
ABSTRACT 

HASSELL, LOUIS EDWARD. Correlating Simple Sequence Repeat Markers with 

Resistance to Late Leaf Spot (Cercosporidium personatum) in Virginia-Type Peanuts 

(Arachis hypogaea L).  (Under the direction of Drs. Thomas G. Isleib and Shyamalrau P. 

Tallury). 

 

Leaf spots are two similar but distinct foliar diseases that can be found worldwide wherever 

peanuts (Arachis hypogaea L.) are grown.  Early leaf spot is caused by Cercospora 

arachidicola Hori (syn. Mycosphaerella arachidis Deighton) while late leaf spot is caused by 

Passalora personata (Berk. & M.A. Curtis) Ellis (syn. Mycospharaella berkeleyi W.A. 

Jenkins).  Both leaf spots are caused by fungal pathogens that infect peanuts throughout the 

season causing heavy defoliation, but usually are most severe in the weeks before harvest.  

These diseases stress the plants and cause weakening of the attachment of pods to pegs, then 

during harvest these pods are separated from the plant and become unrecoverable in 

conventional mechanical harvest systems.  The leaf spot diseases can be particularly 

frustrating to farmers due not only to the loss of yield, but especially because many of the 

costly inputs have been added at this point in the season.  Late leaf spot was the prevalent 

disease during the two summers of this field study despite early leaf spot being historically 

predominant in the Virginia-Carolina region.   

This study looked at the advantages of using wild species-derived tetraploid germplasm lines 

to increase resistance to the disease in cultivated germplasm, specifically by finding putative 

quantitative trait loci (QTL’s) using simple sequence repeat (SSR) markers linked to leaf spot 

resistance.  Four populations were created by crossing two wild species-derived germplasm 

lines, GP NC WS 17 and HTS 02-06, as pollen parents with two elite breeding lines, 



N08081olJC (now released as cultivar ‘Wynne’) and N09053olCSm, both of which have the 

high oleic trait but low late leaf spot resistance.   

Field tests were used to assess the F2 populations and F2:3 families for their reactions to late 

leaf spot and defoliation scores were recorded.  Two hundred and twenty SSR markers were 

screened for polymorphism among the four parental lines.  The marker set included several 

markers that had been reported previously as being related to leaf spot resistance in other 

populations (Sujay 2012, Mace 2006, Mondal 2009).  F-tests among the markers and 

phenotypic data identified several markers correlated with resistance in both the F2 and F2:3 

generations.  Only one marker was found in the F2 generation that showed significant 

(P<0.05) additive gene effect, but it was not found to be significant in the F2:3 generation.  

The other markers appeared to exhibit overdominant gene action.    
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CHAPTER I 

Correlating Simple Sequence Repeat Markers with Resistance to Late Leaf 

Spot (Cercosporidium personatum) in Virginia-Type Peanuts (Arachis 

hypogaea L.) 
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LITERATURE REVIEW 

Early leaf spot caused by Cercospora arachidicola Hori (syn. Mycosphaerella 

arachidis Deighton) and late leaf spot caused by Passalora personata (Berk. & M.A. Curtis) 

Ellis (syn. Mycospharaella berkeleyi W.A. Jenkins) are two similar diseases of peanut 

(Arachis hypogaea L.) caused by two distinct fungi.  Both pathogens can be found worldwide 

wherever peanuts are grown.  These diseases can cause considerable yield loss due to 

stressing of the plants, which results in abscission of pods, rendering them unharvestable by 

mechanical processes.  Early leaf spot was the predominant foliar disease in the southeastern 

U.S. peanut production region comprising Georgia, Florida, and Alabama during the 1960's 

and 1970's, then in the late 1980's late leaf spot rose to dominance there.  Recently, early leaf 

spot has again begun to increase in the region.  Without control, losses from early leaf spot 

can be up to 50% while those from late leaf spot can be up to 70% depending on harvest 

dates (Smith 1984).  A recent study comparing the yields between sprayed and unsprayed 

tests in NCSU’s Leaf Spot trials in Lewiston, NC found that the average yield depression 

across the cultivars (weighted by the frequency of their appearances among the test-by-

cultivar means) was 1016 kg ha
-1

, or around $402.78 ha
-1

 without sprays (data not published).  

At the prices in October, 2011, the grower who did not spray would have lost approximately 

$500 per hectare (Hassell, 2012).  So far no single-gene immunities to these diseases have 

been discovered, but components conferring partial resistance have been found and combined 

despite the traits being independently inherited (Anderson  et al.,1989).   

Arachis hypogaea.  As a crop, peanut has been in cultivation for thousands of years in the 
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new world.  The earliest known traces of peanut was found in jars of food at burial sites near 

Lima, Peru and these carefully preserved specimens were carbon dated to 500-750 BC. 

(Hammons, 1982)  Scientists suspect that the first domesticated peanut existed in southern 

Bolivia or the northwestern region of Argentina.  Regardless of the exact center of origin, 

South America remains home to six major centers of genetic diversity for the crop. (Wynne et 

al. 1989)   

The peanut’s route to the southeastern growing region of the US was a circuitous one.  

When the Spanish first began to explore Western South America they found that the 

indigenous people cultivated a subterranean seed crop that they called “ynchic” and “mani” 

depending on the area of origin.  Peanuts had already been firmly established as a crop and 

could be found in cultivation on both American continents.  This unusual legume crop 

quickly gained the notice of Europeans and it was then carried back with them to their native 

countries.  Once in the old world, cultivation was probably attempted in several places and at 

multiple times but the earliest recorded introduction was by Nicholas Monardes in 1574.  

From Brazil, the Portuguese carried peanuts to West Africa where it became an important 

food crop and gained a center of diversity.  From Africa, peanut traveled back to the 

American colonies with the slave trade and became widely grown as a garden plant.   

The peanut’s spread to the west has similarly been reconstructed.  The peanut was 

likely carried from the west coast of Peru to Mexico before crossing the Pacific on trade 

ships of the Acapulco-Manila galleon lines.  In this manner, peanuts were introduced to 

China, Indonesia, and Madagascar.   
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Until the 1900’s the peanut crop was mainly consumed roasted in the shell.  Growers 

and processors at this time knew that the seeds could be processed for oil, but the crop itself 

was simply not widespread enough to be used much for this purpose.  However as the boll 

weevil (Anthonomus grandis Boheman) began to decimate cotton (Gossypium hirsutum L.), 

which was the South’s traditional cash crop, growers began to look for alternative crops and 

started to pay attention to the peanut.  Between George Washington Carver’s work to identify 

new uses for peanuts and John H. Kellogg’s patents in 1897 and 1898 describing peanut 

butter (U.S. Pat. 580,787, April 13, 1897; U.S. Pat. 604,493, May 24, 1898), the crop slowly 

began to rise in acreage and value.  The final obstacle to the establishment of peanuts as an 

economically important crop was that it was still labor intensive to produce due to the 

volume of hand labor needed to separate the peanuts from the vines.  In 1905, F.F. Ferguson 

and J.T. Benthall designed and patented a mechanical harvester for peanuts (U.S. Pat. 

808,442).  Inventors continued to improve designs for harvesters until in 1948 W.D. Kinney 

and J.L. Shepherd developed an once-over mobile peanut combine that was widely adopted.  

With the rise in acreage and value of the crop several major changes occurred – first the U.S. 

government designated peanuts for oil as an essential crop in 1941.  This caused the creation 

of agricultural research programs (1938 and 1941) that were developed and subsidized by the 

U.S. government to improve the crop genetically as well as to improve cultivation practices.  

The second major change was the Agricultural Adjustment act of 1938.  This act was not 

necessarily a product of the growth of the peanut industry, but nonetheless played a 

significant role in the peanut market.  It set mandatory price supports for crops to maintain 
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sufficient production of crops even in times of low production or value.  This meant that 

farmers would be paid a guaranteed minimum for their crops.   

Arachis hypogaea is an allotetraploid (2n=4x=40) from section Arachis of the genus in 

the Fabaceae family.  It is most likely derived from a natural cross between A. ipaenensis 

W.C. Gregory & M.P. Gregory (B genome) and A. duranensis Krapov. & W.C. Gregory (A 

genome) (Seijo et al. 2007).  This isolated hybridization event has led to a narrow genetic 

base within the species, with any variation in the genome coming from mutation, 

recombination, or selection (Milla et al. 2005; Seijo et al. 2007).  However variation does 

exist within the species which is currently divided into two subspecies, each of which is 

further divided into botanical varieties, subsp. hypogaea into vars. hypogaea and hirsuta 

Köhler, and subsp. fastigiata Waldron into vars. fastigiata, vulgaris Harz, aequatoriana 

Krapov. & W.C. Gegory, and peruviana Krapov. & W.C. Gegory.  This differentiation has led 

to the crop being specialized for several uses including processed goods, consumption of the 

kernel roasted in and out of shell, oil production, and animal fodder.   

Currently there are four market types of peanuts that are actively grown in the U.S.  

Arachis hypogaea subsp. hypogaea var. hypogaea includes the U.S. runner and Virginia 

market types.  Arachis hypogaea subsp. fastigiata var. vulgaris contains the U.S. Spanish 

market type, A. hypogaea subsp. fastigiata var. fastigiata the U.S. Valencia market type.  The 

three botanical varieties are defined by morphological differences (branching pattern and 

formation of inflorescences on the central axis), while the market types are separated by 

different pod and seed characteristics (Wynne and Coffelt 1985).  Originally the main market 
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type grown in the U.S.A. was the Spanish type.  As acreage increased and the usage for the 

crop began to diversify, two new market types became popular.  These were the runner and 

Virginia types.  The runner types are mostly processed into peanut butter, oil, and used in a 

variety of manufactured goods.  Runners are grown on the majority of acreage in the U.S.A.  

Virginia type peanut is grown on a much smaller acreage and tend to have larger pods and 

seeds than the runners.  This market type is mainly sold for roasted in shell consumption or 

as shelled extra-large kernels (ELK) in a can.   

Aside from the various market types, there has been an increasing interest in the use of 

other species in section Arachis for improvement of the crop.  These diploid wild species 

represent a major source of genetic variability with many desirable traits for peanut.  These 

species frequently have high levels of resistance to both biotic stressors such as diseases and 

insects, and abiotic stressors such as drought.  However, with these desirable features comes 

several difficulties for use, including linkage drag which can cause reduced yields, 

undesirable plant morphology, and poor fatty acid composition.  One of the greatest hurdles 

is simply introgressing genes from diploid species into the allotetraploid A. hypogaea.  For 

instance, A. cardenasii Krapov. & W.C. Gregory has been reported as having high levels of 

resistance to early leaf spot (Stalker 1984).  However it is an “A genome” diploid species that 

when crossed with A. hypogaea, will lead to sterile triploid hybrids.  This hybrid can then 

have its chromosomes doubled, using a chemical like colchicine, to create a hexaploid in 

which fertility is restored so that when selfed it will produce viable offspring.  These 

hexaploid offspring are genetically unstable and will lose chromosomes over generations of 
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selfing, eventually regaining the tetraploid chromosome number, allowing them to be 

backcrossed to A. hypogaea.  While easy to describe in theory, in practice the production of 

these interspecific hybrids can be time consuming.  There is a low rate of success with 

interspecific crosses that produce viable offspring, and the breeding program can require 

much time and space to manage the introgression programs (Wynne et al. 1989).   

Another option that has been employed with some level of success is crossing the A 

genome species with a B genome species, the progeny can then be treated with colchicine to 

create a synthetic allotetraploid that is compatible in crosses with A. hypogaea.  Simpson et 

al. (1993) used this method to create two germplasm lines TxAG-6 and TxAG-7.  They 

crossed two A genome species A. cardenasii x A. chacoense Krapov. & W.C. Gregory, then 

crossed the resulting hybrid to A. batizocoi Krapov. & W.C. Gregory, a B genome species.  

This produced a sterile tri-species hybrid that was then treated with colchicine to become a 

fertile amphidiploid, TxAG-6.  TxAG-7 was produced by then crossing TxAG-6 with runner 

germplasm.   

Recovery of offspring from some interspecific crosses has been hindered by embryo 

abortion following fertilization.  It has been speculated that researchers could use growth 

hormones to either prevent the degeneration of pegs or allow for some other form of embryo 

rescue.  There has been some progress made by developing procedures for embryo rescue, 

but the protocols so far tend to require a high amount of input in terms of both plant material 

and time required to recover a fertile plant (Feng et al. 1995).   
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Disease.  The first description of peanut leaf spot was published in 1875 by Berkeley who 

called the causal agent Cladosporium personatum.  Eventually it was determined that peanut 

leaf spot is caused by not one, but rather two organisms.  In 1938, Jenkins was able to isolate 

and describe the perfect stages of these fungi and named them Mycosphaerella arachidicola 

Jenkins (Cercospora arachidicola) and Mycosphaerella personata Jenkins (Cladosporium 

personatum).  Deighton would later change Mycosphaerella arachidicola to M. arachidis, 

and Cladosporium personata to Cercosporidium personatum (Anderson, 1989).   

Although they are called leaf spots, both of the diseases can develop on petioles, 

stipules, stems, and pegs of a plant as well.  Lesions for both diseases form approximately 10 

days after spore deposition and appear as small chlorotic flecks, later becoming darker 

lesions of 1-10 mm in diameter.  Early leaf spot can be occasionally distinguished on certain 

cultivars by a prominent yellow halo that is lesser or absent in late leaf spot.  On most 

cultivars, e.g., the runner-type cultivar Florunner, early leaf spot are light tan/reddish brown 

tinge on the undersides of the lesions while late leaf spot has dark brown/black lesions.  The 

most reliable form of identification is to inspect the conidia.  Early leaf spot has more conidia 

on the adaxial side, and these conidia are lighter in color and sparse.  Late leaf spot has more 

conidia on the abaxial side and they tend to be darker and in tight clusters on concentric 

rings.   

Conidia produced on crop residue in the soil are the main source of infection but 

ascospores and mycelial fragments are also capable of infecting susceptible hosts.  Early leaf 

spot grows best at temperatures of 20-24 C with humidity of at least 90%, and infects 
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through open stomata or by penetrating epidermal cells.  Lesions form within 10-14 days.  

Late leaf spot grows best with cooler temperatures and relative humidity above 93%.  

Passalora personata infects the host using intercellular haustoria with lesions forming 10-14 

days after infection (Smith 1984).   

There are several methods for controlling these diseases.  The most popular option is to 

use one of the many effective and relatively inexpensive fungicides available on the market.  

These fungicides employ several different chemistries, older ones such as copper sulfate and 

chlorothalonil (Bravo®), and newer ones such as pyraclostrobin (Headline®), tebuconazole 

(Folicur®), propiconazole (Tilt
®
), and azoxystrobin (Abound®).  These treatments also have 

the additional advantage of helping to suppress other fungal diseases such as southern stem 

rot caused by Sclerotium rolfsii Sacc.  However there are some problems with their use.  

While chlorothalonil was used for a long time as the sole leaf spot fungicide without 

evolution of insensitive fungal biotypes, the newer chemistries can only be used a limited 

number of times in a season.  It is common to begin and end the spray season with an 

application of chlorothalonil, the so-called “block” spraying sequence.  Even with 

chlorothalonil, prolonged use is not a good idea because it is possible that chlorothalonil will 

kill fungi that normally are parasitic to two-spotted spider mites (Tetranychus spp.), so if 

environmental conditions militate toward a high rate of spider mite reproduction, 

chlorothalonil application will aggravate it.  The grower must carefully time these fungicidal 

sprays in order to maximize their effectiveness, usually in conjunction with a disease 

advisory program.  Many growers will also simply apply fungicides on a biweekly schedule.  
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In addition, since the loss of peanut quota programs, growers have striven to minimize all 

costs, including those from pesticides.  Typically for the Virginia-Carolina (V-C) area the 

first spray for leaf spot suppression is done when peanuts reach the R3 phase (beginning pod 

growth) or sometime in July (Shew 2013).  

Cultural methods can also help manage this disease.  This includes crop rotation and 

soil tillage.  Since both the fungi are obligate parasites of Arachis, crop rotation removes the 

host from the field and breaks the disease cycle in that area.  Soil tillage can bury the crop 

residue and fungal survival structures and remove the inoculum from the area (Smith 1984).   

Finally, while there is no total resistance to either of these diseases within A. hypogaea, 

there exists some genetic resistance within Arachis section.  As has been mentioned earlier, 

resistance from wild species has slowly been incorporated into cultivated Virginia types.  A 

recent study showed that significant progress has been made with newer cultivar releases 

such as Bailey (Isleib et al. 2011) showing losses of around 400 kg/ha in unsprayed tests as 

compared to older cultivars such as NC 6 (losing approximately 1000 kg ha
-1

) and NC-V 11 

(760 kg ha
-1

).  With the availability of these newer cultivars, growers can now select resistant 

cultivars for use in high risk areas (Hassell et al. 2012).   

 

Breeding for Leaf Spot Resistance.  Early work focused on separating the two leaf spot 

diseases and determining the components and mechanisms of genetic resistance.  For early 

leaf spot, it was found that the components of resistance most closely tied to genotype were 

increased latent periods, reduced sporulation, and reduced defoliation (Ricker et al. 1985).  
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For late leaf spot it was found that smaller lesion diameter, reduced spore production, and 

increased latent period were most correlated to resistance (Shew et al. 1989).   

The most common method to date for screening resistance is the use of field plots.  

These are subjected to natural inoculum, and the data gathered is based upon visual disease 

ratings and defoliation ratios (Hassan and Beute 1977).  Although this method leads to high 

variability due to environmental variance, changing inoculum levels, and requiring a full 

growing season for evaluation; field ratings remain the mainstay for screening breeding lines 

for resistances.  It is important to note that this method typically does not distinguish between 

the two diseases, and with each disease having separate, independently inherited resistances , 

progress tends to be slow.   

For greenhouse screenings, current protocols rely on detached leaf methods.  However 

this method faces several problems.  It is difficult to culture a pathogenic isolate of either 

species on agar media, due to both causal organisms’ slow growth rate and difficulties 

inducing sporulation. (Ricker, 1984)  In addition to the difficulty of sustaining an isolate, 

both species are sensitive to temperature and humidity for germination and infection.  In a 

controlled environment, it has been suggested that perhaps the conditions commonly used in 

experiments might mask some of the plant’s partial resistance to being infected (Waliyar et 

al. 1994).  Regardless of these complications, greenhouse screenings represent a chance to 

rapidly screen lines for components of resistance correlated with genetic resistances.   

With the growth of molecular technologies, there has been work done to identify 

markers correlated for resistance.  Previous research has indicated that these resistances are 
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polygenic and complex.  Overall genome and trait mapping is still too early in development 

for much conclusive work to have been done.  In addition, there is not much genetic diversity 

within the cultivated varieties to allow the selection and maintenance of populations for the 

purpose of marker assisted selection.  So far developing markers to aid in marker assisted 

selections for resistance to either leaf spot disease has not been successful (Mozingo 1999; 

Khedikar 2010).   

Due to this low level of genetic variation within cultivated lines of A. hypogaea, peanut 

breeders have resorted to looking at interspecific hybrids for new sources of resistance to not 

just leaf spot, but other pathogens and insect pests.  In particular it has been noted that 

several of the wild species have high levels of resistance to the leaf spot pathogens.  For 

example, A. cardenasii reportedly possesses high levels of resistance to early leaf spot (ELS), 

while A. diogoi Hoehne has high levels of resistance to LLS and A. stenosperma Krapov. & 

W.C. Gregory is resistant to both pathogens.  It is from these interspecific hybrids, mainly 

from section Arachis which can be crossed successfully with A. hypogaea, that new sources 

of resistance are being found and utilized (Stalker 1984).  However difficulties arise with the 

wild species-derived lines, as they are frequently not economically competitive with 

commercial lines, possessing lower yield, undesirable plant morphology, late maturity, and 

undesirable seed fatty acid composition.   
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Marker Assisted Selection in Plant Breeding.  In the last several decades, a new class of 

techniques have emerged in plant breeding.  This methodology is based on the direct 

observation of a crop’s genotype as opposed to more conventional techniques which rely on 

observing a plant’s phenotype.  The strength of these techniques is that they allow breeders to 

link genetic markers to phenotypic traits and then screen populations for the presence or 

absence of the gene(s).  By using these techniques breeders can, once the critical markers are 

known, potentially screen plants for the presence of genes controlling vital traits without the 

need to grow out large populations or run difficult and expensive screenings (Stalker and 

Mozingo 2001).  In addition to mapping specific traits to markers, molecular techniques can 

be used to gain access to kinship information from populations with unknown pedigrees and 

assess taxonomic relationships within gene pools.   

In order for markers to be useful in this manner, several features are required of any 

molecular marker systems.  The marker system must be reasonable in terms of cost of needed 

resources and expertise.  Marker systems need to be stable enough that they can be 

consistently be applied to specific polymorphic loci, but variable enough that researchers can 

identify individuals.  A well-developed marker must be reliable and consistent, even when 

markers are shared between labs and between populations.  Upon correlation with a trait, a 

marker needs to be physically close enough on the chromosome to the causal gene that 

recombination is unlikely to separate them, and must account for a large portion of the 

phenotypic variance of the trait (if a QTL).  Researchers also appreciate it when markers can 

analyze multiple loci at once (multiplex ratio), as well as determine the nature of inter-allelic 
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interaction for the gene (dominant vs. codominant) (Stalker and Mozingo 2001; Powell 

1996).   

There are considerations beyond selecting a marker system when a breeder is 

attempting to implement marker assisted selection (MAS) programs.  Care must be taken to 

select a trait that is suitable for use in the system –the benefits of MAS cannot always be 

applied to all the traits on which a breeder might wish to use it.  Many traits are quantitative 

in nature and highly influenced by environmental conditions – an excellent example of this 

would be yield.  Most breeders would agree that high yield would be an excellent trait for 

which to implement MAS.  The problem is that yield is highly influenced by the 

environment, e.g., soil conditions, rainfall, temperature, presence of pests and pathogens.  

The plant has several sets of genes that govern its ability to respond to these conditions, and 

these genes compositely affect the plant’s yield.  Attempting to directly correlate genes in the 

genome for yield would be extremely difficult, because the actual effect of these genes would 

be masked by other genes.  This is not only a problem when implementing MAS but even 

with traditional breeding techniques a breeder must take care to compensate for environment 

when comparing genotypes.  This is called a genotype- by-environment (GxE) interaction.  

Genotype-by-environment interactions include factors such as location and year (Falconer 

1989).  While all plant breeders take care to monitor GxE, some of the specific studies in 

peanuts have shown that GxE can significantly affect a diverse array of traits such as yield, 

grading properties of the pods and seeds, disease resistances, and even the flavor profiles of 

the seed (Wynne and Coffeclt 1985, Dong et al. 2012, Pattee et al. 1997)   
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Yield is also an example of a quantitative trait.  Quantitative traits are traits that exhibit 

continuous variation rather than exhibiting variation in discrete categories.  An example of a 

qualitative trait would be a single gene disease resistance – if the gene is present, the host is 

resistant to a pathogen.  Yield is a trait that exhibits continuous variation.  A plant can have 

larger yield or lesser yield, but the distinctions between categories can be somewhat 

arbitrary, and researchers will find that the trait exists in a broad spectrum between these two 

categories.  In this case, the trait is controlled not by a single gene or locus, but rather from 

several genes each of which accounts for a small amount of the genetic basis of the trait.  

These genes that influence continuous variation in a trait are called quantitative trait loci 

(QTLs).  Depending upon the success of the researcher in identifying them, these QTLs can 

account for a great deal of the trait’s variation, or for a very small amount.  When attempting 

to choose traits for a successful MAS breeding program, a breeder would do well to make 

sure that the trait of interest is controlled by QTLs such that the markers can account for 

enough phenotypic variance to be worthwhile to run (Falconer, 1989).   

Typically in peanut, most of the traits that have been found to be controlled by simple 

gene action are not directly economically important - plant height, leaf shape, leaf 

pubescence, seed color, and various flower characteristics.  These traits do not directly affect 

the final product in terms of yield, but they can be important to growers and shellers who can 

have a strong preference for certain traits in a plant.  Most growers prefer prostrate plants for 

easier mechanical harvesting, while the shellers prefer pink seed coats.  Any successful 

breeding program would be remiss to ignore these traits.  Other simply inherited traits are 
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rising in importance due to changes in market preferences or growing environments - notably 

certain disease resistances and oleic acid content of seed oil (Wynne et al. 1989).   

Yield has already been mentioned as a major trait controlled quantitatively by many 

genes.  However there are many other examples in peanut, probably because peanut is an 

allotetraploid with homeologous chromosomes.  Each of A. hypogaea’s progenitor species 

contained genes for controlling traits, and when they crossed they provided A. hypogaea with 

duplicate sets.  Several of the disease resistances are quantitative in nature, as well as the 

genes controlling fatty acid content of seeds and rates of nitrogen fixation (Wynne et al. 

1989).   

 

Marker Systems.  Analysis of a plant’s genotype begins with DNA extraction.  Plant tissue 

is harvested and the genomic DNA is extracted from the plant cells.  The techniques to 

achieve this vary among crop species, but most involve separating the DNA from the plant 

constituents, deproteinization, precipitation, and purification of the DNA.   

To begin the extraction, plant material is placed in a detergent that will act to protect 

the DNA from interacting with any other cell contents that are released upon grinding.  There 

are two main detergents used to do this, sodium dodecyl sulphate (SDS) and cetyl trimethyl 

ammonium bromide (CTAB), both of which act to minimize interaction of the cell contents 

and also to get the DNA in suspension.  In addition to the detergent, ethylene diamine 

tetraacetic acid (EDTA) disodium salt is added to chelate magnesium, a necessary substrate 

for most nucleases.  Other chemicals may be added to insure that the buffer stays at a pH of 
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approximately 8.  At lower pH’s, DNA with high molecular weight tends to shear easily 

during vortexing or pipetting.   

The DNA must then be deproteinized using an organic compound such as phenol, 

isopropanol, or chloroform.  Chloroform is usually used for this purpose, with isopropanol 

added to prevent the chloroform from foaming.  Finally the DNA is resuspended in a buffer 

and RNAse is added to eliminate any RNA contamination from the sample. (Vinod, 2004)  

The first widespread marker system developed was called Restriction Fragment Length 

Polymorphisms (RFLPs).  Originally developed and tested on adenoviruses, this method uses 

restriction endonucleases that recognize certain DNA sequences and will cleave DNA into 

fragments at specific sites.  The cloned DNA sequences that have been marked with a 

radioactive probe are added to these sequences, and then the DNA is separated by size using 

electrophoresis on an agarose gel.  The idea is that the marked probe will be on a known 

sequence and that sequences fragmented with the endonucleases will be similar in size and 

thus marked on the gel.  This method has proven to be somewhat useful, and can be used to 

make linkage maps as well as study recessive genes and multiple alleles.  Unfortunately this 

method has several disadvantages including the need for large volumes of DNA, the use of 

radioactive materials for imaging, and the need for Southern Blot techniques (Grodzicker et 

al. 1974).   

Other marker systems rely on polymerase chain reaction (PCR) technologies in order to 

function.  PCR is a technology that can selectively and repeatedly amplify DNA.  It can also 

be used to attach fluorescent markers to these DNA strands allowing them to be visualized on 
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an agarose or polyacrylamide gel.  This technology allows researchers to take relatively small 

samples of DNA and amplify it while attaching specific fluorescing markers to certain areas 

of the genome.  This has made it possible to extract sufficient DNA for study from a much 

wider variety of sources than previously possible - including individual microorganisms, gut 

cells from scat samples, and even an 1850 year old mummy.  PCR-based systems do not 

generally require large volumes of high quality, clean DNA.  Methodology is simplified as 

researchers can use commercially available extraction kits to get DNA for use in studies and 

in at least one case, the researchers did not even extract the DNA but simply ran the PCR 

using the sample tissue (avian blood) as substrate (Queller et al. 1993).   

The first widespread marker system developed with PCR was very similar in nature to 

RFLPs.  This marker system is called RAPDs (Randomly Amplified Polymorphic DNA).  

Using this technique, researchers add to the PCR reaction several arbitrary, short primers that 

mark unique fragments of DNA.  Since the primers added are arbitrary, extensive knowledge 

of the genome is not required for this process to work.  RAPDs also have the advantage of 

using PCR, which means that DNA quantity and quality is not as much an issue as it is with 

RFLP’s.  The disadvantage of using PCR in this manner is that it is an enzymatic process in 

which results vary with the quality of the enzymes used, quality of DNA, and PCR cycling 

conditions.  This can make results difficult to reproduce in other laboratories.  RAPDs exhibit 

dominance, i.e., heterozygotes cannot be differentiated from one homozygote.  The 

application of RAPDs is difficult to manage in studies focusing on heterozygosity , but 

RAPDs can be used  with sufficient pedigree information (Williams et al. 1990).   
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Another molecular tool that plant breeders take advantage of is Amplified Fragment 

Length Polymorphisms (AFLP).  This is a fully patented process that was developed by 

Keygene.  AFLPs are similar to RAPD’s in that they can be used without previous 

knowledge of the genome and use arbitrary primer sets.  However AFLPs use restriction 

enzymes to digest the DNA.  These enzymes recognize a core sequence (a common 

sequence) and an enzyme specific sequence (rare but not targeted sequence), these sequences 

determine where in the DNA it is cut.  So rather than simply annealing a marker to a 

sequence as in RAPD generation, AFLPs cut off these fragment lengths in addition to 

annealing a marker on.  This allows the process to look at multiple loci with one primer.  

AFLPs require a large amount of high quality DNA and careful lab technique to use properly, 

but can quickly yield a substantial amount of data (Vos 1995).   

Of the various marker systems based upon PCR, this current study used simple 

sequence repeat (SSR) markers.  These markers are designed to target short nucleotide 

repeats within a genome that are called microsatellites.  These microsatellites tend to be in 

noncoding areas of the genome and thus do not face direct selection pressures and remain 

fairly stable.  However without selection pressure they tend to have higher rates of mutation 

than other noncoding regions, most likely due to slipped strand mispairing during DNA 

replication.  The advantages of SSR markers are that they are codominant, require very little 

DNA, and are highly variable.  This is important for crops such as peanuts, in which there is 

a pronounced lack of genetic variability for other sorts of molecular markers (Queller et al. 

1993).   
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All of these marker systems have been used on Arachis section for various traits of 

importance.  Some of the more successful applications of markers include markers for two 

genes controlling the high oleic trait in peanuts (Chu et al. 2009), several studies tracking the 

introgression of root knot nematode resistance from A. cardenasii using RFLPs, RAPDS, and 

SCARs (Garcia et al. 1996; Burow 1996), and work at the International Crop Research 

Institute for the Semi-Arid Tropics (ICRISAT) that has developed markers for resistance to 

leaf rust caused by Puccinia arachidis Speg..  In particular the markers for nematode 

resistance have been useful in breeding, leading eventually to the development and release of 

at least four cultivars– COAN (Simpson and Starr 2001), NemaTAM (Simpson et al. 2003), 

Tifguard (Holbrook et al. 2011), and Webb (Simpson et al. 2013).   
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MATERIALS AND METHODS 

Plant Material.  In the summer of 2010, a two-by-two factorial mating was made in the 

greenhouses at 3131 Ligon St. NCSU, Raleigh between selected wild species-derived 

breeding lines GP-NC WS 17 and HTS 02-06, both containing leaf spot resistance, and two 

advanced cultivar breeding lines (Wynne and N09053olCSm) expressing the high oleic trait 

but limited resistance.  The four populations created in the mating were Pop 1 

(GP-NC WS 17 x Wynne), Pop 2 (GP-NC WS 17 x N09053olCSm), Pop 3 (HTS 02-06 x 

Wynne) and Pop 4 (HTS 02-06 x N09053olCSm).   

The phrase “wild species-derived line” has been used here, but some elaboration might 

be needed.  GP- NC WS 17 and HTS 02-06 were specifically developed in order to capture 

and move some of the disease resistances found in their wild species parents.  This process 

was done by crossing cultivated material with a wild species parent and then back crossing 

with cultivated germplasm to attempt to remove some of the linkage drag.  This produces 

germplasm lines that contain the disease resistances, but have also undergone selection to 

contain reasonably decent agronomic traits if not cultivar quality.   

GP-NC WS 17 was derived from an interspecific cross utilizing A. cardenasii GKP 

10017 while HTS 02-06 was derived from a cross with A. correntina GKP 9548.  After these 

initial crosses, more backcrossing was done with A. hypogaea.  Ultimately, assuming that the 

progeny inherited half of its parents’ genome, both of the species-derived lines should have 

retained approximately 25% of their wild species ancestry.  It is likely that they have less 

than this than this.  The other 75% of GP-NC WS 17 ancestry are from runner releases DP-1 
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(Gorbet and Tillman 2008) and C-99R (Gorbet and Shokes 2007).   

Wynne is a recently released Virginia-type cultivar.  It was derived from a cross of 

Bailey (Isleib et al. 2011) and Brantley (Isleib et al. 2006a), with 75% from Bailey ancestry.  

In this cross the Brantley parent contributed the high oleic trait.  N09053olCSm was derived 

from a cross of N03075FT x N00098ol (Gre).  The parent N03075FT was a sister line of 

Bailey, being selected as a BC1F6 plant from the same BC1F4 derived family.  N000098ol 

(Gre) is a high oleic backcross derivative of Gregory (Isleib et al. 1999).  This glimpse of the 

elite lines’ ancestry shows that Wynne and N09053olCSm share a common ancestry through 

the immediate antecedents of Bailey.  From one of Bailey’s parents, the registered germplasm 

line N96076L (Isleib et al. 2006), the ancestry can be traced back to GP NC WS 13 (Stalker 

et al. 2002) which is derived from a cross with A. cardenasii.  Thus the elite germplasm in 

these crosses also contain a small amount of wild species germplasm.   

The hybrid seeds of these crosses were sent to a winter nursery in Puerto Rico to grow 

out the F1 generation; F2 seed was returned to Raleigh.  After planting the F2 seed at the N.C. 

Dept. of Agriculture and Consumer Services’ Peanut Belt Research Station (PBRS) at 

Lewiston, NC, in the summer of 2011, cuttings were taken from individual F2 plants from 

each cross and transplanted to the greenhouses.  Once rooted, the cuttings provided material 

for use in DNA extraction with 125-160 F2 plants per cross.  F2:3 seed was harvested from 

individual F2 plants for use in the following year.   

 

Field Evaluations.  To identify genetic sources of resistance, the field portion of the 
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experiment was performed at PBRS in the summers of 2011 and 2012.  In the summer of 

2011, F2 seed was planted in progeny rows in a disease selection nursery.  Individual F2 

plants were rated in early October using a proportional defoliation rating of 1 to 9 with a 

score of 1 indicating no defoliation, 5 approximately 50% defoliation, and 9 almost complete 

defoliation.  These individual plants then had numbered metal clips attached to the base of 

the plant.  They were dug and inverted using a standard four row digger.  Individual plants 

could then be identified using the metal tags and the attached seed harvested by hand.   

In 2012, the F2:3 seeds from the four crosses were planted in separate experiments with 

different plot sizes.  The F2:3 families from the two GP-NC WS 17-derived populations had 

more seed and were planted in an 18 x 18 simple square lattice design with all three parents, 

19 checks, and the two populations (302 entries – 149 in Pop 1 and 153 in Pop 2) in plots 

comprised of two 3.6 m (12 ft) rows spaced 91 cm (36 in) apart with 12.7 cm (5 in) spacing 

of the 28 seeds planted in each row.  The F2:3 families from the two HTS 02-06 populations 

had less seed and were planted in a 16 x 16 simple square lattice design with all three 

parents, seven checks, and the two populations (246 entries – 119 in Pop 3 and 127 in Pop 4) 

in plots comprised of single 3.6 m rows spaced 91 cm apart with 12.7 cm spacing of the 28 

seeds planted in each row.  In late September and early October, these plots were then rated 

for defoliation on both on a whole plot basis and an average plant basis using the same 

procedure as was used the previous year.  To estimate defoliation score on an average plant 

basis, five plants were arbitrarily selected and rated within each plot and the ratings averaged.  

For the whole plot rating, overall defoliation of the entire plot was estimated.  No fungicides 
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were applied to these plots, but otherwise the plants were grown with standard cultural 

practices.  Data was analyzed using the general linear model procedure (PROC GLM) of 

SAS Version 9.3 statistical software (SAS Institute, Cary, NC).   

 

Molecular Analysis.  To extract genomic DNA from the samples, a modification of the 

CTAB protocol developed by Stein et al. (2001) was used.  New leaf tissue (100 -150 mg) 

was harvested and placed in a fast prep tube.  Then 600 µl of cetyltrimethyl-ammonium 

bromide (CTAB) extraction buffer (2% w/v), 200 mM Tris/HCl pH 8.0, 20 mM EDTA pH 

8.0, 1.4 M NaCl, 1% w/v polyvinylpyrrolidone (K30), and 1% v/v β-mercaptoethanol was 

added, the solution homogenized and allowed to incubate for 1 h at 65ºC.  The solution was 

then transferred to a 1.5 ml microcentrifuge tube.  Next 600 µl of cold 

dichloromethaneisoamyl alcohol was added and the tubes vertically rotated on a shaker for 

15 minutes at 5ºC, followed by centrifugation at 10,000 g for 8 min. The supernatant was 

then pipetted off (approximately 400 µl) and 350 µl of cold isopropanol added before 

centrifuging the sample for 8 min at 1,300 rpm.  Supernatant was then again pipetted off and 

the DNA pellet washed using 350 µl of washing solution 1 (76% ethanol, 200 mM sodium 

acetate).  The sample was then centrifuged for 5 min at 1,300 rpm.  Supernatant was again 

removed, and then the washing repeated with 350 µl 76% ethanol.  This was repeated twice.  

The DNA pellets were then air dried and resuspended in 50 µl TE buffer (10 mM Tris-HCl, 1 

mM EDTA, pH 8.0) and 2 µl RNAse.  At this point the DNA concentration of the samples 

was quantified using a NanoDropper 2000 spectrophotometer (Thermoscientific, Pittsburgh, 
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PA) and then diluted to approximately 30 ng/ µl, before being stored at -70ºC.   

The PCR reactions used were reported by Schuelke (2000) and later modified by Milla-

Lewis et al. (2010).  To ready the DNA for PCR, a master mix was prepared.  The master 

mix for each individual sample was 12 µl in total volume and consisted of 7.88 µl PCR grade 

water, 1.40 µl of 10x PCR buffer, 0.56 µl of 25 mM MgCl2, 1.12 µl of 2.5 m dNTPs, 0.08 µl 

of the forward primer, 0.42 µl of the reverse primer, 0.42 µl of the M13 labeled primer, and 

0.12 µl of Taq DNA polymerase (New England BioLabs, Ipswich, MA).  This master mix 

was then combined in the reaction plates with 2 µl of diluted DNA.  The plates were then 

sealed with a silicone sealing mat and run in an Eppendorf master cycler (Eppendorf, 

Hauppauge, NY) using a touchdown program -94°C (3 min), 64 cycles of 94°C (30 s), 64°C 

(30 s), and 72°C (30 s), then 32 cycles of 94°C (30 s), 58°C (30 s), and 72°C (30 s), and a 

final 15 min at 72°C.  The mats were then loaded with 10 µl of a 95% formamide loading 

dye (19 ml of formamide, 1 ml of 0.5 M EDTA pH 8.0, and 0.016 g of USB bromophenol 

blue).  The mats were then denatured using the thermocyclers (5 minutes at 95°C).     

The samples were run on a Licor 4300 DNA analyzer (Li-Cor, Lincoln, NE) using a  

.8X TBE buffer on a 6.5% Licor acrylamide gel.  The 8X buffer was prepared beforehand 

and then diluted.  The buffer was created using 86.4 g of Tris(hydroxymethyl) 

aminomethane, 44 g of crystalline boric acid, and 32 ml of 0.5M EDTA pH 8.0.  Distilled 

H2O was then added to bring the solution to 1L in volume and autoclaved to reduce 

precipitation.   
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For creating the gels, high-fluorescent borofloat plates were used.  The acrylamide gel 

was made from 20 ml of 6.5% KB Plus gel matrix, 150 µl of 10% APS, and 15 µl of Temed.  

This mixture was then gently swirled to mix before pouring.  Once poured a comb spacer 

was placed into the top of the gel and a casting plate placed on top.  The gel was then 

allowed to either polymerize for at least two hours at room temperature, or it was placed in 

plastic wrap and left in a refrigerator for 24-48 h.   

After polymerization was finished, the plates were washed and then cleaned with 95% 

EtOH.  The casting plate and comb spacer were removed and replaced with a buffer 

chamber.  The buffer chambers were then filled with 0.8X TBE buffer.  The gels were then 

placed into the machines and a prerun cycle run for 10 minutes.  This served to warm the gel 

as well as to insure that the plates are properly set up.  When the prerun cycle was finished, a 

comb was inserted and samples be loaded.  Size standards, either IRD700 or IRD800 (LI-

COR Biosciences, Lincoln, NE) as appropriate, were loaded into the lanes immediately 

before and after the sample.  The machines were then run for 2-2.5 hours.  The gels were 

scored using Quantar 1.0 software (Keygene, Rockville, MD).   

In order to screen the populations for potential polymorphisms, we began by screening 

the parents.  We used 220 markers and included several markers that had been reported 

previously as being related to leaf spot resistance in other populations (Sujay 2012, Mace 

2006, and Mondal 2009).   

 



27 

 

 

 

 

QTLs and Linkage.  Segregation distortion was checked in this experiment using Microsoft 

Excel 2010 (Redmond, WA) to perform a chi-square test for distortion from 1:1 ratios at P < 

.05.  Linkage was also determined in Excel by using contingency tables to compute chi-

square values.  Phenotypic data was evaluated using PROC GLM of SAS Ver. 9.3, and any 

significant QTL’s were detected in this manner.   

 

RESULTS AND DISCUSSION 

Phenotypic Data.  Field trials were conducted during the summers of 2011 and 2012.  The 

data for the first summer consisted of individual plant ratings – the plants/genotypes were 

unreplicated, nonrandomized in progeny rows, and the experiment contained no checks.  

Data analysis in this situation was somewhat limited, but was able to verify significant 

differences between types.  Cross 1 (GP-NC WS 17 x Wynne) had the lowest adjusted mean 

score of 3.6 for total disease ratings.  Cross 3 (HTS 02-06 x Wynne) was second with a score 

of 4.6.  The crosses with N09053olCSm had higher leaf spot scores, with the Cross 2 (with 

GP-NC WS 17) having a score of 5.5 and Cross 4 (HTS 02-06 parent) scoring 5.5.  The 

NCSU peanut program considers anything with a score of 3or lower to be resistant to leaf 

spot.   

In the following year (2012), the tests were both replicated and randomized.  

Unfortunately, there were low levels of disease present in the field.  The GP-NC WS 17 

crosses were planted in two-row plots, while the HTS 02-06 crosses were grown in single-

row plots due to limitation of seed number.  The data from 2012 was analyzed using both an 
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overall plot score and also using an average plot score composed of five individual plant 

ratings within the plot.   

In the populations derived from GP-NC WS 17, there were significant differences 

among several of the types.  Leaf spot scores for both crosses were significantly different 

from both parents and from the mean of the checks.  The parent GP-NC WS 17 performed 

very well, with an adjusted mean score of 1.1, a value considered to indicate strong 

resistance.  The two F2:3 cross populations had the next lowest scores, with the other two 

parents and checks performing the worst - the parent N09053olCSm and checks having the 

highest score with 4.9.  Comparing the adjusted means of the types using the average score 

did not change the ranking.  Neither block nor rep effects were significant in whole plot or 

average scores.  (Tables 1, 2, and 3) 

Analysis of the HTS 02-06 (single-row) revealed significant (P<0.05) block and rep 

effects in plot and average scores.  Again, the wild species-derived parent performed the best 

with a whole plot score of 1.8.  Within this test, HTS 02-06 was not significantly different 

from Wynne, the mean of F2:3 families in Pop 3, or the checks.  The N09053olCSm parent 

had the highest leaf spot ratings with a whole plot score of 5.6.  Ranking by average score 

produced comparable results.  (Tables 4, 5, and 6) 
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Molecular Data.  Before detailed discussion of the molecular data, it is worth noting the 

ancestry of the material used in this cross.  The four parents used to generate the populations 

evaluated in this study, all contained some wild species-derived germplasm.  However the 

retained germplasm from the wild species progenitors was likely less than 25%.  This 

prevents the material from being directly comparable to several of the previous molecular 

studies involving Virginia type peanut material.   

The parents of the populations were screened for polymorphic markers.  The screening 

process indicated that there were few polymorphism between the parents for the markers 

used in this experiment.  Out of 220 SSR markers, the GP-NC WS 17 crosses had 37 markers 

(16.8% of the 220) in Cross 1 that were polymorphic in comparison with Wynne while there 

were 40 markers (18.8%) that were polymorphic in comparison with N09053olCSm  (Cross 

2).  The 40 markers included the 37 found in Cross 1. The HTS 02-06 crosses had an even 

lower level of polymorphism with Wynne (Cross 3) having 26 (11.8%) polymorphic markers 

and the N09053olCSm parent (Cross 4) only 30 (13.6%).  Due to time constraints, it was 

decided that the project should focus on the polymorphisms indicative of the wild species-

derived germplasm.  In doing so any markers absent in the species-derived lines, but present 

or exclusively polymorphic in the cultivated varieties would be omitted.  This allowed the 

project to focus on any sources of resistance that would originate from the wild species 

material, and not already present in cultivated germplasm.  So the previously mentioned 

totals included all markers found to be polymorphic between the parents of the populations.  

At the end of this experiment 17 markers had been screened in Cross 1 and 16 markers in 
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Cross 2.  The HTS 02-06 crosses were screened with far lower numbers with Cross 3 

containing only four markers while Cross 4 had nine.  These were the markers that were fully 

screened within the populations. 

Mendelian inheritance is the cornerstone of modern genetics.  When tracking markers 

within populations it is important to take note of whether the markers are passed to progeny 

in accepted and appropriate patterns of inheritance.  Departure from this expectation is called 

segregation distortion, and can be either chromosomal or genetic in nature.  Chromosomal 

distortion has been reported in several species, and usually involves whole chromosomes or 

large chromosomal regions.  It is interesting to note that these chromosomal distortions are 

generally not driven by selection pressures but rather physical differences that impede 

gamete formation (Lyttle 1991).  Genetic distortion is linked with gametic and zygotic 

selection.  Lu et al. (2002) discuss one such gene found in maize – a gametophyte factor Ga1 

and an allele for starchy endosperm Su.  Pollen growth was found to be faster in Ga1 than in 

ga1.  Populations with this factor very quickly featured increased ratios of genotypes that 

would carry the linked Su allele.  Genetic distortion is driven by selection pressure and 

typically causes areas of segregation distortion due to linked genes also being affected.   

Within the GP-NC WS 17 populations, segregation distortion was apparent with three 

markers (17.6%) in Cross 1 and five markers (31.2%) in Cross 2 (Table 7).  In the HTS 02-

06 populations Cross 3 had three markers (75%) with distortion while Cross 4 had two 

(22.2%) (Table 8).  These proportions are much lower than previous marker studies in the 

Virginia market type.  Two previous studies from NCSU’s peanut breeding showing higher 
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levels of distortion.  For example, Villegas et al. (2011) used SSR markers in F6-derived RIL 

populations and found 51% marker distortion in one population and 77% in a second 

population.  Each of those populations was developed from a cross of two parents from A. 

hypogaea although the parents came from different subspecies.  One would not suspect 

chromosomal factors to be the cause of the observed distortion, at least not to the extent one 

would expect it in crosses with parents possessing insertions of wild species chromosomes.  

The F6 plants in the Villegas study were generated using single-seed descent from F2:3 

families with a single generation grown in the field each year, so although artificial selection 

for plant type, pod, and seed characteristics was deliberately not practiced, there was ample 

opportunity for natural selection in the field, particularly in response to the common diseases 

that were extant in those fields, tomato spotted wilt for example.  Rowe et al. (2009) found 

that 38 of 39 AFLP markers in an F2 population demonstrated segregation distortion at P < 

0.05 significance and 35 at P < 0.01 significance.  Rowe’s population had one A. hypogaea 

parent and one wild species-derived parent, so chromosomal distortion is more plausible in 

her population.  Moretzsohn et al. (2005) performed a study using an F1 plant derived from a 

cross of two AA genome species, A. duranensis and A. stenosperma.  This plant was 

vegetatively cloned to produce sufficient seed for an F2 population which could then be 

screened for polymorphisms.  The cross resulted in deviation from expected segregation 

ratios for 104 SSR markers of 204 (51%).  Moretzsohn did a second study in 2009 that 

focused on the B genome species using reciprocal crosses of A. ipaënsis and A. magna 

(Moretzsohn et al. 2009).  After screening 149 markers (genomic and EST SSR markers), 32 
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(21.5%) had segregation distortion.  These B genome markers seemed to be the closest 

parallel in rate of distortion.   

Using the field data collected from the F2 plants in the summer of 2011, multiple 

markers were found to have significant effects (P < 0.05) on leaf spot score in three out of the 

four crosses (Tables 9 and 10).  Only the HTS 02-06 x N09053olCSm cross failed to reveal 

any markers correlated with resistance (Table 10).  Among the other three crosses, a total of 

five markers were correlated with resistance.  Of these markers, two were correlated with 

dominance effects.  Because dominance effects cannot be fixed within an inbred line, it is 

unlikely that these markers would be candidates for use in a marker assisted selection 

program.  However three markers did confer significant additive gene effects at P < 0.05.  

In evaluations of the F2:3 families the following summer (2012), a completely different 

set of markers was correlated with leaf spot resistance.  Using the whole plot ratings, five 

markers throughout the populations were correlated with resistance (Tables 11 and 12).  Of 

these five, three conferred significant additive gene effects.  Using the five-plant average plot 

ratings, eight markers were found (Tables 13 and 14) associated with leaf spot resistance.  

Again the HTS 02-06 x N09053olCSm population failed to reveal any markers linked with 

resistance, though some were close to significance in the first year’s evaluation.  Of the eight 

markers, seven gave additive gene effects while only one was found to have dominant 

effects.   

There are probably several reasons that marker rankings were unstable across the two 

years.  One of the more likely reasons is that the summer of 2012 at the PBRS, leaf spot 
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development was very poor.  The leaf spot level was sufficient to distinguish between types 

in the GP-NC WS 17 crosses, but few differences were found in the HTS 02-06 test.   

Due to the genetic makeup of these populations, further testing is unlikely.  At the F2 

generation, approximately half of the plants should be heterozygous for the alleles in this 

population.  This was the generation where individuals were screened with the markers.  The 

next generation tested was the F2:3 populations, where the proportion of heterozygous plants 

would be approximately halved from the previous generation.  The composition of the 

populations may have changed too much to get a good test of dominance interactions.  This 

test would have benefitted from more locations/years of testing.   
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Table 1. Whole Plot AOV for Field Effects in Cross 1 and 2 

Source DF Type III SS Mean Square F Value Pr > F 

Rep 1 1.298 1.298 1.200 0.275 

Block (Rep) 34 33.404 0.982 0.900 0.624 

Type 5 147.907 29.581 27.240 <.001 

Entry (Type) 318 865.878 2.723 2.510 <.001 

 

 

 

Table 2. Whole Plot Adj. Mean scores for Cross 1 and 2 

Type 

 

2012 

Rating of Plot Standard Error 

Check 4.6 a ± 0.171 

Cross1 3.1 b ± 0.061 

Cross2 3.9 c ± 0.060 

Wynne    4.0 abc ± 0.775 

N09053olCSm    4.9 abc ± 0.775 

GP-NC WS 17 1.0 d ± 0.775 

Letters denote groups of statistically equivalent means
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 Table 3. Average Plot Adj. Mean Scores for Cross 1 and 2 
 

Type 

2012 

Rating Mean of 5 Plants Standard Error 

Check 4.2 a ±0.162 

Cross1 3.0 b ±0.057 

Cross2 3.7 c ±0.057 

Wynne 3.1 abc ±0.733 

N09053olCSm 4.2 abc ±0.733 

GP-NC WS 17 1.1 d ±0.733 

Letters denote groups of statistically equivalent means 

 

 

 

Table 4. Whole Plot AOV for Field Effects in Cross 3 and 4 

 
DF Type III SS 

Mean 

Square F Value Pr > F 

Rep 1 59.067 59.070 46.380 <.001 

Block 

(Rep) 
30 112.169 3.739 2.940 <.001 

Type 5 106.848 21.370 16.780 <.001 

Entry 

(Type) 
250 450.683 1.803 1.420 0.004 
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Table 5. Whole Plot Adj. Mean scores for Cross 3 and 4 

Type 

 

2012 

Rating of Plot Standard Error 

Check   3.3 abc ± 0.335 

Cross3 3.0 ab ± 0.074 

Cross4 3.8 ac ± 0.071 

Wynne   3.0 abc ± 0.843 

HTS 02-06   1.8 abc ± 0.843 

N09053olCSm 6.5 d ± 0.843 

 Letters denote groups of statistically equivalent means 

 

 

 

Table 6. Average Plot Adj. Mean Scores for Cross 3 and 4 

 

 

  

 

 

 

 

 

 

 

Letters denote groups of statistically equivalent means   

Type 

2012 

Rating Mean of 5 Plants Standard Error 

Check   2.8 
abc

 ± 0.324 

Cross3  2.6 
ab

 ± 0.071 

Cross4 3.3 
ac

 ± 0.069 

Wynne   2.0 
abc

 ± 0.815 

HTS 02-06   1.7 
abc

 ± 0.815 

N09053olCSm 5.6 
d
 ± 0.815 
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Table 7. Chi-squared p-values for Segregation Distortion 1:2:1 in Pop 1 and Pop 2 

 

 

 

 

 

 

 

 

 

 

 

 

NA  Denotes that the marker was not polymorphic in the two parents of the population 

  

Original SSR Marker Name 

Pop 1 X
2
       

Significance Levels 

Pop 2 X
2
  

Significance 

Levels 

pPGSseq16F10 0.4420 0.0002 

pPGSseq15E12 0.6897 0.0031 

pPGSseq19D6 0.9487 0.0744 

pPGSseq19G7 0.9331 0.0614 

pPGPseq2C11 0.3566 0.0214 

PM50 0.1308 0.1429 

Ah1TC1A02 0.0000 0.8619 

PM179 0.0000 0.5593 

Ah2TC11H06 0.9702 0.3139 

Ah1TC3H02 0.2537 0.0004 

pPGPseq4H2 0.3247 0.0738 

Ah2TC9B08 0.0000 0.0000 

pPGSseq10D4 0.0676 0.1700 

Ah2TC9F04 0.8398 0.4614 

pPGPseq2E6 0.4271 0.7788 

pPGSseq17E3 0.1118 0.0687 

pPGPseq7G2 0.3449 NA 



46 

 

 

 

 

Table 8. Chi-squared p-values for segregation distortion (deviation from 1:2:1 

genotypic ratio in F2) in Pop 3 (HTS 02 06 x Wynne) and Pop 4 (HTS 02 06 x 

N09053olCSm) 

 NA  Denotes that the marker was not polymorphic in the two parents of the population   

Original SSR Marker 

Name 

Pop 3 X
2
  Significance 

Levels 
Pop 4 X

2 Significance 
Levels 

pPGPseq4G2 NA 0.1829 

pPGPseq3E10 0.0516 0.0886 

pPGSseq19D6 NA 0.2368 

pPGPseq7G2 NA 0.1932 

PM50 NA 0.3105 

pPGPseq2G3 0.0070 0.0001 

AH26 NA 0.0075 

Ah2TC9F04 0.1844 0.9832 

pPGSseq18G9 0.0289 0.1133 
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Table 9.  Additive and dominance effects in Pop 1 (GP NC WS 17 x Wynne) and Pop 2 

(GP NC WS 17 x N09053olCSm) using field ratings of individual plants from 2011 

 
Original SSR Marker 

Name Additive Pop 1 Dominance Pop 1 Additive Pop 2 Dominance Pop 2 

pPGSseq16F10  0.006 ± 0.077 NS 0.090 ± 0.074 NS 

pPGSseq15E12 0.024 ± 0.108 -0.104 ± 0.158 0.190 ± 0.100 0.158 ± 0.157 

pPGSseq19D6  -0.276 ± 0.108* 0.188 ± 0.154 -0.110 ± 0.114 -0.344 ± 0.184 

pPGSseq19G7 -0.079 ± 0.102 -0.073 ± 0.145 0.029 ± 0.118 0.133 ± 0.152 

pPGPseq2C11 -0.166 ± 0.102 -0.027 ± 0.148 -0.025 ± 0.104 -0.161 ± 0.167 

PM50 -0.096 ± 0.128 0.016 ± 0.202 -0.002 ± 0.110 0.216 ± 0.172 

Ah1TC1A02 0.202 ± 0.145 -0.361 ± 0.206 -0.102 ± 0.114 -0.172 ± 0.164 

PM179 -0.076 ± 0.097 -0.100 ± 0.203 0.026 ± 0.117 0.066 ± 0.166 

Ah2TC11H06 -0.031 ± 0.102 0.228 ± 0.144 -0.085 ± 0.110 0.079 ± 0.156 

Ah1TC3H02 0.068 ± 0.104 -0.170 ± 0.154 0.077 ± 0.099 0.360 ± 0.178 

pPGPseq4H2 0.077 ± 0.098 -0.094 ± 0.148 -0.030 ± 0.117* 0.389 ± 0.152 

Ah2TC9B08 0.126 ± 0.116 -0.024 ± 0.186 0.040 ± 0.141* -0.262 ± 0.177 

pPGSseq10D4 -0.168 ± 0.110 0.012 ± 0.146 0.091 ± 0.100 0.370 ± 0.154 

Ah2TC9F04 0.128 ± 0.106 -0.055 ± 0.147 -0.021 ± 0.099 -0.079 ± 0.149 

pPGPseq2E6 -0.026 ± 0.106 0.122 ± 0.144 -0.029 ± 0.103 0.055 ± 0.150 

pPGSseq17E3 0.110 ± 0.107 0.27 0± 0.158 0.002 ± 0.116 -0.226 ± 0.158 

pPGPseq7G2 -0.170 ± 0.109 -0.212 ± 0.149 NA NA 

* Indicates p-value > 0.05 

NA Denotes that the marker was not polymorphic in the two parents of the population 

NS Denotes that the marker could not distinguish heterozygote  
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Table 10.  Additive and dominance effects in Pop 3 (HTS 02 06 x Wynne) and Pop 4 

(HTS 02 06 x N09053olCSm) using individual plant field ratings from 2011 

 

Original SSR 

Marker 

Name Additive Pop 3 

Dominance 

Pop 3 Additive Pop 4 

Dominance 

Pop 4 

pPGPseq4G2 NA NA -0.013 ± 0.092 NS 

pPGPseq3E10 -0.233 ± 0.137 1.216 ± 0.374* 0.168 ± 0.124 0.103 ± 0.185 

pPGSseq19D6 NA NA 0.031 ± 0.136 0.042 ± 0.182 

pPGPseq7G2 NA NA 0.032 ± 0.135 

-0.084 ± 

0.179 

PM50 NA NA 0.035 ± 0.134 

-0.072 ± 

0.181 

pPGPseq2G3 0.104 ± 0.151 1.342 ± 0.393* 0.182 ± 0.152 0.091 ± 0.204 

AH26 NA NA 0.077 ± 0.156 

-0.038 ± 

0.195 

Ah2TC9F04 -0.145 ± 0.141 0.000 ± 0.366 0.010 ± 0.120 

-0.136 ± 

0.170 

pPGSseq18G9 -0.134 ± 0.133 0.336 ± 0.385 0.199 ± 0.127 0.145 ± 0.183 

* Indicates p-value > 0.05 

NA Denotes that the marker was not polymorphic in the two parents of the population 

NS Denotes that the marker could not distinguish heterozygote 
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Table 11.  Additive and dominance effects in Pop 1 (GP NC WS 17 x Wynne) and Pop 2 

(GP NC WS 17 x N09053olCSm) using field ratings of replicated whole plots from 2012 

* Indicates p-value > 0.05 

NA Denotes that the marker was not polymorphic in the two parents of the population 

NS Denotes that the marker could not distinguish heterozygote 

  

Original SSR Marker Name Additive Pop 1 Dominance Pop 1 Additive Pop 2 Dominance Pop 2 

pPGSseq16F10 0.139 ± 0.073 NS 0.111 ± 0.073 NS 

pPGSseq15E12 0.282 ± 0.104 0.047 ± 0.151 0.11 ± 0.093 0.734 ± 0.143* 

pPGSseq19D6 -0.018 ± 0.105 0.1 ± 0.148 0.041 ± 0.103 0.023 ± 0.171 

pPGSseq19G7 -0.063 ± 0.095 -0.096 ± 0.137 -0.271 ± 0.106 0.237 ± 0.137 

pPGPseq2C11 -0.116 ± 0.095 0.011 ± 0.141 0.062 ± 0.094 -0.065 ± 0.149 

PM50 -0.147 ± 0.12 -0.17 ± 0.194 0.049 ± 0.099 0.255 ± 0.157 

Ah1TC1A02 0.423 ± 0.145* -0.238 ± 0.207 0.233 ± 0.104 0.137 ± 0.15 

PM179 -0.278 ± 0.094* 0.331 ± 0.196 0.003 ± 0.102 -0.043 ± 0.146 

Ah2TC11H06 -0.086 ± 0.097 -0.029 ± 0.136 0.169 ± 0.102 -0.012 ± 0.14 

Ah1TC3H02 0.44 ± 0.1* 0.101 ± 0.151 0.096 ± 0.088 0.024 ± 0.164 

pPGPseq4H2 0.214 ± 0.093 0.183 ± 0.141 -0.044 ± 0.108 0.147 ± 0.14 

Ah2TC9B08 -0.286 ± 0.111 0.255 ± 0.177 -0.032 ± 0.134 0.179 ± 0.165 

pPGSseq10D4 -0.275 ± 0.107 0.122 ± 0.142 -0.048 ± 0.094 0.323 ± 0.144 

Ah2TC9F04 0.118 ± 0.102 -0.081 ± 0.138 0.191 ± 0.093 0.089 ± 0.142 

pPGPseq2E6 0.12 ± 0.1 0.325 ± 0.138 -0.185 ± 0.095 -0.319 ± 0.14 

pPGSseq17E3 -0.123 ± 0.105 -0.252 ± 0.153 -0.215 ± 0.104 -0.044 ± 0.143 

pPGPseq7G2 -0.106 ± 0.103 0.009 ± 0.141 NA NA 
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Table 12.  Additive and dominance effects in Pop 3 (HTS 02 06 x Wynne) and Pop 4 

(HTS 02 06 x N09053olCSm) using field ratings of replicated whole plots from 2012 

 
Original SSR Marker Name Additive Pop 3 Dominance Pop 3 Additive Pop 4 Dominance Pop 4 

pPGPseq4G2 NA NA 0.012 ± 0.085 NS 

pPGPseq3E10 0.163 ± 0.128 -0.164 ± 0.186 0.024 ± 0.109 -0.152 ± 0.179 

pPGSseq19D6 NA NA 0.075 ± 0.1 -0.039 ± 0.167 

pPGPseq7G2 NA NA 0.122 ± 0.122 0.417 ± 0.163* 

PM50 NA NA -0.153 ± 0.121 -0.095 ± 0.173 

pPGPseq2G3 -0.059 ± 0.097 -0.108 ± 0.188 -0.025 ± 0.09 -0.076 ± 0.185 

AH26 NA NA -0.041 ± 0.103 -0.025 ± 0.183 

Ah2TC9F04 -0.081 ± 0.11 -0.043 ± 0.168 -0.048 ± 0.093 0.037 ± 0.154 

pPGSseq18G9 -0.137 ± 0.103 0.098 ± 0.188 0.06 ± 0.109 -0.181 ± 0.171 

* Indicates p-value > 0.05 

NA Denotes that the marker was not polymorphic in the two parents of the population 

NS Denotes that the marker could not distinguish heterozygote 

  



51 

 

 

 

 

Table 13.  Additive and dominance effects in Pop 1 (GP NC WS 17 x Wynne) and Pop 2 

(GP NC WS 17 x N09053olCSm) using five-plant average ratings from replicated plots 

from 2012 

 

* Indicates p-value > 0.05 

NA Denotes that the marker was not polymorphic in the two parents of the population 

NS Denotes that the marker could not distinguish heterozygote 

  

Original SSR Marker Name Additive Pop 1 Dominance Pop 1 Additive Pop 2 Dominance Pop 2 

pPGSseq16F10 
0.172 ± 0.07* NS 0.078 ± 0.066 NS 

pPGSseq15E12 
0.32 ± 0.099* 0.14 ± 0.143 0.178 ± 0.087 0.668 ± 0.135* 

pPGSseq19D6 
0.039 ± 0.099 0.144 ± 0.139 0.06 ± 0.097 -0.203 ± 0.162 

pPGSseq19G7 
-0.054 ± 0.09 -0.177 ± 0.13 -0.301 ± 0.100* 0.236 ± 0.13 

pPGPseq2C11 
-0.085 ± 0.09 0.007 ± 0.133 0.035 ± 0.089 -0.158 ± 0.14 

PM50 
-0.148 ± 0.114 -0.077 ± 0.184 0.05 ± 0.094 0.206 ± 0.149 

Ah1TC1A02 
0.432 ± 0.137* -0.113 ± 0.196 0.197 ± 0.098 0.132 ± 0.141 

PM179 
-0.3 ± 0.089* 0.429 ± 0.186 -0.032 ± 0.097 -0.096 ± 0.139 

Ah2TC11H06 
-0.077 ± 0.092 -0.031 ± 0.129 0.044 ± 0.096 0.073 ± 0.133 

Ah1TC3H02 
0.437 ± 0.095* -0.052 ± 0.142 0.086 ± 0.083 0.013 ± 0.155 

pPGPseq4H2 
0.258 ± 0.088 0.181 ± 0.134 -0.006 ± 0.102 0.085 ± 0.133 

Ah2TC9B08 
-0.337 ± 0.105* 0.319 ± 0.168 -0.028 ± 0.127 0.202 ± 0.156 

pPGSseq10D4 
-0.244 ± 0.101 0.13 ± 0.134 -0.067 ± 0.089 0.284 ± 0.136 

Ah2TC9F04 
0.13 ± 0.095 -0.097 ± 0.13 0.158 ± 0.088 0.05 ± 0.134 

pPGPseq2E6 
0.085 ± 0.095 0.356 ± 0.13 -0.102 ± 0.09 -0.124 ± 0.141 

pPGSseq17E3 
-0.074 ± 0.1 -0.246 ± 0.145 -0.166 ± 0.098 0.057 ± 0.135 

pPGPseq7G2 
-0.111 ± 0.097 0.034 ± 0.134 NA NA 
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Table 14. Additive and dominance effects in Pop 3 (HTS 02 06 x Wynne) and Pop 4 

(HTS 02 06 x N09053olCSm) using five-plant average ratings from replicated plots 

from 2012 

 
Original SSR Marker Name Additive Pop 3 Dominance Pop 3 Additive Pop 4 Dominance Pop 4 

pPGPseq4G2 
NA NA 0.009 ± 0.082 NS 

pPGPseq3E10 
0.197 ± 0.124 -0.153 ± 0.18 0.063 ± 0.104 -0.103 ± 0.173 

pPGSseq19D6 
NA NA -0.001 ± 0.097 0.063 ± 0.161 

pPGPseq7G2 
NA NA -0.128 ± 0.093 0.247 ± 0.158 

PM50 
NA NA 0.073 ± 0.104 -0.113 ± 0.167 

pPGPseq2G3 
-0.109 ± 0.094 -0.08 ± 0.182 0.013 ± 0.087 0.009 ± 0.179 

AH26 
NA NA -0.003 ± 0.1 -0.003 ± 0.177 

Ah2TC9F04 
-0.024 ± 0.106 -0.08 ± 0.163 -0.076 ± 0.09 0.071 ± 0.149 

pPGSseq18G9 
-0.043 ± 0.1 0.032 ± 0.181 0.064 ± 0.106 -0.071 ± 0.165 

* Indicates p-value > 0.05 

NA Denotes that the marker was not polymorphic in the two parents of the population 

NS Denotes that the marker could not distinguish heterozygote 
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Appendix A.  List of SSR Markers Used 
 

Universal SSR 

Marker Name 

Original SSR 

Marker Name Primer Population Forward (5’ – 3’) Reverse (5' -3') 

GM557 pPGSseq16F10 16F10 1,2 TGGAGGGAAAAACATTTT

GG 

CCTGGAGGGGTGAGAGG

T 

GM546 pPGSseq15E12 15E12 1,2 GCAGAACTAAGGTCGGC

AAG 

TCCGCCCTTTATTTTTGTG

T 

GM591 pPGSseq19D6 19D6 1,2,4 TTTGTTATGCTCACACCC

CA 

AAAAATGAAGCAATATT

TTGTTGTTAG 

GM600 pPGSseq19G7 19G7 1,2 CACGACGTTGTAAAACGA

CATTCAATTCCTCTCTCCC

CC 

TCAATCAATCAATCGCAG

GA 

GM427 pPGPseq2C11 2C11 1,2 TGACCTCAATTTTGGGGA

AG 

GCCACTATTCATCGCGGT

A 

GM384 PM50 PM50 1,2,4 CACGACGTTGTAAAACGA

CCAATTCATGATAGTATT

TTATTGGAC 

CTTTCTCCTCCCCAATTT

GA 

GM3 Ah1TC1A02 TC1A2 1,2 GCAATTTGCACATTATCC

GA 

CATGTTCGGTTTCAAGTC

TCAA 

GM346 PM179 PM179 1,2 CTGATGCATGTTTAGCAC

ACTT 

TGAGTTGTGACGGCTTGT

GT 

GM99 Ah2TC11H06 TC11H6 1,2 CCATGTGAGGTATCAGTA

AAGAAAGG 

CCACCAACAACATTGGA

TGAAT 

GM38 Ah1TC3H02 TC3H2 1,2 CTCTCCGCCATCCATGTA

AT 

ATGGTGAGCTCGACGCTA

GT 

GM473 pPGPseq4H2 4H2 1,2 ACCGCAAACTCATCCATC

TC 

GATAGCGTCAGAGGCAG

AGG 

GM81 Ah2TC9B08 9B8 1,2 GGTTGGGTTGAGAACAAG

G 

ACCCTCACCACTAACTCC

ATTA 

GM500 pPGSseq10D4 10D4 1,2 ATCCCTGATTAGTGCAAC

GC 

CGTAGGTGGTTTTAGGAG

GG 

GM87 Ah2TC9F04 9F4 1,2,3,4 CCTAAACAACGACAAAC

ACTCA 

AAGCACAACACAGAACC

CTAAA 

GM429 pPGPseq2E6 2E6 1,2 TACAGCATTGCCTTCTGG

TG 

CCTGGGCTGGGGTATTAT

TT 

GM565 pPGSseq17E3 17E3 1,2 TTTCCTTTCAACCCTTCGT

G 

AATGAGACCAGCCAAAA

TGC 

GM488 pPGPseq7G2 7G2 1,4 ACTCCCGATGCACTTGAA

AT 

AACCTCTGTGCACTGTCC

CT 

GM470 pPGPseq4G2 4G2 4 GATCCAACTGTGAATTGG

GC  

CACACCAGCAACAAGGA

ATC  

GM450 pPGPseq3E10 3E10 3,4 TCCCAAAAATAACAAACA

TGGA 

ACGCTTTGAGACTCGTCG

TT 

GM433 pPGPseq2G3 2G3 3,4 ATTCACAAGGGGACAGTT

GC 

ATTCAAGCCTGGGAAAC

AGA 

  AH26 AH26 4 GAAAATGATGCCATAAA

GCGTA 

ATTCAAGCCTGGGAAAC

AGA 

GM583 pPGSseq18G9 18G9 3,4 ATATCAGCGCCAATGACT

CC 

TCGCTCCTGGCACCTATA

TC 
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Appendix B. List of Checks in 2012 
 

 

Cross 1 and 2 Study Cross 3 and 4 Study 

Variety 

Whole Plot 

Score 

Average 

Plot Score 

Whole Plot 

Score 

Average 

Plot Score 

Florigiant 7.7 6.9 7.3 5.9 

Bailey 2.1 2.0 1.9 2.1 

GP NC 343 3.0 2.7 1.8 1.9 

NC 3033 7.7 7.2 NA NA 

PI 109839 ('Mani' from 

Venezuela) 3.1 2.7 NA NA 

PI 121067 ('Indio' from 

Argentina) 0.9 1.0 1.8 1.6 

PI 269685 ('Virginia 

Bunch' Mwitunde 

Hemingway from 

Tanganyika) 1.0 1.0 2.4 1.7 

Phillips 6.1 5.5 NA NA 

Florida Fancy 4.2 3.7 NA NA 

Brantley 4.9 4.7 NA NA 

Sugg 3.1 2.8 2.9 2.6 

CHAMPS 5.8 5.1 NA NA 

Georgia Green 1.0 1.0 NA NA 

Florida-07 6.1 5.2 NA NA 

Wilson 7.4 7.0 NA NA 

NC V-11 6.4 6.9 NA NA 

Perry 6.4 5.9 NA NA 

NC 12C 5.1 4.9 NA NA 

VA-C 92R 5.2 4.5 5.1 4.0 

NA indicates not in Test 


