 0.007 6.85 0.009 7.23 
b1 0.016 5.40 0.043 4.17 0.011 6.16   
a10 0.019 5.08   0.014 5.74   
C7 0.037 4.06   0.014 5.74 0.041 4.30 
A3 0.043 3.81 0.013 6.32 0.018 5.36 0.011 6.71 
G11 0.038 4.01   0.019 5.20   
b10 0.032 4.26   0.021 5.10   
f7 0.043 3.81   0.032 4.42 0.046 4.08 
G1 0.048 3.64   0.036 4.21   
E4 0.024 4.74 0.045 4.08 0.038 4.14   
h7 0.025 4.66 0.010 6.88 0.039 4.09 0.014 6.26 

D12     0.012 6.57     0.005 8.26 

Spice 

d5 0.017 5.59 0.027 5.15 0.017 5.62 0.028 5.15 
a11 0.025 4.99   0.020 5.32   
A9 0.015 5.82   0.024 5.08   
cc3 0.029 4.70   0.042 4.12   
D10 0.049 3.86   0.043 4.07   
B8 0.039 4.22   0.045 4.00   
f4 0.048 3.89   0.047 3.95   
A3 0.019 5.41       
G6 0.047 3.91             

WHS 

f8 0.008 6.83     0.011 6.25     
d1 0.010 6.45 0.009 7.23 0.014 5.84 0.034 4.39 
B7 0.022 5.10 0.049 3.98 0.021 5.15   
B2 0.037 4.21 0.015 6.14 0.030 4.59 0.007 7.25 
D9 0.043 3.99 0.029 4.92 0.044 3.97 0.030 4.64 
G1 0.048 3.80   0.045 3.93   
C4 0.019 5.31 0.024 5.25   0.036 4.29 
a12 0.044 3.96       
cc9 0.049 3.78             
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Table 3.6 Significantly SSRs associated identified by four algorithms for sugars profile. 

Traits Maker 
Q MODEL PCA MODEL Q + K MODEL P + K MODEL 

P value R2 (%) P value R2 (%) P value R2 (%) P value R2 (%) 

Fructose 

a3 0.001 8.73 0.006 7.29 0.000 9.16 0.002 9.40 
g7 0.003 6.62   0.002 7.11   

F10 0.021 4.03 0.027 4.59 0.006 5.79 0.009 6.68 
h7 0.001 7.70 0.002 8.87 0.007 5.46 0.004 7.93 

cc11   0.030 4.43 0.007 5.45 0.012 6.15 
h6 0.011 4.89 0.018 5.27 0.011 4.92 0.013 6.00 
g1 0.028 3.68 0.027 4.58 0.013 4.75 0.025 4.83 
a6 0.038 3.30   0.018 4.29   
b7 0.033 3.49   0.024 3.90   
A3     0.042 3.19   
a11 0.008 5.37 0.014 5.67 0.044 3.12 0.033 4.35 
cc5 0.005 5.81 0.003 8.34   0.022 5.08 
B10 0.011 4.93 0.041 3.92     
G12 0.017 4.30       
F5 0.018 4.28       
g10   0.031 4.36   0.016 5.57 
A8   0.045 3.78   0.050 3.69 

Raffinose 

e9         0.018 3.69 0.026 4.36 
d5     0.029 3.11 0.037 3.83 
E6   0.049 3.47 0.031 3.05 0.038 3.80 
f3 0.012 4.06 0.024 4.59 0.036 2.90 0.024 4.50 
b4    0.00 0.045 2.65   
B4     0.049 2.56   
C1 0.018 3.61 0.024 4.62     
B1 0.031 3.00 0.037 3.92     
f7 0.046 2.58   0.00         

Glucose 

a3 0.000 10.76 0.002 9.45 0.002 8.80 0.004 8.74 
F5 0.000 12.29 0.038 4.18 0.003 7.99 0.022 5.34 

cc11     0.003 7.72 0.007 7.31 
A3     0.007 6.48   
C6 0.011 5.68 0.049 3.73 0.011 5.84 0.039 4.28 
g7 0.008 6.16   0.015 5.38   
e2 0.004 7.40 0.049 3.75 0.015 5.36   

B11 0.028 4.33   0.023 4.68   
a5     0.033 4.16   
h6 0.023 4.62 0.043 3.98 0.035 4.07 0.039 4.29 
g5     0.042 3.79 0.045 4.05 
b7 0.046 3.58   0.044 3.69   
F4 0.002 8.21 0.008 7.01     
b12 0.007 6.46 0.034 4.38     
h7 0.014 5.34       

G12 0.020 4.80       
f10 0.021 4.75       
e3 0.034 4.04       
G1 0.037 3.91       
cc7 0.050 3.46             

Inositol 

G5 0.007 7.01 0.009 7.16 0.007 7.09 0.024 5.13 
h6 0.020 5.34 0.015 6.07 0.013 6.00 0.027 4.95 
e5 0.008 6.82 0.046 4.04 0.013 5.99 0.017 5.81 
G3 0.032 4.55  0.00 0.015 5.76  0.00 
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D2 0.022 5.12 0.035 4.53 0.023 5.03 0.038 4.31 
B11 0.021 5.27 0.022 5.42 0.034 4.39  0.00 
H2 0.041 4.11 0.040 4.31  0.00 0.038 4.34 
A4  0.00 0.047 4.04  0.00 0.031 4.67 
b10   0.00 0.032 4.73   0.00 0.042 4.15 

Sucrose 

F5 0.000 12.90 0.002 9.73 0.000 9.78 0.004 8.16 
cc12     0.001 8.64 0.010 6.51 
e2 0.001 8.52 0.018 5.29 0.003 7.08 0.013 5.95 
b1 0.019 4.40 0.021 5.02 0.003 6.64 0.010 6.49 
E6 0.020 4.32 0.010 6.37 0.007 5.79 0.004 7.92 
d7 0.006 5.90 0.006 7.30 0.012 4.97 0.008 6.73 
e5 0.013 4.89   0.017 4.48   
b4 0.030 3.75 0.022 4.96 0.020 4.32 0.016 5.58 
d5 0.009 5.37 0.033 4.32 0.030 3.72   
cc7 0.017 4.55 0.047 3.72 0.035 3.55   
g10     0.040 3.37 0.037 4.19 
cc5     0.042 3.28   
G12 0.006 5.95   0.044 3.25 0.019 5.25 
b7     0.045 3.21   

B10 0.010 5.25   0.049 3.08   
e3 0.012 5.03       
h7 0.019 4.38       
g7 0.021 4.23       
f1 0.026 3.96       
h9 0.043 3.29 0.031 4.39   0.047 3.77 
d9 0.050 3.10             
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Table 3.7 Significantly SSRs associated identified by four algorithms for fatty acids profile. 

Traits Maker 
Q MODEL PCA MODEL Q + K MODEL P + K MODEL 

P value R2 (%) P value R2 (%) P value R2 (%) P value R2 (%) 

Raw Oil 
Content 

(%wetwt) 

a3 0.008 6.12 0.002 9.19 0.001 8.83 0.005 7.72 
b1 0.003 7.49 0.001 10.19 0.003 7.93 0.002 9.82 
g5 0.010 5.76 0.023 5.11 0.003 7.73 0.018 5.47 

cc12 0.018 4.84   0.005 6.93 0.048 3.77 
b4 0.009 5.89 0.002 9.50 0.006 6.67 0.004 8.27 
g10 0.004 6.94 0.009 6.71 0.006 6.66 0.006 7.40 
D1   0.046 3.88 0.015 5.33   
E6 0.016 5.04 0.048 3.82 0.015 5.30 0.025 4.86 
F5 0.011 5.64     0.029 4.62 
b7 0.047 3.45             

IV 

B8 0.004 4.90 0.012 5.72 0.006 4.68 0.017 5.17 
G1 0.006 4.61 0.017 5.10 0.010 4.16 0.030 4.26 
A8 0.035 2.73   0.022 3.27   
H3 0.049 2.39       
cc1     0.011 5.79     0.013 5.55 

LCS 

h2 0.011 5.72 0.042 4.09 0.008 6.14 0.034 4.43 
d9 0.029 4.28   0.012 5.59 0.041 4.10 

B12 0.009 5.99 0.048 3.88 0.017 5.04 0.046 3.90 
a11 0.015 5.31   0.018 4.98   
E3 0.024 4.55 0.049 3.83 0.032 4.10   
cc2 0.040 3.81 0.036 4.36 0.037 3.86 0.032 4.50 
f10 0.029 4.29 0.026 4.91 0.043 3.66 0.041 4.08 
D10 0.044 3.67       
h8 0.047 3.56 0.047 3.90     
H1 0.048 3.53             

O/l 

D1 0.032 2.20     0.026 2.34     
B8 0.019 2.60   0.027 2.31   
H2 0.049 1.86   0.039 2.03   
G1 0.022 2.49 0.028 3.99 0.044 1.94   
D2 0.041 1.99       
cc1   0.014 5.09   0.018 4.61 
b4   0.049 3.19   0.038 3.54 
F9   0.039 3.50     
d2     0.047 3.26         

P/S 

D9 0.010 5.75     0.003 7.77 0.030 4.73 
B8 0.003 7.38 0.003 8.86 0.005 7.03 0.005 8.10 
cc4 0.031 4.03   0.018 5.07   
G1 0.017 4.93 0.048 3.79 0.018 5.03   
d1 0.032 3.96   0.037 3.93   
D2 0.011 5.59 0.035 4.30     
cc1   0.018 5.48   0.021 5.38 
a11   0.025 4.92   0.029 4.80 
b4     0.036 4.26     0.032 4.64 

Sat(%) 

G11 0.010 2.63     0.004 3.04     
F9 0.016 2.32   0.012 2.38   
A3 0.034 1.81   0.016 2.19   
D1 0.041 1.68       
D4 0.043 1.65       
h8     0.030 3.79     0.023 3.96 
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Table 3.8 Significantly SSRs associated identified by four algorithms for tocopherols profile. 

Traits Maker 
Q MODEL PCA MODEL Q + K MODEL P + K MODEL 

P value R2 (%) P value R2 (%) P value R2 (%) P value R2 (%) 

Alpha 

B11 0.053 1.55 0.007 6.53 0.032 4.64 0.047 3.90 
b7 0.071 0.47 0.003 7.94 0.034 4.52   
cc1 0.050 1.84 0.029 4.33     

cc12 0.035 4.89 0.003 7.94 0.045 4.02   
e2 0.070 0.52 0.011 5.79     
e3 0.078 0.30 0.017 5.11 0.048 3.91 0.025 5.05 
E3 0.055 1.38 0.022 4.75     
E6 0.080 0.26 0.001 10.06 0.007 7.39 0.008 7.13 
F5 0.151 0.00 0.000 14.70 0.002 10.23 0.002 9.60 
f8 0.056 1.27 0.033 4.10     
G1 0.039 3.96 0.041 3.80     
g10 0.041 3.33 0.027 4.44 0.020 5.41 0.022 5.27 
g6 0.075 0.36 0.028 4.36   0.040 4.18 
h2 0.053 1.51 0.012 5.71 0.033 4.57 0.038 4.28 
H2 0.040 3.66 0.017 5.16     
b4   0.049 3.53 0.002 9.76 0.002 9.37 
e5         0.030 4.75 0.027 4.88 

Beta 

e10 0.000 11.26 0.000 12.55 0.004 8.60 0.004 8.08 
h9 0.012 5.91 0.012 6.02 0.039 4.22 0.047 3.81 
D6 0.013 5.76 0.008 6.72     
d8 0.021 4.99 0.017 5.37     
b4 0.026 4.69 0.023 4.91 0.007 7.36 0.005 7.77 
f1 0.029 4.50 0.026 4.75 0.038 4.27 0.027 4.77 
h7 0.029 4.50 0.021 5.09     
b7 0.031 4.40 0.017 5.38     
a1 0.031 4.38 0.039 4.08     
f7     0.010 6.68 0.009 6.66 
e9         0.011 6.42 0.012 6.09 

Delta 

h2 0.000 15.37 0.000 16.03 0.006 7.80 0.001 11.81 
h9 0.000 14.08 0.000 15.93 0.014 6.12   
D8 0.000 12.95 0.001 10.35 0.033 4.57   
a10 0.002 8.91 0.002 9.24 0.003 8.96   
b1 0.004 7.63 0.002 9.16 0.031 4.71 0.018 5.56 

B11 0.014 5.77 0.028 4.73 0.025 5.11 0.028 4.73 
B7 0.019 5.27 0.042 4.07 0.030 4.77 0.030 4.64 
h7 0.019 5.24 0.011 6.24     
a12 0.028 4.66 0.014 5.87     
D6 0.032 4.45 0.041 4.10     
g9 0.047 3.81 0.034 4.41         

Gamma 

g10 0.000 13.65 0.000 11.89 0.000 13.40 0.000 14.27 
E3 0.001 9.60 0.004 7.51 0.002 9.59 0.002 9.59 
E4 0.003 7.95 0.006 6.93 0.017 5.78 0.014 5.98 
h9 0.003 7.84 0.002 8.71 0.000 13.46 0.001 12.17 
D3 0.003 7.70 0.004 7.39 0.008 7.30 0.007 7.23 
D8 0.003 7.58 0.026 4.53   0.024 5.02 
F9 0.008 6.35     0.017 5.69 
h2 0.015 5.29 0.015 5.38 0.049 3.91 0.044 3.99 
D6 0.021 4.77 0.029 4.39 0.034 4.54 0.033 4.48 
D12 0.028 4.35 0.009 6.27     
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b4 0.050 3.49 0.033 4.19     
F9   0.006 6.98 0.012 6.40   
d3   0.015 5.44 0.037 4.41   
a11   0.017 5.17 0.020 5.46 0.049 3.81 
f12   0.041 3.84 0.045 4.04   
e2   0.045 3.71 0.038 4.35   
cc9         0.029 4.80 0.041 4.11 

Total 

g10 0.000 13.24 0.000 12.52 0.000 13.22 0.000 12.84 
E3 0.000 12.47 0.001 10.31 0.018 5.65 0.021 5.33 
F5 0.000 11.31 0.003 7.94 0.018 5.73 0.010 6.71 
b7 0.001 10.40 0.001 10.21 0.010 6.82 0.013 6.14 

G12 0.007 6.70 0.020 5.02     
D6 0.009 6.31 0.005 7.12 0.011 6.60 0.013 6.20 
b4 0.014 5.65 0.006 6.97 0.003 8.88 0.003 8.79 
E6 0.014 5.62 0.001 9.26 0.006 7.89 0.013 6.18 
G1 0.041 3.90 0.042 3.88     
F9 0.045 3.75 0.041 3.92     
d6   0.007 6.79 0.025 5.07   
h9         0.037 4.36 0.038 4.29 
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Table 3.9 Summary of SSRs from Association Mapping identified within 3 Mb window of 

significant SNPs by GWAS analysis. 

Trait 
Linkage 
Group SNP ID Position 

(bp) 
- log10 
(P value) SSR Marker Position  

(bp) 
R2 
(%) 

Distance  
(Mb) 

Sweet 

B03 AX-147243168 3566707 4.17 GM1609 3250954 6.49 0.32 

A01 AX-176794174 104118984 3.35 TC27H12 105295222 3.81 1.18 

A04 AX-176814619 39598280 3.12 TC39B04 40709402 4.79 1.11 

sucrose 

B03 AX-147243168 3566707 4.42 GM1609 3250954 12.90 0.32 

A02 AX-176809854 68712646 3.21 pPGSseq11G3 68230065 8.64 0.48 

B04 AX-176793698 84313635 4.44 pPGSseq19A5 85119881 8.52 0.81 

 Fructose 

B04 AX-176813712 9074346 4.81 GM1867 9159865 6.68 0.09 

A08 AX-176809466 4403235 3.27 GM2788 4281833 3.90 0.12 

A06 AX-147226746 110928698 4.86 GM2779 113077149 5.67 2.15 

A10 AX-176806924 7788634 3.04 pPGPseq3E10 9071539 8.34 1.28 

Inositol 

B01 AX-176815914 134636409 3.19 TC30D04 135364360 5.12 0.73 

A01 AX-176818319 101370991 3.13 TC20E08 102123627 5.42 0.75 

B06 AX-176822690 15756056 3.23 GM2831 14368158 4.73 1.39 

ROC A03 AX-176814232 2814162 3.84 TC2A02 2270994 7.73 0.54 

P/S  

B04 AX-176791423 131792362 3.10 GM1907 133168886 5.03 1.38 

A02 AX-176804911 22662900 4.22 pPGPseq1B9 22408511 5.48 0.25 

O/L 

B03 AX-176820466 4311972 3.75 TC29H08 4478383 2.34 0.17 

A02 AX-176804911 22662900 3.68 pPGPseq1B9 22408511 5.09 0.25 

B04 AX-176800740 118083731 3.38 pPGSseq13A10 115972720 3.26 2.11 

LCS 

B09 AX-177643501 10735224 3.29 XIP297 10868851 6.14 0.13 

B09 AX-177643084 49917116 3.10 TC05A06 52566323 4.91 2.65 

A04 AX-147221053 117995189 3.58 XIP108 117391812 3.90 0.60 

IV 

B10 AX-177637601 103487554 3.16 TC19B11 101191272 5.72 2.30 

A02 AX-176804911 22662900 4.60 pPGPseq1B9 22408511 5.79 0.25 

α-Toco B06 AX-176808373 104214231 5.23 pPGSseq19A5 101914706 5.79 2.30 
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B04 AX-147248776 130709725 3.86 GM1907 133168886 3.96 2.46 

β-Toco 

B08 AX-177638150 108958569 3.73 XIP123 106387141 6.02 2.57 

A04 AX-147220926 115648648 3.47 XIP105 117579778 5.09 1.93 

γ-Toco 

B08 AX-147257537 7765731 5.67 Ah20 7879276 7.95 0.11 

B09 AX-176791660 143735714 4.94 GM1856 143256842 6.35 0.48 

A06 AX-176805357 94179951 4.18 TC31H06 94629862 4.77 0.45 

B06 AX-176808373 104214231 4.14 pPGSseq19A5 101914706 4.35 2.30 

A05 AX-176822894 32830345 3.56 pPGSseq9G5 32425313 4.80 0.41 

δ-Toco 

B08 AX-177638150 108958569 3.92 XIP123 106387141 15.93 2.57 

B02 AX-176791511 30172328 4.68 AC2C05 28006100 4.41 2.17 

Total 
Toco 

A06 AX-176805357 94179951 5.74 TC31H06 94629862 7.12 0.45 

B09 AX-176791660 143735714 4.50 GM1856 143256842 3.92 0.48 
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Fig. 3.1 Population structure analysis. A) Magnitude of Δ K by STRUCTURE analysis of the 

U.S. peanut Mini-core collection. B) Population structure analysis. The y-axis stands for the 

subgroup membership, and x-axis stands for the genotypes. G1-G4 represents for four 

subpopulations. 

 

 

 

 



 146 

 

 

Fig. 3.2 Principle component analysis (PCA) plot for the U.S. peanut Mini-core collection. The 

branch colors are consistent with the colors of the STRUCTURE clusters. 

 

         

Fig. 3.3 A) UPGMA tree plot based on Chord distance for the U.S. peanut Mini-core collection. 

The tree branch colors are consistent with the colors of the structure clusters. B) Traditional and 

new constructed hierarchy of peanut variety. 
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Fig. 3.4 A) Frequency of botanical variety within each subpopulation. B) Frequency of each 

subpopulation within each botanical variety. 
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Chapter Four 

  Next-Generation RNA-Sequencing Identified Genomic Regions Involving in High Oleic 

Acid Accumulation during Pod Development Stages in Peanut 

4.1 Abstract 

As obtaining desirable flavor and quality attributes becomes an indispensable breeding objective 

for peanut, high oleic acid varieties had been proven to have higher burnt peanut aroma and burnt 

peanut flavor compared to regular oleic peanuts. The objective of this study was to identify the 

genes involved in oleic acid metabolic networks in different peanut genotypes and growth stages. 

To accomplish this goal, four genotypes (AABB, AAbb, aaBB, and aabb) in four pod development 

stages (yellow, orange, brown, and black stages) were examined. Whole-transcriptome sequencing 

analysis identified 526 genes differentially expressed in AABB, 923 genes in AAbb, 2,286 genes 

in aaBB, and 758 genes in aabb, while 369 genes differentially expressed in Yellow stage, 1,406 

genes in Orange stage, 732 genes in Brown stage and 1519 genes in the Black stage. Functional 

analysis of the shared DEGs showed that most genes are those processes involved in metabolic 

pathways, biosynthesis of secondary metabolites, fatty acids, lipids biosynthesis, carbohydrates 

metabolism. Besides, 31 DEGs were found to locate within 3 Mb of significant SNPs associated 

with O/L ratio, including three DEGs in Chromosome B04, which were found locating 0.08 Mb 

from AX-176800740 and locating 2.11 Mb from SSR marker pPGSseq13A10.  It would help to 

understand the mechanisms of the oleic acid metabolic network during different peanut pod growth 

stages. 

4.2 Introduction 
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Cultivated peanut (Arachis hypogaea L.) is an important food crop with many health benefits of 

their consumption appreciated by consumers worldwide. Ascribable to the adaptation of the high 

oleic acid trait into several new cultivars, breeders could accumulate the sensory and quality 

attributes related to cultivated peanuts much more efficient (Talcott et al., 2005; Vassiliou et al., 

2009). Peanuts with high oleic acid contents were determined to have improved stability against 

lipid oxidation that could lead to adverse flavors (Talcott et al., 2005). Also, high oleic acid 

varieties had been proven to not only have higher burnt peanut aroma and burnt peanut flavor 

compared to regular oleic peanuts but also is intimately bound up the health of human beings. The 

enzymes, ahFAD2A and ahFAD2B, are coded by two essential homologous genes. The double 

mutant ahfad2a/ahfad2b has been identified and proved to have a high O/L ratio (Chu et al., 2011).  

How to sustain and even increase peanut high oleic acid content to meet growing needs for sensory 

and quality attributes is a significant challenge that the peanut industry faces. Developing high 

oleic acid varieties is a crucial objective for many of peanut breeding programs (Zhao et al., 2018). 

However, the inefficient genetic methodology and a limited amount of genetic information on 

Arachis species have impeded the process of molecular mechanism study in peanut cultivars. 

The lasted developments in large genome sequencing technologies have enhanced opportunities 

to develop and disseminate genetic resources at a lower expense (Chopra et al., 2014). The advent 

of RNA-sequencing (RNA-Seq), a rapid technique for genome-wide gene expression analysis, 

provides powerful alternatives to facilitate the identification of different functional genes in a more 

efficient manner (Lu et al., 2014). Subsequently, gene structures and expression profiles in many 

crops, including wheat, corn, soybean, Brassica rapa, and peanut, were determined with RNA-Seq 

technology (Strauß et al., 2012; Li et al., 2014; Bhardwaj et al., 2015; Brasileiro et al., 2015; Zhao 

et al., 2018; Ruan et al., 2018; Lang et al., 2019). As the genome sequence of cultivated peanut 
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released (Bertioli et al., 2019), a more accurate transcriptome assembly becomes possible as it 

could be mapping to the reference genome. Thus, the objective of the present study was to discover 

oleic acid-related genes in comparing different genotypes, including high oleic acid line and 

normal oleic acid line under different growth stages by mapping RNA-Seq data to the cultivated 

peanut reference genome.  

The data developed in this work could provide comprehensive insight into molecular mechanisms 

that underlie oleic acid metabolic network and resource to further molecular research in peanut. 

4.3 Materials and Methods 

4.3.1 Materials and experimental design 

Four RIL peanut genotypes, AABB (normal oleic acid), AAbb (medium oleic acid), aaBB 

(medium oleic acid), and aabb (high oleic acid) were used in this study. The different maturity 

seed samples were collected in four pod growth stages, representing Yellow, Orange, Brown, and 

Black. All seeds were planted in a single-row (15 x 120 cm) at a rate of 6 seeds m-1 under rainout 

shelters at the USDA-ARS National Peanut Research Laboratory in Dawson.  

4.3.2 RNA isolation, library construction, and Illumina sequencing 

Different growth stages of pods were collected from each genotype with three replications. The 

samples were flash-frozen by liquid nitrogen and stored at -80 °C until RNA extraction. Each RNA 

extraction samples were pooled for three biological replications. Approximately 0.2 g pooled 

samples were ground in liquid nitrogen for RNA extraction by using a modified CTAB method 

(Yin et al., 2011) and purified by using a Direct-Zol RNA MiniPrep Kit (Zymo Research, Irvine, 

CA, USA). The purity and integrity of RNA were analyzed by NanoDrop ND-1000 UV 

spectrophotometer (Thermo Scientific, Wilmington, USA) and Agilent 2100 Bioanalyzer (Agilent, 
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USA). A total of 48 libraries (4 genotypes × 4 growth stages × 3 replicates) were constructed and 

subsequently sequenced using Illumina HiSeq 4000 at the Beijing Genomics Institute (BGI).  

4.3.3 Quality control, alignment and genome-guided assembly 

The raw reads from RNA-sequencing were pruned with Trimmomatic (Bolger et al., 2014). We 

removed the adaptor sequences, ambiguous ‘N’ nucleotides, and low-quality reads from the raw 

data in order to obtain the cleaned reads. The read quality was assessed by FastQC (Andrews, 2010) 

before and after trimming. High-quality clean data was subjected to the downstream analyses. The 

RNA-seq data analysis pipeline strictly followed the protocol from Trapnell et al. (2012). Each 

sample was mapped to the reference genome by Tophat2 (Kim, 2013), with all the parameters set 

to default. The cultivated peanut genome and the annotation file (Bertoli et al., 2019) were used as 

a reference for alignment. The alignment files of the 16 samples from Tophat2 were input into 

Cufflinks (Trapnell et al., 2012) for transcripts reconstruction. To identify the novel transcript 

sequences, all the assemblies were compared with the reference annotation by using Cuffcompare. 

Novel transcript sequences were then compared to the ‘nr’ database at NCBI by BLASTX to 

achieve functional gene annotation. 

4.3.4 Identification of differentially expressed genes  

The gene expression levels were represented by the expected number of Fragments Per Kilobase 

of transcript sequence per Millions of base pairs sequenced (FPKM), which was calculated based 

on the length of the gene and reads count mapped to the genes. The DEGs analysis was performed 

by using Cuffdiff (FDR < 0.05) (Trapnell et al., 2012). The DEGs were identified through the 

comparison of gene expression among the Yellow, Orange, Brown, and Black stages of pods for 

each genotype. The calculated P-value was then adjusted through a false discovery rate (FDR) 
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correction. Genes with adjusted P-values smaller than 0.05 were considered to be significantly 

differentially expressed.  

4.4 Results 

4.4.1 Illumina Sequencing and Genome-guided assembly 

In order to gain an overall and for initial comparison of peanut transcriptomes in different pod 

growth stages, the four different genotypes, AABB, AAbb, aaBB and aabb were designed for 

paired-end (PE) sequencing. After filtering the raw reads, RNA-seq of 16 samples of the four 

genotypes with three replicates under different growth stages generated a total of 78.57G of 100-

bp cleaned reads with an average of 48.78 million read pairs per library (Table 4.1). High-quality 

reads, with GC percentage varying between 41% to 49%, were obtained, stating superior coverage 

across the whole transcriptome. After trimming, 84.8% of the raw reads were survived (Table 4.1). 

The cleaned reads were mapped to the cultivated peanut genome, and the overall mapping rate per 

library ranged from 62.10% to 77.10%, with an average mapping rate of 66.67% (Table 4.1). 

Through the genome-guided assembly, a total of 74,420 genes were assembled for genotype 

AABB, 74,510 genes were assembled for AAbb, 77,160 genes were assembled for aaBB, and 

74,150 genes were assembled for aabb, respectively. There were 66,986 (90.01%), 67,066 

(90.01%), 67,159 (87.04%) and 67,058 (90.44%) assembled genes were matched to genes 

annotated from the cultivated peanut reference genome in genotype AABB, AAbb, aaBB and aabb, 

respectively (Table 4.2). As a result, 7,434, 7,444, 10,001, and 7,092 novel genes were identified 

in genotypes of AABB, AAbb, aaBB and aabb, respectively.  

4.4.2 Analysis of differentially expressed genes 

The DEGs were determined among four pod growth stages of each genotype to study the 

expression pattern in different stages, as well as among four genotypes of each growth stages to 
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study the expression pattern in different genotypes. For pod growth stages, there are a totally of 

356 genes differentially expressed in the Yellow stage, 1,406 genes in the Orange stage, 732 genes 

in the Brown stage, and 1,519 genes in the Black stage, respectively (Table 4.2). Of the 369 genes 

in the Yellow stage, the expression of 157 genes was increased up-regulated, and the level of the 

other 212 genes were downregulated. For the Orange stage, 609 genes were up-regulated, and 797 

genes were downregulated (Table 4.2). For the late pod growth stage, 732 DEGs were identified 

in Brown stage, including 388 up-regulated genes and 344 down-regulated genes. In addition, a 

total of 1,519 DEGs were identified in Black stage including 949 up-regulated genes and 570 

down-regulated genes. Among the DEGs identified, 218, 795, 362 and 739 DEGs were annotated 

with the reference genome in Yellow, Orange, Brown and Black stage, respectively (Table 4.2). 

There are totally 526 genes were differentially expressed in genotype AABB, as well as 923 genes, 

2,286 genes, and 758 genes AAbb, aaBB and aabb, respectively (Table 4.2). For genotype AABB, 

which has a normal level of oleic acid, 231 genes were up-regulated, and 465 genes were 

downregulated (Table 4.2). Of the 923 genes in genotype AAbb, the expression of 418 genes was 

up-regulated, and the level of the other 505 genes were downregulated. Besides, 2286 DEGs were 

identified in genotype aaBB, including 790 up-regulated genes and 1,496 down-regulated genes. 

Furthermore, a total of 758 DEGs were identified in genotype aabb, which has a high level of oleic 

acid, including 327 up-regulated genes and 431 down-regulated genes. Among the DEGs 

identified,401, 534, 1,584, and 569 DEGs were annotated with the reference genome in genotype 

AABB, AAbb, aaBB and aabb, respectively (Table 4.2).  

Pairwise comparison of the DEGs from the four genotypes was performed to investigate which 

genes failed to respond to the oleic acid metabolic pathway in double-mutant genotypes aabb, 

single mutant AAbb, and aaBB, as well as the wild genotypes AABB (Fig. 4.1).  Likewise, the 
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pairwise comparison of the DEGs was also conducted among four pod growth stages, including 

two early mature stages (Yellow and Orange stages) and two late mature stages (Brown and Black 

stage) (Fig. 4.1).  A total of 65 DEGs were shared by pod growth stages (Fig. 4.1).  

4.4.3 DEGs located within 3 Mb of significant SNPs associated with O/L ratio 

To further study the metabolic regulation pathway of oleic acid in peanut, a comparison analysis 

was conducted between significant DEGs and SNPs associated with the fatty acid profile by 

GWAS analysis within 3Mb. Thereby, 31 significant DEGs associated with oleic acid were 

confirmed by GWAS analysis, including 7 DEGs located in sub-genome A, and 25 DEGs located 

in sub-genome B. Further sequence location study found out that all DEGs in sub-genome A was 

identified in chromosome A05, including L5R9I5, 4E075G, 4GH0FM, V10K31, ZL7D6P, and 

NBP004 while DEGs in sub-genome B dispersed in B03 (6WM8G7, T1VTNT, TZR4FL, 

WG9HC3), B04 (48P5MU3, 6G1FH3, XAZ91P), B05 (5EZ2U4, J8E4BG, 6J07HI), B09 (09EZ08, 

Q8L9VW, 73DSWE, N8YXAN, 5F0RSX), and B10 (H8XLFU, ZF9UF1, A0V2WM, RTH5QB, 

LAL591, 06P6RC, 6ZP1HE, 8GXM4F, FYY1I0). It is noticeable that three DEGs located in 

Chromosome B04 were found to locate 0.08 Mb from SNP marker AX-176800740, which was 

identified to be associated with traits IV and O/L ratio in fatty acid profile using GWAS analysis 

(Table 4.3). Furthermore, this SNP marker was found to locate 2.11 Mb from SSR marker 

pPGSseq13A10, which was also identified to be associated with O/L ratio (Table 3.9) 

4.5 Discussion 

Transcriptome profile is an estimable resource for discovering gene expression levels, 

characterizing new alleles, and developing molecular markers in plants. However, studies on the 

transcriptome of peanut, especially on sensory and quality attributes analysis, are limited. 
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Especially for peanut, a non-model organism,  the absence of a high-quality reference genome 

makes the study more challenging. 

In this research, a total of 16 assemblies were produced, with four samples from each genotype 

under different pod growth stages through various assemblers and analytical approaches . reported 

74,420, 74,510, 77,160 and 74,150 genes for genotypes AABB, AAbb, aaBB, and aabb with 526, 

923, 2,286 and 758 DEGs in each genotype, respectively. The majority of the DEGs were involved 

in fatty acid metabolic or synthesis process. The result of the Venn diagram and heat map showed 

gene expression pattern was changed along with the plant growth stage as well as mutation of 

critical enzymes, ahFAD2A, and ahFAD2B (Fig 4.1 & Fig 4.2). 

Furthermore, comparison analysis was conducted between DEGs and SNPs associated with the 

fatty acid profile, and we obtained 31 significant DEGs associated with oleic acid. Interestingly, 

three DEGs in Chromosome B04 were found to locate 0.08 Mb from SNP marker AX-176800740 

using GWAS analysis, which was also found to locate 2.11 Mb from SSR marker pPGSseq13A10, 

associated with O/L ratio (Table 3.9 &Table 4.3). Among these three genes, 8P5MU3 was 

annotated to code a protein of function unknown, while 6G1FH3 and XAZ91P were reported as 

Peroxidase superfamily protein and ubiquitin carboxyl-terminal hydrolase 27 –like, respectively, 

and involved in the oxidation-reduction process and process ubiquitination process, respectively. 

Consistently, it was reported that peanuts with high oleic acid contents were determined to have 

improved stability against lipid oxidation that could lead to adverse flavors (Talcott et al., 2005), 

indicating a complicated pathway in fatty acid regulation. 

Overall, as the Next-Generation Sequencing technologies possessing more advantages, such as 

lower-costs and higher-throughput, it’s becoming a reality to efficiently achieving the de novo 

genome assembly, molecular markers development and genome diversity studies, as well as novel 
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genes identification and gene expression patterns exploration, especially using the RNA-seq 

strategies (Varshney et al., 2009). In our study, we sequenced and characterized the peanut 

transcriptomes of different genotypes. The present study demonstrated that different growth stages 

alter the transcriptome profile in four peanut genotypes with varying oleic acid levels. Thousands 

of novel genes of cultivated peanuts were identified and annotated. The DEGs involved in fatty 

acid metabolism and the biosynthesis process were enriched. Besides, the assembly strategies in 

our study not only were proved to have an efficient and effective potential to assemble the whole 

RNA sequences with a higher precision and provide a more delicate and more detailed picture of 

the transcriptome, but also would be deemed to be employed for further differential gene 

expression analysis, association mapping and QTL verification using various molecular genetic 

markers,  such as SNPs and SSPs in our research, in the cultivated peanut. This study provided not 

only insights into putative peanut regulation in different genotypes under different growth stages, 

but also a piece of valuable transcriptomics information to smooth functional genomics studies for 

future peanut breeding. 
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Table 4.1 Summary of library, trimming and alignment of reads to A. hypogea genome in each library. 

Growh 
Stage Genotype  

Input 
read 
pairs 

Both 
surviving 

Forward 
only 

surviving 

Reverse 
only 

surviving Dropped  

Overall read 
mapping  
rate (%) 

Overall 
alignment 
rate (%) 

Black aabb 45105035 
39328733 
(87.19%) 

3033856 
(6.73%) 

1003348 
(2.22%) 

1739098 
(3.86%) 97.5 63.2 

Brown aabb 43434238 
34507782 
(79.45%) 

4332480 
(9.97%) 

4079798 
(9.39%) 

514178 
(1.18%) 97.5 62.1 

Orange aabb 51764377 
45120235 
(87.16%) 

3388616 
(6.55%) 

1274307 
(2.46%) 

1981219 
(3.83%) 97.8 65 

Yellow aabb 53164650 
45047730 
(84.73%) 

4680841 
(8.80%) 

1040556 
(1.96%) 

2395523 
(4.51%) 97.8 66.6 

Black aaBB 45004462 
39179183 
(87.06%) 

3008286 
(6.68%) 

1041719 
(2.31%) 

1775274 
(3.94%) 98 65.6 

Brown aaBB 38052751 
31561076 
(82.94%) 

3660616 
(9.62%) 

768365 
(2.02%) 

2062694 
(5.42%) 96.1 64.7 

Orange aaBB 45471555 
39346736 
(86.53%) 

3321344 
(7.30%) 

1000206 
(2.20%) 

1803269 
(3.97%) 97.5 63.8 

Yellow aaBB 45240146 
37276439 
(82.40%) 

3702368 
(8.18%) 

1664996 
(3.68%) 

2596343 
(5.74%) 97.8 77.1 

Brown AAbb 41830491 
34750271 
(83.07%) 

3217459 
(7.69%) 

1498919 
(3.58%) 

2363842 
(5.65%) 98 69.4 

Orange AAbb 64137923 
54527200 
(85.02%) 

4851027 
(7.56%) 

1590888 
(2.48%) 

3168808 
(4.94%) 97.2 66.7 

Yellow AAbb 44620537 
38210547 
(85.63%) 

3298932 
(7.39%) 

968312 
(2.17%) 

2142746 
(4.80%) 97.9 71.8 

Black AABB 51344509 
43214611 
(84.17%) 

4524714 
(8.81%) 

1072371 
(2.09%) 

2532813 
(4.93%) 95.9 64.3 

Brown AABB 55170129 
47283787 
(85.71%) 

4086040 
(7.41%) 

1274297 
(2.31%) 

2526005 
(4.58%) 97.6 62.9 

Orange AABB 62960648 
53811304 
(85.47%) 

4769960 
(7.58%) 

1617414 
(2.57%) 

2761970 
(4.39%) 96 65.9 

Yellow AABB 44386707 
37950130 
(85.5%) 

3321070 
(7.48%) 

1133103 
(2.55%) 

1982404 
(4.47%) 97.4 69.9 
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Table 4.2 Summary of library and alignment of reads to A. hypogea genome in each library. 

Genotype 
Total 
Genes Unannotated Annotated 

Total 
DEGs Unannotated Annotated 

aabb 74,150 7,092 67,058 758 189 569 

aaBB 77,160 10,001 67,159 2,286 702 1,584 

AAbb 74,510 7,444 67,066 923 389 534 

AABB 74,420 7,434 66,986 526 125 401 

 

Growth 
Stage 

Total  
Genes  Unannotated Annotated 

Total  
DEGs Unannotated Annotated 

Yellow 
 

74,966   7,917   67,049   369   151   218  

Orange 
 

75,346   8,274   67,072   1,406   611   795  

Brown 
 

75,578   8,528   67,050   732   370   362  

Black 
 

75,226   8,165   67,061   1,519   780   739  
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Table 4.3 Summary of DEGs identified within 3 Mb window of significant SNPs by GWAS 

analysis. 

SNP ID Chr  Locus  DEGs Position (bp) Note 

AX-
176811155 A5 95722033 L5R9I5 94691319 94693338 pyridoxal phosphate binding 

AX-
176811155 A5 95722033 4E075G 94754736 94760831 Regulator of Vps4 activity in 

the MVB pathway protein 

AX-
176811155 A5 95722033 4GH0FM 94840510 94844874 Unknown protein 

AX-
176798965 A5 35912339 V10K31 35104929 35109540 diacylglycerol O-

acyltransferase activity 

AX-
176798965 A5 35912339 ZL7D6P 35301085 35303209 Aminotransferase like plant 

mobile domain 

AX-
176798965 A5 35912339 NBP004 35991927 35992857 Unknown protein 

AX-
176798965 A5 35912339 AE9D0W 36016579 36019770 protein phosphorylation 

AX-
176816801 B3 9686512 6WM8G

7 9907886 9909872 oxidation reduction process 

AX-
176816801 B3 9686512 T1VTNT 10402032 10403890 hypothetical protein 

AX-
176816801 B3 9686512 TZR4FL 10666107 10668098 transporter activity 

AX-
147243963 B3 18642606 WG9HC

3 17850190 17855872 transmembrane transport 

AX-
176800740 B4 118083731 8P5MU3 117969930 117971196 Protein of unknown function 

DUF506 plant 

AX-
176800740 B4 118083731 6G1FH3 117986388 117999512 oxidation-reduction process 

AX-
176800740 B4 118083731 XAZ91P 119241737 119244212 ubiquitin carboxyl terminal 

hydrolase 27 -like 

AX-
176800740 B4 118083731 XAZ91P 119241740 119244212 ubiquitin carboxyl terminal 

hydrolase 27 -like 

AX-
176819943 B5 134187510 5EZ2U4 133132918 133134113 transmembrane protein putative 

AX-
176819943 B5 134187510 J8E4BG 133506059 133511819 potassium ion transmembrane 

transport 

AX-
176819943 B5 134187510 6J07HI 134596895 134602246 integral component of 

membrane 

AX-
177643501 B9 10735224 09EZ08 9736781 9741180 electron carrier activity 
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AX-
177643501 B9 10735224 Q8L9VW 10179439 10184128 uncharacterized protein  

AX-
177643501 B9 10735224 73DSWE 10808033 10814915 integral component of 

membrane 

AX-
177643084 B9 49917116 N8YXA

N 49573891 49582783 Breast carcinoma amplified 
sequence 3 

AX-
177643084 B9 49917116 5F0RSX 49889649 49893023 hypothetical protein 

AX-
176791500 

B1
0 4946993 H8XLFU 4344812 4345545 Dormancy/auxin associated 

family protein 

AX-
176791500 

B1
0 4946993 ZF9UF1 5030711 5031441 signal transduction 

AX-
176791500 

B1
0 4946993 A0V2W

M 5321452 5323079 Protein of unknown function 

AX-
176791500 

B1
0 4946993 RTH5QB 5713680 5719071 integral component of 

membrane 

AX-
176804144 

B1
0 115730891 LAL591 14859083 14864512 unknown protein 

AX-
176804144 

B1
0 115730891 06P6RC 14972628 14975225 mitotic spindle assembly 

checkpoint 

AX-
177638452 

B1
0 117191238 6ZP1HE 117679565 117682849 Ulp1 protease family carboxy 

AX-
177638677 

B1
0 120214136 8GXM4F 120016130 120018502 MTD1 D2 Tax Medicago 

truncatula Rep 

AX-
177639314 

B1
0 124890936 FYY1I0 125034987 125040016 integral component of 

membrane 
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A    

 

B 

 

Figure 4.1 Comparison of the annotated DEGs among A) different genotypes including AABB, 

AAbb, aaBB, and aabb; and B) different growth stages, including Yellow, Orange, Brown, and 

Black stage. 
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A    

 

B 

 

Figure 4.2 Expression profiles of the differentially expressed genes by A) All four genotypes 

under different growth stages; and B) All four growth stages in different genotypes. Log10 

transformed FPKM values were used.  “green” color indicates low expression level and “red” 

color indicates high expression level. 
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Chapter Five 

Research Summary and Future Perspectives 

5.1 Research Summary 

The research projects mainly focused on the investigation of the identification of molecular 

markers using for Marker-assisted Selection, including SNPs and SSRs. In our study, a total of 

276 significantly QTLs associated with four main sensory and quality attribute was identified, 

and consequently, 136 candidate genes were screened functionally associated with the 

corresponding traits. This is the first GWAS analysis in US Mini-core collections that identified 

sensory and quality attributes related to QTLs and the novel candidate genes which have never 

been found to affect flavor and nutrition in peanut. Fine genetic mapping of the QTL associated 

with sensory and quality attributes will allow the application of marker-assisted selection and 

understanding of underlying molecular mechanisms. Moreover, further verification and study 

were conducted to demonstrate the candidate genes having functions in the biological metabolic 

process in cultivated peanut, including association mapping using SSRs and RNA-Seq analysis. 

During association mapping using SSRs, we found out that there were 37 significantly associated 

SSRs identified from association mapping, confirmed by GWAS analysis, including three SSRs 

associated with flavors profile, 10 SSRs associated with sugars profile, 11 SSRs associated with 

fatty acids profile, and 13 SSRs associated with tocopherols profile. Also, 31 DEGs were 

identified within 3 Mb window of significant SNPs associated with corresponding traits identified 

through GWAS analysis. Besides, during RNA-seq analysis, both unique and well-known sensory 

and quality attributes related genes were identified in this study.  

5.2 Future Perspectives 
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The results achieved from these three studies provide distinguished genetic materials and 

molecular markers, including SNPs and SSRs for peanut breeding in sensory and quality attributes, 

as well as understand the sensory and quality attributes regulatory mechanism of peanut. It would 

definitely promote future efforts attempting to breed flavor-desirable and nutrient-rich peanut 

genotypes. However, further efforts are still needed to investigate the molecular signaling and 

regulatory mechanisms of peanut due to the complex genetic background. More verification and 

study such as Quantitative Real-time PCR or genetic knockout lines analysis should be performed 

to characterize their possible functional roles in sensory and quality attributes related to the 

biological metabolic process in cultivated peanut. After confirmation of the possible functions of 

the flavor related genes, targeted gene modification might be carried out to improve and accelerate 

peanut breeding. Besides, with the verified molecular markers, Marker-assisted Selection could 

also be implemented to obtain flavor-desirable and nutrient-rich peanut. Overall, these findings 

would provide encouraging insight into the complicated genetic architecture and molecular 

regulation mechanisms of sensory and quality attributes, and promote the Marker-assisted 

Selection in peanut breeding with seed flavor and nutrition quality. 

 

 

 

 

 
 


