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ABSTRACT

Acer rubrum L. and Liriodendron tulipifera L. are prolific throughout their ranges in the Southeastern
U.S. and also have increasingly important roles in forestry and wood products in this region. The
relatively low density and intermediate strength of the wood makes them versatile for use in many
different wood products. Exploring the genetic structure of these species could provide a foundation
for further genetic and breeding exploration with these economically important trees. This study
utilizes amplified fragment length polymorphism to determine the level of genetic diversity of these
species in contrasting physiographic provinces. AFLP was performed using five primer combinations
on samples collected from six unmanaged populations of each species in the Mountains and Coastal
Plain of the Southeastern U.S. Wood density was determined using an X-ray densitometer. A. rubrum
lacked strong genetic structure while L. tulipifera showed differentiation between physiographic
provinces. Genetic diversity of A. rubrum was lower within the Mountain populations (H,: 0.327) than
the Coastal Plain populations (H,: 0.365). The average wood density for A. rubrum is lower in the
Mountains (539.00 kg/m’) than in the Coastal Plain (575.43 kg/m’). Genetic diversity of L. tulipifera
was higher overall (H,: 0.289) than within the Mountain populations (H,: 0.281) or the Coastal Plain
populations (H,: 0.271). The average wood density for L. tulipifera is greater in the Mountains (445.45

kg/m’) than in the Coastal Plain (441.67 kg/m”).
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Chapter 1: Introduction and Overview of Research
Introduction

Acer rubrum L. (red maple) and Liriodendron tulipifera L. (yellow poplar) are prolific
throughout the Southeast U.S., and play important roles in forestry and ecology of this region. These
species are important for their versatility in wood products, which is increasing due to their abundance
and quick regeneration in the Southeast U.S. Finding genetic markers that would correlate to different
qualities of these species growth habit such as wood density or branching angle could allow for a better
understanding of how the plants respond to different ecological conditions and perhaps give insight into
ways these species may be better managed and utilized for production. 4. rubrum wood with high
density and large volumes of lower density wood can be used in furniture making (Walters et al., 1990,
Forest-Service, 1974). L. tulipifera has high commercial value for lumber, plywood, pulpwood, and
veneer, and is competitive with softwoods such as pine species in these markets (Beck et al., 1990).

For forested regions that have in recent history been dominated by oak forests, it is key to study
the shifts in species composition to more shade intolerant regeneration that are occurring. A. rubrum is
a more dominant species in the Southeast U.S. accounting for approximately 3.3% of the volume of
saw timber on timberland in the Southeast (Forest-Service, August 2008), due in part to its rapid
regeneration, fast initial stem growth, and unspecific growth requirements (Whitney, 1984, Larsen,
1953, Hibbs, 1983). It is thought that A. rubrum populations could dominate the overstory of forests
across the Southeast U.S. in the near future due to their ability to grow in many environmental
conditions and site qualities (Abrams, 1998). L. tulipifera accounts for as much as 12.7% of the total
volume of saw timber on timberland in the Southeast U.S. (Forest-Service, August 2008). L. tulipifera
grows best on high quality sites with well drained soil and moderate rainfall (Beck, 1990).
Regeneration of other species such as oaks has become limited on such higher quality sites by L.
tulipifera’s ability to sprout and become established quickly (Loftis, 1990). Realizing that forests are

not static communities but continually changing ecosystems, it is important to investigate current
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dynamics and species shifts in the forests and how these systems can be more effectively and
sustainably managed.

As wood processing and molecular marker technologies continue to advance, integrating tools
used in different scientific fields is becoming progressively more important. This has been shown by
new medical and molecular marker techniques such as AFLP being applied to disciplines like forestry
(Krutovsky, 2006). This study assessed the genetic variations in L. tulipifera and A. rubrum
populations in the Southeast U.S. utilizing Amplified Fragment Length Polymorphisms (AFLP). The
main objectives of this study were to: (i) evaluate genetic variation within populations of L. tulipifera
and 4. rubrum, (ii) evaluate genetic variation of L. tulipifera and A. rubrum within physiographic
provinces, (iii) to evaluate genetic variation of L. tulipifera and A. rubrum throughout the Southeastern
U.S., and (iv) examine the role of genetic polymorphisms in indicating wood density of A. rubrum and
L. tulipifera.

The Sustainable Engineered Materials Institute (SEMI) at Virginia Polytechnic Institute and State
University funded this research. Previous SEMI research found A. rubrum had significantly higher
wood density averages in the Mountains (642kg/m’) than in the Coastal Plain (597kg/m’) and that
Mountain and Coastal Plain populations of L. tulipifera did not have significant differences (Jones et
al., 2006). Higher management regimes including fertilization and irrigation yielded lower wood
density in A. rubrum (537 kg/m’) and in L. tulipifera (450 kg/m’) across physiographic provinces
(Jones et al., 2006). The average wood density for the unmanaged Mountain populations of 4. rubrum
were 592 kg/m’ and 540 kg/m’ for the Coastal Plain populations (Jones et al., 2006). The average
wood density for the unmanaged Mountain populations of L. tulipifera were 443 kg/m’, and 454 kg/m’
for the Coastal Plain populations (Jones et al., 2006). Wood density, typically expressed in either
pounds per cubic foot or kilograms per cubic meter, is dependent on specific gravity of the wood and
moisture content (Simpson, 1993). The present study narrowed the population pool from SEMI’s prior

work (Spinney, September 9, 2003) to unmanaged stands located throughout the Southeast U.S. that
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were characterized into two physiographic provinces, Mountains and Coastal Plain. AFLP techniques
were used to analyze genetic structure and variations in wood density and AFLP markers. The strongest
genetic differences were expected between the Mountain sites of highest latitude and those of Coastal
Plain with lowest latitude, due in part to growing seasons being longer for the Coastal Plain populations
than the Mountains (Beck et al., 1990, Walters et al., 1990). AFLP can be used as a tool in breeding
programs, and as a foundation for association studies.
Overview of Research

Field Methods

For the purpose of this study sites were classified by physiographic province and management
regime. The populations sampled were unmanaged stands in the Mountains and Coastal Plain of the
Southeast U.S. Six A. rubrum and six L. tulipifera sites (Table 1) were sampled for this study; three in
the Mountains and three in the Coastal Plain (Figure 1). Within each population, a minimum of three
0.1 acre plots were chosen. GPS points were taken at the center of the plots and PVC pipe was driven
into the ground at those points. Each tree's total height, height of first branch, and diameter at breast
height (dbh) were measured, and each tree was marked with a metal tag. For each plot the
physiographic province, latitude and longitude, date, management intensity, landowner, state, and plot
numbers were recorded. The latitude and longitude of each sitewere used to generate a map using
Google Earth (Google, 2008). On average, at least ten trees were cored at each site. Eight to nineteen
trees had 12 mm bark-to-bark increment cores taken at each site. Two cores were taken from each tree,
one stored in 10% bleach in a cooler and the other stored in a portable freezer at approximately -20°C.
Field crews sampled SEMI plots every summer from 2003 to 2007, with sampling of L. tulipifera and
A. rubrum beginning in 2004 (Spinney, September 9, 2003). Leaf material used for the marker
analyses, was collected in the 2006 and 2007 sampling seasons from cored trees. Pole trimmers were

used to sample branches up to 10ft high and a 12-gauge shotgun with #4 copper coated shot used to



sample higher branches. Leaf samples were stored in a cooler with dry ice in the field, and a power

freezer near -20°C was used for transport of leaves.
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Figure 1 Map of six L. tulipifera (white balloons) and six A. rubrum (maroon balloons) sites used in this study.
Map generated using Google Earth (Google, 2008).

Table 1 Unmanaged L. tulipifera and Acer rubrum sites used in this study. Includes the population name,
physiographic province, latitude, longitude, and number of trees sampled.

Species Population Location = Physiographic Sample Latitude (N) Longitude (W)
Province Size
L. tulipifera  Blacksburg, VA Mountains 12 37°18'04.02"N 80°26'27.72"
L. tulipifera  Chillicothe, OH Mountains 17 39°02'45.66"N  83°11'40.98"
L. tulipifera  Oak Ridge, TN Mountains 16 36°00'09.00"N  84°13'01.00"
L. tulipifera  Summerville, SC Coastal Plain 18 32°56'46.68"N  80°22'41.40"
L. tulipifera  Tappahannock, VA Coastal Plain 18 37°40'43.26"N 76°56'16.44"
L. tulipifera  Vicksburg, MS Coastal Plain 8 32°25'40.52"N  90°43'08.80"
Total 89
A. rubrum Blacksburg, VA Mountains 11 37°18'04.02"N  80°26"27.72"W
A rubrum Sound Mountain, = fountains 18 37°10'16.82'N  81° 9'35.78"W
A. rubrum Oak Ridge, TN Mountains 16 35°56'11.59"N  84° 6'18.09"W
A. rubrum Bolton, NC Coastal Plain 19 34°16'19.41"N  78°25'55.48"W
A. rubrum Bladen Lakes, NC Coastal Plain 19 34°42'10.00"N  78°35'53.00"W
A. rubrum Ichauway, GA Coastal Plain 16 31°6'23.95"N  83°34'48.77"W
Total 99




Laboratory Methods

Amplified fragment length polymorphism (AFLP) technique was utilized to study genetic
polymorphisms. AFLP was chosen because previous studies have shown it to be highly reproducible
and a powerful tool for species whose genomes have not been mapped (Cottrell et al., 2003, Gaudeul et
al., 2004). This process was split into two major phases, DNA isolation and AFLP marker analysis.
DNA isolation was performed largely in Latham Hall, Department of Forestry, Virginia Polytechnic
Institute and State University, Blacksburg, VA while the AFLP marker analysis was performed in
Danville, VA at the Institute for Advanced Learning and Research. The AFLP protocol followed,
including modified DNAzol DNA isolation protocol, is included in Appendix A (Chang et al., 2009).
DNA was isolated from the leaf samples during 2006 and 2007 in Latham Hall, Department of
Forestry, Virginia Polytechnic Institute and State University, Blacksburg, VA. Concentrations were
diluted to approximately 125ng/ul and quality was verified on a 0.6% low EEO agarose gel. AFLP
protocol was performed at the Institute of Advanced Learning and Research, Danville, VA. Work in
Danville, VA was performed primarily in 2007 and 2008. Restriction digestion of DNA samples was
done simultaneously with two restriction enzymes: EcoRI Restriction Enzyme Recognition site
GAATTG, from New England BioLabs, and Msel Restriction Enzyme Recognition site TTAA, from
New England BioLabs. Adapter ligation was performed following the restriction digestion of samples.
Quality of products from the Restriction/Ligation step was checked on a 0.6% low EEO agarose gel.
Pre-selective amplification was performed on these products, followed by selective amplification with
five primer combinations. The five different primer combinations were used on each species and were
chosen from 10 initial primer combinations applied to the Tappahannock, VA (L. tulipifera) and the
Blacksburg, VA (4. rubrum) populations (Appendices 5 and 6). The five primer combinations that
yielded the most similar results based on Dice similarity calculations were chosen. Each primer
combination consisted of one EcoRI labeled primer and one Msel un-labeled primer. The same EcoRI

primer was used in each combination for each species. After the fragments were amplified they were
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run on the Beckman Coulter CEQ 8800, capillary electrophoresis system. Electropherogram output
from the CEQ 8800 allows for manual checking of AFLP data by comparing electropherogram peaks
to binary data to confirm accuracy of results. The CEQ 2000XL Version 4.3 Software enabled viewing
of polymorphisms in the DNA samples. AFLP resultant data management began with this software
and provided a way to count the number of polymorphisms present and export files used with statistical
software.

Environmental Methods

Environmental data including mean annual precipitation, mean annual temperature, and mean
annual growing season length were gathered via Daily Surface Data ASCII files from the National
Oceanic and Atmospheric Administration (N.O.A.A., 2008). Data was retrieved for years 1958
through 2008, the anticipated average age of stands sampled. Mean annual growing season was
determined by calculating the average number of days between the last frost in the spring and the first
frost in the winter months from 1958 to 2008.

Data Analysis

NTSYSpc Numerical Taxonomy and Multivariate Analysis System Version 2.2, developed by
James Rohlf, was used to explore the degree of genetic diversity of individuals across the landscape
(Rohlf, 2005). The Dice coefficient was used with NTSY Spc Ver.2.2 to assess genetic similarity, and a
UPGMA clustered dendrogram was created using this similarity index for all samples of both species.
PopGene v.3.2 was used to calculate genetic variation statistics for all loci (Yeh and Boyle, 1997).
PopGene v.3.2 was also used to calculate Nei’s analysis of genetic diversity in subdivided populations,
and Nei’s original measure of genetic diversity and genetic distance, UPGMA dendrograms based on
these diversity indices, percentage of polymorphic loci at a p<0.05 significance level (Nei and
Feldman, 1972, Yeh and Boyle, 1997). UPGMA dendrogram based on Nei’s unbiased genetic distance
matrix over all populations was produced using PopGene v.3.2 (Yeh and Boyle, 1997). Analysis of

molecular variance (AMOVA) was performed with Arlequin Version 2.0, which established the degree
6



of genetic variation between populations and between populations grouped by physiographic province
(Schneider et al., 2000). An analysis of variance (ANOVA) was performed on the wood density data,

along with averages and ranges for each individual population (SAS, 2007).



Chapter 2: Literature Review
Liriodendron tulipifera L.

Life History

Liriodendron tulipifera L., common names yellow-poplar, tuliptree, tulip-poplar, white-poplar,
and whitewood, is a member of the Magnoliaceae (Magnolia) family. L. tulipifera flowers are orange
and white, first developing from age 15-20 years, and continuing to flower for the remainder of the
tree’s life (Beck et al., 1990). L. tulipifera is one of the latest flowering trees in the Southeast U.S.,
that’s flowering period begins in late spring to summer, lasts two to six weeks, and increases with the
age and size of the tree (Beck et al., 1990). Insects including flies, beetles, honey bees, and bumble
bees (Boyce et al. 1961), pollinate the flowers on or near the day of blooming since the stigmas can dry
out soon after blooming (Beck et al., 1990). Mode and duration of pollination can be important when
assessing pollination ranges and genetic diversity of a species. Self-pollination also occurs, resulting in
fewer viable seed being produced (Boyce and Kaeiser, 1961). It seems reasonable to suspect that the
insect pollination of L. tulipifera limits its breeding range, though seeds are dispersed by wind.
Flowering time as well as seed and pollen dispersal patterns can direct effects on genetic diversity of
species and their mating patterns.

L. tulipifera is a shade intolerant species, and given adequate rainfall and sunlight over a long
growing season, maximum development will occur (Beck et al., 1990). L. tulipifera requires full
sunlight for regeneration, but as little as three to ten percent to survive (Olson, 1969, Phillips, 1966). L.
tulipifera is a highly successful reproducer by seed and stump sprouts. L. tulipifera seeds are arranged
in an aggregate of winged carpels, that disperse by wind. Annual seed production is estimated at
741,000 — 1,482,000 seeds per hectare in portions of the Southeastern U.S. (Beck et al., 1990, Phillips,
1966, Renshaw and Doolittle, 1958). This is unlike other tree species that have high and low mast
years. Along with production, viability of seed remains relatively stable each year, five to twenty

percent, and for up to 7 years (Beck et al., 1990, Clark and Boyce, 1964). Before seeds can germinate
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they must be exposed to soil and freezing conditions for about three months (Beck et al., 1990).
Seedlings can develop at high densities, thinning is needed as they mature. Seedling success is
particularly high on clearcuts, burned areas, and other cuts and areas with full sunlight and exposed soil
(McGee, 1975). Regeneration of L. tulipifera is typically straightforward; requiring exposed soil, open
canopy, seed source, and sufficient sunlight. L. tulipifera is a flexible rooter, typically forming a tap
root (Beck et al., 1990).

Ecology

Due to its reproductive success and growth requirements, L. tulipifera is a highly competitive
species and has a range covering most of the eastern U.S. It is more site specific than A. rubrum,
requiring higher levels of light and more water throughout the growing season (Beck et al., 1990).
Higher light requirements also cause decreased levels of growth when 4. Rubrum is overtopped by
other tree species. L. tulipifera’s degree of dominance creates differentiation between the ecological
communities (Zhang et al., 1999). This ecological importance is reflected across the Southeast U.S. In
the Southern U.S. L. tulipifera is a dominant species in yellow poplar, yellow poplar-white oak-
northern red oak, yellow poplar-eastern hemlock, and sweetgum-yellow poplar forest types, and a
minor species in 11 forest types (Eyre, 1980). Pure stands of L. tulipifera rarely occur (Beck et al.,
1990). The dominance of L. tulipifera in the Appalachians increases with increased site quality (Loftis,
1990). Due to the fast growing nature of the species, up to 46cm in height and 6.4mm in diameter
annually (Hicks, 1998), and its shade intolerance, it is often seen as a successional species in old fields
(Beck et al., 1990).

L. tulipifera exhibits phenotypic and genetic variation across its range (Sewell et al., 1996a). One
instance of phenotypic variation has been observed in degree of leaf variability becoming greater on a
north bound gradient through the range (Kellison, 1968, Parks et al., 1994). Pleistocene glaciations are
believed to have caused southern and northern migrations of many species in the U.S., including L.

tulipifera (Sewell et al., 1996b). Along with these migrations many bottlenecks and isolated
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populations are believed to have occurred in many species (Sewell et al., 1996b). Northern and
southern (populations in Northern Florida) U.S. haplotypes of L. tulipifera are identified by five
potential cpDNA changes which have evolved independently, seeming to confirm the suggested
migration patterns and occurrence of these bottlenecks and isolated populations (Sewell et al., 1996b).
Focusing on the northern haplotype of L. tulipifera in the Southeastern U.S. it was found that the
genomic DNA of populations sampled in this region was highly similar, though some significant
differences were present. This similarity is also supported by the overall lack of geographic boundaries
to migration in this region and the capability of this species to have migrated and bred throughout the
majority of its distribution, despite being largely insect pollinated. Phenotypic differences including
wood density, branching angle, seed dormancy, and leaf characteristics, have been documented
throughout the range of L. tulipifera and through provenance tests (Kellison, 1968, Sluder, 1972,
Farmer et al., 1967, Orwig and Abrams, 1994, Olson, 1969).

L. tulipifera is also ecologically significant due to the wildlife species that utilize it as a food
source. In the Appalachians, white-tailed deer are known to forage heavily on flowers of juvenile L.
tulipifera (Campbell et al., 2002). Livestock, squirrels, some bird species, mice, and rabbits also graze
on L. tulipifera seedling leaves, buds and twigs (Beck et al., 1990).

L. tulipifera uses large amounts of water and lives in areas with rainfall levels ranging from 760
mm (30 in) to greater than 2030 mm (80 in), with local topography having a large effect on species
survival (Beck et al., 1990). Aspect is an important component of local topography with north and east
aspects on lower and sheltered slopes such as coves being favorable for L. tulipifera growth (Beck et
al., 1990). Sampling for the current study required dominant stands of L. tulipifera, which often
coincided with these site conditions. The sites sampled in the current study were gentle slopes, some of
which in coves such as the Chillicothe, OH population. L. tulipifera can be found in coves, valleys,

stream bottoms and at varying elevations from sea level to mountains. L. tulipifera lives in highly
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contrasting climates, some with average temperatures as low as -7.2°C(19°F) and others as high as
27.2°C (81°F) (Beck et al., 1990).

L. tulipifera has a widespread range spanning the Eastern U.S. through cold climates of the New
England States to warm climates of Florida. According to the forest inventory analysis (Forest-Service,
August 2008), the total saw log volume of L. tulipifera on timberland in the Southeast U.S. as surveyed
from 2000-2007 was 2,886,975,454 cubic ft (81,750,041 cubic meters) with 1,411,809,803 cubic ft (39
978 001.6 cubic meters) on private land (Forest-Service, August 2008). In 2002 the Southeastern U.S.
had 89.2% of the L. tulipifera volume in the U.S.(Forest-Service, August 2008). The total volume of
sawtimber on timberland in the Southeast U.S. is 7.7el1 cubic ft (Forest-Service, August 2008).

L. tulipifera grows on a variety of soil types, primarily Ultisols and Inceptisols, and performs
better in soils with loose texture, good moisture and drainage (Beck et al., 1990). Appropriate effective
rooting depth and moisture-supplying capacity are important soil characteristics for L. tulipifera growth
(Della-Bianca and Jr., 1961, ke and Huppuch, 1968, McCarthy, 1933, Smalley, 1964, Phillips, 1966).
Nutrient poor soils, especially in nitrogen, phosphorous and potassium, generally do not enhance
growth of L. tulipifera, though survival is likely (Beck et al., 1990, Zeleznik and Skousen, 1996). This
is evident in mine reclamation studies by Zeleznik et al. in which L. tulipifera was outperformed on
poor quality mine sites by white ash, but a reasonable level of survival was achieved (Zeleznik and
Skousen, 1996).

L. tulipifera grows faster than A. rubrum and Quercus rubra L. seedlings under a variety of
silvicultural understory treatments including vegetation removal, trenching and fertilization, and in
unmanaged stands (Beckage and Clark, 2003). Higher growth is exhibited on northeast topographical
aspects (Fekedulegn et al., 2003). L. tulipifera is more productive on north and east aspects in the
Appalachians (Desta et al., 2004). A study in West Virginia showed that L. tulipifera experienced up to
40% less growth in drought years according to the Palmer drought severity index and grows best on

northwest aspects (Fekedulegn et al., 2003).
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There are few natural predators and damaging agents affecting L. tulipifera, which makes it a
favorable species to manage. Four species of insect are known to negatively impact L. tulipifera. The
tuliptree scale (Toumeyella liriodendri), Tulip poplar weevil (Odontopus calceatus), and the Rootcollar
borer (Euzophera ostricolorella), all decrease vigor of L. tulipifera and allow for pathogens to degrade
the health of the tree (Beck et al., 1990). The Columbian timber beetle (Corthylus columbianus)
degrades wood color (Beck et al., 1990). Fire also negatively impacts seedlings, though regeneration
from stump sprouts is prolific. Vines such as honeysuckle and other invasive species can damage the
form of the tree and eventually kill the tree. The growth rate of L. tulipifera roots and above ground
biomass has been shown to decrease as temperatures increase, which could be detrimental if
temperatures rise quickly for extended periods of time (Constable and Retzlaff, 2000).

Wood Properties and Uses

The wood of L. tulipifera has small pores, and the heartwood is light to dark brown, yellowish in
color, and only slightly resistant to decay (Forest-Service, 1974). Drying the wood causes an average
radial shrinkage of 4.6%, tangential shrinkage of 8.2%, and volume shrinkage of 12.7% (Forest-Service,
1974). Specific gravity of L. tulipifera increases from 0.4 to 0.42 when dried and slower grown wood
has low bending strength and weight (Forest-Service, 1974). Specific gravity varies significantly within
populations of L. tulipifera (Kellison, 1968, Taylor, 1968, Thorbjornsen, 1961), and other wood
properties also differ between trees in the same population under the same environmental constraints
(Zobel and Talbert, 1984). These findings also conclude that it is difficult to attribute wood properties
to site index (Thorbjornsen, 1961) or to geographic locales (Taylor, 1977, Thor and Core, 1977). Other
studies have however shown decreases in specific gravity as site index increases (Barefoot, 1963,
Sluder, 1972). The specific gravity of mature wood is not related to the growth rate of the mature wood
of a species, and properties of young wood, including wood density, are not always consistent with the
properties present in mature wood of the same tree (Core et al., 1975, Zobel and Sprague, 1998).

Poisson's ratio decreases with increasing load with L. tulipifera (Zink et al., 1997). Silvicultural
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nitrogen applications ranging from 40 to 640 lb/acre all had negative effects on the density of L.
tulipifera wood in TN (Ross et al., 1979).

L. tulipifera is used in a variety of forest products and is especially important in the Southeast U.S. due
to the volume present, ease of management, rapid growth, good form, and high quality wood (Vick, 1985). L.
tulipifera is used as raw material for oriented strand board (OSB), laminated veneer lumber, millwork
(Luppold et al., 2002), and construction lumber (Johnson et al., 1997). L. tulipifera lumber is widely used for
furniture making, musical instruments, paneling, and veneer (Beck et al., 1990, Forest-Service, 1974). Lower
grade material is used for plywood, pulpwood, fairly weak connector joints, pallets, and boxes (Forest-Service,
1974). L. tulipifera is also admired as an ornamental species and its nectar contributes to honey production
(McCarthy, 1933).

Genetics

Like many species, L. tulipifera exhibits phenotypic differences throughout is range and within
local populations. Studying these differences and their causal agents is interesting to forest managers
and those interested in particular wood properties such as specific gravity and straightness of stem
(Sluder, 1972, Beck et al., 1990, Salick, 1995). Some traits have been actively managed for in L.
tulipifera, with varying degrees of success.

Provenance tests have been performed on L. tulipifera showing that seedlings of northern origin
did not grow well in longer day lengths of 18 hours (Vaartaja, 1961). Dormancy relationships have
also shown to be dependant on seed origin, with more northerly sources going dormant earlier and
breaking dormancy later (Beck et al., 1990). More work is needed on wood property relationships to
seed sources from different regions of L. tulipifera range. The strongest genetic differences could be
expected between Mountain populations of high latitude and Coastal Plain populations of low latitude
due in part to growing seasons being longer in the Coastal Plain areas (Beck et al., 1990, Walters et al.,
1990), and also historic divergence of chloroplast DNA (Qiu and Parks, 1994, Sewell et al., 1996a). A

study on the variation of L. tulipifera chloroplast DNA in the U.S. showed that northern and southern
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populations of L. tulipifera were evolutionarily distinct (Parks and Wendel, 1990) and that populations
in northern Florida were a different cpDNA haplotype than all other sampled North American
populations (Sewell et al., 1996b, Parks and Wendel, 1990).

Somatic embryogenesis systems for L. tulipifera are of increasing importance to breeding and
propagation of successful genotypes. Embryogenesis systems for L. tulipifera and L. tulipifera x L.
Chinese hybrids have been successfully developed, yielding more than 50% viable somatic embryos
(Dai et al., 2004). The development of successful embryogenesis systems makes propagating
individuals with desirable phenotypes more readily attainable. The wide commercial usefulness of L.
tulipifera makes successful breeding of the species with desirable traits particularly valuable.
Identifying DNA fragments associated with desirable traits is critical to the development of breeding
programs. At the University of Georgia, molecular marker techniques have been applied to L. tulipifera
for a variety of applications (Dai et al., 2004, Clayton et al., 1998, Wilde et al., 1992). Also, foreign
genes have been expressed in L. tulipifera and modified plants to have the ability for uptake and
phytoremediation of mercury (Clayton et al., 1998).

Acer rubrum L.

Life History

Acer rubrum L., common names of red maple, scarlet maple, swamp maple, soft maple, Carolina
red maple, Drummond red maple, and water maple, is a member of the Aceraceae (Maple) family.
Along with L. tulipifera, Acer rubrum is one of the most abundant tree species in the Eastern U.S. It’s
native range spans from Southeastern Canada, as far south as Florida, and as far west as the Mississippi
river (Little, 1979).

A. rubrum is a polygamo-dioecious plant, whose breeding capacity is expanded by having some
male plants, some female plants, and some plants with flowers of both sexes. A. rubrum flowers occur
high in the trees, and emerge long before L. tulipifera, between March and May throughout its range

and as early as 4 years old (Walters et al., 1990). The fruit of A. rubrum are double samaras produced
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in abundance and disseminated through June, with all seeds falling within a two-week period dispersed
by the wind (Walters et al., 1990). Once in contact with soil, it takes a week or less for 4. rubrum
seeds to germinate, with germination success as high as 91% (Walters et al., 1990). Seeds can remain
viable for at least 2 years on the forest floor, and germination requirements are few with sunlight
availability being an important factor (Marquis, 1975). A. rubrum is a shade tolerant species, but
seedlings have a higher level of tolerance, which promotes regeneration success (Walters et al., 1990).
Regeneration can also occur through vigorous sprouting after cutting or disturbance by fire, with
multiple sprouts from individual stumps.

Ecology

A. rubrum is becoming an increasingly dominant part of the forests throughout its range, reaching
what some would call invasiveness in some areas (Abrams, 1998). According to the Society of
American Foresters A. rubrum is a dominant component of 56 of the 88 forest cover classifications in
the Eastern U.S. (Eyre, 1980). As is evident from its broad distribution, A. rubrum is able to withstand
a variety of climate, soil, and topography conditions. A4. rubrum can withstand temperatures as low as -
40°C (Dansereau, 1957). A. rubrum is a moderately shade tolerant pioneer species, often found in old
fields and disturbed areas, with the ability to survive in higher levels of shade than L. tulipifera. A.
rubrum does not show significant aspect preference and is able to grow well in both moist and dry
conditions from ridges to swamps (Desta et al., 2004, Stephenson, 1974). Further north 4. rubrum
grows more dominantly on ridges, and further south in swamps (Walters et al., 1990). 4. rubrum
grows in soils of varying parent materials of the following soil types: Entisols, Inceptisols, Ultisols,
Alfisols, Spodosols, and Histosols (Walters et al., 1990).

Along with its broad range, A. rubrum can grow in a variety of site conditions. The taproot is only
a few inches deep with remaining roots extending horizontally and up to 10 inches (25cm) deep into the
soil (Walters et al., 1990). Aeration is important to 4. rubrum roots, as is evident by its ability to

withstand flooding, but not silt deposits that are left behind (Broadfoot and Williston, 1973). A. rubrum
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has diffuse porous wood. Despite being abundant throughout its range, A. rubrum plays limited
ecological roles. One such role is being a quality food source for deer and rabbits (Walters et al., 1990).

A. rubrum responds differently to varying types of competition. A. rubrum is shade tolerant, but
grows much better as it ages with increased levels of sunlight (Walters et al., 1990). Shade tolerance as
a seedling is advantageous when there is an overstory present, and is favorable in shelterwood
management regimes. The ability to sprout quickly and respond positively to increased light levels
gives A. rubrum regeneration advantages after major disturbances that drastically alter the overstory.

Though 4. rubrum grows prolifically, it is susceptible to numerous damaging agents. The form
of A. rubrum trees is often poor due to wounding from mixed sources. It has also been found that A.
rubrum is highly resistant to herbicide by injection (Kossuth et al., 1980). Many insect infestations
reduced tree vigor. A. rubrum is vulnerable to boring insects and scale insects, which largely attack the
leaves of the trees. Boring insects include the gall making maple borer (Xylotreehus aceris), the maple
callus borer (Synanthedon acerni), and the Columbian timber beetle (Corthylus columbianus) (Walters
et al., 1990). The most common scale insects and moths affecting A. rubrum are cottony maple scale
(Pulvinaria vitis), the maple leaf scale (P. acericola), the oystershell scale (Lepidosaphes ulmi), the
gypsy moth (Lymantria dispar), the linden looper (Erannis tiliaria), the elm spanworm (Ennomos
subsignaria), and the red maple spanworm (ltame pustularia) (Walters et al., 1990). Due to A. rubrum
increased dominance in much of its range as a result of some other dominant species being drastically
reduced in numbers due to insect and fungi infestations, the gypsy moth has become of particular
concern. Fire also causes mild to severe damage to A. rubrum which responds to fire by sprouting from
the root collar, though intense fires are likely to kill the above-ground portions of the tree (Walters et
al., 1990). In addition to insects, fungi also attack wounds on 4. rubrum, and some canker forming

diseases attack the stems (Stephenson, 1974).
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Wood Properties and Uses

A. rubrum lumber is commonly used for wood products in the Southeast U.S., due in part to is
abundance. A. rubrum is a considered a soft maple, having wood that is not as strong as hard maples
and heartwood of lighter color (Forest-Service, 1974). Common markets for this wood are container
and shipping materials such as pallets, crates and boxes, to furniture and sometimes veneer with
distinct rings (Forest-Service, 1974, Walters et al., 1990). A. rubrum has also been shown to be
equivalent and sometimes superior to bigtooth aspen (Populus grandidentata michx.) as a flakeboard
construction material (Kuklewski et al., 1985). When dried, the wood volume shrinks 12.6%, more
than half of that of hard maples, and the wood color is a light red/brown (Forest-Service, 1974). The
average specific gravity of A. rubrum before drying is approximately 0.49 increasing to 0.54 at 12%
moisture content (Forest-Service, 1974). A. rubrum is also an aesthetically pleasing species, often
planted as an ornamental in cities and elsewhere, due in part to fall foliage colors. Like other maples,
A. rubrum is sometimes used to produce syrup.

Genetics

Like L. tulipifera, A. rubrum has phenotypic differences throughout its range, largely noticeable
along with changes in physiographic province and latitude. In more northern and mountainous areas
there tends to be more cold hardiness, more robust samaras, and earlier reproductive development
(Walters et al., 1990, Townsend, 1972, Winstead et al., 1977). A. rubrum is capable of hybridizing
with silver maple (Walters et al., 1990).

A. rubrum has great genetic potential due to its broad range and suitable site conditions
(Townsend et al., 1979). Successful varieties of A. rubrum have been developed to combat air
pollution, limited water, and vericillium wilt, for ornamentals often used in cities (Townsend et al.,
1979). Studies have been done addressing 4. rubrum genetics without using marker techniques or
other genetic analysis tools. In a study on genetic correlation to seed dormancy break, it was

determined that 4. rubrum seeds were much more dependent on temperature than genetics (Perry and
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Wu, 1960). Other maples, such as sugar maple has had active breeding programs due to its commercial
value in the sugaring industry (Cornell, 2007).
Wood Density

There are different wood properties that are of interest in forestry and forest products such as fibril
angle, width, length, and cellular chemistry. Each is of interest in the production of different products
and are interrelated with wood density or specific gravity (Zobel and Buijtenen, 1989). Growth of a tree
affects wood density, which is in turn an important factor for wood products, fiber products, and energy
yield. Wood density, typically expressed in either pounds per cubic foot or kilograms per cubic meter, is
dependant on specific gravity and moisture content of the wood (Simpson, 1993). The specific gravity
of wood is the ratio of the wood density to the density of water in the wood, and is often used as a
standard between species (Forest-Service, 1974). Specific gravity has been found to vary significantly
within populations of L. tulipifera (Kellison, 1968, Taylor, 1968, Thorbjornsen, 1961), and other wood
properties also differ between trees in the same population under the same environmental constraints
(Zobel and Talbert, 1984). Wood density varies within and between species usually within 320 to 720
kg/m’ (20-45 Ib/ft’) (Forest-Service, 1974).

Studies on the genetic association of wood properties in different species have been performed
successfully in a few tree species. A study of over 2000 tree species in South and Central America
found that wood density decreased with rising altitude and that 74% of wood density variation was
explained by genus (Chave et al., 2006). According to the study, this provides a means of calculating
biomass at the genus level, when specific species densities are not available. The issue of biomass
calculations and carbon emissions is of increasing interest in areas of South and Central America that are
experiencing rapid forest harvesting. Due to global warming carbon sequestration and greenhouse gas
emissions are of increasing interest. Biomass of an area can be determined if the volume of wood is
known, and can be more accurately determined if wood density of the dry weight is also known (Chave

et al., 2006, Fearnside, 1997). Two Eucalyptus provenances had consistent wood densities and pulp
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yields when grown in cold and warm climates (Clarke, 2000). Wood Density’s dependence on the
environment and biology of a tree makes it the most informative wood property (Chave et al., 2006).

Research identifying candidate genes associated with wood property traits via quantitative trait
loci (QTL) have been successful and suggest promise for further advances in breeding and genetically
identifying desirable wood property traits (Brown, 2003). Studies in tree species, and non-woody plants
such as Arabidopsis thaliana, and Zinnia elegans have shown that gene expression involved in cell
differentiation and wood formation is directed by specific transcription factors (Demura and Fukuda,
2007). It has also been found that tensile growth stress can be generated by decreasing lignin and
increasing cellulose microfibrils parallel to fiber axes in the secondary wall (Yoshida et al., 2002).
Genetics

Molecular Marker Techniques

Molecular marker techniques are rapidly advancing versatile in their application. For instance,
AFLP was developed in the medical field (Vos et al. 1995) and is now applied to many disciplines
including forestry and plant biology. Generally speaking, genomics is the study of complete DNA
sequences of species, which enables gene mapping at a fine scale. Genomics studies the entire genome
while marker mapping focuses on particular areas or genes in the genome. In this sense, marker
mapping is a much narrower approach to studying genomes. As integrating the tools and ideas from
different disciplines continues, it is evident that pooling the strengths of genomics and gene mapping
for future population genetics studies will be beneficial, especially in forest research targeting
association mapping studies (Krutovsky, 2006). Different population genetics techniques including
AFLP, SSR, and SNPs are currently available in forestry and are becoming more applicable to
population genomics and association mapping studies (Krutovsky, 2006).

Genetic markers are DNA sequences or genes that can be identified or located in the genome.
Markers can be associated with a particular phenotype and used as breeding and management tools in

forestry for achieving desirable phenotypes (Ridley, 2003). Markers can be easily identifiable, such as
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AFLP using gel electrophoresis (Vos et al., 1995), and aid in genetic association studies and attaining
breeding objectives. There are many different marker techniques including but not limited to
microsatellites (SSR), single nucleotide polymorphism (SNP), and amplified fragment length
polymorphism (AFLP). Each marker technique has advantages and disadvantages with respect to
research objectives and limitations.

AFLP is beneficial when the genome of a species has not been mapped, while SSR would be
more informative on species whose genomes have been mapped and which genetic information had
previously been gathered (Quellera et al., 1993, Jump and Penuelas, 2007). Microsatellites are short
nucleotide sequences that are repeated many times (Quellera et al., 1993). Microsatellite markers
(SSRs) are generally more informative than AFLP markers when the genome of the study organism is
known, which has been highlighted in previous research (Jump and Penuelas, 2007). SSRs are co-
dominant markers, able to detect heterozygosity at a locus of interest, providing information about
individual alleles. Single nucleotide polymorphisms are variations or changes in individual nucleotides
in the DNA of an individual. This is a much more time consuming process and requires that the
specific region of DNA where the polymorphism is occurring, already be known. An advantage to this
methodology, in addition to being widely used, there are multiple free access databases online of SNPs
(NCBI, 2008).

In the research project at hand, AFLP was used to assess genetic variations across the landscape
and associations with wood density. AFLP is a highly reproducible marker technique (Vos et al.,
1995). AFLP is a dominant marker technique that cannot distinguish between heterozygous and
dominant. As its name suggests, amplified fragment length polymorphism analyzes DNA fragment
lengths, and variations in those lengths between individuals indicates variation in the genetic makeup.
AFLP is particularly useful in studying genetic diversity across the landscape, and robust because it
requires much smaller sample sizes than SSR (Jump and Penuelas, 2007). Currently SSR is more

commonly used, partly because it is more informative for species whose genomes have been
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sequenced. Another advantage of AFLP is that it does not require that the genome be sequenced for
the organism being studied. In a comparison of AFLP to microsatellite markers, AFLP markers were
found to be more robust for genetic differentiation on small spatial scales, in determining the
relatedness of nearby populations, and determining populations of origin (Gaudeul et al., 2004). These
findings have been supported by others, including studies utilizing limited primer combinations to
assess genetic diversity in accessions (Pang et al., 2006).

Molecular Marker Applications in Plants

Many molecular marker techniques including AFLP originated in human genetic studies (Vos et
al, 1995). These marker techniques have been applied to genomic studies of agricultural crops and non-
agricultural products and have expedited the sequencing of multiple plant genomes (Smallwood, 2006).
This interest has also been pursued in forestry practices, most recently notable in the sequencing of the
genome of Populus trichocarpa (black cottonwood) (Tuskan G.A., 2006).

Linkage disequilibrium studies have been utilized extensively in human genetics research
(Pritchard and Przeworski, 2001, Goldstein and Weale, 2001). Linkage disequilibrium studies have
more recently been applied to plants, largely focusing on agricultural species. Linkage disequilibrium
studies yield strong results in unmanaged populations because they can provide information on
relatedness and historical recombination events in a population.

The first study to utilize linkage disequilibrium mapping in a plant was in 2001 and applied
linkage disequilibrium mapping to natural populations of sea beets (Hansen et al., 2001). AFLP has
been utilized to determine if short distances spanned by linkage disequilibrium enable the identification
of markers that are very tightly linked to a target gene (Hansen et al., 2001). The main target was to
look for a gene in the genome that was associated with the gene for annual growth habit (B gene)
determining whether the beets need a period at low temperatures before bolting, which should be

identifiably associated with an AFLP marker (Hansen et al., 2001).
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When examining linkage disequilibrium, dominant genotypes are typically of interest, which is
appropriate in the usage of AFLP. There may be multiple fragments of the same length, which are not
homogeneous, which could produce false positives when determining genetic linkage (Hansen et al.,
2001). Another disadvantage of AFLP is that the co-dominant and recessive genotypes are not
examined (Vos et al., 1995). Linkage between tightly linked loci can be detected by screening for
linkage disequilibrium (Hansen et al., 2001). Future studies in linkage disequilibrium could be applied
to other species, ecosystems, and across different landscapes.

Since initial studies of sea beets (Hansen et al., 2001) other agricultural crops have been explored
including soybean (Kopisch-Obuch and Diers, 2006). Much research has been done in pursuit of
developing soybean crops that are resistant to the soybean cyst nematode (SCN), as this is a major pest
to this crop in the U.S. (Kopisch-Obuch and Diers, 2006). Segregation distortion against the SCN
resistance allele occurs in most breeding efforts aimed at selecting for the SCN resistant allele
(Kopisch-Obuch and Diers, 2006). Utilizing AFLP to test for segregation distortion with the SCN
resistant locus and seedling emergence revealed a dominant relationship between the SCN-resistance
allele and seedling emergence (Kopisch-Obuch and Diers, 2006).

Many association studies have been performed in trees, largely in conifer species (Neale and
Savolainen., 2004). A multi-gene association genetics study involving single nucleotide
polymorphisms and various evolutionarily important and desirable commercial wood qualities of
loblolly pine, Pinus taeda L., found strong association between a-tubulin and earlywood microfibril
angle, and supported the effectiveness of dissecting complex adaptive traits while using genes involved
in key pathways such as the formation of microtubules (Gonzalez-Martinez et al., 2006b). Such studies
could have implications for the future dealing with improved commercial value of timber species
through providing a means of producing beneficial genetically engineered crops. This first published
multi-gene association study in conifer trees yielded useful methodology for others to pursue this

approach (Gonzalez-Martinez et al., 2006b). Candidate genes from previous studies prove beneficial
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additions to association genetics studies, saving the researchers time and effort that would have been
spent arriving at results that had already been well documented (Gonzalez-Martinez, 2006). Being able
to incorporate outcome from other research in this way shows strong continuity in the field and
promotes cooperation between researchers and the integration and utilization of various research
techniques.

Association genetics studies can use quantitative trait loci to study complex gene and trait
associations involving multiple gene effects on traits rather than only single gene effects on traits.
Quantitative Trait Loci (QTL) are segments of DNA that affect and are linked to quantitative traits such
as growth rates, with many QTL being associated with individual traits. QTLs can be molecularly
identified (for example, with PCR or AFLP) to help map regions of the genome that contain genes
involved in specific quantitative traits. This can be an early step in identifying and sequencing these
genes, but most importantly with associating genes to traits of interest. Mapping of quantitative traits
has much promise because it is the only current mapping technique that has the ability to analyze
adaptive traits (Krutovsky, 2006). It has high requirements however, including a mapped genome of
the species of interest. These methods have been utilized in conifer species. Another criticism of
QTLs is for tree species with low levels of linkage disequilibrium and an unmapped genome it is not
possible to utilize association mapping (Krutovsky, 2006). Association genetics is particularly well
suited for conifers like P. taeda because it has high levels of nucleotide diversity and low linkage
disequilibrium (Brown et al., 2004, Gonzalez-Martinez et al., 2006b), uncomplicated propagation
allows large populations that are easily maintained, and it retains most of its natural variability almost
regardless of population size and hundreds of generations removed from the wild type (Gonzalez-
Martinez et al., 2006b). Large populations are needed for association genetic studies and higher
frequencies of false positives of associations are more common than with QTL studies.

While QTL studies were quite effective in identifying effects, location and number of individual

QTL, these studies did not have the capability of evaluating multiple QTL for the same trait until recent
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years and are restricted to a single lineage (Gonzalez-Martinez et al., 2006b). Loblolly pine is a conifer
and thereby has a large genome, making finding single gene-trait relationships challenging and
uncommon (Gonzalez-Martinez et al., 2006a). Working with species with smaller genomes could
increase likelihoods of informative association genetics studies. Strong genetic association has been
found between a-tubulin and earlywood microfibril angle (Gonzalez-Martinez et al., 2006a).

Association genetics ideas have been introduced that could help develop useful tools in forest
biotechnology (Gonzalez-Martinez et al., 2006b). It is thereby important that QTL, co-location and
other studies are continued so that candidate genes for economically and evolutionarily significant
traits can be identified. Identification of these genes will allow for further association genetics studies
to address not only single gene effects on traits but also multiple-gene effects. Current work in
association genetics emphasizes the need for cooperation between researchers at various stages of
genetic exploration and the integration of research techniques into a broad range of application which is
supported by use of previously determined SNPs (Gonzalez-Martinez et al., 2006b).

Molecular Marker Applications in Forestry

The integration of genetics into forestry has been beneficial to the advancement of both sciences
as a new specialty, and produced many practical applications of genetics in forestry. The core of
genetics’ role in forestry is dependent on the economic viability of the advances made through genetics.
The demands and capabilities of genetics in forestry are being influenced by the advancement of the
science and rising social components (Burley, 2001). The potential for genetics applications in forestry
is continuing to rise and anticipated to benefit not only the science, but also economies that are directly
dependent on forestry, particularly tree improvement programs in the Southeast U.S. (Byram et al.,
2005a). Successful breeding programs and complex trait studies have been implemented in conifer
species, which are more often favored for these studies due to random mating patterns and nucleotide

diversity, among other things (Neale and Savolainen., 2004).
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The economic viability of breeding programs and genetic applications in forestry is often
questioned, but supported by the efficiency and accuracy that these techniques provide. Genetic
advancement has attributed for much of the increase in forest productivity in the southeast U.S. as
increased breeding efficiency and highly successful phenotypes (Byram et al., 2005a). Breeding for
particular traits or using markers to breed for certain wood properties can be beneficial even if the trait
gains are modest. A cost-benefit analysis found economic gains from using marker based selection for
wood density and diameter at breast height traits in Pinus radiata Donn. ex D. Don. despite small loci
effects (Wilcox et al., 2001).

Tree breeding, population studies, trait association studies, and clonal plantations are some
aspects of forestry to which genetics continue to contribute. Time is a major advantage of advanced
breeding methods over traditional methods. It takes less time to breed plants for certain desirable traits
with newer technologies than waiting for generations of the species to become mature enough to
regenerate. Associating desirable traits to genetic markers through association studies is becoming
increasingly advantageous and popular. Integrating genomics and marker techniques in studying forest
populations is of the utmost importance (Krutovsky, 2006). The precision and relative ease of
identifying and quantifying genetic markers as opposed to measuring phenotype can be of further
benefit to forestry studies. Tests on silvicultural and genetic treatment effects on production capacity in
P. taeda (loblolly pine) and Pinus elliottii Engelm. var. elliotttii (slash pine) have shown economically
important outcome for breeding programs (Roth et al., 2007). It has been determined that genotype and
silvicultural treatment had the greatest positive effect on production and that genotype, silvicultural
treatment, and location did not interact at a significant level (Roth et al., 2007).

Breeding programs have shown much success in forestry, with some bred genotypes capable of
maintaining consistently desirable phenotypes across climatic and site differences. Pinus taeda has
been bred in the Southern U.S. and showed that genotype by environment interactions are not currently

the highest concern for breeding programs (McKeand et al., 2006a). Plantation forestry is becoming
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increasingly time, cost, productivity, and space efficient. Plantations are gaining economic viability, an
important tool in genetic conservation, and are facilitated by advances in forest biotechnology and
silvicultural methods that are advantageous to breeding and propagating trees (Nehra et al., 2005).

Association mapping studies could be beneficial to breeding and plantation forestry efficiency,
and builds heavily upon previous research. One such successful multi-gene association genetics study
involved single nucleotide polymorphisms and wood property traits for P. faeda, and was performed as
a expansion of prior QTL and co-location studies (Gonzalez-Martinez et al., 2006a). P. taeda has had
associations drawn between microfibril angle and a specific gene (Gonzalez-Martinez et al., 2006a).
Association mapping studies utilizing AFLP can perform a bulk segregate analysis in which two pools
of DNA are screened for markers, one pool of samples with the desired trait, and one pool of samples
that do not have the desired trait. If certain markers occur in the samples with the desired phenotypic
trait and not in the individuals without the desired phenotypic traits, those markers would be further
examined for association with the desired phenotypic trait. In this thesis project, the phenotypic trait of
interest is wood density that exists in a gradient. Therefore, systematic ranges of desirable wood
densities would be identified for pooling of samples performed. In order to make associations between
an anonymous AFLP marker and a trait like wood density it would be useful to have a highly saturated
linkage map (Paterson et al., 1991). Many polymorphisms identified may prove to be extremely
variable when tested in the larger population which is unfolding in DNA fingerprinting of woody
species including apple and blackberries (Wagner, 1992).

Forestry is not only important to local economies, but also the global economy that promotes
collaboration between business and scientific communities (Byram et al., 2005a). The Western Gulf
Forest Tree Improvement Program (WGFTIP) has focused on breeding for high volume timber due to
timber volume based compensation (Byram et al., 2005b). Breeding for multiple characteristics if
often complicated and increasingly unsuccessful as traits become compounded. Viability of a breeding

program is recognized by the importance of desirable traits and is dependant on the grower and buyer
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needs, and economic competitiveness. WGFTIP breeding programs and compensation are beginning to
rely more on the quality and traits of timber rather than solely volume of timber, thereby promoting
breeding programs focused on wood properties other than production capacity (Byram et al., 2005b).

Molecular Ecology

Molecular ecology is a fairly recently diverged branch of science which incorporates the tools of
genetics into the study of ecological systems, ranging from applied science to theoretical (Beebee and
Rowe, 2004). Parallels are drawn between the development of biochemistry as a science and the
development of molecular ecology (Beebee and Rowe, 2004). The field was more formally declared in
the early 1980s and now holds two prominent scientific journals: Molecular Ecology, and Molecular
Ecology Notes.

One of the most fascinating and promising aspects of molecular ecology is not only the
integration of techniques from various scientific fields, but the success that it has had in declaring itself
as a separate entity. Integration of techniques is important to the advancement of scientific discovery,
and maintaining a somewhat clearly defined degree of separation between fields lends to the
development of a more cohesive area of science. Molecular ecology focuses on the genetics of
conserving species, gene flow in natural populations, implications in not only flora but fauna
populations as well, and more (Beebee and Rowe, 2004).

Genetics has the potential to be extremely important in species and biodiversity conservation. Not
only does understanding what genetic diversity is in a population but also the importance of that
diversity can be vital to conservation issues. Importance of genetic diversity can range from the
economical value of a species or population, to maintaining a viable breeding population to ensure
healthy levels of fitness. Genetic diversity is considered an important aspect of species survival in the
central role it plays in adaptation and reproduction success. Genetic diversity can therefore give insight
into the health of a population and its potential to maintain itself reproductively. This is especially

important in the conservation of rare and endangered species.
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The goal of gene conservation is not only to save desirable qualities of species that may be
economically important, but also to maintain a large enough gene pool to allow a species to sustain itself
for years to come (Helms, 1998). Genetic uniformity, sometimes the result of bottlenecks, can
drastically weaken populations and threaten chance of recovery (Ledig, 1996). In the event of rare and
endangered species where management plans are being implemented, it is important to take into account
gene flow in the planning of reserve size and shape (Given, 1986). Understanding genetic composition
and bottlenecks that populations have been through is also paramount to determining conservation
strategies and likelihoods.

Molecular ecology expands beyond causes for and appropriate strategies for gene and species
conservation to understanding how all species interact in much the same way that ecology approaches
this subject. Molecular ecology takes that approach one step further to include and focus on genetic
relationships involved in ecological processes. This opens the vantage point of the discipline to studies
seeking to address a more hereditary and molecular understanding of ecological mechanisms and

processes.
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Abstract

Liriodendron tulipifera L. is prolific throughout its range in the Southeastern U.S. and is playing
increasingly important roles in forestry and wood products in this region. The relatively low density
and intermediate strength of the L. tulipifera wood makes it versatile for use in wood products.
Changes in forestry practices, land management, and ecological shifts have resulted in increased
numbers of L. tulipifera in this region’s forests. Therefore, it is important to analyze changes in the
genetic diversity of populations within this region in order to monitor and predict future health of these
populations and their potential role in local economies. In this study, amplified fragment length
polymorphism (AFLP) was utilized to determine the level of genetic diversity of L. tulipifera in
contrasting physiographic provinces. AFLP analysis was performed on samples collected from six
unmanaged populations in the Mountains (Virginia, Tennessee, and Ohio) and Coastal Plain (Virginia,
South Carolina, and Mississippi) of the Southeastern U.S. Wood density was determined using an X-
ray densitometer. Highest genetic diversity (H,: 0.281) was observed within Mountain populations
and the lowest genetic diversity (H,: 0.271) was observed within Costal Plain populations. This was
despite the fact that the Coastal Plain sites had the greatest geographic distances between them.
AMOVA results indicate that the populations were more genetically similar within than between
physiographic provinces. Mean annual precipitation, growing season, and temperature were more
similar for the Coastal Plain populations than the Mountain populations. The average wood density for
L. tulipifera was greater in the Mountains (445.45 kg/m’) than in the Coastal Plain (441.67 kg/m’),
though not significantly different. Ecological factors seem to have some effect on the population
structures revealed by the AFLP analysis. The patterns of genetic diversity observed could also provide
a solid foundation for further genetic gains by breeding of this economically and ecologically important

tree.
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Introduction

Liriodendron tulipifera L. is a deciduous tree with a wide range that extends east of the
Mississippi river from northern Florida to the New England area in the U.S. L. tulipifera is one of the
most common soft-hardwood species in its range and has increasingly important roles in forestry and
wood products. The tree has a distinctive conical crown and large showy flowers that bloom in late
spring and are pollinated by insects (Wilcox and Taft, 1969). L. tulipifera has high commercial value
for lumber, plywood, pulpwood, and veneer, and is rapidly replacing softwoods in these markets (Beck
et al., 1990).

With such a widespread range, L. tulipifera can survive in many different ecological scenarios.
Changes in management, including shifts in landownership to smaller lots and individual owners in
Southeastern U.S. forests are causing L. tulipifera to become more common, making understanding its
biology and population structure of great interest. Many of the forests of this region have recently been
dominated by oak hardwood forest types, but due to ecologic and management shifts species
composition has also shifted (Abrams, 2003). L. tulipifera grows in a wide range of environmental
conditions, and due to its rapid initial growth rate can respond quickly to increases in light to the forest
floor. L. tulipifera grows well on higher quality sites with adequate light levels, making regeneration of
oaks increasingly challenging due to the added competition (Loftis, 1990). Realizing that forests are
not static communities but continually changing ecosystems, it is important to know more about the
forests and how these systems can be more effectively and sustainably managed. It is important to
examine the changes in species composition that are occurring and to note that L. tulipifera is one of
the species becoming increasingly dominant (Abrams and Downs, 1990, Dyer, 2001, Orwig and
Abrams, 1994).

Molecular markers are useful in the study of genetic variation and as breeding tools. Molecular
markers can be used in association studies, where regions of DNA are correlated to particular

phenotypic traits, and in breeding programs where associated traits are put to use, as well as other
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pursuits. With advances in technology, the integration of molecular marker techniques into forestry
and ecology studies is increasing, especially with successful breeding in conifer species (Neale and
Savolainen., 2004). Pinus taeda is a popular plantation tree in the Southern U.S. that has had many
provenance studies and successful breeding events that are now being furthered by molecular markers
(McKeand et al., 2006b). Studies of natural populations of P. taeda has shown that phenotypic
variations such as mean annual increment for volume throughout species range, can be attributed to
genetic differences (Sierra-Lucero et al., 2002). Findings such as these suggest that selective breeding
for optimal phenotypes and genotypes can be done successfully with fairly young trees with emphasis
being placed on populations with high expression of desirable traits (Sierra-Lucero et al., 2002).

This study assesses the genetic diversity in L. tulipifera populations in the Southeastern U.S.
utilizing amplified fragment length polymorphism (AFLP). AFLP is an anonymous marker technique
selected for this study because it is highly reproducible and a powerful tool for species whose genomes
are not known (Gaudeul et al., 2004, Cottrell et al., 2003, Jones et al., 1997). AFLP was developed in
the mid 1990s (Vos et al., 1995) and applied effectively to mapping disease resistance in Populus spp.
shortly thereafter (Cervera et al., 1996). Studies have been done in many species of plants comparing
the benefits and effectiveness of AFLP to different marker techniques. Gaudeul et al. (2004) compared
the effectiveness of AFLP versus microsatellite markers for determining relatedness of 12 populations
of Eryngium alpinum L. in France, using a sample size of 24 individual plants from each population.
(Cottrell et al., 2003) used microsatellite markers to determine differences in genetic structures of 3 oak
populations with large sample size and highly varied management regimes. Different marker
techniques have different advantages, and AFLP is often desirable because it does not require a
sequenced genome of the species of interest.

L. tulipifera does exhibit phenotypic and genetic variation across its range (Sewell et al., 1996a).
Phenotypic variation has been observed by increasing degree of leaf variability as we move north

through the range (Kellison, 1968, Parks et al., 1994). The strongest genetic differences could be
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expected between Mountain populations of high latitude and Coastal Plain populations of low latitude
due in part to differences in growing seasons (Walters et al., 1990) and also historic divergence of
chloroplast DNA (Qiu and Parks, 1994, Sewell et al., 1996a). Variation of L. tulipifera chloroplast
DNA in the U.S. showed that northern and southern populations of L. tulipifera were evolutionarily
distinct (Parks and Wendel, 1990) and that populations in northern Florida were a different cpDNA
haplotype than all other sampled North American populations (Sewell et al., 1996b, Parks and Wendel,
1990).

Further exploration of the genetic diversity of L. tulipifera and how it varies throughout its range
could be useful in determining more effective management tools if desired phenotypes are associated
with environmental or genetic conditions. Previous research at SEMI (Sustainable Engineered
Materials Institute at Virginia Polytechnic Institute and State University) found that L. tulipifera did not
have significant wood density differences between physiographic provinces. However, the management
regime including fertilization and irrigation yielded lower wood density in L. tulipifera (Jones et al.,
2006). When analyzing all management intensities collectively, unmanaged to irrigated and fertilized,
it was observed that L. tulipifera had higher wood densities in the Piedmont and similar wood densities
in the Mountains and Coastal Plain (Jones et al., 2006). The physiographic provinces used were
Mountains, Piedmont, and Coastal Plain and latitude classes were above 36°, between 36° and 32°, and
below 32°. The present study focused on a subset of the larger SEMI data pool while expanding the
current data pool to include molecular marker information and an additional field site. The sites used
in this study were unmanaged populations of L. fulipifera in Mountains and Coastal Plain provinces of
the Southeastern U.S.

The objectives of this study were: (i) evaluate genetic variation within populations of L.
tulipifera, (i1) evaluate genetic variation of L. tulipifera within physiographic provinces, and (iii) to
evaluate genetic variation of L. tulipifera throughout the Southeastern U.S. Attempts were also made

to assess potential correlations between wood density and genetic variation and ecological data.
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Materials and Methods

Sites and Sampling

Six unmanaged populations were sampled on private and public lands in the Mountains and the
Coastal Plain of the Southeast U.S. (Table 2). A map of the field sites was generated from the latitude
and longitude of each site using Google Earth (Google, 2008). A minimum of three 0.1acre (0.04 ha)
plots were established in each population. The total height, height to live crown and diameter at breast
height (dbh) were measured for each tree within the plots. Sampled trees represented the diameter class
distribution of the plot. For each plot the physiographic province, latitude/longitude, management
intensity, landowner, site, and plot numbers were recorded. Each site had 9-19 trees sampled with 12
mm bark-to-bark increment cores taken from breast height. In order to minimize invasion by insects or
pathogens, trees were plugged with wooden plugs. Cores were placed in labeled plastic bags in a
portable freezer at approximately -20°C.

Leaf material for the marker analysis was collected with pole trimmers on branches less than 15ft
high. A 12-gauge shotgun with #4 copper coated shot was used to sample leaves higher than 15ft.
Sampled leaves were placed in plastic bags and immediately stored in a cooler with dry ice, and
transported in a portable freezer at -20°C.

Environmental Analysis

Environmental data including mean annual precipitation, mean annual temperature, and mean
annual growing season length were gathered via Daily Surface Data ASCII files from the National
Oceanic and Atmospheric Administration (N.O.A.A., 2008). Data was retrieved for years 1958
through 2008, the anticipated average age of stands sampled. Mean annual growing season was
determined by calculating the average number of days between the last frost in the spring and the first

frost in the winter months from 1958 to 2008.
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DNA isolation
Leaf tissue was stored at -20°C until DNA isolations. Leaf tissue was ground in a mortar and
pestle with liquid nitrogen and a SPEX SamplePrep Model 2000 Geno/Grinder laboratory mill (SPEX

CertiPrep®, Inc., Metuchen, NJ). A slightly modified version of the Plant DNAzol (Molecular

Research Center, Inc. Cincinnati, OH) protocol was used to isolate the DNA from the leaf tissue
(Ausubel et al., 1990, Wilfinger et al., 1997, Chang et al., 2009). The quality of DNA was verified by
running on a 0.8% (w/v) agarose gel at 97 volts for 1.5hours and concentration was measured using a
NanoDrop (Thermo Fisher Scientific, Waltham, MA). DNA samples were diluted with 1X TE buffer to
approximately 125 ng/ul concentrations.

AFLP Analysis

AFLP was performed with a modified version of the Vos et al. (1995). The AFLP process
includes restriction digestion and adapter ligation of DNA, pre-selective amplification, selective
amplification, and electrophoresis (Vos et al., 1995). The restriction digestion and adapter ligations
were performed on genomic DNA (500 ng) with EcoRI and Msel restriction enzymes and adapters
(New England BioLabs, Ipswich, MA). The final restriction digestion and adapter ligation volume (11
uL) contained 0.05 M NaCl, 0.045 mg/mL BSA, 1 uM EcoRI adapter, 5 pM Msel adapter, 5 U EcoRI
(NEB), 5 U Msel (NEB) and 1 U T4 DNA ligase (NEB), 1X T4 ligase buffer (50 mM Tris-HCI (pH
7.5), 10 mM MgCl,, 10 mM dithiothreitol, 1 mM ATP) (New England BioLabs, Ipswich, MA) and was
incubated for 6 hours at 37 °C. Products from the restriction digestion and adapter ligation step were
diluted 10 times with 0.1 x TE buffer (10 mM Tris-HCI (pH 8.0), 0.1 mM EDTA).

Diluted restriction-ligation product (3 puL) was used in pre-selective amplification in a MyCycler
thermal cycler (Bio-Rad Laboratories, Hercules, CA) which was programmed for 72 °C for 2 min
followed by 20 cycles of 94 °C for 20 s, 56 °C for 30 s, and 72 °C for 2 min, and a final steps of 72 °C

for 2 min and 60 °C for 30 min. Pre-selective amplification reactions (13ul) contained 1 X PCR buffer
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(100 mM Tris-HCI (pH 8.3), 500 mM KCIl), 2.0 mM MgCl,, 0.2 mM dNTP, 10 uM EcoRI and Msel
pre-selective primers, and 0.25 U of JumpStart 7ag DNA polymerase (Sigma-Aldrich, St. Louis, MO).
Pre-selective amplification products were diluted 10 times with 0.1 X TE buffer and 2 pL of diluted
product were used in selective amplification.

Selective amplification PCR (8 pL) contained 1 X PCR buffer, 2.0 mM MgCl,, 0.2 mM dNTPs,
0.625 uM of dye labeled EcoRI primer, 0.625 uM Msel primer, and 0.2 U of JumpStart Tag DNA
polymerase (Sigma-Aldrich, St. Louis, MO). The PCR amplification consisted of an initial
denaturation step of 94 °C for 2 min, followed by the first cycle of 94 °C for 20 s, 66 °C for 30 s, 72 °C
for 2 min and one degree decrease in annealing temp in each of the next nine cycles. This was followed
by 25 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 3 min. The reactions were then incubated
at 60 °C for 30 min. Primer combinations used in selective amplification were selected after
performing selective amplifications on one complete population with 10 primer combinations (one
EcoRlI dye labeled and 10 Msel primers). The 10 combinations were narrowed to five primer
combinations that were used with all samples from all populations. A Sigma Genosys EcoRI -S1
primer was used with five different Msel primers with base extensions CG, CC, GG, GA, and AG (S1,
S4, S5, S8, and S10).

Selective amplification products from each sample (1.0 pl) were combined with 0.3 pl of the
DNA size standard — 600 (Beckman-Coulter Inc., Fullerton, CA) and 39.7ul of sample loading solution
(Beckman-Coulter Inc., Fullerton, CA). Capillary electrophoresis was performed using CEQ 8800
Genetic Analysis System (Beckman-Coulter Inc., Fullerton, CA). The Frag-4 analysis parameters of
the CEQ software were applied to the samples and size standard (Beckman-Coulter Inc., Fullerton,
CA). All AFLP fragments were scored as binary data (1, peak present; 0, peak absent) along with their
sizes, which were verified with the electropherograms. The data set was trimmed to fragment lengths
from 95-300bp, the most reliable range for the CEQ 8800 (Saunders et al., 2001). Data from the CEQ

8800 software was then exported into Excel for analysis.
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Wood Density Analysis

Increment cores were dried to approximately 12% moisture content before being processed.
Cores were glued into wooden holders and sawn lengthwise to approximately 1.65mm thickness. The
slices were scanned with a Quintek QTRS-01X Tree Ring Scanner (Knoxville, TN, USA) to acquire
average wood density measurements. Core density outputs were visually verified with scanned core
image to ensure proper density measurements.

Statistical Analysis

NTSYSpc (Numerical Taxonomy and Multivariate Analysis System) Version 2.2 (Rohlf, 2005)

was used to calculate genetic distance and similarity. The unweighted pair group method with
arithmetic mean (UPGMA) dendrogram of the Dice similarity index were calculated with NTSY Spc
(Dice, 1945, Nei and Li, 1979). Nei’s original diversity index (Nei, 1973) was calculated using
PopGene v.3.2 (Yeh and Boyle, 1997). UPGMA dendrogram based on Nei’s original genetic distance
matrix across all populations was created using PopGene v.3.2 (Yeh and Boyle, 1997). Shannon’s
diversity index, Gst values (Gy,= Ds/ H;) (Nei, 1987), gene flow (N,) (McDermott and McDonald,
1993), and other population statistics were also calculated. Analysis of molecular variance (AMOVA)
between populations, within populations and between physiographic provinces was calculated using
Arlequin v.3.11 (Excoffier et al., 2005). Average and range statistics were calculated for the wood
density measurement, including an ANOVA of the average wood density values (SAS, 2007).
Results

Overall Genetic Variability

Each amplified fragment counted during the AFLP analysis is considered a restriction fragment
(Vos et al., 1995). The 5 AFLP primer combinations generated a total of 954 DNA fragments from 88
samples ranging in size from 95 to 300 bp. The average number of polymorphic DNA fragments was
811, over 100 fewer than the total number. The overall percent polymorphic loci (PPL) was 84.92%.

The estimates of overall genetic diversity were low (H, = 0.29 and 7 = 0.44). The levels of marker
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polymorphisms were higher overall (954) than for either of the physiographic provinces (Mountains:
933, Coastal Plain: 949). Higher values of the Nei gene diversity H, (Nei, 1973) are indicative of
higher diversity (Nei, 1978). The H, was higher (0.29) overall, compared to the Mountains (0.28), or
Coastal Plain (0.27) sites (Table 3). The Shannon’s Information Index (/) (Lewontin, 1972) which is
another measure of gene diversity, was also higher (0.44) overall, compared to the Mountains (0.43), or
the Coastal Plain (0.42). The overall average of wood density was 443.56 kg/m’ (Table 4). Mean
annual precipitation was 46.93 inches (Figure 3) and mean annual growing season was 210.60 days
(Figure 4). The mean annual temperature for all these sites between 1958 and 2008 was 58.38°F
(Figure 5).

Within Populations

There was a high degree of genetic similarity within populations (Table 3), and also a significant
level of molecular variance (Table 5). The levels of H, within each population ranged from 0.23 in
Chillicothe, OH to 0.28 in Oak Ridge, TN (Table 3). The levels of / range from 0.34 in Chillicothe,
OH to 0.43 in Oak Ridge, TN (Table 3). The number of polymorphic loci also varied depending on the
population (Table 3).

The genetic distance between each site is shown in the lower diagonal of Table 6, and was used
to create a dendrogram by applying UPGMA. These genetic distances were a result of the Nei’s
original measure of genetic identity (Nei, 1973). Each population was on average more similar to itself
than to other populations as can be seen by how each population typically clusters together in Figure 6.
The level of molecular variance within populations was significant (Table 5).

The populations with the biggest contrast in average wood density (Oak Ridge, TN: 471.69
kg/m’; Vicksburg, MS: 387.58kg/m’) differ by 89.47 (kg/m’) (Table 4). The smallest range of wood
densities, 77.28 kg/m’, and average wood density, 387.58 kg/m’, were found in the Coastal Plain
population of Vicksburg, MS, which was also the smallest sample size of this study. The largest range

of wood densities, 180.09 (kg/m’) and average wood density, 477.05 (kg/m’), were found in the
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Coastal Plain population of Tappahannock, VA. Differences in wood density at these populations
appear to be less dependent on physiographic province and more dependent on specific site
characteristics like mean annual precipitation and growing season. Vicksburg, MS (257 days) had the
longest mean annual growing season, while Blacksburg, VA had the shortest (166 days) (Figure 4).
Vicksburg, MS also had the highest mean annual precipitation (55.8 inches) and the highest mean
annual temperature (65.25°F) (Figure 5). Blacksburg, VA had the lowest mean annual temperature
(51.80°F) and the lowest mean annual precipitation occurred in Chillicothe, OH (38.14 inches) (Figure
3).

Between Populations

The degree of genetic and marker variation between populations varied. The relative magnitude
of genetic differentiation among populations, Gst, was higher for the Mountains (0.075) than for the
Coastal Plain (0.0667) or the overall differentiation (0.0446). The AMOVA and pair wise Fst showed
that there were significant differences between each of the populations studied except for Vicksburg,
MS and Summerville, SC (Table 7). The marker differences between the Mountains and Coastal Plain
were significant (Table 7). Genetic variation was also significant between populations. The genetic
distances between populations were generally higher between physiographic provinces (Table 6). The
number of polymorphic loci ranged from 699 in Chillicothe, OH to 889 in Summerville, SC (Table 3).
The PPL ranged from 73.19% in Chillicothe, OH to 93.09% in Summerville, SC (Table 3). There was
similarity with the number of polymorphic loci and the PPL, as well as 7 and H, of the different
populations (Table 3).

The average wood densities of the unmanaged populations sampled differed more on an
individual population level than at the physiographic province level, though there was no significant
amount of variation between any of the sites. The biggest difference between mean wood densities of
populations was between Vicksburg, MS (387.58 kg/m’) and Tappahannock, VA (477.05 kg/nr’). The

greatest difference in mean annual precipitation was between Chillicothe, OH (38.14 inches) and
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Vicksburg, MS (55.80 inches) (Figure 3). The difference in mean annual growing season was greatest
between Blacksburg, VA (166 days) and Vicksburg, MS (257 days) (Figure 4). The greatest difference
in mean annual temperature was between Blacksburg, VA (51.80°F) and Vicksburg, MS (65.25°F)
(Figure 5). The distances between sites ranged from 309.49 km between Blacksburg, VA and
Chillicothe, OH to 1386.79 km between Tappahannock, VA and Vicksburg, MS (Figure 6).

Between Physiographic Provinces

Sites were more genetically similar within physiographic provinces than between. The degree of
marker similarity within each physiographic province was higher than the degree of similarity between
them (Figure 7). There were lower levels of marker polymorphisms in the Mountain populations
81.74% than the Coastal Plain populations 88.1%, however measures of genetic variation typically
indicated higher levels in the Mountains. Overall, the Coastal Plain sites were more genetically similar
to each other than the Mountain sites (Figure 8). The overall Gst value was 0.045, while the Mountain
populations were 0.075 and the Coastal Plain populations were 0.067. I was higher for the Mountain
populations, 0.43, than the Coastal Plain, 0.42, indicating that the total gene diversity of the Mountain
populations was higher than the Coastal Plain. The / was higher for the Mountains, 0.43, than the
Coastal Plain, 0.42. The Mountain populations also had a greater range and std. dev. for H, and /. The
levels of H, were slightly higher for the Mountains, 0.28, than the Coastal Plain, 0.27 (Table 3). The
total genetic diversity Ht of the Mountains, 0.283, was also higher than the Coastal Plain, 0.271, but
lower than the overall diversity, 0.290.

The average wood densities for the Mountain populations, 445.45kg/m’, and the Coastal Plain
populations, 441.67kg/m’, were very similar, with the Coastal Plain being slightly lower (Table 4).
The average range of wood density values obtained was larger in the Coastal Plain, 136.7 kg/m’, than
in the Mountains, 131.6 kg/m’. The mean annual precipitation was higher for the Coastal Plain (50.84
inches) than for the Mountains (43.01 inches) (Figure 3). Mean Annual growing season was lower for

the Mountains (185 days) than the Coastal Plains (237 days) (Figure 4). Mean Annual temperature was
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lower for the Mountains (54.27°F) than the Coastal Plain (62.50°F) (Figure 5). The Mountain
populations were on average geographically closer together, 341.16 km, than the average distance
between Coastal Plain populations, 980.95 km (Figure 7).
Discussion

The overall genetic diversity of L. tulipifera was fairly low and there was a high degree of genetic
similarity within populations. The overall level of genetic differentiation was generally higher than for
either of the physiographic provinces. The highest levels of inter site genetic differences were expected
between the Mountain sites of highest latitude and Coastal Plain sites of lowest latitude, but this pattern
did not appear in the data. Higher levels of genetic diversity were found between Mountain populations
than Coastal Plain populations despite the Coastal Plain populations having greater geographic
distances between them. Populations were more genetically similar within physiographic provinces
than between, which correlated with higher levels of similarity in the mean annual temperature and
growing season lengths in the Coastal Plain. The mean annual growing season, precipitation, and
temperature were generally more similar within physiographic provinces, which could attribute to some
of the genetic similarities within each province. Similarity within physiographic province could also be
attributed to seed and environment interactions. L. tulipifera reproduces by stump sprouts and wind
dispersed seeds. In the Southeast U.S. annual seed production is estimated at 741,000 — 1,482,000
seeds per hectare consistently from year to year (Beck et al., 1990, Phillips, 1966, Renshaw and
Doolittle, 1958, Olson, 1969). Along with production, viability of seed remains relatively stable each
year (5-20%) for up to 7 years, and three to ten percent of seedlings survive (Beck et al., 1990, Clark
and Boyce, 1964). With environmental conditions being similar within physiographic provinces, seeds
with certain markers could be more likely to germinate and thrive than other seeds. This combination
could be responsible for high degree of similarity within physiographic provinces.

Variation in a species’ range can often be attributed in part to evolution and migration of the

species. Pleistocene glaciations are believed to have caused southern and northern migrations of many
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species in the U.S., including L. tulipifera (Sewell et al., 1996b). Along with these migrations many
bottlenecks and isolated populations are believed to have occurred in many species (Sewell et al.,
1996b). Northern and southern (populations in northern Florida) U.S. haplotypes of L. tulipifera have
been identified by five potential cpDNA changes which have evolved independently, seeming to
confirm the suggested migration patterns and occurrence of bottlenecks and isolated populations
(Sewell et al., 1996b). Focusing on the northern haplotype of L. tulipifera in the Southeastern U.S. it
was found that the DNA of populations sampled in this region was highly similar though statistically
significant differences were present. This similarity is also supported by the overall lack of geographic
boundaries to migration in this region and the capability of this species to have migrated and bred
throughout the majority of its distribution, despite being largely insect pollinated. Fewer natural
barriers to migration exist in the Coastal Plain which could account for the higher degrees of similarity
found in those populations as opposed to the Mountain populations in contrast to the Mountain
populations being approximately half the distance from one another as the Coastal Plain populations.
This consistency may change in the future as human induced changes on the landscape continue to
increase and forests in this region become fragmented. Though genetic differences were low, they
were significant between all sites except for two of the Coastal Plain populations. Phenotypic
differences including wood properties, seed dormancy, and leaf characteristics, have been documented
throughout the range of L. tulipifera and through provenance tests (Kellison, 1968, Sluder, 1972,
Farmer et al., 1967, Orwig and Abrams, 1994, Olson, 1969).

Spatial genetic structure involves genetic variation and diversity for a species across a specified
landscape. Spatial genetic structure studies in trees have generally shown high genetic diversity within
populations and low diversity between populations, which could be due in par to poor sample sizes and
sampling procedures (Jump and Penuelas, 2007). L. tulipifera findings support the diversity patterns
suggested by Jump and Penuelas (2007). Jump and Penuelas (2007) looked at variation in patterns of

spatial genetic structure (SGS) by using SSR and AFLP analysis performed on 210 samples of Fagus
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sylvatica, a Spanish wind-pollinated tree. It was confirmed that genetic diversity was not homogenous
across the landscape (I: 0.380, H,: 0.244) and that AFLP had stronger results than SSR when working
with smaller sample sizes (Jump and Penuelas, 2007). There are many studies on intraspecific genetic
and phenotypic variation in temperate forests, and now increasingly in tropical forest species. AFLP
studies on the widely distributed Caribbean tree Pterocarpus officinalis (Jacq.) found that
approximately half of its genetic diversity lies within populations and geographic patterns of diversity
are also evident (Rivera-Ocasio et al., 2002). P. officinalis is an insect pollinated tree (Little and
Wadsworth, 1964) and this study involved continental South and Central American populations as well
as Caribbean island populations (Rivera-Ocasio et al., 2002). Unlike L. tulipifera, P. officinalis can
distribute via ocean water transport (Rivera-Ocasio et al., 2002). The overall percent polymorphism for
the primer combinations used in the tropical study (68%) (Rivera-Ocasio et al., 2002) was much lower
than that of the L. tulipifera in the present study. A study on intra and inter-population AFLP
variations of the dominant and economically important Indonesian trees Shorea leprosula and S.
parvifolia showed the most genetic variation within populations, 70.2% and 66.2% respectively (Cao et
al., 2006). Both S. leprosula and S. parvifolia have percentage of polymorphic loci (PPL) near 50%
and expected heterozygosity (H.p) of 0.16 and 0.14 respectively (Cao et al., 2000).

Wood density ranges differed between Mountains and Coastal Plain populations, with the range
of average wood density for L. tulipifera being greater in the Mountains than in the Coastal Plain.
These differences however were not significant at the physiographic province scale. There is potential
for correlation between wood traits of interest and DNA markers. One successful association genetics
study combined previous QTL and co-location results with single nucleotide polymorphisms and wood
property data for Pinus taeda. For P. taeda, a-tubulin was successfully associated with a specific gene
(Gonzalez-Martinez et al., 2006a). One approach to these types of associations is with a bulk segregate
analysis in which DNA from samples with the desired trait are pooled and DNA from samples without

the desired trait are pooled and both pooled samples are screened for markers. Systematic ranges of
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favorable wood densities would have to be identified in order for pooling of samples to be successful.
In order to make associations between this type of anonymous marker and a quantitative trait like wood
density it would help to have a highly saturated linkage map (Paterson et al., 1991). Many
polymorphisms identified in this study may prove to be extremely variable when tested in larger
populations, which is being observed in DNA fingerprinting of other woody species including apple
and blackberries (Wagner, 1992).
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Figure 2 Map of L. tulipifera study populations (blue balloons) generated with Google Earth (Google, 2008).
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Table 2 Location and sample information for L. tulipifera sites used in this research. Latitude and longitude
were acquired at the 1¥ plot from each location.

Population Location Physiographic ~ Sample Latitude (N) Longitude (W)
Province Size
Blacksburg, VA Mountains 12 37°18'04.02" 80°26"27.72"
Chillicothe, OH Mountains 17 39°02'45.66" 83°11'40.98"
Oak Ridge, TN Mountains 16 36°00'09.00" 84°13'01.00"
Summerville, SC Coastal Plain 18 32°56'46.68" 80°22'41.40"
Tappahannock, VA Coastal Plain 18 37°40'43.26" 76°56'16.44"
Vicksburg, MS Coastal Plain 8 32°25'40.52" 90°43'08.80"
Total 89
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Table 3 Genetic diversity within individual, Mountain, Coastal Plain, and overall L. tulipifera populations used
in this study. Statistics were calculated using PopGene v.3.2 (Yeh and Boyle, 1997).

Physiographic  Population Sample  Polymorp PPL (%) =n, . H, 1
Province Size hic loci
Mountains Blacksburg, VA 12 804 84.2 1.842 1469 0.277 0418
Mountains Chillicothe, OH 17 699 73.2 1.732  1.381 0.226 0.344
Mountains Oak Ridge, TN 16 839 87.9 1.879 1486 0.282 0.426
Coastal Plain ~ Summerville, SC 18 889 93.1 1.931 1400 0.250 0.392
Coastal Plain ~ Tappahannock, VA 17 838 87.8 1.878 1.441 0.263  0.402
Coastal Plain ~ Vicksburg, MS 8 797 83.5 1.835 1.395 0.246  0.383
Mountains 45 933 81.7 1.977 1469 0.281 0.432
Coastal Plain 43 949 88.1 1.994 1441 0271 0423
Overall 88 954 84.9 1.999 1484 0.289 0.444

PPL: Percent polymorphic loci

n,: the number of alleles per locus

n.: the effective number of alleles per locus (Hartl and Clark, 1989)
H,: gene diversity (Nei, 1973)

I: Shannon’s information index (Lewontin, 1972)

Table 4 Wood density data results for L. tulipifera populations.

Physiographic Province Population Sample Size  Average (kg/m3) Range (kg/rn3)

Mountains Blacksburg, VA 12 425.77 110.40
Chillicothe, OH 17 438.89 133.40
Oak Ridge, TN 16 471.69 151.00
Average: 445.45 131.60

Coastal Plain Summerville, SC 18 460.38 152.72
Tappahannock, VA 17 477.05 180.09
Vicksburg, MS 8 387.58 77.28
Average: 441.67 136.70

Figure 3 Mean annual precipitation (inches) of L. tulipifera populations from 1958 to 2008.
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Figure 4 Average growing season (days) of L. tulipifera populations from 1958 to 2008.
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Figure S Mean annual temperature of L. tulipifera populations from 1958 to 2008.
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Table 5 Summary of AMOVA for AFLP phenotypes of L. tulipifera populations.

Source of Variation df SSD Variance Total p value
Components (%)

Between physiographic 1 675 8.7 5.39 0.09677

provinces

Within populations 83 11979 1443 89.02 0.0000

Among populations 4 1098 9.1 5.59 0.0000

within physiographic

provinces

Total 88 13753 162.1

df Degree of freedom
SSD sum of squared deviation

p value the probability of value occurring by chance
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Table 6 Nei’s (Nei and Feldman, 1972) original measures of genetic identity (above diagonal) and genetic
distance (below diagonal) for each L. tulipifera site. Calculated with NTSY Spc Version 2.20k(Rohlf, 2005).

Blacksburg, Chillicothe, Oak Ridge, Summerville, = Tappahannock, Vicksburg,

Population VA OH N SC VA MS
Blacksburg, VA **** 0.951 0.968 0.949 0.943 0.936
Chillicothe, OH  0.050 okl 0.952 0.915 0.927 0.902
Oak Ridge, TN 0.033 0.049 ook 0.966 0.960 0.954
Summerville, SC  0.052 0.089 0.035 ook 0.962 0.976
\T]azfpahann“k’ 0.059 0.076 0.040 0.039 ok 0.953
Vicksburg, MS 0.066 0.103 0.047 0.024 0.048 ook
Figure 6 Geographic distances (km) between each L. tulipifera population.
Blacksburg, VA
Oak Ridge, TN
I Summerville, SC
Chillicothe, OH
Tappahannock, VA
Vicksburg, MS
10ISO I ' ' I ' 7150 I I ' ' I 660 ' ' I ' ' 4I50 ' ' ' I ' 3100
kilometers
Table 7 Pairwise F and significant p values of L. tulipifera populations.
Population Blacksburg, Chillicothe, Oak Summerville, Tappahannock, Vicksburg,
opu VA OH Ridge, TN SC VA MS
Blacksburg, VA 0.000 + + + + +
Chillicothe, OH 0.046 0.000 + + + +
Oak Ridge, TN 0.027 0.054 0.000 + + +
Summerville, SC 0.072 0.143 0.066 0.000 + -
Tappahannock, VA 0.114 0.163 0.097 0.096 0.000 +
Vicksburg, MS 0.078 0.176 0.070 0.002 0.100 0.000

Significance level of 0.05
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Figure 7 UPGMA dendrogram based on Dice’s similarity coefficient (Dice, 1945) of genetic distance among
samples of L. tulipifera from three Coastal Plain and three Mountain sites in Southeastern U.S. Generated with
NTSYSpc Version 2.20k (Rohlf, 2005).
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Figure 8 UPGMA dendrogram of genetic distance between populations of L. tulipifera based on Nei’s genetic
distance (Nei and Feldman, 1972) generated by NTSY Spc version 2.20 (Rohlf, 2005). Mountain populations:
Blacksburg, VA, Oak Ridge, TN, and Chillicothe, OH. Coastal Plain populations: Summerville, SC, Vicksburg,
MS, and Tappahannock, VA.
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Abstract

Acer rubrum L. is prolific throughout the Southeastern U.S. and much of its range in the
Eastern U.S. A. rubrum is an abundant and economically important species for the wood products
industry. The relatively low density and intermediate strength of the wood makes A. rubrum suitable
for use in many composite wood products. Forest and land management shifts have caused increases in
the volume of 4. rubrum in the Southeast U.S. This study utilizes amplified fragment length
polymorphism (AFLP) to determine levels of natural genetic variation of 4. rubrum in Mountain and
Coastal Plain populations of the Southeast U.S. AFLP was performed using five primer combinations
on samples from six unmanaged populations. Wood density was determined using an X-ray
densitometer and environmental data was gathered from NOAA databases. Genetic diversity was
higher within the Coastal Plain populations (H.: 0.365) than within the Mountain populations (H.:
0.327). UPGMA of genetic distances showed that populations within physiographic provinces were
more genetically similar to each other than between physiographic provinces, with the exception of the
Ichauway, GA population which was also the furthest geographically from the other populations. The
average wood density for A. rubrum was lower in the Mountains (539.00 kg/m’) than in the Coastal
Plain (575.43 kg/m’) though not statistically different. Examining the genetic structure of this species
could provide a foundation for further genetic and breeding exploration with this economically and

ecologically important tree.
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Introduction

Acer rubrum L., red maple, is ubiquitous in the Southeast U.S., and is increasingly important in
forest products and forest ecology of this region. It’s native range spans from Southeastern Canada,
south to Florida, and as far west as the Mississippi river (Little, 1979). A. rubrum has become an
increasingly dominant species in many parts of the Southeast U.S. due in part to its rapid regeneration
and initial stem growth (Whitney, 1984, Larsen, 1953, Hibbs, 1983). It is also thought that 4. rubrum
populations could dominate the overstory of many areas of the Southeast U.S. in the near future
(Abrams, 1998). According to the Society of American Foresters, A. rubrum is a dominant component
of 56 of the 88 forest cover classifications in the Eastern U.S. (Eyre, 1980).

As is evident from its broad distribution, A. rubrum is able to withstand a variety of climate, soil,
and topographical conditions. 4. rubrum can withstand temperatures as low as -40°C (Dansereau,
1957). A. rubrum is a shade tolerant pioneer species, but grows much better with increased levels of
sunlight and is often found in old fields and disturbed areas (Walters et al., 1990). A4. rubrum does not
show significant aspect preference and is able to grow well in both moist and dry conditions from
ridges to swamps (Desta et al., 2004, Stephenson, 1974), growing more dominantly on ridges in
northern portions of its range, and in swamps in southern parts of its range (Walters et al., 1990). 4.
rubrum flowers emerge between March and May throughout its range as early as 4 years old (Walters
et al., 1990). The fruit of 4. rubrum are abundantly produced, dispersed by wind, and disseminated
through June, which is earlier than most wind dispersing tree species in this region (Walters et al.,
1990). Once in contact with soil, it takes at a week or less for 4. rubrum seeds to germinate, with
germination success as high as 91% (Walters et al., 1990). Seeds can remain viable for at least 2 years
on the forest floor with high light availability being a key germination requirement (Marquis, 1975). A.
rubrum is a shade tolerant species, but seedlings have a higher level of tolerance, which promotes
regeneration success where full sunlight is not available (Walters et al., 1990). Regeneration can also

occur through vigorous sprouting after cutting or disturbance by fire, with multiple sprouts from
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individual stumps. Shade tolerance as a seedling is advantageous when there is an overstory present.
The ability to sprout quickly and respond positively to increased light levels gives A. rubrum
regeneration advantages after major disturbances that drastically alter the overstory.

Though A. rubrum grows prolifically, it is susceptible to numerous damaging agents. Risks
associated with a species that is common over a large geographic area where other species have been
reduced in part by insect and fungi infestations, are important reasons to study the genetic diversity
throughout its range. The form of A. rubrum trees is often poor due to wounding of mixed sources,
though it is highly resistant to herbicide by injection (Kossuth et al., 1980). Many insect infestations
reduce tree vigor including boring insects and scale insects, especially gypsy moth (Lymantria dispar),
which largely attack the leaves of the trees (Walters et al., 1990). In addition to insects, fungi also
attack wounds on 4. rubrum, and some canker forming diseases attack the stems (Stephenson, 1974).
A. rubrum responds to fire by sprouting from the root collar, though intense fires are likely to kill the
above-ground portions of the tree (Walters et al., 1990).

There is great potential in studying A. rubrum due to its broad range of distribution, range of
suitable site conditions, and phenotypic differences (Townsend et al., 1979). In more northern and
mountainous regions there tends to be more cold hardiness, more robust samaras, and earlier
reproductive development (Walters et al., 1990, Townsend, 1972, Winstead et al., 1977). A. rubrum is
capable of hybridizing with silver maple (Walters et al., 1990). Successful varieties of A. rubrum have
been developed to combat air pollution, survive with limited water, counteract vericillium wilt, and
function as ornamentals often used in cities (Townsend et al., 1979). Genetic studies on rootstock from
different A. rubrum cultivars have been successful in selecting trees highly suited for growth in cities
(Gerhold et al., 1976). Studies have been done addressing A. rubrum genetics without using marker
techniques or other genetic analysis tools. In a study on genetic correlation to seed dormancy break A.

rubrum seeds were much more dependent on temperature than genetic traits (Perry and Wu, 1960).
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A. rubrum is commonly used for wood products in the Southeast U.S., due in part to its
abundance. A. rubrum is considered a soft maple, commonly sold for container and shipping materials
such as pallets, crates and boxes, furniture and veneer (Forest-Service, 1974, Walters et al., 1990). A.
rubrum has also been shown to be equivalent and sometimes superior to aspen (Populus grandidentata
michx.) as a flakeboard construction material (Kuklewski et al., 1985). When dried, the wood volume
shrinks 12.6%, more than half of that of hard maples, and the wood color is a light red/brown (Forest-
Service, 1974). The average specific gravity of A. rubrum before drying is approximately 0.49
increasing to 0.54 at 12% moisture content (Forest-Service, 1974).

Finding levels of genetic diversity of this species in various growth habitats could allow for a
better understanding of how the trees respond to different ecological conditions and give insight into
ways that this species may be better managed and utilized for production. As A. rubrum of high wood
density, and high volumes of lower density wood can be used in furniture making (Walters et al., 1990,
Forest-Service, 1974), if DNA markers could be developed for these important traits, fast track
breeding strategies could then be developed for these and other traits of interest. There are many
venues that could be explored after markers for this species are developed, including more effective
management regimes. The main objectives of this study are to: (i) evaluate genetic variation within
populations of A. rubrum, (ii) evaluate genetic variation of A. rubrum within physiographic provinces,
and (iii) to evaluate genetic variation of 4. rubrum as related to environmental and wood density data
throughout the Southeastern U.S.

Materials and Methods

Field Methods

Field methods were consistent with those on page 34. Six 4. rubrum populations (Table 8) were
sampled; three in the Mountains and three in the Coastal Plain of the Southeast U.S. (Figure 9).
Google Earth was used to generate a map of the populations from the latitude and longitude of each site

(Google, 2008). Each study area was chosen based on physiographic province and latitudinal
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distribution. Two 12mm bark to bark cores and leaf material were sampled from 11-19 trees at each
site, and stored in a portable freezer at approximately -20°C. Leaves were sampled with a shotgun and
pole trimmers.

Environmental Data Analysis

Environmental data were gathered from Daily Surface Data ASCII files from the database of the
National Oceanic and Atmospheric Administration of various field stations near the populations
sampled, (N.O.A.A., 2008). Data was obtained for years 1958 through 2008, the approximated average
age of populations sampled. Data included mean annual precipitation (inches), mean annual
temperature (°F), and mean annual growing season length (days). Mean annual growing season was
calculated from the average number of days between the last frost in the spring and the first frost in the
winter months for each year of data from 1958 to 2008. Geographic distances between populations
were calculated using the GPS coordinates of each sampling location. A distance matrix was then
calculated to evaluate geographic distance between each population.

Laboratory Methods

DNA Isolation
Leaf tissue was stored at -20°C prior to DNA isolations. Leaf tissue was ground with a mortar
and pestle, liquid nitrogen, and a SPEX SamplePrep Model 2000 Geno/Grinder laboratory mill (SPEX
CertiPrep®, Inc., Metuchen, NJ). A modified version of the Plant DNAzol (Molecular Research
Center, Inc. Cincinnati, OH) protocol was used to isolate the DNA from the leaf tissue (Ausubel et al.,
1990, Wilfinger et al., 1997, Chang et al., 2009). The quality of DNA was verified by running on a
0.8% (w/v) agarose gel at 97 volts for 1.5hours. DNA samples were diluted with 1x TE buffer to 125
ng/pl concentrations.
AFLP Analysis
AFLP was performed with a modified version of the Vos et al. (1995). The AFLP process

includes restriction digestion and adapter ligation of DNA, pre-selective amplification, selective
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amplification, and electrophoresis (Vos et al., 1995). The restriction digestion and adapter ligations
were performed on genomic DNA (500 ng) with EcoRI and Msel restriction enzymes and adapters
(New England BioLabs, Ipswich, MA). The final restriction digestion and adapter ligation volume (11
uL) contained 0.05 M NaCl, 0.045 mg/mL BSA, 1 uM EcoRI adapter, 5 uM Msel adapter, 5 U EcoRI
(NEB), 5 U Msel (NEB) and 1 U T4 DNA ligase (NEB), 1X T4 ligase buffer (50 mM Tris-HCI (pH
7.5), 10 mM MgCl,, 10 mM dithiothreitol, 1 mM ATP) (New England BioLabs, Ipswich, MA) and was
incubated for 6 hours at 37 °C. Products from the restriction digestion and adapter ligation step were
diluted 10 times with 0.1 x TE buffer (10 mM Tris-HCI (pH 8.0), 0.1 mM EDTA).

Diluted restriction-ligation product (3 pL) was used in pre-selective amplification in a MyCycler
thermal cycler (Bio-Rad Laboratories, Hercules, CA) which was programmed for 72 °C for 2 min
followed by 20 cycles of 94 °C for 20 s, 56 °C for 30 s, and 72 °C for 2 min, and a final steps of 72 °C
for 2 min and 60 °C for 30 min. Pre-selective amplification reactions (13ul) contained 1 X PCR buffer
(100 mM Tris-HCI (pH 8.3), 500 mM KCIl), 2.0 mM MgCl,, 0.2 mM dNTP, 10 uM EcoRI and Msel
pre-selective primers, and 0.25 U of JumpStart 7Tag DNA polymerase (Sigma-Aldrich, St. Louis, MO).
Pre-selective amplification products were diluted 10 times with 0.1 X TE buffer and 2 pL of diluted
product were used in selective amplification.

Selective amplification PCR (8 pL) contained 1 X PCR buffer, 2.0 mM MgCl,, 0.2 mM dNTPs,
0.625 uM of dye labeled EcoRI primer, 0.625 uM Msel primer, and 0.2 U of JumpStart 7ag DNA
polymerase (Sigma-Aldrich, St. Louis, MO). The PCR amplification consisted of an initial
denaturation step of 94 °C for 2 min, followed by the first cycle of 94 °C for 20 s, 66 °C for 30 s, 72 °C
for 2 min and one degree decrease in annealing temp in each of the next nine cycles. This was followed
by 25 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 3 min. The reactions were then incubated
at 60 °C for 30 min. Primer combinations used in selective amplification were selected after
performing selective amplifications on one complete population with 10 primer combinations (one

EcoRlI dye labeled and 10 Msel primers). The 10 combinations were narrowed to five primer
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combinations that were used with all samples from all populations. A Sigma Genosys EcoRI -S1
primer was used with five different Msel primers with base extensions CG, CC, GG, GA, and AG (S1,
S4, S5, S8, and S10).

Selective amplification products of each sample (1.0 pl) were combined with 0.3 pl of the DNA
size standard — 600 (Beckman-Coulter Inc., Fullerton, CA) and 39.7ul of sample loading solution
(Beckman-Coulter Inc., Fullerton, CA). Capillary electrophoresis was performed using CEQ 8800
Genetic Analysis System (Beckman-Coulter Inc., Fullerton, CA). The Frag-4 analysis parameters of
the CEQ software were applied to the samples and size standard (Beckman-Coulter Inc., Fullerton,
CA). All AFLP fragments were scored as binary data (1, peak present; 0, peak absent) along with their
sizes, which were verified with the electropherograms. The data set was trimmed to fragment lengths
from 95-300bp, the most reliable range for the CEQ 8800 (Saunders et al., 2001). Data from the CEQ
8800 software was then exported into Excel for analysis.

Wood Density Analysis

Increment cores were dried to approximately 12% moisture content, glued into wooden holders
and sawn lengthwise to 1.65mm thickness. The slices were scanned with a Quintek QTRS-01X Tree
Ring Scanner (Knoxville, TN, USA) to obtain average wood density measurements for each tree
sampled. Core density outputs were visually verified with scanned core images to ensure proper
density measurements were acquired.

Statistical Analysis

NTSYSpc Numerical Taxonomy and Multivariate Analysis System v2.2 (Rohlf, 2005) was used
to calculate genetic distance and similarity of the samples. The Dice similarity index of the samples
and unweighted pair group method with arithmetic mean (UPGMA) cluster based on the Dice
Similarity index (Dice, 1945, Nei and Li, 1979) were produced with NTSYSpc. Nei’s original
diversity index (Nei, 1973) and unbiased diversity index (Nei, 1978) were calculated using PopGene

v.3.2 (Yeh and Boyle, 1997). UPGMA dendrogram based on Nei’s unbiased genetic distance matrix
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over all populations was created using PopGene v.3.2. Shannon’s diversity index, Gst values: Gy,= Dy/
H,; (Nei, 1987), N,,: gene flow (McDermott and McDonald, 1993, Yeh and Boyle, 1997), and other
population statistics were also calculated. An ANOVA was performed on the mean wood density
values for each population using JMPv7 (SAS, 2007). A UPGMA cluster of the distance matrix of
geographic distances between populations was also calculated using NTSY Spc v2.2 (Rohlf, 2005).
Results

Within Populations

The percent of polymorphic loci within populations ranged from 78.1% in Round Mountain, VA
to 97.8% in Bolton, NC (Table 9). The Nei’s gene diversity (H.) was highest within the Bolton, NC
population (0.38) and lowest in the Ichauway, GA population (0.24) (Table 9). Shannon’s information
index was highest for Oak Ridge, TN (0.52) and lowest for Ichauway, GA (0.37) (Table 9). Dice’s
Similarity Coefficient was used on each individual tree sampled and showed that in general, the degree
of genetic similarity was higher within populations than been between them (Figure 10). This is also
supported by the Nei’s gene diversity and Shannon’s information index for each population (Table 9).

The greatest mean annual precipitation was in Ichauway, GA (51.21 inches) and the lowest in
Round Mountain, VA (39.05 inches) (Figure 11). Ichauway, GA had the highest mean annual
temperature (65.42°F), and Round Mountain, VA had the lowest (51.29 °F) (Figure 11). Ichauway,
GA also had the highest mean annual growing season (249 days) while Round Mountain, VA had the
lowest (151 days) (Figure 11). The highest mean wood density was for the Bolton, NC population
(647.56 kg/m’) and the lowest mean was in the Round Mountain, VA population (523.47 kg/m’) (Table
10). There were however no statistically significant differences in wood density.

Within Physiographic Provinces

The percentage of polymorphic loci in the Mountain populations were 86.94% and the Coastal
Plain populations were 99.9% polymorphic. The number of alleles per locus was nearly the same of the

Mountains (n,: 1.990), Coastal Plain (n,: 1.997), and overall (n,: 2.000) (Table 9). Mountain
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populations were more genetically similar (H,: 0.32) than Coastal Plain populations (H.: 0.37) (Table
9), which is also evident by the UPGMA cluster analysis showing that Mountain populations were
more genetically similar than the Coastal Plain populations (Figure12). Nei’s unbiased measures (Nei,
1978) were used to calculate a UPGMA dendrogram of genetic distance among populations with
PopGene v3.2 (Yeh and Boyle, 1997) that showed populations were more similar within physiographic
province than they were between (Figure 12). The UPGMA dendrogram shows that the Mountain
populations and Coastal Plain populations clustered together, with the exception being Ichauway, GA,
which was geographically further from any other population sampled. Nei’s unbiased measures (Table
11) and Nei’s original measures of genetic diversity (Nei and Feldman, 1972) (Table 12) produced
similar results for between population genetic variations. The genetic distances calculated with the
Nei’s unbiased measures were generally lower than those calculated by Nei’s original measures of
genetic diversity. Dice’s Similarity Coefficient was used on each individual tree sampled and showed
that in general, the degree of genetic similarity was higher within physiographic provinces than
between them (Figure 10). The expected number of alleles per locus was similar but more varied than
the actual number: Mountains (n.: 1.55), Coastal Plain (n.: 1.63), and overall (n.: 1.62) (Table 9).
Shannon’s Diversity Index was higher in the Coastal Plain (/: 0.54) than it was Mountains (/ : 0.50)
(Table 9).

The mean annual precipitation, temperature, and growing season were higher within the Coastal
Plain (63.43 inches, 50.58°F, 229days) than the Mountain populations (53.69 inches, 43.32°F, 176
days) (Table 13). The mean annual climate data was also more similar within the Coastal Plain than it
was within the Mountains (Figure 11). The average wood density values for the Mountain populations
were 539.09 kg/m’ and 575.43 kg/m’ in the Coastal Plain (Table 10). The Coastal Plain populations
were further apart geographically on average than the Mountain populations, largely due to the

remoteness of the Ichauway, GA population (Figure 13).
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Overall Variation

The overall percent polymorphic loci was 100% for the 993 loci identified in the 99 individual
trees analyzed. Shannon’s information index was overall 0.540, which was lower than the Coastal Plain
0.543, but higher than the Mountains 0.496 (Table 9). Nei’s gene diversity was higher overall (He:
0.54) than it was for the Coastal Plain (He: 0.37) or the Mountains (He: 0.33). Wood density was on
average lower for Mountain populations of 4. rubrum, 539.09 kg/m’, than Coastal Plain populations,
575.43 kg/m’ (Table 14). The average range of wood density values was however higher in the
Mountains, 159.03 kg/m’, than in the Coastal Plain, 126.24 kg/m’ (Table 14). The highest average
density was in Bolton, NC, 647.56 kg/m3, and the lowest average density was in Round Mountain, VA,
523.47 kg/m’ (Table 14).
Discussion

Diversity within populations

Diversity was strong within populations with each site having at least 78% polymorphic loci.
Levels of Shannon’s Diversity and Nei’s Diversity were both fairly consistent across all sites as well.
It was expected that there would be higher levels of intra-site variation than there would be between
sites, which was evident in past research and supported by the data in this study. A study of Acer
saccharum found that genetic diversity was highest in the southern portions of its range, and that less
than 2% of the species genetic diversity was attributed to regional differences (Gunter et al., 2000). 4
saccharum also has high inter-population genetic similarity in excess of 90%, which further contrasts
the site level diversity patterns and agrees with high and widespread gene flow (Gunter et al., 2000). A.
rubrum also exhibited within site phenotypic variation in the presence of increased levels of CO2
(Mohan et al., 2004). The strongest inter-site genetic differences were expected between the Mountain
sites of highest latitude and those of Coastal Plain with lowest latitude, due in part to longer growing
seasons in the Coastal Plain populations (Beck et al., 1990, Walters et al., 1990). This was supported

by data collected from the Mountain populations, which were geographically closer to one another than
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Coastal Plain populations, and more genetically similar than the Coastal Plain populations. A. rubrum
seeds varied across the species range in germination and survivorship in the presence of elevated CO2,
with Coastal Plain populations having more positive effects than Mountain or Piedmont populations
(Mohan et al., 2004). This may also be due in part to effects of increased levels of precipitation,
growing seasons, and temperature on seed development.

Genetic Structure

Spatial genetic structure studies in trees have generally shown high genetic diversity within
populations and low diversity between populations, which could be due in part to poor sample sizes
and sampling procedures (Jump and Penuelas, 2007). A. rubrum findings in the present study support
the low diversity patterns between populations suggested by others (Jump and Penuelas, 2007). In the
current study A. rubrum showed very little genetic structure and low inter-site and inter-physiographic
province levels of diversity. A study on variation in patterns of spatial genetic structure (SGS) using
SSR and AFLP on 210 samples of Fagus sylvatica, a Spanish wind-pollinated tree confirmed that
genetic diversity is not homogenous across a landscape, with Shannon diversity index of 0.380 and
expected heterozygosity of 0.244 for AFLP, and that AFLP has stronger results than SSR when
working with smaller sample sizes (Jump and Penuelas, 2007). There have been many studies on
intraspecific genetic and phenotypic variation in temperate forests, which are increasing in tropical
forest species. AFLP studies on the widely distributed Caribbean tree Pterocarpus officinalis (Jacq.)
found that approximately half of its genetic diversity lies within populations and geographic patterns of
diversity are also evident (Rivera-Ocasio et al., 2002). P. officinalis is an insect pollinated tree (Little
and Wadsworth, 1964) and this study involved continental South and Central American populations as
well as Caribbean island populations (Rivera-Ocasio et al., 2002). Unlike L. tulipifera, P. officinalis
can distribute via ocean water transport (Rivera-Ocasio et al., 2002). The overall percent
polymorphism for the primer combinations used in the tropical study (68%) (Rivera-Ocasio et al.,

2002) was much lower than that of the L. tulipifera in the present study. A study on intra and inter-
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population AFLP variations of the dominant and economically important Indonesian trees Shorea
leprosula and S. parvifolia showed the most genetic variation within populations, 70.2% and 66.2%
respectively (Cao et al., 2006). Both S. leprosula and S. parvifolia have percentage of polymorphic
loci (PPL) near 50% and expected heterozygosity (H.p) of 0.16 and 0.14 respectively (Cao et al., 2006).

Wood Density Associations

There is potential for correlation between wood traits of interest and genetic markers. Many
association genetics studies have been successfully performed including one involving single
nucleotide polymorphisms and various wood property traits for the species Pinus taeda, which
incorporated previous QTL and co-location studies was able to associate a-tubulin with a specific gene
(Gonzalez-Martinez et al., 2006a). One approach to marker associations is with a bulk segregate
analysis. Systematic ranges of favorable wood densities would have to be identified in order for
pooling of samples to be successful, and in order to make associations between this type of anonymous
marker and a quantitative trait like wood density it would help to have to have a highly saturated
linkage map (Paterson et al., 1991). Some polymorphisms identified in this could be more variable
when extrapolated to larger populations which has been experienced in mapping studies of other woody
species including blackberry (Wagner, 1992). Tests on silvicultural and genetic treatment effects on
production capacity in P. taeda (loblolly pine) and Pinus elliottii Engelm. var. elliotttii (slash pine)
have shown economically important outcome for breeding programs (Roth et al., 2007). It has been
determined that genotype and silvicultural treatment have the greatest positive effect on production and
that genotype, silvicultural treatment, and location did not interact at a significant level (Roth et al.,
2007). This would suggest that despite the natural variation of the species, selecting for desirable traits
could yield valuable crop trees independent of site characteristics. While the reality is likely to be more
a combination of the three in development of desirable crop trees, once desirable genotypes are

identified it should be more likely to be able to use that genotype in more diverse sites.
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Table 8 Unmanaged Acer rubrum sites used in this study. Includes site name, physiographic province, sample
size (number of trees of interest sampled) and the latitude and longitude of the Acer rubrum sites used.

Population Location Physiographic ~ Sample Latitude (N) Longitude (W)
Province Size

Blacksburg, VA Mountains 11 37°18'04.02" 80°26"27.72"

Round Mountain, VA Mountains 18 37°10'16.82"N  81°9'35.78"W

Oak Ridge, TN Mountains 16 35°56'11.59"N  84°6'18.09"W

Bladen Lakes, NC Coastal Plain 19 34°42'10.00"N  78°35'53.00"W

Bolton, NC Coastal Plain 19 34°16'19.41"N  78°25'55.48"W

Coastal Plain 16
Total 99

Ichauway, GA 31°623.95"N  83°34'48.77"W

Figure 9 Map of six 4. rubrum study sites (blue balloons) generated with Google Earth (Google, 2008).
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Table 9 Genetic diversity within individual, Mountain, Coastal Plain, and overall 4. rubrum populations in this
study. Statistics were calculated using PopGene v.3.2 (Yeh and Boyle, 1997).

Physiographic Population Sample Polymorphic PPL (%) n, e H, 1
Province Size loci
Mountains Blacksburg, VA 11 863 86.9 % 1.869  1.523  0.307 0.460
Mountains Round Mountain, VA 18 775 78.1 % 1.781 1423 0253  0.385
Mountains Oak Ridge, TN 16 952 95.9 % 1.959 1.597 0347 0518
Coastal Plain  Bladen Lakes, NC 19 956 96.3 % 1.963 1.590 0.343  0.512
Coastal Plain  Bolton, NC 19 971 97.8 % 1978 1.655 0375 0.553
Coastal Plain  Ichauway, GA 16 781 78.7 % 1.787 1386  0.238  0.368
Mountains 45 984 99.1 % 1.991 1.550 0.327 0.495
Coastal Plain 54 990 90.7 % 1.997 1.631 0365 0.543
Overall 99 993 100.0% 2.000 1.624 0364  0.542

Population: The city and state where the sampling took place

PPL: Percent polymorphic loci

n,: the number of alleles per locus

n.: the effective number of alleles per locus (Hartl and Clark, 1989)
H,: gene diversity (Nei, 1973)

I: Shannon’s information index (Lewontin, 1972)
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Figure 10 UPGMA dendrogram based on Dice’s Similarity Coefficient (Dice, 1945) of genetic distance among
samples of A. rubrum from three Coastal Plain and three Mountain sites in Southeastern U.S. Generated with
NTSYSpc Version 2.20k (Rohlf, 2005).
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Figure 11 Mean annual temperature (A), mean annual precipitation (B), and mean annual growing season (C)
for each population from 1958 to 2008.
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Table 10 Wood density statistics for all 4. rubrum populations.

Population Average (kg/m3) Range (kg/m3)
Mountains Blacksburg, VA 531.02 112.24

Round Mountain, VA 523.47 182.70

Oak Ridge, TN 562.76 182.16

Average: 539.09 159.03
Coastal Plain Bladen Lakes, NC 539.00 133.47

Bolton, NC 647.56 129.72

Ichauway, GA 539.72 115.54

Average: 575.43 126.24

Figure 12 UPGMA dendrogram of genetic distance between populations of A. rubrum based on Nei’s unbiased
genetic distance (Nei, 1978). Mountain populations: Blacksburg, VA, Oak Ridge, TN, and Round Mountain,
VA. Coastal Plain populations: Bladen Lakes, NC, Bolton, NC, and Ichauway, GA. Generated with PopGene

v.3.2(Yeh and Boyle, 1997).
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Table 11 Nei’s unbiased measures of genetic identity (Nei, 1978) (above diagonal) and genetic distance (below
diagonal) for each 4. rubrum site. Calculated with PopGene v.3.2(Yeh and Boyle, 1997).

Round .
. Blacksbu  Bladen Ichauway, . Oak Ridge,

Population re, VA Lakes, NC Bolton, NC GA E]/Izuntam, TN
Blacksburg, VA~ *#** 0.948 0.938 0.901 0.948 0.963
Bladen Lakes, 0.054 otk 0.963 0911 0.930 0.956
NC

Bolton, NC 0.064 0.038 otk 0.888 0.915 0.946
Ichauway, GA 0.105 0.093 0.118 otk 0.853 0.882
Round Mountain, 0.054 0.072 0.089 0.159 otk 0.958
VA

Oak Ridge, TN 0.037 0.045 0.056 0.126 0.043 otk
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Table 12 Nei’s (Nei and Feldman, 1972) original measures of genetic identity (above diagonal) and genetic
distance (below diagonal) for each A. rubrum site. Calculated with PopGene v.3.2(Yeh and Boyle, 1997).

. Blacksburg, Bladen Ichauway, Round Oak Ridge,
Population VA Lakes, NC  Dolton.NC Mountain, VA TN
Blacksburg, VA *##* 0.931 0.920 0.886 0.933 0.945
Bladen Lakes, NC  0.072 otk 0.948 0.900 0.919 0.941
Bolton, NC 0.084 0.053 Hokkk 0.876 0.903 0.930
Ichauway, GA 0.121 0.106 0.132 Hokodk 0.844 0.869
5‘2‘“ Mountain, - ;4 0.084 0.102 0.170 Hokokk 0.945
Oak Ridge, TN 0.057 0.060 0.072 0.140 0.056 Hokkk

Figure 13 Geographic distances between 4. rubrum sites in kilometers.
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Chapter 5: Conclusions
A. rubrum and L. tulipifera are common throughout the majority of their ranges and are
increasing in dominance. In a time of increased rates of global climate change, human population
growth, and utilization of natural resources, it is imperative that information is gathered about the
ecosystems that many aspects of life rely heavily upon. Tree species that are not only common in their
range, but increasingly so, should be of specific interest to those managing forests. Interest should
focus not only on the volume and quality of wood but also on potential threats and complications that
could arise with increased homogenization of forested lands. This study did not focus on management
or global climate change, but a tool to study genetic diversity that could be useful in determining
management and the capacity forests to adapt.
The results from the L. tulipifera study are summarized below:

* There were significant levels of molecular variation between populations

* The overall level of genetic differentiation was higher than either of the physiographic provinces

* Individuals within populations were more similar to each other than to individuals from other

populations
* There were significant levels of molecular variation within populations
* Differences in wood density were more dependant on precipitation, temperature, and growing
season than physiographic province

* Higher level of genetic differentiation among populations in the Mountains than the Coastal Plain

* Populations were more genetically similar within physiographic province than between

* Higher levels of precipitation and growing season lengths were present in the Coastal Plain

* Wood density did not correlate with physiographic province, but with individual site conditions

* The mean annual precipitation was higher for the Coastal Plain than for the Mountains

* Mean Annual growing season was lower for the Mountains than the Coastal Plains

* Mean Annual temperature was lower for the Mountains than the Coastal Plain
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The results from the A. rubrum study are summarized below:
Genetic diversity was higher in Coastal Plain populations than Mountain populations
Populations were more genetically similar within physiographic province than between
Level of genetic differentiation was lower overall than within populations
Overall genetic diversity was low
The degree of genetic similarity was higher within populations than between them
There were no statistically significant differences in wood density
The average wood density values were lower for the Mountain populations than the Coastal Plain
The average range of wood density values was however higher in the Mountains, than in the
Coastal Plain
The mean annual precipitation, temperature, and growing season were higher within the Coastal
Plain than the Mountain populations
Evolutionary Theory

Not all hardwoods of the Southeast U.S. have the same genetic structure or diversity. In this

study the genetic diversity and structure of 4. rubrum and L. tulipifera had contrasting results, both of
which were in agreement with previous research. While L.tulipifera showed significant levels of
genetic diversity between populations, A. rubrum did not. This leads to a view of migration for 4.
rubrum that contrasts that of L. tulipifera, and leads to the possibility that A. rubrum may have been
present throughout it’s distribution on a much smaller time scale than L. tulipifera. A. rubrum had high
levels of genetic diversity within populations while L. tulipifera had strong levels of genetic structure
with significant differences between the Mountain and the Coastal Plain populations. This suggests
that A. rubrum is openly pollinated and homogenizing the distribution of its gene pool at a much higher

rate than L. tulipifera.
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Reproductive Strategies

Both species have high seed production and viability (Beck et al., 1990, Clark and Boyce, 1964),
which could also contribute to the genetic patterns observed. Marker variation throughout L.
tulipifera’s range could be attributed in part to historic evolution and migration of the species and also
the environmental diversity that is present throughout the widespread range of this species.
Environmental data was consistent for both species, with Mountains having shorter growing seasons
and lower temperatures and precipitation levels than the Coastal Plain populations. There is evidence
of historic migrations of L. tulipifera (Sewell et al., 1996b) including major shifts in the fitness and
gene pool of the species. Both within population diversity and between population diversity have
advantages. A4. rubrum having low between population variation may cause it to rely more heavily on
adaptation to endure introduced stresses such as invasive species or sudden and prolonged changes in
climate. Evidence shows that A. rubrum can exhibit phenotypic, germination, and survivorship
differences in the face of increased CO2 levels which suggests that 4. rubrum will be able to adapt in
the face of rapid ecosystem changes (Mohan et al., 2004). In terms of management options for these
species, genetic tools could be useful in incorporating desired traits for both species into the gene pool.
AFLP could be useful in determining genetic structure of a species and when populations and samples

are large enough can lead to advantageous association genetics studies.
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Appendix A: AFLP Protocol for Daylily, Dr. M. Javed Iqbal
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Outline of Steps
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Extraction of DNA from frozen leaf samples

Quantifying the samples

Checking the quality of samples (Running on Agarose Gel)
Dilution of samples (if needed)

Restriction Ligation

Comparison of RL products with Uncut DNA samples
Pre-selective Amplification

Selective Amplification

Preparing the samples for running on CEQ 8800

Running the CEQ 8800

1. DNA ISOLATION
Grind approximately 0.4 g of leaf tissue in liquid nitrogen in a separate mortar and pestle.
Transfer 0.2 g of powder in a 1.5 ml eppendorf tube.
Add 600 pl of plant DNAzol (Invitrogen)
Vortex briefly
Mix for 5 min by inverting the tubes @ room temperature (RT)
Add 600 pl of chloroform
Mix by inverting the tubes
Mix by inverting for 5 min at RT
Spin in microfuge @ 12000 g for 10 min
Transfer the supernatant (aqueous phase, bright colored in this case) to a new tube
Add 500 pl of 95% ethanol, mix gently by inverting 6-8 times & incubate @RT for 5 min
Spin @ 10000 g for 5 min
Remove the supernatant
Add 600 ul of DNAzol-Ethanol wash solution (1 ml of DNAzol + 750 pul of 100% ethanol), mix
Mix by inverting and incubate @ RT for 5 min.
Spin @ 5000 g for 4 min
Discard the supernatant, keep the pellet

Add 600 pl of 75% ethanol. Vortex and spin @ 5000 g for 4 min. We can repeat this step if
necessary.

(You can stop here and leave the sample at 4°C)

19

Discard liquid and keep the pellet
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20 Add 100 pl of TE and RNase A (40 ug/ml concentration). Mix/ break the pellet by pipette.
21 Incubate @37°C for 1 hour

22 Add 100 pl of dH,0, mix, add 200 pl of Phenol:Choloroform:Isoamyl alcohol. Mix well by
inverting. Spin for 5 min @12000 g. transfer the upper phase (aqueous) to a new tube. Perform this
step in hood.

23 Add 20 pl of 5 M NH4OAC, mix

24 Add 400 pl of 100% ethanol, mix gently and incubate @ -20°C overnight.

It is better to stop here

25 Centrifuge @ 12,000 g for 10 min. Discard the liquid carefully. Keep the pellet.
26 Be careful. The pellet will be clear/transparent and hard to see.

27 Add 75% ethanol, spin for 5 min @ 12000 g

28 Air dry pellet for 20-30 min

29 Add 50 pl of TE

30 Measure DNA concentration

31 Run 1 ug on 0.8% Agarose Low EEO Gel

2. QUANTIFYING THE SAMPLES
We can measure DNA concentration by Spectophotometer or by nanometer drop.
While using spectrophotometer, dilution of DNA is required
Make samples as 2 ul DNA+ 98 ul water. Use dsSDNA mode of spectrophotometer.

While using nanometer drop there is no need of dilution.

3. QUALITY CHECKING OF DNA (RUNNING ON GEL)

1 Use 0.8 % (0.8 g in 100 ml of 1X TBE buffer) Agarose Low EEO gel. Bring the contents to boiling
and then stir to cool down.

2 For preparing samples to run on gel, combine the following

DNA (1 pg) 3 pl or as much needed
5X DNA loading dye 2 ul

DNA stain, SYBR Green I ul

Water (sigma) X ul

Total volume 10 pl

Mix all these (except DNA), pulse centrifuge and then mix DNA
Run the gel on 96-97 V for 1- 1.30 hours

After running take the photograph by using Alpha Imager 34
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4. DILUTION OF SAMPLES

Since all the samples have different DNA concentration, so it a better idea to make their concentration
uniform before further steps.

In this experiment, we tried to set the DNA concentration around 125 ng/pl.

Dilution is done with water.

5. RESTRICTION LIGATION
Make the master mix as follows. DO NOT ADD DNA in the MASTER MIX.

Sr No |[Reagents 'Vol. for One reaction
1 10 X Ligase Buffer 1.10 pl
2 NaCl (0.5 M) 0.11 pl
3 BSA (1 mg.ml) 0.05 pl
4 Eco RI adapter (5 pmol/ul) 2.2

5 Mse 1 adapter (50 pmol/pl) 1.1

6 [Eco RI Restriction enzyme 0.25

7 Mse 1 Restriction enzyme 0.50

8 T4 DNA Ligase (10 U/ul) 0.1 pl
9 Water (Sigma) 1.59

10 DNA Sample(125 ng/pl) 4.0 pl
11 Total Rx Volume 11.0 pl

Restriction and Ligation

1. Heat Eco RI and Mse 1 adapters (mix of adapter 1 and 2) at 95°C for 5 min and then cool down to

room temperature.

Spin briefly.

AN O

6. RUNNING THE RL PRODUCTS ON GEL AND THEIR COMPARISON WITH

Make RL master mix as above.

Aliquot 7 pul in labeled 0.5 ml tubes and then add corresponding DNA.

Check success of RL products on gel as below

Incubate the mix at 37°C ¢ for 3 hours in a water bath

UNCUT DNA
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RL products- 4 pl of RL product + 2 pul of loading dye (5X) + 1 ul of SYBR Green
Uncut DNA- 2 ul of diluted DNA (125 ng/ul) + 2 pl dye + 1 pl of SYBR Green

On both ends Kb+ ladder was used- 4 pl of Kb+ ladder + 1 pl of SYBR Green
Running Condition- Gel 1.2%, 97-98 V, 1.30 hours

Photograph gel using Alpha Imager

Dilute RL product 10X with 0.1 X TE buffer and store it at -20 C. This is called t DNA.

AN e

7. PRESELECTIVE AMPLIFICATION
Make the master mix as following except tDNA.

Sr No Reagents 'Vol. for One reaction
1 10 X PCR Buffer (Sigma) 1.30 pl

2 dNTPs Mix (2.5 mM) 1.04 pl

3 MgCl, (50 mM) Sigma 0.52 pl

4 Eco RI PS Primer(10 pM) Sigma 0.39 ul

5 Mse 1 PS Primer(10 pM) Sigma 0.39 ul

6 Taq Polymerase (Sigma Jumpstart) 0.10 pl

7 Water(Sigma) 6.26 pl

8 tDNA Sample( diluted RL product) 3.0 ul

9 Total Rx Volume(one reaction mix) 13.0 pl

Aliquot 10 pl of Master mix and then add 3.0 pl of tDNA

Pre-selective Amplification program

1 72°C — 2 min 1 cycle

2 94°C — 20 sec 20 cycles
56°C — 30 sec
72°C — 2 min

3 72°C — 2 min 1 cycle

5 60°C — 30 min 1 cycle

Following Pre-selective amplification, dilute reaction products 10 fold with 0.1 X TE buffer. This is
called will be called as PSA.

8. SELECTIVE AMPLIFICATION
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Make the master mix as following except PSA

Sr No [Reagents 'Vol. for One reaction
1 10 X PCR Buffer (Sigma) 0.8 ul

2 dNTPs Mix(2.5 mM) 0.64ul

3 MgCl, (50 mM) Sigma 0.64ul

4 *EcoRI labeled Sel Primer (EcoRI+3) (10 pM) Sigma 0.5 ul

S *Msel Sel Primer (MSe I+ 3) (10 pM) Sigma 0.5 ul

6 Taq Polymerase (Sigma Jumpstart) 0.08 ul

7 Water(Sigma) 2.84 ul

8 Diluted Preselective Amplification product) PSA 2.0 ul

9 Total Rx Volume(one reaction mix) 8.0 ul

* For different primer combinations use respective Eco Sel and Mse Sel primers.

Selective Amplification program

1 94°C -2 min 1 cycle

2 94°C - 20 sec 10 cycles
66°C — 30 sec decrease 1.0 C /cycle
72°C — 2 min

3 94°C —30sec 25 cycle
56°C — 30 sec
72°C- 3 min

4 160°C — 30 min 1 cycle

9. PREPARING THE SAMPLES FOR RUNNING ON CEQ 8800

1 Prepare a Sample Loading Solution (SLS) and Size standard master mix by combining 39.6 ul SLS
and 0.4 ul of DNA size standard 600.

2 Add 0.5 pl of Selective amplified reactions to sample plate containing 40 pl of sample loading

solution and DNA size standard.

Put one drop of mineral oil in each well. Centrifuge it and sample is ready for running on CEQ

4  Fill the buffer plate well (2/3) corresponding to the DNA samples with separation buffer
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10. RUNNING THE CEQ 8800
1 Before loading the samples and running the CEQ samples should be ready.
Setup and save your sample plates.

2 Check the gel life and water in the wetting trays. It is good idea to clean the water tray and refill it
with water.

3 Load the sample plates and buffer plates and start the CEQ.
4 Select the Frag-4 method and IALR size standard 600 analysis.
Run the sample plates.
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Appendix B: AFLP Primer Combinations
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Species Primer Name | Primer Sequence: (5°-3°) Size

EcoRI-S1* 5’(dyeD4)GACTGCGTACCAATTCAG | 18

Msel S1* GATGAGTCCTGAGTAACCG 19

Msel S2 GATGAGTCCTGAGTAACCA 19

Msel S3 GATGAGTCCTGAGTAACCT 19

Msel S4* GATGAGTCCTGAGTAACCC 19

L. tulipifera Msel S5* GATGAGTCCTGAGTAACGG 19
Msel S6 GATGAGTCCTGAGTAACGC 19

Msel S7 GATGAGTCCTGAGTAACGT 19

Msel S8* GATGAGTCCTGAGTAACGA 19

Msel S9 GATGAGTCCTGAGTAACAC 19

Msel S10* GATGAGTCCTGAGTAACAG 19

EcoRI-S4* 5’(dyeD4)GACTGCGTACCAATTCAA | 18

Msel S1 GATGAGTCCTGAGTAACCG 19

Msel S2 GATGAGTCCTGAGTAACCA 19

Msel S3* GATGAGTCCTGAGTAACCT 19

Msel S4 GATGAGTCCTGAGTAACCC 19

A rubrum T e1S5 GATGAGTCCTGAGTAACGG 19
Msel S6* GATGAGTCCTGAGTAACGC 19

Msel S7 GATGAGTCCTGAGTAACGT 19

Msel S8* GATGAGTCCTGAGTAACGA 19

Msel S9* GATGAGTCCTGAGTAACAC 19

Msel S10* GATGAGTCCTGAGTAACAG 19

&9

* = Primer combinations used in AFLP analysis. Each Msel primer was used in combination with the
EcoRI primer.




Appendix C: Contact Information for Field Sites
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Population Location Latitude (N)  Longitude Landowner Contact Person
W)
Virginia Polytechnic Shep
Blacksburg, VA 37°18'04.02"  80°26'27.72" Institute and State Zedaker/Mike
University Aust
Chillicothe, OH 39°02'45.66" 83°11'40.98" LW Forestry Peter Gayer
Services, Inc.
Oak Ridge, TN 36°00109.00"  84°13101,00" Cniversity of Richard Evans
Tennessee
Summerville, SC 32056'46.68"  80°22141 40" MeadWestvaco David
Bourgeois
oA " oc £t » Virginia Department Tommy
Tappahannock, VA 37°40'43.26" 76°56'16.44 of Forestry Walker
Vicksburg, MS 32°25'40.52"  90°43108.80" “nderson-Tully Glynn Brown
Company
Virginia Polytechnic Shep
Blacksburg, VA 37°18'04.02"  80°26'27.72" Institute and State Zedaker/Mike
University Aust
. 37°10'16.82"  81° Jefferson National Ed Leonard
Round Mountain, VA N 935.78"W Forest
. 35°56'11.59"  84° University of Richard Evans
Oak Ridge, TN N 6'18.09"W Tennessee
Bolton, NC 34°16'19.41 78°25'55.48 Resqurce Management Clay Jenkins
N % Service
34°42'10.00"  78°35'53.00" Bladen Lakes State Michael
Bladen Lakes, NC N % Forest Chesnutt
Ichauway. GA 31° 83°34'48.77"  Jones Ecological Steve Jack
chauway, 623.95N W Research Center
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Appendix D: Dendrograms of 10 Initial Primer Combinations for L. tulipifera Samples from
Tappahannock, VA Population

92



Ten initial primer combinations.

m

- -

EBEIE2IRBEEEIBR R

— &7
&8
a8t 88 0% 10
Qoeficert

Final Five Chosen Primer Combinations

543
B4
13
B52
B53
BEE

654

661

647

660
650

657
655

645

659

655

645

651

649

T
0.88
Coeflicient

93



SPZ with 5 Primer Combinations
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Appendix E: Dendrograms of Initial 10 Primer Combinations for 4. rubrum
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Appendix F: Climate Data
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Species

N

NN

. rubrum
. rubrum

A
A
A.
A
A

rubrum

. rubrum
. rubrum

. rubrum
. tulipifera

. tulipifera
. tulipifera
. tulipifera
. tulipifera
. tulipifera

Physiographic
Province
Coastal Plain
Coastal Plain
Coastal Plain
Mountains
Mountains

Mountains
Coastal Plain

Coastal Plain
Coastal Plain
Mountains
Mountains
Mountains

Mean
Annual

Temperature Precipitation

Population (F)
Ichauway, GA
Bladen Lakes, NC
Bolton, NC
Blacksburg, VA
Oak Ridge, TN
Round Mountain,
VA

Summerville, SC
Tappahannock,
VA

Vicksburg, MS
Oak Ridge, TN
Blacksburg, VA
Chillicothe, OH

105

65.42
62.51
62.34
51.80
57.99

51.29
64.08

58.16
65.25
57.99
51.80
53.00

51.21
51.21
49.32
40.57
50.33

39.05
53.18

43.54
55.80
50.33
40.57
38.14

Mean Annual Mean
Growing
Season

248.65
208.48
228.36
165.18
209.42

151.00
231.44

220.28
256.95
209.42
165.18
180.33



Appendix G: Geographic Distance Matrices
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Blacksburg, VA
Round
Mountain, VA
Oak Ridge, TN
Bolton, NC
Bladen Lakes,
NC

Ichauway, GA

Blacksburg, VA
Chillicothe, OH
Oak Ridge, TN
Summerville,
SC
Tappahannock,
VA

Vicksburg, MS

Blacksburg,
VA
0.00

65.33
360.86
382.87

333.46
747.55

Blacksburg,
VA
0.00
309492.17
364665.01

442432.73

312245.78
1086883.86

A. rubrum Populations

Round Mountain,

VA

TN
65.33

0.00
297.05
406.09

358.90
710.91

Oak Ridge,

NC
360.86

297.05
0.00
548.76

518.63
539.86

L. tulipifera Populations

Chillicothe,
OH
309492.17
0.00
349318.37

689345.35

566808.89
1005621.12

Oak

Summerville,

Ridge, TN SC

364665.01
349318.37
0.00

469019.32

672388.70
724295.52

107

442432.73
689345.35
469019.32

0.00

568996.12
987049.88

Bolton,
382.87

406.09
548.76
0.00

50.31
597.17

Bladen
Lakes, NC
333.46

358.90
518.63
50.31

0.00
613.90

Tappahannock,
VA
312245.78
566808.89
672388.70

568996.12

0.00
1386794.93

Ichauway,
GA

747.55

710.91
539.86
597.17

613.90
0.00

Vicksburg,
MS
1086883.86
1005621.12
724295.52

987049.88

1386794.93
0.00



