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ABSTRACT

In 1904 the chestnut blight, caused by Cryphonectria parasitica, was
introduced to North America from Asia and has devastated the chestnut population in
America. The current goal of The American Chestnut Foundation is to successfully
cross breed American chestnuts and Chinese chestnuts to adapt trees with resistance
to the blight while retaining all other American chestnut characteristics. Molecular
approaches are being employed to improve breeding techniques. This study includes
Dot Blot analysis, segregation analysis, and linkage analysis of filial populations.
The Dot Blot approach was used to estimate the amounts of Chinese and American
chestnut DNA present in individual samples from the BC3F2 generation. Bulked
Segregant Analysis was used to identify markers that are linked to blight resistance.
The six new markers obtained were added to the existing F2 genetic linkage map of
American by Chinese chestnut (Kubisiak et.al, 1997). Linkage analysis was also
conducted on an F1 population of chestnut to compare linkage groups with the F2
linkage map. Sixteen RAPD and 2 SSR markers were used for linkage analysis on
the F1 population, none of which were placed in the same arrangement as on the F2
map.

These results provide new tools and insights for breeding blight resistant

American chestnuts.
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Chapter 1
Introduction
1.1 The American Chestnut
The American chestnut tree (Castanea dentata) was once a large part of the
eastern forests of the United States. It could grow up to 100 feet tall, showed dark
green leaves and produced sweet nuts. It once made up about one fourth of the
eastern hardwood forests (Burnham 1988). After human settlement it increased
further in density. Once logging efforts were begun the American chestnut increased
to some nearly pure stands due to its rapid growth, allowing it to quickly out-compete
other species (Anagnostakis 2001). It originally ranged from Maine south to Georgia
and Alabama, west to Tennessee, all the way through southern Ontario and parts of
Michigan (figure 1).
The American chestnut was of great ecological importance. It was excellent
timber, lighter than oak and easier to use and extremely rot resistant. It was used for
boxes, furniture, railroad ties, telephone poles, fence posts, shingles, furniture,
musical instruments, and fuel for homes (Anagnostakis 1987, Burnham 1988).
Chestnut tannins were also used for tanning in heavy leathers, and it was planted in
urban settings for its shade. The nuts were also an important source of food for both
humans and wildlife. Country people would gather chestnuts for food and bartering.
Another reason the American chestnut was so useful for logging was that it would
send up sprouts after the tree was cut, eliminating the need to replant and preventing
soil erosion (Burnham et al., 1986). In 1912 the estimated value of the timber in just
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Figure 1. The natural range of the American chestnut. Source: The American Chestnut Foundation
webpage, http://www.acf.org/range_close.php
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Pennsylvania, North Carolina, and West Virginia was $82.5 million (Anagnostakis
1987). The American chestnut was so economically important that it probably was
one of the contributing factors to the Great Depression when it was lost (Burnham,
1986; Anagnostakis, 1987; Burnham, 1988; Anagnostakis, 2001).

1.2 The Chestnut Blight
The Chestnut blight (Cryphonectria parasitica) was first discovered in 1904
in New York by Herman Merkle. He took his discovery to Dr. W. A. Murril, who
named it Diaporthe parasitica. It was later renamed Endothia parasiticia before
finally being moved to the genus Cryphonectria by Barr (Anagnostakis 1987). By
1910 most of the chestnuts in the New York Zoological Park were dying. In 1913
Frank Meyer, who worked for David Fairchild, went to China to look for this disease.
He found it and sent samples back into the United States, a second introduction of the
fungus. They studied the blight fungus and inoculated some trees near Washington,
D.C. and concluded that it was the same fungus (Anagnostakis 1987). The disease
continued to spread throughout the native range of the American chestnut at an
impressive rate of 24 miles per year. Within fifty years blight had covered 3.6
million hectares and had devastated the American chestnut population.
The chestnut blight, sometimes called chestnut bark disease, is an ascomycete,
which is a type of fungus that produces spores in an ascus. The fungus contains two
specific types of spores. Conidia, the asexual spore, are short-lived, produced in large
numbers, and are sticky. The ascospores are sexual, long lived, and continue to
spread for years after a tree has died (Burnham 1988). Heald and Studhalter (1912)
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were able to describe why this disease was able to spread so incredibly quickly, based
on each spore’s mode of transmission. The small conidia form a horn, a long sticky
hair-like structure, during wet weather. This horn can contain up to thousands of
spores that can be carried by insects, mammals, birds, and rain. The rain can also
spread the spores further down an already infected tree to create more infections.
Furthermore, Heald, Gardner and Studhalter (1954) discovered that the large
ascospores were dispensed by the wind and could be found to travel as far as 400 feet
from its originally infected tree (Beattie et al,. 1954).
The Chestnut blight enters through wounds in the bark, either in trunks,
branches, or twigs. It then infects the cambium layer and circles the diameter of the
tree, killing everything above the original infection spot. The result of the infection is
called a canker, which looks like a blister on the tree bark, and sometimes wilting of
the distal portions of leaves can also be observed (Anagnostakis 1987).
Because the American chestnut tree evolved in the absence of this disease,
they have little or no resistance to it. The result was complete devastation of the once
rich American chestnut population in this country. As previously mentioned, after the
tree dies it sends up numerous sprouts. These sprouts continue to grow but rarely
manage to survive to the age of sexual reproduction before becoming infected. This
entire cycle of sprouting after tree death, infection of sprouts, death of the sprouts,
and re-sprouting again can take as many as 40 years in the forest (Anagnostakis
2001).
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1.3 Early Restoration Efforts
The Chinese chestnut (Castanea mollissima) is much more resistant to the
chestnut blight, having evolved in the presence of this fungus. However, because of
the drastic differences between the American and Chinese chestnut trees, it is
impractical to try to simply replace our American species with the Chinese. The
Chinese chestnut is not as cold-hardy as the American, it is not timber productive, and
does not grow as tall as the American, therefore it would never be able to replace the
American as a dominant canopy species in the forest. For these reasons there was
much effort in trying to stop the spread to new American chestnut trees, control it
once a tree became infected, and to restore the dying trees.
Beginning efforts were small and little support was available. From 1906 to
1910 there were only very limited amounts of Federal money to help the American
chestnut, less than a few hundred dollars per year. As the devastation became evident
in following years, this amount was increased to $5,000 in 1911, to $80,000 in 1912,
to $240,000 in 1914. By 1914 the Chestnut Tree Blight Commission was created by
the Pennsylvania legislature to help study the fungus and combine efforts to stop the
blight from spreading any farther. Researchers originally proposed to make barriers
to stop the spread by cutting down trees, but unfortunately the blight spread before
this plan could be put into action (Beattie et al,. 1954).
As described by Beattie (Beattie et al,. 1954), several methods were employed
by different scientists, but all proved to be unsuccessful. Dr. J. Russell Smith tried
spraying to control the blight. Roy Pierce of the PA Commission tried tree surgery,
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and Dr. Caroline Rumbold attempted injecting the infected trees with chemicals. It
was originally thought that the nuts from infected trees would be poisonous, but this
was proven to be untrue by Dr. T.C. Merrill in 1913. Some scientists attempted using
radiation on the nuts of American chestnut trees. The hope here was to form a mutant
of the American chestnut that would possess the needed resistance (Burnham 1988).
There has been over 80 years of chestnut breeding in attempts to restore the
American chestnut with improved resistance to the blight (Burnham 1986, Burnham
1988, Anagnostakis 2001). The goal of breeding was to create chestnut trees that
were similar in form to the American chestnut with resistance to the blight like the
Chinese chestnut. In 1922 Gravatt and Clapper began a breeding program as part of
the Office of Forest Pathology, the Bureau of Plant Industry, and the USDA. In 1929
Graves began another breeding program at Hamden, Connecticut while he was
working at the Brooklyn Botanic Garden, where the blight was first reported in the
United States. In 1930 this became known as the Connecticut Agricultural
Experiment Station program and still exists today. These two programs worked
together starting in 1936. However, around 1960 the USDA program was abandoned
and the plantings destroyed.
Although researchers learned a great deal about the chestnuts, neither of these
programs was successful in achieving their goal of restoring the American chestnut
tree. One of these reasons was that they would simply create large numbers of
crosses between resistant and susceptible trees, simply hoping to come upon one great
tree that showed proper form and resistance. Secondly, when producing further
crosses, they would score resistance based on phenotype alone, with no other work to
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see if trees truly carried the gene or genes for resistance. This would have been
extremely frustrating for breeders who screened trees for resistance and susceptibility,
later to find that the opposite was true. Their frustration would later become
pessimism as well since the researchers originally thought that the mode of
inheritance for resistance to the blight was extremely complex. The third reason they
were unsuccessful was that they actually would backcross progeny to the resistant
parent because they felt the progeny still was not resistant enough. This resulted in
trees with the physical characteristics of the resistant Chinese parent, which was
exactly the opposite of the intended goal (Burnham 1986).
A more recent method of resistance has been employed and is described in
Anagnostakis 1987. When the drastic effects of the blight became evident in the
United States, scientists in Italy became concerned that a similar fate was in store for
their European chestnuts. In 1951 Biraghi reported the observation that some trees in
Italy began healing themselves. He found that these trees seemed to contain the
fungus to only the outer layer of bark. In 1964 mycologist Jean Grente went to Italy
to study this fungus. He discovered unique strains with reduced virulence of the
blight, and he named these strains hypovirulent (H) strains. These H strains could be
injected into cankers and would change virulent (V) strains to H strains. This seemed
to be a promising technique, so in 1971 H strains were sent to the Connecticut
Agricultural Experiment Station for study. They found that the H strains had the
ability to control cankers that had already formed, but there was still no way to
prevent new ones from forming. Therefore this would be an unsuccessful method for
the American chestnut’s long term survival in the forest.
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1.4 The Backcross Breeding Method
As already mentioned, researchers believed the original method of inheritance
of resistance was very complex (Burnham 1988). Breeders would produce large
numbers of crosses between American, Chinese, and Japanese chestnuts. They would
take the favorable progeny and then cross them with each other. Their hope was that
they would obtain by chance at least one tree with good form and high levels of
resistance. They did come close with a tree that was named Clapper, which was able
to survive without forming cankers for 25 years. This tree was an exception though,
and most trees were produced with the wrong combination of materials. This led the
breeders to believe that resistance and growth form were linked traits and that
resistance to the blight was recessive.
However, Clapper was able to demonstrate that this was not true (Clapper
1952). He conducted a study in Glendale, Maryland where he inoculated trees and
studied their levels of resistance. He would classify the trees based on presence and
size of cankers. A backcross population of 140 individuals was obtained from the
American x Chinese cross, which was then crossed back to Chinese parent. Of these
140 trees, 51 fell in to the category of no cankers, and 52 were in the small class. The
susceptible class had 37 individuals. This 3:1 ratio of resistant to susceptible trees in
a backcross generation was evidence for two pairs of genes controlling resistance.
This would make the genotype of the American parent r1r1r2r2 and the Chinese parent
R1R1R2R2 (Burnham 1988).
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The backcross method was already being used for crop improvement and was
known to be useful in the transfer of specific traits, in this case blight resistance
(Briggs 1938). As described by Briggs in his article, the backcross method is “based
on the simple fact that a heterozygous population backcrossed to either homozygous
parent will become homozygous for the genotype of the recurrent parent.”
In 1981 Charles Burnham introduced the backcross breeding method,
designed to breed hybrid trees between the American and Chinese chestnut that
would retain the desirable American characteristics along with introgression of the
Chinese resistance to the blight. This method should pass the resistance genes onto
the progeny while increasing the amount of American genetic material in the
progeny.
Burnham describes the genetics behind the backcross breeding method in his
1988 article. By crossing the American and Chinese chestnuts, the resulting F1
hybrids will all have half of their genetic material from the American parent, and half
from the Chinese. In the next generation, crossing the F1 hybrid back to the
American parent, the next generation of BC1 will again get half of their genetic
material from the American parent. But because the F1 parent again already is half
American, the BC1 generation will increase its American genetic material on average
to ¾. This will continue throughout each generation from ¾ in the BC1 to 7/8 in the
BC2 and to 15/16 in the BC3 generation (figure 2).
Breeders also need to ensure that the resistance genes are being selected for in
each generation as well. This is done by inoculating trees with the blight fungus and
measuring canker size and is described by Hebard (Hebard 2006). The hybrid trees
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are inoculated with two different strains of the blight fungus. One year after
inoculation a qualitative assessment of canker length and width is measured as a
result of each blight strain. The reactions of the trees to the two different strains of
the fungus determines whether it is highly blight resistant, intermediate, slightly
blight resistant, or is not blight resistant. Each hybrid that was inoculated is then
observed and placed into one of these resistance categories. By selecting the
individuals with the most resistance for breeding in each generation it can be ensured
that the resistance is being passed on, along with the American characteristics.
The American Chestnut Foundation was formed in 1983 in order to
implement this program. The current goal of The American Chestnut Foundation is
to successfully cross breed American chestnuts and Chinese chestnuts to produce
trees with complete resistance to the blight while retaining all other American
chestnut characteristics. The backcross breeding method is expected to make this
possible.
There are several advantages to the backcross method. One is that fewer
numbers of crosses are needed. Also, the entire process can be planned stepwise from
the beginning, and if there is a somewhat accurate estimate of the number of genes
controlling the trait of interest, breeders can calculate the number of progeny needed
for each generation (Burnham 1986).
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Figure 2. The American Chestnut Foundation backcross breeding chart.
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However, many other factors must be taken into effect as well. As described
in Burnham 1988, modifications must be made to the backcross method for the
chestnut, which is cross pollinated, since it had originally been used in crops like
wheat which are self pollinated. First, there must be many different American
chestnut individuals to be recurrent parents at each BC generation in order to reduce
inbreeding. Also, because the two different species are being used to create these
hybrids, there may be deleterious combinations of genetic material in the progeny that
will not allow them to survive. This must be taken into account when calculating the
number of progeny each generation. Finally, since the American chestnut has such a
large natural range spanning several different soil types and environments, the
resistance obtained must also be able to survive and be well adapted in all of these
different environments as well.
Furthermore, there is also a time issue to consider when working with trees.
The average time for flowering is generally 5-8 years. With a calculated five
generations needed, this means 25-40 years are going to be needed for this breeding
program (Burnham 1988).

1.5 Molecular Approaches
Because of the long time period needed between generations of chestnut, and
also because of the number of generations required to complete the backcross
method, there is obviously a need to expedite the breeding process. Molecular
techniques have been mentioned as an option as early as 1988 when Burnham first
proposed the backcross method to restore the American chestnut (Burnham 1988).
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Marker-assisted selection provides a method of selecting progeny for further breeding
based on genotype instead of phenotype. This provides several advantages over
traditional phenotypic selection. The biggest gain is in time since the genotype can
be determined before the phenotype is fully developed. Sometimes also the
individual doesn’t fully show the phenotype of interest for several years.
Environment can also have an effect on phenotype but will not matter when studying
genotype. Finally, selection can be done for more than one trait; in this case timber
quality could also be selected for (Bernatzky and Mulcahyl, 1992, Kubisiak et al,.
1997, Lande and Thompson 1990, Mohan et al,. 1997, Melchinger 1990, and Zheng
and Wolfe, 1999). The requirements to conduct marker assisted selection are
explained in Mohan et al,. 1997. Researchers must have identified markers that are
closely linked to the trait of interest, a way to screen large populations, and screening
should be cost effective and reproducible. For these reasons molecular approaches
are being employed to improve breeding and selection.

1.6 Objectives
The main objectives of this study are to aid the American Chestnut
Foundation’s breeding program through molecular methods, including:
A. To develop and refine the technique for dot blot analysis.
B. To determine the relative amounts of Chinese and American chestnut DNA present
in the existing individual hybrids of the BC3F2 generation using dot blot analysis
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C. To saturate the resistance QTLs on the existing Castanea x F2 genetic linkage map
with molecular markers.
D. To compare observed linkage of loci in the F2 linkage map by linkage analysis of
the F1 population.
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Chapter 2
Dot Blot Analysis
2.1 Introduction
The purpose of the backcross breeding (BC) program is to reduce the amount
of Chinese genomic DNA by one half each generation while retaining the Chinese
resistance to the chestnut blight. The F1 hybrids would be on average half American
chestnut and half Chinese chestnut. This pattern would continue each generation to
increase the amount of American DNA and decrease the amount of Chinese DNA.
By the BC3 generation, the trees should be on average 15/16 American genomic
DNA. However, this number is by no means exact; it is simply an average value for
all of the progeny involved in the BC3 generation (Burnham 1988).
Due to the amount of genomic shuffling during the reproductive process, each
tree has the potential to contain much more or less than 15/16 American chestnut
genomic DNA in the BC3 generation. Things like mutations, cross-overs, and
independent assortment in the meiosis process all cause genetic variation between
generations (Lewis 2003).
Because of this genetic variation, it would be helpful for breeders to know the
relative amounts of American and Chinese genomic DNA in individual hybrids at
each generation. This would involve researchers phenotypically screening trees that
show the best resistance, and then analyzing those hybrids for the most American
genomic DNA content. To meet this, dot blot analysis was employed to determine
trees with the most American genomic DNA content in the BC3F2 progenies with
higher blight resistance.
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The dot blot is a southern hybridization-based technique where one labeled
DNA is hybridized to another DNA to see if a particular sequence is found in a
sample. In a southern hybridization, genomic DNA is cut into fragments with
restriction enzymes, separated on an agarose gel, and transferred to a nylon
membrane. The DNA fragments are then checked for the sequence of interest by
hybridization with a gene-specific radiolabelled probe. However, in a dot blot the
genomic DNA is simply fixed to the membrane and then hybridized with a probe. In
this project the radiolabelled probe also contains genomic DNA since we are
attempting to determine the genomic content of the individual DNA samples.
This approach is effective because it can be sensitive and can be performed on
many samples at once. It allows researchers to quantitatively determine the relative
amounts of Chinese and American total genomic DNA by hybridizing individual
DNA samples to a membrane and labeling the samples with a radioactive probe of
pure Chinese genomic DNA. Because American and Chinese chestnut trees are
closely related, un-labeled blocking DNA from American chestnut was used in order
to block DNA sequences that are found in both species from participating in
hybridization.
The purpose of this study was to analyze DNA content in individuals of the
BC3F2 generation using the dot blot approach, which were already screened for
resistance (by Dr. Fred Hebard, the American Chestnut Foundation), to determine
those with higher American chestnut genomic DNA content to use for further
breeding (Liu and Carlson 2006).
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2.2 Methods and Materials
2.2.1 Sample Collection
Samples were collected from Meadowview Farms in Meadowview, Virginia
in August 2006. Three twig samples with buds were cut from each of 314 hybrid
trees from the BC3F2 generation. Samples were placed in coolers of ice during
transportation back to Penn State University, and then stored at 4°C until ready for
DNA extraction.

2.2.2 DNA Extraction
DNA was extracted from each of the 314 samples using a Qiagen DNeasy 96
Plant Kit (Valencia, CA) according to the manufacturer’s instructions with the
following modifications. Approximately 50 mg of bud material was harvested from
the twigs for extraction. The collection microtube racks were packed on dry ice while
each well was being filled with the bud samples, and placed at -20°C until all samples
were ready for extraction. Elution of the DNA from the filters was done with 2 x 50
μl of Buffer AE from the kit. After the extraction procedure was complete the DNA
was quantified using an Eppendorf BioPhotometer. All samples to be analyzed were
diluted to 25 ng/μl with sterile double distilled water.
Genomic DNA for making the probe and the standard ladder was extracted
using a CTAB protocol. Probe DNA was extracted from the pure Chinese chestnut
tree Mahogony, and American DNA used for ladder mixture and for blocking was
from the American tree Alex-R. Extraction buffer was composed of 100 mM Tris-
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Base, pH 9.5, 1.3 M NaCl, 25 mM EDTA, 1% (w/v) PEG8000 and 2% (w/v) CTAB.
Before use 10μl of β-mercaptoethanol per milliliter of buffer was added. Eight
milliliters of extraction buffer was used for each sample, and 80 μl of βmercaptoethanol.
Approximately 0.7g of plant leaf material was frozen with liquid nitrogen and
ground with a mortar and pestle. Ground material was immediately placed in the
extraction buffer and all samples were kept on ice until each sample was ground.
Samples were then vortexed vigorously and then incubated at 71°C in a water bath
for one hour with intermittent mixing. Samples were placed on ice for about a
minute, and then mixed with an equal volume of 24 parts chloroform and 1 part
isoamyl alcohol that had been stored at -20°C. The tubes were centrifuged for 5
minutes at 5500 rpm using a Beckman GS-15R centrifuge. The upper aqueous layer
was removed to a fresh tube and again mixed with an equal volume of ice cold 24
parts chloroform and 1 part isoamyl alcohol. Samples were centrifuged the same
way, and the upper aqueous layer was again removed and the samples were then
incubated at 50°C for 15 minutes with RNase. Samples were then extracted with an
equal volume of phenol pH 8.0, centrifuged, and the upper aqueous layer removed to
a fresh tube. Twice the volume of ice cold ethanol and 1/10 volume of sodium
acetate was then added to the aqueous solution for precipitation, inverted several
times and incubated at -20°C for 30 minutes. The DNA coming out of solution was
visible, and in order to obtain a cleaner extraction the DNA was spooled out of the
solution with a probe and placed into a 2.0 mL microcentrifuge tube, and washed
again with 1.8 mL of ice cold 70% ethanol. The tubes were then centrifuged for 10
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minutes at 4°C at 1500 rpm. The DNA pellet was dried for 10 minutes in a Savant
DNA Speed Vac DNA 120. The pellets were resuspended with between 500-800 μl
of water.

2.2.3 DNA Preparation
Probe and blocking DNA were quantified using an Eppendorf BioPhotometer
and diluted to 500 ng/μl. Blocking DNA was sheared to 100-300 base pair fragments
by autoclaving the genomic DNA for 8 minutes (Snowdon et al., 1997). Probe DNA
was sheared to 500-1000 base pair fragments by autoclaving the genomic DNA for 4
minutes. These times were determined after testing a series of autoclave times on a
small DNA sample, and checking for size on an agarose gel.
The DNA dilution was prepared by mixing unsheared genomic DNA between
pure Chinese and pure American samples in the following ratios of Chinese to
American DNA: 1:1, 1:3, 1:7, 1:15, and 1:30 in a total of 200 ng each. A pure
American and pure Chinese genomic DNA samples were also included as negative
and positive controls, respectively in the standard DNA ladder.

2.2.4 Membrane Preparation
Amersham Hybond-XL membrane paper was used to dot the individual DNA
and dilution samples. Membranes were cut to 7.5 x 12 cm to resemble a 96 well
reaction plate and placed in a Hybri-Dot manifold attached to a vacuum. The
membrane was dotted according to the manufacturer’s instructions while being
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vacuumed (GE Healthcare, Amersham Place, Little Chalfont, Buckinghamshire, HP7
9NA UK).
DNA samples to be dotted were denatured at 94°C for 10 minutes in a PE
Applied Biosystems GeneAmp PCR System 9700 thermalcycler and placed
immediately on ice. The samples remained on ice while the membrane was being
dotted. Each dot spotted onto the membrane contained 200 ng of DNA. Membranes
were cross linked for 30 seconds each using a Stratagene UV Stratalinker 1800.
Membranes were placed in individual plastic Ziploc bags at 4°C until ready for use.

2.2.5 Pre-hybridization of Membranes
Pre-hybridization was carried out according to the manufacturer’s instructions
(GE Healthcare, Amersham Place, Little Chalfont, Buckinghamshire, HP7 9NA UK)
and the protocol developed by Liu (Liu and Carlson 2006). Hybridization buffer was
prepared according to Amersham Hybond-XL manufacturer’s protocol and contained
0.5 M Phosphate buffer, pH 7.2, 7% (w/v) SDS, and 10 mM EDTA. Membranes
were pre-hybridized in tubes using 100 μl/cm2 of hybridization buffer that was preheated to 65°C, 100 μg/ml of Salmon Sperm DNA, and approximately 20μg of
sheared blocking American chestnut DNA. Salmon sperm and blocking DNA were
both denatured in a boiling water bath for 10 minutes before adding to the
hybridization buffer and being applied to the membranes. Samples were left for 8-12
hours at 65°C with constant agitation in a Hybond rotisserie oven.

2.2.6 Hybridization with P32- labeled Probe
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The DNA was labeled according to manufacturer’s protocol (GE Healthcare,
Amersham Place, Little Chalfont, Buckinghamshire, HP7 9NA UK) using an
Amersham Megaprime DNA Labelling System kit. The DNA to be labeled was
diluted to a concentration of 10 ng/μl, and 25 ng of Chinese chestnut DNA, primers,
and water were added to a final volume of 50 μl in a 1.5 ml microcentrifuge tube.
The DNA and primers were placed in a boiling water bath for 5 minutes, and then
centrifuged briefly. The tubes were kept at room temperature and reaction buffer,
enzyme, and P32- labeled dCTP were added and mixed by pipetting up and down
several times. The probe was incubated at 37°C for a full hour before denaturing for
5 minutes in a boiling water bath and applying directly to the pre-hybridization
mixture. To ensure that the probe did not touch the membrane directly, the probe was
pipetted directly into the hybridization mixture and swirled to ensure thorough
mixing. The membranes were incubated at 65°C with constant agitation for 8-16
hours in a Hybond rotisserie oven.

2.2.7 Washing and Signal Detection
Washing was done according to Liu 2006 with slight modifications.
Unhybridized probe was washed off with a series of dilutions of SSC/SDS washes.
First membranes were washed with 2 X SSC/0.1% SDS for 20 minutes at room
temperature. Second, the membranes were washed with 0.2 X SSC/ 0.1% SDS for 30
minutes at 42°C. Finally they were washed with 0.1 X SSC/0.1% SDS for 30
minutes at 60°C. All washes were carried out with constant agitation. The
hybridization signal was then exposed for 45 minutes using an Amersham
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Biosciences Phosphorscreen. Exposure times to the Phosphorscreen were adjusted
based on the darkness of the images produced so as to obtain adequate detection, but
not overly saturate the image. The results were then detected using a phosphor
imager. The resulting image was then loaded into the Alpha Innotech AlphaImager
gel-doc system, and analyzed by detecting spot densitometry for each sample. The
percent of Chinese chestnut genomic DNA was graphed and calculated using the
statistical program Minitab (Minitab, Brooks/Cole, Pacific Grove, CA, USA).

2.3 Results
2.3.1 DNA Extraction
DNA extracted from the tissue samples using the Qiagen DNeasy 96 Plant Kit
ranged in concentrations from approximately 10 to 100 ng/μl of DNA at a total
volume of 100 μl. A total of 150 μl of DNA was obtained from each sample,
resulting in at least 1500 ng of DNA. Since only 200 ng of DNA was spotted for
each individual sample, this procedure yielded sufficient amounts of DNA for this
protocol.
DNA extracted with the CTAB method used for probe, DNA serial dilution,
and blocking purposes ranged in concentration from 300-800 μg/ml when extracted
from twigs. This DNA was generally more viscous and brown tinted, and did not
appear to be successful for making the probe. It was also difficult to obtain an
accurate concentration reading with a spectrophotometer, regardless of the dilution.
Because of this the DNA was run through another series of cleaning steps including
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an additional Phenol:Chloroform extraction and an RNase incubation in an attempt to
improve the quality. Since this was unsuccessful, DNA was prepared from leaf
material for the probe DNA, blocking DNA, and to construct the serial dilutions in
this experiment instead, and gave DNA of much higher quality in a range from 500900 μg/ml to a total volume of 400-800 μl.

2.3.2 Membrane Preparation
The volume of DNA was increased from 3.44 μl to 8 μl in an attempt to
improve this experiment. Loading a larger volume of DNA to the membranes to a
total of 200 ng allowed for much clearer visualization of the hybridization. The
pressure of the vacuum applied to the dot blot manifold also needed to be adjusted in
order to create an even circle shaped coverage of DNA on the membrane. This also
allowed much clearer visualization of the signal intensities (figure 3). The dilutions
of American and Chinese genomic DNA were used as a standard against which we
could measure the intensities and determine estimates of Chinese genomic material of
the individual hybrids (figure 4).

2.3.2 Hybridization with a P32-labeled Probe
The hybridization of Chinese genomic DNA probe labeled with P32 was able
to differentiate samples with more or less Chinese genomic DNA on the dot blots. It
is clear that samples that result in darker spots would have more Chinese genomic
DNA. Allowing the enzyme reaction step during probe construction to proceed for
the full hour in the second attempt of the protocol at 37°C yielded much clearer
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results than simply allowing the reaction to take place for 10 minutes, as the
manufacturer’s protocol suggests.

2.3.3 Washing and Signal Detection
The washing steps were successful at eliminating background to enable clear
visualization of the hybridization signal. Detection by exposing the membranes to the
Phosphorscreen varied in length based on the signal intensities. To determine the
optimal length of exposure time a gradient was tried ranging from one hour to two
full days.

2.3.4 Dot Blot Data
The resulting images for the dot blot analysis are shown in figures 5, 6, 7, and
8. Data for spot signal intensities of the serial dilutions are listed in table 1. Because
the densitometry values obtained for the 100 percent Chinese and 50 percent Chinese
samples were so close, indicating a saturation of the signal, the 100 percent Chinese
value was dropped when creating the standard curve for further analysis (table 2).
The hybridization intensities of the serial dilutions were graphed to create a standard
curve (figure 9). This curve was then used to plot each hybrid absorbance value and
determine the percentage of Chinese chestnut genomic content for each hybrid. Data
for spot signal intensities for each individual hybrid are presented in the Appendix in
tables A1, A2, A3, and A4. Each table lists the samples in the order from which they
are spotted on the membrane by row from top to bottom. Values listed as NA are
samples that were not spotted onto the membrane because there was no remaining
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DNA for those particular samples. This data was then used to graph the variation of
amount of Chinese genomic DNA within the BC3F2 population (figure 10).
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A.

B.

C.

Figure 3. In order to improve visualization of each DNA sample,
sample volume sizes were increased from 3.44 µl (A) to 8 µl (B and
C). The un-even circles (B) were eliminated by adjusting vacuum
pressure evenly over the membrane (C) to allow even dots for clearer
results.
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Chinese:American Admixthres

Chinese
1:1
1:3
1:7
1:15
1:30
American

Figure 4. Results of hybridization of chestnut DNA probe to dot blot of
an admixture of Chinese and American genomic DNAs from 100 percent
Chinese to 100 percent American.
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Figure 5. Hybridization results for dot blot membrane including
samples 1-88.
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Figure 6. Hybridization result for dot blot membrane including
samples 89-177.
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Figure 7. Hybridization result for dot blot membrane including
samples 178-266.
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Figure 8. Hybridization result for dot blot membrane including
samples 266-314 .

31

Table 1. Dot blot densitometry values and percent Chinese genomic
content for the serial dilutions with the 100 percent Chinese value.
Chinese Content of Serial
Densitometry
Estimated % Chinese
Dilutions
Value
Content
0.0
4.60
1.66
3.20
8.40
2.68
6.25
13.41
4.42
12.50
27.5
11.77
25.0
47.0
27.93
50.0
82.5
75.14
100
81.4
73.38
Table 2. Dot blot densitometry values and percent Chinese genomic
content for the serial dilutions without the 100 percent Chinese value.
Chinese Content of Serial
Densitometry
Estimated % Chinese
Dilutions
Value
Content
0.0
4.60
3.6420
3.20
8.40
5.5513
6.25
13.41
8.1456
12.50
27.5
15.9106
25.0
47.0
27.7989
50.0
82.5
52.8448
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Figure 9. Standard curve plotted using the serial dilutions.
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Figure 10. Plot of the distribution in the frequency of percent Chinese genomic DNA of
hybrids from the BC3F2 population after dot blot analysis.

2.4 Discussion
The purpose of the dot blot study was to determine the relative amounts of
Chinese and American chestnut DNA present in the existing individual hybrids. This
was conducted by hybridizing a probe of genomic DNA from Chinese chestnut
labeled with P-32 and hybridizing it to the single-stranded genomic DNA of the
hybrid individuals linked to a nitrocellulose membrane.
Once the individual samples were scored on their relative amount of Chinese
chestnut genomic content, the results were provided to the breeders. This allows the
breeders to have more criteria when selecting among the progenies for breeding the
next generation. As was previously mentioned, it can be difficult to screen hybrids
based on phenotype alone, especially when grown in an orchard environment.
Having the dot blot analysis to provide another tool for selecting superior genotypes
would aid in the selection of better trees as parents for the next generation. Breeders
would then be able to refer to trees that have the least amount of Chinese genomic
DNA, and select from those that show the best resistance. This would bring the
American Chestnut Foundation closer to its goal of obtaining trees with the American
chestnut form and the Chinese resistance.
It is clear that excellent quality DNA is needed for this approach to be
successful. The DNA originally obtained from twigs was quite viscous and hard to
get accurate concentrations from. This is why the standard samples were incorrect on
the membranes on the first attempt of this protocol. DNA from the twigs was also
originally used in making the probe for hybridization with P-32. When using the
DNA from twigs the enzyme reaction did not label the probe successfully for proper
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hybridization. This also could have been the result of not letting the enzyme reaction
proceed for an adequate amount of time to accommodate the impurities in the DNA.
The DNA obtained from leaves was much easier to work with. It was also
immediately successful in making the probe when the enzyme reaction was allowed
to proceed for one hour. The serial dilutions used to measure the hybrid samples
against were also much more accurate.
The dot intensities improved when the volume and concentration of DNA
were increased for each dot. The larger volume and concentration resulted in much
better images that were easier to score. The dot intensities were much clearer using a
greater concentration of DNA and with the samples dotted in a uniform circle. It is
possible that the vacuum being applied to the membrane contained in the manifold
was not applied evenly over the membrane in earlier attempts. The purpose of the
vacuum was to ensure even coverage of the DNA and absorption into the membrane.
If the pressure was too light over some areas of the membrane, it is possible that the
liquid would have been absorbed in unusual patterns. The pressure seemed to be too
light on the end of the manifold opposite the vacuum attachment. To improve the
shape of the dots the pressure was adjusted so that it was more intense at the opposite
end, then decreased as samples were being dotted across the membrane.
The dot blot protocol was successful in helping to determine the relative
amounts of Chinese and American genomic DNA in each hybrid based on spot
intensity. The AlphaInnotech UVP GelDoc-It Imaging System was used to provide a
measure of the density of each dot blot, with white being 0 and completely black
being 100. The serial dilutions provided a standard curve to measure each hybrid
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proportion of Chinese genomic DNA content against. Due to difficulties with
hybridization of the ladder of standard DNAs, however, it was not possible to directly
compare spot intensity percent in the hybrid individuals to the standard samples. An
estimate of the DNA content in each hybrid was made, however, by relating the
signal intensity of the dots to a standard curve of intensities developed from a
prolonged exposure of the standards of the diluted mixtures of Chinese and American
genomic DNAs.
Because the originally obtained signal intensity of the serial dilutions was
much less intense than the blotted samples, the piece of the membrane containing the
dilutions was removed from the rest of the membrane and exposed for a greater
amount of time. This allowed the signal intensities of the standards to be brought to
the level of intensity of the hybrid samples to allow for comparison. For this reason
we are only able to estimate the relative DNA content in each hybrid.
When looking at the serial dilution densitometry readings, the dot
corresponding to 100 percent Chinese standard gave approximately the same value,
81.40, as the dot corresponding to 50 percent Chinese, which was 82.50. The 100
percent dot seemed to be above the threshold at which the AlphaImager machine
could accurately read the intensity. For this reason the 100 percent Chinese standard
was eliminated when creating the standard curve, allowing for much more accurate
results. However, the values of hybrid individuals are approximate and at 50 percent
Chinese or greater.
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These results showed a great deal of variation within this BC3F2 population
(figure 10). One of the reasons for this is that there is a great deal more genomic
shuffling in a BC3F2 generation as compared to just a BC3 generation. By crossing
two heterozygous individuals, there will be a much larger number of possible
genotypes in the F2 population than in the BC parents. Experimental methods could
also have provided more variation. Purity of samples could have affected the ability
of the Chinese genomic probe to hybridize correctly to the samples. DNA samples
that have more contaminants have the ability to trap the probe, therefore resulting in a
much darker hybridization signal. The purity of the samples can also affect the
concentration reading with the spectrophotometer by giving an overestimated
concentration value (Haque et al., 2003). Therefore an inaccurate concentration
reading could have been obtained from some of the samples, resulting in accidently
spotting a greater concentration of sample onto the membrane, allowing greater
hybridization with the probe, and therefore a greater intensity signal. A third source
of variation includes the coverage of the DNA sample on the membrane. If the DNA
is not distributed evenly, it can be difficult to obtain an accurate density reading of the
hybridization signal because more background would be included into the signal
intensity. This is why it is extremely important to get even coverage of the DNA
samples on the membrane.
One of the best ways to combat this variability and obtain accurate results
would be to repeat the experiment several times with the same samples to determine
the amount of variation obtained from experiment to experiment. This would allow
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researchers to determine how much the experimental protocol contributes to any
differences observed in the results.
Overall, however, the dot blot protocol was relatively simple to implement,
can be used on many samples at once, and can produce highly sensitive results. It
should be extremely useful in the future to aide in the breeding process.
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Chapter 3
Linkage Analysis
3.1 Introduction
A linkage map is a representation of the order and distance in centimorgans of
genes on a chromosome (Lewis 2003). The distance between two linked genes on a
linkage map is determined by the number of crossovers between those genes in a two
point, three point, or multi-point analysis (Ritter et al,. 1990). The theory behind this
is that genes that are very close to each other on a chromosome have fewer chances
for crossover events. Linkage maps are of great use in breeding programs to assist in
marker assisted selection. There are a large number of molecular marker methods
available to tag areas of interest in the genome, including restriction fragment length
polymorphisms (RFLPs), random-amplified polymorphic DNAs (RAPDs), simple
sequence repeats (SSRs), amplified fragment length polymorphic DNAs (AFLPs),
and sequence characterized amplified regions (SCARs) (Mohan et al,. 1997).
RFLPs were originally used most commonly in creating linkage maps. They
are co-dominant, meaning that they can determine homozygous individuals from
heterozygous individuals, and detect regions of low or single-copy sequences in the
genome (Michelmore et al,. 1991). This process includes cutting the DNA with a
restriction enzyme and determining the size differences with an agarose gel. If there
is a polymorphism present to disrupt where the enzyme is meant to cut the DNA, then
that DNA will have larger fragments than samples that do not contain the
polymorphism (Lewis 2003). The disadvantage of RFLPs is that they can be more
time-consuming and expensive to use than other molecular markers.
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More recently the use of RAPDs had been described by both Welsh and
McClelland (1990) and Williams (1990). RAPDs use a single primer of arbitrary
sequence such that when DNA is amplified by PCR it gives a pattern of several bands
on an agarose gel. Primers are generally shorter than usual primer sequences, only
consisting of 10 base pairs. The data is then interpreted based on whether a band is
present or absent on the gel (Smith and Wayne 1996). RAPDs are quick and easy to
use. They require small amounts of DNA that does not need to be of the highest
quality. The primers are universal for any species, and no prior knowledge of the
genome of the species of interest is needed. The markers are dominant, and
polymorphisms observed are generally the result of base changes that affect the
primer binding site, such as the result of an insertion (Smith and Wayne 1996,
Michelmore et al,. 1991; Welsh and McClelland 1990; and Williams 1990). The
major disadvantages of RAPD markers is that they are dominant and therefore won’t
give quite as much information as RFLPs or SSRs, and they do have lower
reproducibility due to the low stringency PCR conditions (Liu et al,. 1999).
Simple sequence repeats (SSRs) are also sometimes known as short tandem
repeats (STRs) or microsatellites. SSRs are regions of the DNA that contain repeats
of 1-6 base pairs. The DNA sequences on either side of these repeats are highly
conserved. Therefore these conserved regions can be used to design short sequences
for primers, making primers easily available to specifically amplify this repeated
region. SSRs are highly polymorphic, reproducible, abundant, and work well with
both low quantities of DNA and degraded DNA. Polymorphisms are visualized as
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variation in PCR bands after electrophoresis (Akkaya et al,. 1992, Butler 2001, and
Sharon et al,. 1997).
One method available to quickly and easily screen markers that are
polymorphic in a segregating population is bulked segregant analysis. This method is
based on making two pools of DNA from a segregating population. Each pool
contains DNA from individuals that have a single shared trait of interest, and each
pool corresponds to the two extremes of each phenotype, in this case resistance and
susceptibility to blight. When these bulked samples are tested with DNA markers,
markers that are polymorphic between the two should also then be linked to that trait.
This method is quick and extremely cost effective because researchers are able to
narrow an entire segregating population down to two samples and markers can be
identified much more quickly (Michelmore et al,. 1991, Quarrie et al,. 1999).
In this study RFLPs and RAPDs were used to add markers to the existing F2
genetic linkage map of American chestnut x Chinese chestnut hybrids (Kubisiak et
al,. 1997) (Figure 11). The original map reported in this paper covered 184 loci that
were found to be linked and 12 linkage groups spanning a total of 530.1 cM. The
objective of this thesis research was to further saturate the areas of the map
corresponding to the genes for chestnut blight resistance. The bulked segregant
analysis was applied
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Figure 11. The genetic linkage map of Castanea x F2
presented in Kubisiak et al 1997.
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because any markers found to be polymorphic between resistant and sensitive pools
would be linked to the trait for resistance, providing us with a quick method to screen
any polymorphic markers.
Linkage analysis of the F1 population was initiated using RAPDs and SSRs.
Although F2 and BC populations are typically used for mapping, The American
Chestnut Foundation wanted to make an F1 map. This was because a reciprocal
translocation was found in the mapping F2 population (Islam-Faridi et al,. 2006).
Therefore the objective of the F1 map was to determine if the same marker order
would be obtained in the two maps. The F1 map would not need to be saturated,
however, but the goal would be to provide an even coverage of loci spanning the 12
linkage groups. This would allow researchers to determine whether recombination
rates or the gene order were significantly affected by the reciprocal translocation by
comparing the F1 map to the F2 map.

3.2 Methods and Materials
3.2.1 RAPD Primer Screening
Primer sets 1 and 2, a total of 200 RAPD primers of 10 mer each, were
purchased from the University of British Columbia (UBC). Each primer was rehydrated with double distilled water and diluted to 15.15μM each. The 200 primers
were used to test amplify one individual chestnut sample prior to the bulk segregant
analysis in order to determine if the RAPD would amplify with this species.
Reactions were carried out using a final concentration of 0.4 ng/μl of template DNA,
200 μM dNTP, 2.3 mM MgCl2, 1 X buffer, 0.3 μM primer, and 0.024U/μl Taq Gold
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to a final reaction volume of 25 μl. Amplification cycles included 2 minutes at 94°C,
and then 45 cycles of 94°C for one minute, 36°C for 1 minute, and 72°C for 2
minutes, and a final extension of 72°C for 10 minutes using a PE Applied Biosystems
GeneAmp PCR System 9700. Before adding it to the reaction mix the DNA samples
were denatured for 7 minutes at 94°C in the thermalcycler. PCR reactions were
analyzed by electrophoresis with a 2% agarose gel and stained with ethidium
bromide. Those primers that amplified well and showed strong signal intensities
were then used for BSA.

3.2.2 Bulked Segregant Analysis (BSA)
The bulked segregant analysis screening of markers was completed by Scott
DiLoreto (Laboratory Manager, Schatz Center for Tree Molecular Genetics). The
bulked samples were made by pooling equal amounts of 11 different samples of each
resistant and susceptible genotype. The concentrations were verified using an
Eppendorf BioPhotometer and diluted to 15 ng/μl each with sterile double distilled
water. The final concentration of each sample in the bulk was 1.3 ng/μl for each of
the 11 samples, with the overall bulk sample concentration of 15 ng/μl.
A total of 107 UBC RAPD primers amplified well with the test chestnut DNA
sample. The bulked resistant and susceptible chestnut genotypes were then screened
with the same 107 RAPD primers from UBC, along with the grandparents Mahogany
and Alex to determine parentage of any polymorphic bands obtained. Reactions were
carried out using a final concentration of 0.4 ng/μl of template DNA from the
resistant and susceptible bulks, using the same PCR reaction and amplification cycles
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as were used for the test PCR. The PCR reactions were analyzed on a 1.4% agarose
gel stained with ethidium bromide. Reaction products were visualized and gel
electrophoresis pictures were documented using a UVP GelDoc-It Imaging System.
Bands that were polymorphic between the resistant and susceptible bulk
samples were excised from the gel using a UV box to visualize the specific bands,
and purified using BIO 101 Systems Geneclean Kit following the manufacturer’s
instructions. The DNA samples were then cloned using a Promega pGEM-T Vector
System Kit according to the manufacturer’s protocol. After E. coli transformation,
colony PCR was set up using final concentrations of 200μM dNTP, 2.5 mM MgCl2,
1 X Buffer, 0.04 U/μl Taq Gold, and 0.4μM each of M13 universal forward and
reverse primer to a final reaction volume of 25 μl. The colony PCR reactions were
amplified by denaturing for 4 minutes at 94°C, then 30 cycles of 94°C for one minute,
54°C for one minute, and 72°C for one minute, then a final extension for 10 minutes
at 72°C.
The amplification product was first checked on a 1.2% agarose gel for the
correct size. PCR reactions that contained the correct fragment of interest were sent
to Penn State University’s Nucleic Acid Facility for sequencing. Samples were
sequenced in replicates of 1-8 each.
Consensus sequences were constructed using Sequencher. Sequencher is a
computer program designed to assemble multiple DNA sequences in to the single best
and most likely consensus sequence. By obtaining a high quality consensus sequence
primers were designed to amplify this specific region of the genome.
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3.2.3 Primer Design and Segregation Analysis
Primers were designed from the consensus sequences flanking the repeats
using Integrated DNA Technologies’ PrimerQuest online program. Sixteen primers
were obtained (Table 3) with a length of 20-25 mers each and were again screened
against the bulk samples. Reactions were carried out using a final concentration of
0.4 ng/μl of template DNA, 200 μM dNTPs, 2.3 mM MgCl2, 1 X buffer, 0.3 μM
primer, and 0.024U/μl Taq Gold to a final reaction volume of 25 μl. Samples were
amplified by denaturing for 5 minutes at 94°C, then 35 cycles of 94°C for one minute,
56°C for 1 minute, and 72°C for one minute, with a final extension at 72°C for 7
minutes. Samples were checked by electrophoresis on a 1.2% agarose gel and
visualized by staining with ethidium bromide. They were then visualized and
analyzed using a UVP GelDoc-It Imaging System. Samples that showed strong
amplification and again showed polymorphisms were run on 6 of each resistant and
sensitive samples from the F2 population using the same PCR protocol. Those
showing strong amplification and definite polymorphisms for this subset of the
population were used for segregation analysis on the entire population (Table 4).
PCR reactions were set up according to the same reaction and PCR program.
Reactions were visualized using 1% agarose and 1.5% Synergel at 60 volts and
stained with ethidium bromide. Reaction products were visualized and gel
electrophoresis pictures were documented using the Alpha Innotech AlphaImager geldoc system.
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Table 3. List of primers designed from the consensus sequences of the cloned polymorphic bands in the bulked
segregant analysis, the genotype the band was excised from, and the original UBC primer the band was obtained
from.
UBC
Genotype Name
Sequence
Primer
2
R
UBC 2 R-300
F: ACA TAT GGC GCA AGA CGA TTC CAC
R: CCT GGG CTT GCA TTC TTA CCT T
4
S
UBC 4 S-550
F: TGG ACG GAG GCT GTT GAT AAT GGT
R: ACG AAG ACT CCA CAT CGG CAT CAT
6
R
UBC 6 R-350
F: CCT GGG CCT AAC AGA GAT AAC ATC
R: CCT GGG CCT ATT ATC GCT ACA
6
S
UBC 6 S-600
F: GCC TAG CAA AAC GGT AAT GG
R: CAT CCG TTA ATT GGG AGG
13
R
UBC 13 R-1250
F: GGG CAA CAC GTG TAC AAA G
R: GGG TGG AGG TGC TTA CTA C
69
S
UBC 69 S-400
F: AGA CTC TTG GCA TCC ACA CCA ACT
R: CAC TGG TTG CTG CTG CTG TTT GAA
82
S
UBC 82 S-600
F: TCG GGC CTT TGT TCC CTA TAA ACG
R: TGT TGT ACC GGA GTG GTT CAT CGT
84
S
UBC 84 S-630
F: CGA GTG ACA AAG AGA GGT ACT G
R: CTT TGC TCA ATA CTC GCG
86
S
UBC 86 S-600
F: GGA AGG AGG GGA AGC GGA GG
R: CCT CCA CAT AGC CTT CC
87
R
UBC 87 R-580
F: TGC ATA CAA CAT TAC TCA GC
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89

S

UBC 89 S-600

96

S

UBC 96 S-750

108

R

UBC 108 R-750

108

S

UBC 108 S-775

108

R

UBC 108 R-775

157

R

UBC 157 R-850

R: CAC AGG ATG GTG GCT TTG AT
F: GGG CTT GGG AAC CAA TGT GCT ATT
R: TAC ACA AAT GCA TCT CCT GGG C
F: AAT GCA TAT CGG CTG CAG TGC T
R: GGG CAG GCC TTA TTC AAA TCT GTG
F: TTA GAA AGG CAG AGG AGG CAC A
R: GCC CTT GCA ATG TAT CAA TGG GT
F: TGC CCT AAG GGT ATC CGT TAG CAT
R: AGC AAT AGC CGT TAG GGA CTC GAA
F: TCC AGA TCA CGG AAG TCT GAA GTG
R: ATA GCC GTT AGG GAC TCG AAG AGA
F: TCG TAC CAT AGA GCT GCC
R: GCT ACA GCA ACC CCA AGC
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3.2.4 PCR-RFLP Analysis
Sequences of primers used in the PCR-RFLP analysis for the original F2
linkage map were provided by Laura Georgi at Clemson University, and ordered from
Integrated DNA Technologies. Primers were rehydrated to a stock concentration of
100 μM with double distilled water, and diluted to 10 μM working concentration.
Primers were checked with a few samples from the F2 population for strong
amplification. The reaction mixture was the same as for the RAPD analysis, except
0.8 ng/μl of DNA was used, the DNA was not denatured, and the final reaction
volume was increased to 50 μl. The amplification cycles included an initial
denaturation step of 5 minutes at 94°C, then 35 cycles of one minute at 94°C, one
minute at 56°C, and one minute at 72°C, with one final extension of 72°C for 7
minutes.
Sequences were screened for restriction sites and useful restriction enzymes
by using New England Biolabs NEB Cutter online program. Restriction enzymes
were purchased from New England Biolabs and were then tested with 12 samples for
restriction sites. Restriction reactions were set up according to New England Biolabs
instructions, adding 1 μl of enzyme to 1 μg of DNA with 1X Reaction buffer to a
final volume of 50 μl.
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Table 4. Markers used for linkage analysis in the F2 population.
Name
145intB

Type
RFLP

Sequence
F: AGA AAA GGA ATT GGG TCA CG
R: TGC ATC AAA TTT AGG CAG GT

175caps

RFLP

F: CAG TCA AAT GGC TAA CTT CC
R: CCA ATG TTT GTC CTT CAA AT

UBC 6 R350

RAPD F: CCT GGG CCT AAC AGA GAT AAC ATC
R: CCT GGG CCT ATT ATC GCT ACA

UBC 84 S630

RAPD F: CGA GTG ACA AAG AGA GGT ACT G
R: CTT TGC TCA ATA CTC GCG

UBC 86 S600

RAPD F: GGA AGG AGG GGA AGC GGA GG
R: CCT CCA CAT AGC CTT CC

UBC 87 R580

RAPD F: TGC ATA CAA CAT TAC TCA GC
R: CAC AGG ATG GTG GCT TTG AT
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This reaction also includes bovine serum albumin if required for the particular
enzyme and incubation at the appropriate temperature, which is also enzyme specific.
Reactions were allowed to proceed 4-6 hours. Reactions were then analyzed by
electrophoresis on a 1/% agarose and 1.5% Synergel gels and stained with ethidium
bromide. This analysis was conducted with the entire F2 population, and genotypes
were recorded.

3.2.5 DNA Collection and Extraction for the F1Mapping Population
Leaf samples from the F1 population were collected from 37 trees growing at
the demonstration plot at Penn State University’s Stone Valley research forest. The
F1 population was created from a cross of Chinese pollen from the tree Mahogany
onto a wild American chestnut tree named Alex-R. Three leaves were collected from
each hybrid and were stored in plastic Ziploc bags in coolers filled with ice while
collecting in the field, then immediately transferred to the laboratory and stored at
4°C until ready for extraction. This procedure was performed on each of the 37
progeny along with the parents, Mahogany and Alex-R. Extraction buffer was
composed of 100 mM Tris-Base, pH 9.5, 1.3 M NaCl, 25 mM EDTA, 1% (w/v)
PEG8000 and 2% (w/v) CTAB. For each sample 8 mL of extraction buffer was used
and 80 μl of β-mercapoethanol was added right before use. All tubes were kept on
ice until all samples were ready. Approximately 0.5 g of leaf tissue was used for each
extraction and ground with a mortar and pestle while frozen with liquid nitrogen. All
samples were than vortexed and incubated at 71°C for one hour with intermittent
shaking. Samples were placed on ice for about one minute, and then extracted with
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an equal volume of 24 parts chloroform and 1 part isoamyl alcohol that was ice cold.
The samples were centrifuged for 5 minutes at 5500 rpm using a Beckman GS-15R
centrifuge. The upper aqueous layer was removed and transferred to a new tube and
the extraction was repeated again with an equal volume of 24 parts chloroform and 1
part isoamyl alcohol that was ice cold. The centrifugation and sample transfer was
repeated once with exactly the same steps.
Ethanol precipitation of the DNAs was performed using 1.5 times the volume
of ice cold ethanol. The samples were inverted several times and were incubated at 20°C for one hour. DNA was then pelleted by centrifugation at 4°C at 5500 rpm for
40 minutes using the same centrifuge. The ethanol was decanted and the pellet was
washed once with ice cold 70% ethanol, being certain that the pellet was released
from the bottom of the tube during the rinse to obtain a cleaner pellet. The samples
were centrifuged at 4°C for 5 minutes, ethanol was removed, and the pellet was
allowed to dry overnight. DNA pellets were re-suspended in sterile distilled water.
Because of the large size of the pellets a total of 600-1200 μl of water was used for
re-suspension. The DNA was hydrated and incubated at 42°C in a water bath to
ensure the entire pellet was re-hydrated completely. Each sample was then
quantified using an Eppendorf BioPhotometer and diluted to 50 ng/μl.

3.2.6 Primer Screening for the F1 Population
The parents and 10 progenies from the F1 mapping population (section 3.2.5
above) were screened with all of the RAPD primers and SSR primers from the F2
genetic linkage map (Kubisiak et al,. 1997). RAPD primer sequences were obtained
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from the UBC webpage and ordered from Integrated DNA Technologies. Primers
were then re-hydrated with double distilled water to a concentration of 100μM, and
then diluted with water to a working concentration of 10 μM.
The parents of the F1 population (Mahogany and Alex) and 10 progenies from
the F1 population were screened with each primer from the F2 map. Those that
showed strong amplification for the RAPD bands of interest (table 5) were used for
segregation analysis on the entire population.
The RAPD protocol used 200 μM dNTPs, 2.3 μM MgCl2, 1 X buffer, 0.3 μM
primer, and 0.024U/μl Taq Gold to a final reaction volume of 25 μl. A total of 2 ng/μl
of DNA was used for each reaction. DNA samples were denatured at 94°C for 7
minutes, and then placed immediately on ice while reaction mix was added.
Amplification cycles included 2 minutes at 94°C, and then 45 cycles of 94°C for one
minute, 36°C for 1 minute, and 72°C for 2 minutes, and a final extension of 72°C for
10 minutes using a PE Applied Biosystems GeneAmp PCR System 9700. The PCR
reactions were then run on 1% agarose and 1.5% synergel gels at 80 volts, then
stained with ethidium bromide and digitally photographed using the Alpha Innotech
AlphaImager gel-doc system and analyzed.
The SSR primers were used in PCR analysis using the same reaction protocol
except 0.8 ng/μl of template DNA was used and the DNA was not denatured before
adding the reaction mix. Amplification cycles included 5 minutes at 94°C, then 35
cycles of one minute at 94°C, one minute at 52°C, and one minute at 72°C, and a
final extension of 7 minutes at 72°C. The SSR primers were visualized on a 1%

54

agarose and 1.5% synergel gel and were run at 80 volts, then stained with ethidium
bromide and analyzed.

3.2.7 Contamination Controls
All PCR reactions contained one negative control to test for contaminating
DNA from PCR components. This control was run in the same 96-well PCR plate as
the reactions for the progenies. It was always composed of the same master mix used
on the progeny DNA except no DNA was added to it.
Other contamination control efforts included the use of filter tips for every
PCR reaction. Gloves were always used when handling DNA, 96-well plates, and
PCR reagents. Benches were cleaned with 70% ethanol between reactions as well to
ensure a clean and uncontaminated workspace.

3.2.8 Linkage Analysis
The amplification data for all markers that were used for segregation analysis
were checked for the chi square goodness of fit to determine if they fit their expected
segregation ratios. The free online software MapManager was used to determine
linkage of the F1 population. The segregation analysis was conducted on all 37
progeny with p=0.05 initially, then again at p = 0.001 to compare results.
The segregation analysis with the F2 population was also conducted with
MapManager, but only on the 1:1 segregating markers on linkage groups A and F.
This is because this program does not work well with markers that segregate 3:1.
Segregation analysis was conducted on all X progeny with p = 0.001.
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Table 5. Markers that were used for linkage analysis in the F1 population.
Marker
Type
QrZAG07 SSR
QrZAG11 SSR
UBC 13
UBC 155
UBC 169
UBC 184
UBC 202
UBC 209
UBC 225
UBC 237
UBC 423
UBC 499
UBC 502
UBC 540
UBC 557
UBC 590
UBC 595
UBC 660

RAPD
RAPD
RAPD
RAPD
RAPD
RAPD
RAPD
RAPD
RAPD
RAPD
RAPD
RAPD
RAPD
RAPD
RAPD
RAPD

Sequence
F: CAA CTT GGT GTT CGG ATC AA
R: GTG CAT TTC TTT TAT AGC ATT CAC
F: CCT TGA ACT CGA AGG TGT CCT T
R: GTA GGT CAA AAC CAT TGG TTG ACT
CCT GGG TGG A
CTG GCG GCT G
ACG ACG TAG G
CAA ACG GCA C
GAG CAC TTA C
TGC ACT GGA G
CGA CTC ACA G
CGA CCA GAG C
GGG TCT CGA A
GGC CGA TGA T
GCA TGG TAG C
CGG ACC GCG T
GTG TAG AGC C
CCG GCA TGT T
GTC ACC GCG C
AGA CGC CGA C

Band Size Analyzed (RAPD)

1100; 1500; 2200
650; 850
675; 850
875
1025
500; 575; 1200; 2450
800
825; 900; 1250
700; 1150
575
825; 1300
850
225; 650; 900
775; 950
700; 1400; 1500; 1600
400; 675; 725; 800
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3.3 Results
3.3.1 Primer Screening
A total of 200 UBC RAPD primers were screened for use in the bulked
segregant analysis. Only 107 showed strong amplification and were chosen for use in
bulked segregant analysis (BSA) with the F2 chestnut population (figure 12).

3.3.2 Bulked Segregant Analysis
Of the 107 primers that were used for BSA, 24 showed definite
polymorphisms between the resistant and sensitive genotypes (figure 13). All 24
polymorphic bands were cloned and sequenced, and 16 quality consensus sequences
were constructed. From these sequences new PCR primers were designed. The
marker sequences obtained from the polymorphic sequences are listed in table 1.
Only 4 of the 16 new markers showed strong amplification with the BSA and
were used for segregation analysis with the entire F2 population (figure 14). The
other 12 markers showed either faint bands that could not be scored on individual
progenies or didn’t actually show polymorphisms between the resistant and sensitive
individual DNAs that were used in the bulk pooled samples. The 12 markers that
were not used in segregation analysis on the entire F2 population were tried at least
twice in an attempt to get better amplification results.
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Figure 12. Screening UBC primers with one chestnut genotype to select those that amplify well.
Stars indicate primers that were selected for bulk segregant analysis.
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Figure 13. Bulk segregant analysis with UBC primers. Abbs: resistant (R)
and susceptible (S) genotypes, and parents Mahogany (M) and Alex (A).
The arrows indicate polymorphic bands that were cloned and sequenced.
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Figure 14. RAPD analysis with UBC 84 S-630. The arrow indicates the
band used for mapping this marker.
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3.3.3 PCR-RFLP Analysis
Two loci were used for RFLP analysis, 145 and 175 (figure 15). The
restriction enzyme found to cut the PCR product of marker 145 was BfaI and the
restriction enzyme for the PCR product of locus 175 was BclI. Both RFLPs were
found to amplify well and distinguish between homozygous resistant, homozygous
susceptible, and heterozygous individuals.

3.3.4 DNA Extraction for the F1 Mapping Population
The CTAB method of extraction for the F1 population generally yielded
volumes of 500-1200 μl of DNA varying in concentrations of approximately 500-900
μg/ml. Because these DNA samples were diluted to 50 ng/μl working solutions, this
protocol has yielded enough DNA to do linkage analysis on this population. The
DNA was of suitable quality for amplification with both RAPD and SSR
microsatellite markers.

3.2.5 Primer Screening for the F1 Mapping Population
A total of 65 primers were screened from the F2 map on the F1 population. Of
these markers 3 were SSRs and 62 were RAPD markers. Of these markers 2 SSRs
amplified with the progenies, and 16 RAPD markers amplified (table 5). Many of the
markers were found to amplify with the positive control, the parental genotype
Mahogany, but gave weak or no amplification in the F1 progenies (figure 16).
Of the 16 RAPD markers that were used in the F1 population, 11 were found
to give multiple base pair bands to use for segregation analysis (figure 17).
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Contamination controls were successful at documenting that there was neither
contamination nor non-specific amplification, as evidenced by the lack of
amplification in the negative controls (figure 18).

3.2.6 Linkage Analysis
Six markers (table 4) were added to the already constructed F2 map (Kubisiak
et al,. 1997) using only the marker data from linkage groups A and F with data added
to the originally published map from Paul Sisco (Regional Science Coordinator, The
American Chestnut Foundation). The analysis was conducted at p = 0.001, making a
separate map for each parent. The linkage analysis results are shown in figures 19
and 20. Markers were linked together in a very similar format to the originally
published linkage groups, with the order of the markers being somewhat variable.
The six new markers were not linked to the markers from linkage groups A or F.
Linkage analysis was conducted on the PCR results for the 18 markers from
the F1 population, totaling 40 data points. Analysis was conducted at significance
levels of both p = 0.05 and p = 0.001 for both the American and the Chinese maps.
The linkage groups obtained from linkage analysis with our F1 population at the p =
0.001 significance level are shown in figures 21 and 22.

When compared to the F2

map the F1 linkage analysis did not group the markers in the same order. Instead
markers from several different linkage groups were linked together.
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216

176
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400

200

Figure 15. RFLP analysis with primer 175. PCR products were cut
with the restriction enzyme BclI. In the six lanes are three samples, the
first lane is the uncut PCR product, in the second is the PCR product
after enzyme digestion.
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Figure 16. Screening the parents and 10 progenies from the F1 population
with primer UBC 187. The samples 23-11 and 24-2 show very weak
amplification.
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Figure 17. Segregation analysis on the F1 progeny with primer UBC 237.
Arrows indicate the bands that were used for mapping.
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Figure 18. Segregation analysis included one negative control
with each molecular marker (NC).
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Figure 19. Linkage groups obtained with the American parent subset of the
F2 linkage data.
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Figure 20. Linkage groups obtained with the Chinese parent subset of the F2
linkage data.
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Figure 21. Linkage groups obtained with markers from the American parent
from the F1 linkage data.
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Figure 22. Linkage groups obtained with markers from the Chinese parent
from the F1 linkage data.
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3.4 Discussion

Linkage analysis was to be performed on both the F2 and F1 generations. The
F2 mapping goal was simply to saturate the disease resistance loci with molecular
markers, and the F1 analysis was to compare the previously observed linkage groups
in the original F2 map.
From the 24 markers that showed polymorphisms in the BSA (Bulk Segregant
Analysis), only 16 consensus sequences were constructed. All 24 markers were
cloned and sequenced in 4 to 10 replicates each to improve the chances of a good
quality sequence. However, for the remaining 8 markers for which sequences were
not obtained, the sequencing results were either of extremely poor quality, or the PCR
products too large to be completely cloned, or contained sequences that were
completely unrelated to chestnut, and thus probably contaminants. Of these 16
markers, only 4 produced data suitable for segregation analysis with the F2
population. The other 12 markers were re-tried at least twice, once using the same
reaction conditions and again with a higher Tm in the amplification cycle to increase
the specificity of the amplification cycles. These markers generally did not show a
polymorphism between the resistant and susceptible samples. This could mean that
the sequences used to construct the primers missed the polymorphic region of the
sequence, or that the bands cloned were not truly polymorphic.
In particular the BSA proved extremely effective for choosing markers that
were polymorphic between the resistant and susceptible samples. The markers were
cut from 107 screened to only 18 that were used for primer design. This would have
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taken a great deal more time and supplies if a subset of the population would have
been used to screen each primer individually rather than simply as two pooled
samples.
The F2 segregation analysis was effective at adding six new markers to the F2
linkage map (table 4). The 6 new markers used in this study were analyzed in linkage
analysis along with markers from the linkage groups A and F from the original F2
map in order to analyze where they would segregate in relation to these other
markers. The data set was also supplemented with AFLP data generated by Paul
Sisco (Sisco et al., 2005). The six markers used in this study did not link to the
markers from linkage groups A or F from the original F2 map. However, linkage
analysis with this subset of data from the F2 map, along with AFLP data from Paul
Sisco, was fairly consistent between the two data sets. Although the marker orders
were slightly different, markers were generally linked together in the same fashion
between data sets.
The same markers were grouped together when compared to the
original F2 map published by Kubisiak et.al., 1997, however the order was slightly
different in areas. This is not unusual however, since a smaller set of data was used,
and a different mapping program was utilized. The two RFLP markers 145 and 175
were each linked to another marker in the dataset, however these two markers each
made up their own linkage group, unlinked to the rest of the dataset. The four RAPD
primers together were grouped together in one linkage group. However they span
169.5 cM, meaning that they are spaced too far apart to actually be considered linked
together.
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One of the possible reasons for the differences observed in marker order of the
F2 analysis would be a chromosomal inversion that was detected with the added data.
The other reason is that a different data set was used for this analysis. With a
different set of markers used for analysis, along with missing marker data, the
statistical analysis conducted by the mapping software will be different than if the
entire data set were used.
As already stated, it is beneficial to researchers to saturate areas of the map
that are linked to the genes for resistance. This would aid in marker assisted selection
by decreasing the number of false positives obtained. Only progenies that are known
to contain genes tightly linked to resistance would be used for further breeding. New
progenies from each breeding generation could then be screened by genotype for the
presence or absence of these markers that are tightly linked to the genes for blight
resistance. This would help to provide a more accurate measurement of blight
resistance at an extremely young age. Since an individual’s genotype can be
determined much before the full phenotype develops, this would greatly aid the
breeding process. Not only could selection be performed at a younger age, but more
focus can be put on trees with greater resistance.
Because only 3:1 and 1:1 markers were used for this particular study, parental
maps were constructed instead of an integrated linkage maps. Therefore linkage
analysis was conducted for each Chinese and American parent. This means that the
results obtained will mainly provide some interesting information about where the
markers used in this thesis would be linked, and about the order of markers used in
the data set.
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Linkage analysis on the F1 population was conducted in order to compare
linkage groups to the previously constructed F2 map in light of a reciprocal
translocation present in the F2 population. A reciprocal translocation is when two
non-homologous chromosomes exchange pieces (Lewis 2003). A reciprocal
translocation is one of the most common genetic rearrangements (Jauregui et al,.
2001). Evidence of a reciprocal translocation in a population includes suppressed
recombination in the areas of the chromosomal exchange, pseudo-linkage between
loci of the two chromosomes involved in the translocation, and extremely long
linkage groups (Figueiras et al,. 1984, Hayashi et al,. 2001, Jauregui et al,. 2001). In
the case of the F2 map, further genetic analysis indicated that two of the linkage
groups, LG-B and LG-E both formed one extremely large linkage group despite
sufficient numbers of both progeny and markers (Islam-Faridi et al,. 2006).
For this reason an F1 population was obtained by planting seed from a cross of
Chinese chestnut pollen onto a wild American chestnut tree with the goal of creating
an F1 linkage map. The F1 linkage analysis employed a pseudo-testcross mapping
strategy in which separate maps are constructed for each parent. This strategy can be
used for any species that is highly heterozygous and undergoes sexual reproduction
(Grattapaglia and Sederoff 1994).
Several RAPD primers from the F2 analysis failed to amplify in the F1 map.
Each screening reaction with markers that did not amplify well was re-tried at least
once with slightly more DNA in an attempt to get strong amplification. Since the
positive control Mahogany amplified successfully, the problem was clearly not the
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primer or reaction conditions. Several factors could have been at fault, including
insertions or deletions in the binding sites in the genotypes that were tested.
The linkage analysis results did not place the markers used for segregation
analysis on the F1 population in the same arrangement as those on the F2 map. For
example, the F1 linkage analysis on the Chinese parent grouped markers UBC
660_675, UBC 13_1100, and UBC 13_2700 together in one group, but in the F2
linkage map they were placed on separate linkage groups I, A, and F respectively.
However, it is also difficult to draw any definite conclusions from this linkage
analysis. Although all of the markers from the F2 map were screened with the F1
population, ideally over 100 markers would be used for each map. Also, the progeny
size is smaller than hoped for a mapping population. Mapping analysis generates the
best results with large numbers of markers and large numbers of progeny. Therefore
this analysis can be used as suggested linkage groups, but more markers are going to
be needed in the future in order to draw any definite conclusions.
The F1 population was originally planted with 54 individuals, from which 37
survived. This is not unusual for an F1 population from a breeding perspective
because the two parents are two different species (Sara Fitzsimmons, personal
communication), but can hurt linkage analysis. However, since an extremely
saturated map was never the goal for the F1 analysis, the small population should not
cause too much of a problem. The limited number of markers that were used with the
F1 population means that this map is not meant to be exact, but constructed to give
researchers a general idea of the F1 linkage groups.
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Linkage analysis itself is not an exact science. The theory of mapping is
based on statistical tests that are influenced by several factors, such as the number of
progeny, the number of loci added, the type of cross being used in the study, and the
strictness of the statistical tests being employed (Doerge 2002, Lander and Kruglyak
1995). Despite the smaller number of progeny and markers in the F1 linkage
analysis, a stricter p-value was used to improve the confidence of the linkages
reported (Lander and Kruglyak 1995). In order to improve these results, many more
markers are needed. In the future more markers could be screened with the F1
population. Only the RAPD and SSR markers from the F2 map were screened for the
purpose of this study, but others marker types, such as isozymes, could have been
used. In addition, the NSF-supported Fagaceae Genome Tools project is producing
hundreds of new SSR markers that are polymorphic within and between Chinese and
American chestnut. These markers could also be used to add to the linkage analysis
of the F1 population.
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Chapter 4
General Conclusions
A great deal of work has been accomplished since the discovery of the
chestnut blight in 1904, both in breeding and in basic research. The breeding process
was greatly improved with Charles Burnham’s backcross method. With the creation
of the American Chestnut Foundation, scientists from several fields of plant biology
have teamed together with tree breeders to work on restoring the American chestnut.
Even today different planting experiments continue to take place, along with work in
the laboratory, such as studies of hypovirulent strains and further molecular analysis.
The advantages of molecular methods in addition to breeding have long been
recognized. The overall objective of this research was to be able to assist the
American Chestnut Foundation researchers through the use of molecular methods.
The dot blot study will certainly be useful for future breeding experiments.
The results will serve as another method for breeders to use when selecting
individuals for further breeding. Now they will be able to first screen for resistance to
the blight. Those resistant individuals can then be screened with dot blot analysis to
estimate how much American and Chinese genomic DNA is present. Rather than
relying on phenotype alone, since selection for breeding is usually conducted before
the tree is fully developed, breeders can utilize tools with the dot blot to identify trees
with the least Chinese chestnut genomic DNA.
This research provided an estimate of the percentage of Chinese chestnut
genomic DNA in individual hybrids. The breeders can use this information for
selection, along with data on resistance based on canker size, and American chestnut
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phenotype characteristics. As was demonstrated in Liu and Carlson (2006), the dot
blot results correspond well to the morphological data obtained on the same set of
trees (Liu and Carlson 2006). This will make their results more accurate by selecting
for both resistance and genomic DNA content.
Future work on this experiment would include replications of the experiment
being conducted on the same DNA samples to determine to what degree experimental
variation can have an affect. There are several details of the protocol that contribute
to variation in the results, such as membrane spotting and DNA purity, along with the
genetic variation of the samples. It would be helpful to determine how much
variation would occur in the results when the protocol is repeated with the same DNA
samples.
The bulked segregant analysis was an excellent way to quickly screen many
markers for polymorphisms based on resistance phenotype. This method proved to
save a great deal of time and effort in adding markers linked to blight resistance.
RAPD markers used for linkage analysis provided a means for quickly analyzing the
entire population. RAPDs were useful because they are easily run and analyzed, do
not need much DNA, and often several bands can be analyzed from one marker.
Linkage analysis on the F2 population enabled addition of six new markers to
the F2 map that were already linked to the areas of blight resistance through the use of
bulked segregant analysis. By adding markers to the areas of blight resistance,
marker assisted selection should be able to be performed at a much younger age,
saving a great amount of time in the breeding process. Since the markers used in the
F2 mapping were made from bulked samples that corresponded to either resistance or
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susceptibility to the chestnut blight, markers that were polymorphic between the
samples should be also linked to the areas of blight resistance. In the future more
linkage analysis should be conducted with the entire data set from the F2 linkage
analysis.
Linkage analysis on the F1 population was conducted to compare the linkage
maps between the F1 and F2 populations to provide insights into how the recently
discovered reciprocal translocation occurred. All of the RAPD markers from the
published F2 map were screened with the F1 population, and those markers that were
successfully amplified were used for linkage analysis. The initial findings are that the
marker orders are not the same between the F1 and F2 generations, which is a new
finding. Again, this is what researchers would expect as a result of a reciprocal
translocation. In the future, as previously stated, more markers need to be added to
the map in order to make the results stronger. This would provide a better comparison
between the linkage analysis results for each generation. More markers would also
help address the problem of having a smaller number of progeny in the F1 mapping
population.
However, much more research is going to be needed in both the breeding
programs and in molecular methodologies, not only as a result of this reciprocal
translocation, but also because of the great amount of work still needed before the
American chestnut is fully restored to its natural range. Once breeders are able to
establish a set of trees that show resistance to the blight and the true American
chestnut form, it will be equally challenging to get the chestnut trees to grow
successfully in a natural competitive environment.

79

References

Akkaya, M. S., Bhagwat, A. A., and Cregan, P. B. Length Polymorphisms of Simple
Sequence Repeat DNA in Soybean. Genetics, p.1131-1139. 1992.
Anagnostakis, S. L. Chestnut Blight: The Classical Problem of an Introduced
Pathogen. Mycologia, v.79, n.1, Jan-Feb, p.23-37. 1987.
______. The Effect of Multiple Importations of Pests and Pathogens on a Native
Tree. Biological Invasions, v.3, p.245-254. 2001.
Anagnostakis, S. L., Hillman, B. Evolution of the Chestnut Tree and Its Blight.
Arnoldia, v.52, p.3-10. 1992.
Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidan, J.G., Smith, J., A.,
Struhl, K., Albright, L. M., Coen, D. M., Varki, A., Ed. Current Protocols in
Molecular Biology: John Wiley & Sons, Inc., v.1-4ed. 2000.
Beattie, R. K., Diller, J. D. Fifty Years of Chestnut Blight in America. Journal of
Forestry, v.52, n.5, 1 May 1954, p.323-329. 1954.
Bernatzky, R., Mulcahy, D.L. Marker-aided Selection in a Backcross Breeding
Program for Resistance to Chestnut Blight in the American Chestnut. Canadian
Journal of Forest Resources, v.22, p.1031-1035. 1992.
Briggs, F. N. The Use of Backcross in Crop Improvement. The American Naturalist,
v.72, n.740, May-June, p.285-292. 1938.
Burnham, C. R. The Restoration of the American Chestnut. American Scientist, v.76,
n.5, p.478-487. 1988.
Burnham, C. R., Rutter, P.A; and French, D.W. Breeding Blight-Resistant Chestnuts.
Plant Breeding Reviews, v.4, p.347-397. 1986.
Butler, J. M. Forensic DNA Typing: Academic Press. 2001
Carlson, J. E., Tulsieram, L.K., Glaubitz, J.C., Luk, V.W.K., Kauffeldt, C., Rutledg,
R. Segregation of Random Amplified DNA Markers in F1 Progeny of Conifers.
Theoretical Applied Genetics, v.83, p.194-200. 1991.
Clapper, R. B. Relative Blight Resistance of Some Chestnut Species and Hybrids.
Journal of Forestry, v.50, n.6, 1 June, p.453-455. 1952.
Doerge, R. W. Mapping and Analysis of Quantitative Trait Loci in Experimental
Populations. Nature Reviews Genetics, v.3, p.43-52. 2002.

80

Figueiras, A. M., Gonzales-Jaen, M. T., Salinas, J., Benito, C. Association of
Isozymes with a Reciprocal Translocation in Cultivated Rye (Secale cereale L.).
Genetics, v.109, p.177-193. 1985.
Foundation, T. A. C. The American Chestnut Foundation: Working to Restore the
King of the Forest. 2007.
Grattapaglia, D., Sederoff, R. Genetic Linkage Maps of Eucalyptus grandis and
Eucalyptus urophylla Using a Pseudo-testcross: Mapping Strategy and RAPD
Markers. Genetics, v.137, p.1121-1137. 1994.
Haque, K. A., Pfeiffer, R. M., Beerman, M. B., Struewing, J. P., Chanock, S. J.,
Bergen, A. W. Performance of high-throughput DNA quantification methods. BMC
Biotechnology, v.3, n.20. 2003.
Hayashi, M., Miyahara, A., Sato, S., Kato, T., Yoshikawa, M., Taketa, M., Hayashi,
M., Pedrosa, A., Onda, R., Imaizumi-Anraku, H., Bachmair, A., Sandal, N.,
Stougaard, J., Murooka, Y., Tabata, S., Kawasaki, S., Kawaguchi, M, Harada, K.
Construction of a Genetic Linkage Map of the Model Legume Lotus japonicus Using
and Intraspecific F2 Population. DNA Research, v.8, p.301-310. 2001.
Healthcare, G. Amersham Hybond-XL, A Nylon Membrane Designed for Nucleic
Acid Transfer Product Booklet. Amersham Place, Little Chalfont, Buckinghamshire,
HP7 9NA: GE Healthcare UK Limited. 2006a
______. Amersham Megaprime TM DNA Labelling Systems Product Booklet.
Amersham Place, Little Chalfont, Buckinghamshire, HP7 9NA: GE Healthcare UK
Limited. 2006b
Hebard, F. V. The Backcross Breeding Program of the American Chestnut
Foundation. Restoration of American Chestnut to Forest Lands - Proceedings of a
Conference and Workshop, May 4-6, 2004, p.61-77. 2006.
Islam-Faridi, N., Nelson, D., Banda, H., Majid, M., Kubisiak, T., Hebard, F., Paris,
R., Sisco, P., and Phillips, R. p.
Islam-Faridi, N., Nelson, D., Banda, H., Majid, M., Kubisiak, T., Hebard, F., Paris,
R.,Sisco, P.,and Phillips, R. Cytogenetic Analysis of a Reciprocal Translocation in F1
Hybrid Between American and Chinese Chestnut. TACF Science Review, 2006. p.
Jauregui, B., De Vicente, M.C., Messeguer, R., Felipe, A., Bonnet, A., Salesses, G.,
Arus, P. A Reciprocal Translocation Between "Garfi" Almond and 'Nemared' Peach.
Theoretical Applied Genetics, v.102, p.1169-1176. 2001.

81

Kong, A., Gudbjartsson, D. F., Sainz, J., Jonsdottir, G. M., Gudjonsson, S. A.,
Richardsson, B., Sigurdardottir, S., Barnard, J., Hallbeck, B., Masson, G., Shlien, A.,
Palsson, S. T., Frigge, M. L., Thorgeirsson, T. E., Gulcher, J. R., Stefansson, K. A
high-resolution recombination map of the human genome. Nature Genetics, v.31, July
2002, p.241-247. 2002.
Kubisiak, T. L., Hebard, F. V., Nelson, C. D., Zhang, J., Bernatzky, R., Huang, H.,
Anagnostakis, S. L., Doudrick, R. L. Molecular mapping of resistance to blight in an
interspecific cross in the genus Castanea. Phytopathology, v.87, n.7, p.751-759. 1997.
Kubisiak, T. L., Roberds, J. H. Genetic Structure of American Chestnut Populations
Based on Neutral DNA Markers. Restoration of American Chestnut to Forest Lands Proceedings of a Conference and Workshop, May 4-6, 2004, p.109-122. 2006.
Lande, R., Thompson, R. Efficiency of Marker-Assisted Selection in the
Improvement of Quantitative Traits. Genetics, v.124, March, p.743-756. 1990.
Lander, E., Kruglyak, L. Genetic Dissection of Complex Traits: Guidlines for
Interpreting and Reporting Linkage Results. Nature Genetics, v.11, p.241-247. 1995.
Lewis, R. Human Genetics: Concepts and Applications: McGraw-Hill. 2003
Lincoln, S. E., Lander, E. S. Systematic Detection of Errors in Genetic Linkage Data.
Genomics, v.14, p.604-610. 1992.
Liu, S., Carlson, J. E. Selection for Chinese vs. American Genetic Material in Blight
Resistant Backcross Progeny Using Genomic DNA. Restoration of American
Chestnut to Forest Lands - Proceedings of a Conference and Workshop, May 4-6,
2004, p.133-150. 2006.
Liu, Z. J., Li, P., Argue, B.J., Dunham, R.A. Random Amplified Polymorphic DNA
Markers: Usefulness for Gene Mapping and Analysis of Genetic Variation of Catfish.
Aquaculture, v.174, p.59-68. 1999.
Manly, K. F., Cudmore Jr, R. H. Meer, J. M. Map Manager QTX, Cross-platform
Software for Genetic Mapping. Mammalian Genome, v.12, p.930-932. 2001.
Melchinger, A. E. Use of Molecular Markers in Breeding for Oligogenic Disease
Resistance. Plant Breeding, v.104, p.1-19. 1990.
Michelmore, R. W., Paran, I.,Kesseli, R. V. Identification of markers linked to
disease-resistance genes by bulked segregant analysis: A rapid method to detect
markers in specific genomic regions by using segregating populations. Proceedings of
the National Academy of Sciences, v.88, November 1991, p.9828-9832. 1991.

82

Mohan, M., Nair, S., Bhagwat, A., Krishna, T.G., Yano, M., Bhatia, C.R., and Sasaki,
T. Genome Mapping, Molecular Markers and Marker-assisted Selection in Crop
Plants. Molecular Breeding, v.3, p.87-103. 1997.
Nelson, M. Mating Systems in Ascomycetes: A Romp in the Sac. Trends in Genetics,
v.12, n.2, February, p.69-74. 1996.
Piastuch, W. C., Bates, G. W. Chromosomal Analysis of Nicotiana Asymmetric
Somatic Hybrids by Dot Blotting and In Situ Hybridization. Molecular and General
Genetics, v.222, p.97-103. 1990.
Qiagen. DNeasy Plant Handbook. Valencia, CA: Qiagen. 2006
Quarrie, S. A., Lazic-Jancic, V., Kovacevic, D., Steed, A., Pekic, S. Bulk segregant
analysis with molecular markers and its use for improving drought resistance in
maize. Journal of Experimental Botany, v.50, n.337, August 1999, p.1299-1306.
1999.
Ritter, E., Gebhardt, C., Salamini, F. Estimation of recombination frequencies and
construction of RFLP linkage maps in plants from crosses between heterozygous
parents. Genetics, v.125, July 1990, p.645-654. 1990.
Roder, M. S., Plaschke, J., Konig, S. U., Borner, A., Sorrells, M. E., Tanksley, S. D.,
Ganal, M. W. Abundance, Variability, and Chromosomal Location of Microsatellites
in Wheat. Molecular and General Genetics, v.246, p.327-333. 1995.
Ryan, B., Joiner, B. MinitabTM Handbook. Pacific Grove, CA 93950 USA:
Brooks/Cole. 2001
Schwarzacher, T., Leitch, A.R., Bennett, M.D., Heslop-Harrison, J.S. In Situ
Localization of Parental Genomes in a Wide Hybrid. Annals of Botany, v.64, p.315324. 1989.
Scotti, I., Paglia, G.P., Magni, F., Morgante, M. Efficient Development of
Dinucleotide Microsatellite Markers in Norway Spruce (Picea abies Karst.) Through
Dot Blot Selection. Theoretical Applied Genetics, v.104, p.1035-1041. 2002.
Sharon, D., Cregan, P.B., Mhameed, S., Kusharska,M., Hillel, J., Lahav, E., Lavi, U.
An Integrated Genetic Linkage Map of Avocado. Theoretical Applied Genetics, v.95,
p.911-921. 1997.
Sisco, P. H., Kubisiak, T.L., Casasoli, M., Barreneche, T., Kremer, A., Clark, C.,
Sederoff, R.R., Hebard, F.V., Villani, F. An Improved Genetic Map for Castanea
mollissima/Castanea dentata and Its Relationship to the Genetic Map of Castanea
sativa. Proceedings of the III International Chestnut Congress, p.491-495. 2005.

83

Smith, T. B., Robert K. W. Molecular Genetic Approaches in Conservation: Oxford
University Press. 1996
Snowdon, R. J., Kohler, W., Friedt, W., Kohler, A. Genomic In Situ Hybridization in
Brassica Amphidiploids and Interspecific Hybrids. Theoretical Applied Genetics,
v.95, p.1320-1324. 1997.
Tulsieram, L. K., Glaubitz, J. C., Kiss, G., Carlson, J. E. Single Tree Genetic Linkage
Mapping in Conifers Using Haploid DNA from Megagametophytes. Biotechnology,
v.10, p.686-690. 1992.
Vincze, T., Posfai, J., Roberts, R.J. NEB Cutter: A Program to Cleave DNA with
Restriction Enzymes. Nucleic Acids Research, v.31, p.3688-3691. 2003.
Welsh, J., Mcclelland, M. Fingerprinting Genomes Using PCR with Arbitrary
Primers. Nucleic Acids Research, v.18, n.24, p.7213-7218. 1990.
Williams, J. G. K., Kubelik, A. R., Livak, K. J., Rafalski, J.,Antoni, T., Scott V. DNA
Polymorphisms Amplified by Arbitrary Primers are Useful as Genetic Markers.
Nucleic Acids Research, v.18, n.22, p.6531-6535. 1990.
Zheng, X. Y., Wolff, D.W. Development and Utility of Cleaved Amplified
Polymorphic Sequences (CAPS) and Restriction Fragment Length Polymorphisms
(RFLPs) linked to the Fom-2 Fusarium Wilt Resistance Gene in Melon (Cucumis
melo L.). Theoretical Applied Genetics, v.99, p.453-463. 1999.

84

Appendix
Table A1. Dot blot densitometry values and percent Chinese genomic content for membrane 1, samples 1-88.
Samples are listed by row in which the samples were spotted onto the membrane, from top to bottom in each
row.
Sample Absorbance % Chinese Sample Absorbance % Chinese Sample Absorbance % Chinese
Content
Content
Content
SC495 0.6
0.87
SC461 76.3
65.24
SC928 56.5
38.31
SC466 0.6
0.87
SC502 57.3
39.26
SC933 58.8
41.07
SC723 2.9
1.29
SC818 46.2
27.13
SC932 63.8
47.41
SC1069 2.8
1.27
SC505 58.2
40.34
MA75 62.2
45.33
SC466 65.4
49.53
SC1117 59.6
42.07
SC1038 73.8
61.45
SC982 85.5
80.19
MA28 17.7
6.27
SC533 30.1
13.53
SC21
66.8
51.42
SC870 72.5
59.52
SC1044 1.1
0.95
SC739 85.1
79.51
SC898 74.9
63.10
SC216 66.5
51.02
SC999 42.9
23.96
SC338 56.4
38.19
SC673 8.4
2.68
SC959 43.1
24.14
MA36 51.3
32.42
SC486 87.7
83.99
SC1061 58.9
41.19
SC867 48.7
29.67
SC557 48.3
29.25
SC973 48.7
26.66
SC142 68.7
54.06
SC944 60.0
42.55
MA104 70.7
56.9
SC946 64.8
48.73
SC564 84.8
78.99
SC728 41.7
22.85
SC823 56.1
37.84
SC610 81.5
73.50
MA97 45.6
26.54
SC916 65.5
49.67
SC601 3.5
1.41
SC965 7.3
2.36
SC869 2.7
1.25
MA52 56.1
37.84
SC715 81.7
73.82
SC1010 66.1
50.47
SC418 51.3
32.42
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MA113
MA108
SC25
SC878
SC492
SC888
SC1006
SC1112
SC970
SC858
SC816
SC1114
SC219

55.7
79.6
54.6
67.7
73.3
45.5
77.7
91.0
21.4
36.1
81.4
62.5
81.6

37.37
70.43
36.10
52.67
60.70
26.44
67.42
89.86
8.15
18.04
73.33
45.72
73.67

SC331
SC129
SC517
SC928
SC223
MA322
SC740
SC213
SC853
SC831
SC872
SC885
SC925

72.7
41.5
34.0
40.7
40.8
51.8
54.9
59.6
66.4
52.1
72.2
59.6
41.3

59.81
22.67
16.39
21.95
22.04
32.97
36.45
42.06
50.88
33.3
59.08
42.06
22.49

SC1045
SC1105
SC1054
SC863
SC605
SC458
SC451
SC888
SC654
SC527
SC717

49.7
36.4
76.9
NA
NA
NA
NA
NA
NA
NA
NA

30.71
18.28
66.17
NA
NA
NA
NA
NA
NA
NA
NA
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Table A2. Dot blot densitometry values and percent Chinese genomic content for membrane 2, samples 89-177.
Samples are listed by row in which the samples were spotted onto the membrane, from top to bottom in each
row.
Sample Absorbance % Chinese Sample Absorbance % Chinese Sample Absorbance % Chinese
Content
Content
Content
SC313 61.2
44.06
SC42
0
0.78
SC127 70.1
56.04
SC278 51.0
32.10
MA262 45.4
26.34
SC1068 41.8
22.94
SC125 28.2
12.23
MA40 -6
0.21
SC612 20.4
7.61
MA124 44.2
25.18
SC108 -2.1
0.50
SC212 74.2
62.05
MA117 45.0
25.95
SC149 56.5
38.31
SC248 -3.9
0.34
MA337 55.5
37.14
SC425 36.3
18.20
SC126 -5.1
0.26
SC179 68.4
53.64
SC148 59.9
42.43
MA249 -1.9
0.53
MA44 46.8
27.72
SC178 61.7
44.69
MA150 -4.3
0.31
SC311 60.8
43.55
SC883 48.1
29.05
MA349 -1.5
0.58
MA102 57.0
38.90
MA348 64.7
48.60
SC420 32.0
14.89
MA114 62.1
45.20
MA87 74.5
62.50
SC195 -1.2
0.61
MA228 52.4
33.63
SC974 63.0
46.36
SC752 1.5
1.02
SC165 46.9
27.83
SC1032 76.7
65.86
SC822 2.8
1.27
MA301 59.3
41.68
SC267 -2.6
0.45
SC841 -1.1
0.63
MA15 53.2
34.51
SC839 -2
0.52
SC852 0
0.78
MA129 65.0
48.99
SC82
0
0.78
SC926 65.0
48.50
SC54
75.6
64.17
SC730 59.6
42.06
MA319 0
0.78
MA58 65.1
49.13
SC132 63.2
46.62
SC913 -1.7
0.55
MA269 52.1
33.29
MA6
69.2
54.76
SC683 57.7
39.74
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MA82
SC161
SC135
MA361
MA77
MA26
MA11
MA336
SC210
MA34
MA63

62.2
-0.4
14.9
61.9
65.6
-5.1
50.6
34.4
62.6
29.3
54.1

45.33
0.72
5.02
44.95
49.80
0.26
31.67
16.7
45.85
12.98
35.53

SC247
SC242
MA147
SC873
SC905
SC220
SC881
SC335
MA134
SC1038
SC879

58.9
63.4
49.1
67.0
-1.8
-2.5
61.8
-3.8
-5.5
26.9
0

41.19
46.89
30.08
51.70
0.54
0.47
44.82
0.35
0.24
11.38
0.78

SC859
SC558
SC728
MA9
SC711
MA112
SC438
SC540
MA55

0
81.0
1.0
-1.9
45.6
42.6
44.1
17.4
35.2

0.78
72.68
0.94
0.53
26.54
23.68
25.09
6.13
17.32
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Table A3. Dot blot densitometry values and percent Chinese genomic content for membrane 3, samples 178-266.
Samples are listed by row in which the samples were spotted onto the membrane, from top to bottom in each
row.
Sample Absorbance % Chinese Sample Absorbance % Chinese Sample Absorbance % Chinese
Content
Content
Content
MA1
53.7
35.08
SC71
25.6
10.57
MA86 1.0
0.94
MA67 32.9
15.55
SC101 6.8
2.21
SC1
14.4
4.81
SC20
51.2
32.31
SC291 43.1
24.14
MA47 13.4
4.41
SC76
54.1
35.53
SC122 12.1
3.91
MA60 39.0
20.46
SC88
46.7
27.62
SC426 7.5
2.41
MA131 25.0
10.21
SC431 69.7
55.47
SC1023 11.2
3.56
MA240 5.6
1.90
MA317 61.7
44.69
SC921 41.3
22.49
SC325 10.6
3.38
MA320 41.9
23.03
MA219 38.4
19.95
SC169 4.3
1.59
SC64
17.8
6.32
SC567 38.1
19.70
SC268 3.9
1.50
SC288 27.7
11.91
SC815 28.2
12.23
SC297 1.0
0.94
SC117 18.9
6.85
MA83 44.9
25.86
MA111 36.3
18.20
MA308 29.1
12.83
SC820 36.9
18.70
SC103 62.8
46.11
SC63
25.8
10.69
MA41 28.1
12.17
SC55
20.3
7.56
SC 63
33.9
16.31
MA69 11.6
3.74
SC329 17.2
6.04
SC70
62.1
45.20
SC1060 34.7
16.93
SC91
18.3
6.56
MA325 47.7
28.64
SC72
14.1
4.69
MA257 14.6
4.90
SC394 12.7
4.14
MA295 38.8
20.29
SC967 28.0
12.10
SC133 10.0
3.18
SC79
5.4
1.85
SC13
12.0
3.88
SC226 17.1
5.99
MA61 8.9
2.83
MA30 20.2
7.51
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MA327
SC300
SC353
SC340
SC274
SC196
SC39
SC4
SC1013
SC241
SC298

8.3
25.6
5.4
26.7
15.1
14.9
4.3
3
5.5
6.8
27.7

2.65
10.57
1.85
11.26
5.11
5.02
1.59
1.31
1.88
2.21
11.91

SC9
SC65
SC259
SC257
SC199
SC33
MA56
MA64
MA49
SC175
SC80

8.1
2.6
25.6
9.7
32.3
42.9
19.9
18.3
7.8
0.2
13.8

2.59
1.23
10.57
3.08
15.11
23.96
7.36
6.56
2.50
0.81
4.57

√
SC848
SC163
SC251
MA115
MA18
SC231
MA179
MA92

0.2
16.6
27.5
28.0
19.2
21.4
42.8
12.3
15.6

0.81
5.77
11.77
12.10
7.00
8.15
23.86
3.99
5.32
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Table A4. Dot blot densitometry values and percent Chinese genomic content for membrane 4, samples 267-314.
Samples are listed by row in which the samples were spotted onto the membrane, from top to bottom in each
row.
Sample Absorbance % Chinese Sample Absorbance % Chinese Sample Absorbance % Chinese
Content
Content
Content
SC609 NA
SC431 0.0
0.78
SC229 16.6
5.77
SC964 NA
SC88
35.3
17.40
MA31 -2.3
0.49
SC541 NA
SC76
14.3
4.78
MA84 11.1
3.56
SC679 NA
SC20
23.2
9.15
MA338 11.1
3.56
SC519 NA
MA67 9.6
3.05
SC97
4.0
1.52
SC472 NA
MA1
21.4
8.15
SC265 1.1
0.95
SC762 NA
MA141 4.0
1.52
SC233 13.7
4.53
SC682 NA
MA281 8.4
2.68
SC299 1.0
0.94
SC1073 28.0
12.10
SC385 2.1
1.13
SC192 -3.9
0.34
SC1062 40.8
22.04
SC160 -0.9
0.65
SC339 0.0
0.78
SC459 21.4
8.15
SC334 7.9
2.52
MA304 0.0
0.78
SC536 2.2
1.15
SC93
-0.6
0.69
MA99 1.1
0.95
SC419 0.6
0.87
SC227 24.7
10.02
SC302 -0.9
0.65
SC398 -1.3
0.60
SC239 4.6
1.66
MA315 16.0
5.50
SC145 19.7
7.25
SC342 14.5
4.86
MA71 19.5
7.15
SC44
3.2
1.35
MA282 -0.2
0.75
SC304 8.1
2.59
MA320 22.5
8.75
MA98 1.5
1.02
MA317 30.2
13.60
SC47
0.5
0.86
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