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Abstract: Microsatellite and R4PD markers suggest that American chestnut exists as a highly variable 
species. e\ en at the margins of its natural range. \+ ith a large proportion of its genetic \-ariabilir). occurring 
within populations (-95%). A statistically significant proportion also exists among populations. 
Although genetic differentiation among populations has taken place. no disjunct regional pattern of 
variation exists. A cline in allele frequencies and number of rare alleles occurs along the Appalachian 
axis. with the highest l e ~ e l s  of gene diversir! and the greatest numbers of rare alleles being found in 
southwestern populations. Population pain+ ise estimates of genetic distance are significantly associated 
with the geographic distance bemeen populations. Geographicall\- proximate populations are slightly 
more geneticall) similar than geographicall? distant populations. Genetic variability in American 
chestnut folio\+ s a pattern consistent u ith the h\.pothesis of a single metapopulation in nhich genetic drift 
plays a major ei olutionary role. Results of this stud) are based on neutral genetic loci and do not 
necessaril) reflect genetic differentiation for adaptike genes or gene complexes. Therefore. in order to 
assure that most of the ~ariation at these genes is also captured in consen-ation and breeding endeavors, 
sampling should focus on collecting a fair/) large number of individuals from each of se\ era1 geographic 
areas. 
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The American chestnut (Castanea denrara Borkh.) \\as once one of the most important timber and nut- 
producing tree species in eastern North America (C.S. Census Bureau 1908). Its natike range extended 
from southern Maine and Ontario in the north to Georgia. Alabama and Mississippi in the south (Sargent 
1905). The species no\+ exists primarill. as stump sprouts across this entire range, the \ . h im of a 
devastating canker disease. The disease. chestnut blight. is caused b\. an exotic fungal pathogen now 
known systematically as Cqphonectriaparasitica (Barr 1979). After more than half a century of blight, 
numerous living stems of American chestnut still exist in the understory of upland forests in the mid- 
Appalachians (Stephenson et al. 1991). Prolific stump sprouting has enabled American chestnut to 
persist, but as sexual reproduction is infrequent, its gene pool will likely face serious erosion when old 
root systems fail to produce sprouts and perish. 

Because resistance to C. parasilica is low or lacking in American chestnut. Bumham (1 98 1 ) proposed the 
use of a classical backcross breeding program to develop blight resistant timber-type trees. Adopting this 
methodolog\ as their charter. the non-profit philanthropic organization The American Chestnut 
Foundation (TACF) has since developed a vigorous backcross breeding program designed to introgress 
the resistance of C hinese chestnut (C. niollissima Blume) into American chestnut (Hebard 1 994: Kubisiak 
et al. 1997). TACF's initial efforts focused on American chestnut trees in southwest Virginia. but the goal 
is to restore the species throughout its entire native range. Thus. information regarding the amount and 
distribution of molecular genetic variation in American chestnut might help to better determine the 
number of breeding locations that will be needed across the species range. 



Figure I .  Map of the geographic origin of the 22 Castanea dentata Borkh. populations sampled in this investigation. 
The number in parentheses refers to the number of trees sampled at each location. 

Microsatellite PCR amplification and detection 

Primer sequences and PCR conditions for microsatellite loci developed in European chestnut (C. saliva) 
were obtained from the literature (Marinoni et al. 2003). Primer sequences for microsatellite loci 
developed in white oak (Querczis alba L.) were obtained from A. David and D. Wagner at the University 
of Kentucky. For each microsatellite. the fomard primer was 5'-end labeled with one of three fluorescent 
dyes to facilitate detection using the Applied Biosystems 3 100 Genetic Analyzer and the GENESCAN' 
version 3.7 fragment analysis sofbare  (Applied Biosystems, Inc. Foster City. CA). Microsatellites were 
PCR amplified and the products post-PCR multiplexed by color and size whenever possible. Allele sizes 
were determined by including the GENESCAN'-~OO[TAMRA] internal size standard in each sample 
lane. The data were scored using GENOTYPER' version 3.7 (Applied Biosystems, Inc. Foster City, 
C A). 

RAPD PCR amplification and detection 

RAPD amplification and detection was based on the protocols reported in Kubisiak et al. (1997). RAPD 
fragments were identified by the manufacturer primer code corresponding to the primer responsible for 
their amplification. followed by a subscript four digit number indicating the approximate fragment size in 
base pairs. Markers were chosen based on the intensity of amplification (only intensely amplified bands 
were scored) and the absence of co-migrating DNA fragments. All markers were found to conform to 
Mendelian expectations based on their inheritance in at least one of four different interspecific chestnut 
pedigrees. 

Data analvsis 

A search for common/redundant multi-locus genotypes and haplotypes was performed (Excoffier and 
Slatkin 1995). Populations were tested for Hardy-Weinberg proportions using both X' and G' tests (Weir 
1990). Allele frequencies for each population were computed and estimates obtained for effective 
number of alleles per locus (A,), Nei's (1 972) measures of gene diversity (h), Nei's (1978) unbiased 



Previously. little was known about how genetic variability is distributed across the landscape that 
comprises the natural range of this species. In an exploratory examination of genetic variability for 
American chestnut, Huang et al. (1998) obtained results with allozyme and random amplified 
polymorphic DbiA (RAPD) markers that suggest as many as four regional metapopulations might exist. 
However, hierarchical AMOVA was not performed to quantify this putative regional component, nor 
were statistical tests employed to test for significant differences. Since that research was completed, the 
magnitude, significance, and pattems of regional structure have been the subjects of much discussion and 
debate (F.V. Hebard, P. Sisco. and G. Miller personal communication). Given the importance of regional 
structure in regards to breeding blight resistant regionally adapted American chestnut, we felt compelled 
to embark on a more thorough examination of genetic variation in American chestnut using microsatellite 
and RAPD markers. 

Here we report results obtained from an analysis of genetic structure for populations of American 
chestnut occurring over a significant portion of its natural range. We assayed six microsatellite and 19 
RAPD markers and based our analysis on allele and haplotype frequency variation observed for these 
neutral loci. Our objective for this research was to secure a more detailed and complete understanding of 
population structure for American chestnut In the following sections we describe genetic differentiation 
pattems observed within and among populations and report estimates of diversity parameters associated 
with microsatellite and RAPD loci segregating in American chestnut. Finally. we compare our results to 
patterns of variability previously reported for neutral markers in American chestnut as well as in other 
tree species. 

MATERIALS AND METHODS 

Population sampling and DNA extraction 

A rangewide sampling of expanded leaves or dormant buds of American chestnut were collected at 22 
sites across its natural range (refer to Figure 1 ). Most of the samples were collected from sites in State or 
National Forests, but a few sites were located on private land holdings. Each sample was assigned a 
unique ID and sent to the Southern Institute of Forest Genetics in Saucier, Mississippi for DNA extraction 
and analysis. Total nucleic acids were isolated from tree tissues as described in Kubisiak et al. (1997). 

Species evaluation 

A panel of DNAs consisting of eight American chestnut (one from each of eight different sites sampled 
for this study). six Chinese chestnut (trees from USDA import #'s 703 15, 10406 1, 78626, 1040 11, 
10401 5. and 104016), seven Henry chinkapin (C. hertryi Rehder & Wils.) (trees from USDA import # 
104058, the Nanjing Botanical Garden, Nanjing, Peoples Republic of 
China (PRC), and the Wuhan Institute of Botany, Wuhan, PRC), four Seguin chestnut (C. seguinii Dode) 
(trees from USDA import # 703 17), seven European chestnut (C. saliva Mill.) (including trees from the 
Caucasus Mountains of southern Russia. Bursa, Turkey, and the Black Forest in Germany), and eight 
Alleghany chinkapin (C. pumila Mill.) (Harrison County, Mississippi) were amplified using the 
polymerase chain reaction (PCR) and a chloroplast-specific primer pair (a, b) as described in Taberlet et 
al. ( 199 1 ). 



measure of genetic distance (D). Michalakis and Escoffier's ( 1  996) genetic differentiation measure (@ST) 
for the microsatellite loci, and Nei's ( I  987) genetic differentiation measure (Gsr) for RAPD loci using the 
software program ARLEQUIN version 2.00 1 (Schneider et al. 2000) and POPGENE version 1.3 I (Y eh et 
al. 1997). In addition, )2 and G' tests were calculated to test homogeneity of allele frequencies among 
populations. For microsatellite analysis in ARLEQUIN. alleles were coded assuming a step-wise 
mutat ion model. Associations between a1 lele frequent!. and latitude or longitude were first studied using 
the PROC STEPWISE procedure in SAS version 8.0 1 (SAS, 1999). A variable was only added to the 
model if its F-statistic was significant at the 5% level. Once added, any variable that did not have a F- 
value significant at the 5% level was deleted from the model. Associations between the observed number 
of alleles per locus, number of rare alleles per locus (rare alleles are those with frequencies less than 0.05 
computed across all populations), effective number of alleles per locus, gene diversity and latitude or 
longitude were also studied. In order to further investigate any apparent clinal trends. a composite 
dependent variable (CDV) uas  computed that combined both latitude and longitude. First, a reference 
line was drawn between the southwestern most and northeastern most populations. Then, perpendicular 
lines were drawn that connected the various populations to this line. Distances (convened into 
kilometers) along the reference line to the population perpendiculars were used as values for CDV. 
Genetic distance (D) and among population differentiation were calculated for each pair of populations 
and associations with geographic distance were investigated using the PROC REG procedure in SAS. 
Genetic associations existing among populations were first studied using unweighted pair-group mean 
analysis (UPGMA) based on the matrix of Nei's genetic distance, and then by principal components 
analysis (PCA) conducted on allele frequencjr data using the PROC PRRjCOMP procedure in SAS. 

RESULTS 

Putative species identification 

Primers that amplified the intergenic spacer region behveen tn1T (UGU) and the tmL (UAA) 5' exon of 
the chloroplast genome (primers a and b: 5'-CATTACAAATGCGATGCTCT-3' and 5'- 
TCTACCGATTTCGCCATATC-Y, respectively: Taberlet et al. 199 1) were found to uniquely 
differentiate American chesmut chloroplast DNA from all other Castanea (chestnut and chinkapin) 
species. Based on DNA sequence data (data courtesy F. Dane and P. Lang of Auburn University) this 
primer pair was found to amplify a band 8 57 base pairs (bp) in length in American chestnut, and bands 
ranging from 942 to 945 bp in all other Castatlea species including the native chinkapin (both C. puinila 
var. alleghaniensis and C. purt~ila var. ozarke,lsis). Much of the size difference observed between 
American chestnut and the other Castarlea species was due to two unique deletions (one 12 bp and the 
other 75 bp in length) contained within this region of the American chestnut chloroplast genome. A 
larger sampling of native chinkapin (specifically C. puinilo; var. aNeghmiensis - 48 trees) has yet to show 
the presence of these large deletions. 

Based on the phenotype observed for this marker. of the 1 158 chesmut trees sampled for this study 165 
(14.2%) were eliminated from further analysis as they did not have the smaller chloroplast band 
characteristic of American chestnut. These 165 trees were collected from nine different sample sites. 
Four of the nine sites had very few suspect trees. One site had to be completely eliminated from the study 
as all trees sampled were found to be suspect. Four sites had to be pooled with the most geographically 
proximate site in the same state as a large number of suspect trees were found. In total. as many as 993 
trees from 18 different sample sites were available for analysis of genetic variation in American chestnut. 



Microsatellite-based genetic differentiation 

Data describing the microsatellite loci used in our analyses are presented in Table 1 .  Considerable 
variation was displayed by the 6 loci. Five of the six loci had very little missing data and were thus used 
to search for common or redundant multilocus genotypes (MLGs) and haplotypes. Based on these five 
loci, only five redundant MLGs were observed. Each redundant MLG was only found to occur twice. 
Based on the same five loci. 1 14 of 1603 estimated haplotypes were found to occur more than once either 
within or across populations. but there was no apparent geographic trend to their distribution. 

Table 1 .  Microsatellite and RAPD primer sequence, repeat tjpe, allele size, and number 
of unique alleles identified in samples collected from 18 populations of Castanea dentata 
Borkh. located throughout the species natural range in eastern Nonh America. 

Pr~mer Repeat Allele size Number of 
Locus Sequence 5'-3' ?'PC (bp) unique alleles 

N. 
F~.AGAATGCCCACTTTTGCA 
R.CTCCCTTATGGTCTCG 
F GAGGTTGTTGTTCATCATTAC 
R.ATCTCAAGTCA,WGGTGTC 
F.TCTGCGACCTCG.WCCG.4 
R:CTAGGGTTTTCXTTTCTAG 
F AACAAT.4GG.AGTTGGTTTGAG 
R:GTTAGGGTTTGGAA.AATAGGA 
F:GCTTTTCTTTCCAGGGCT.C 
R.GTGGGAC.4GTGAGGCAG.AG 
F:CAAGCAGTATTGTTTTATCTC 
R.GTTGCCCCTGTG.LL4CT.4C 

CsCAT 14 

CsCAT 1 5 

CGTCTGCCCG 

CAAACGGCAC 

CAGCGAACT,4 

CGACTCACAG 

CGACCAGAGC 
1000 2 
1250 

423 
2 

GGGTCTCG.4,4 N A 600 2 

500 
875 2 

TTGCGTCATG NA 
5 14 

775 2 
CGGTTAGACG N.4 575 2 

were der~ved from Q u e r m  a160 (sequences counes) of A. D a v ~ d  and D Wagner). RAPD prlmer sequences uere obtalned 
from J Hobbs at the Un~vers~ty of Br~tlsh Columbia. BC, Canada 
'F=foward pnmer, and R=reverse prlmer 

The expected genotype frequencies at all loci, and in all populations, conformed to Hardy-Weinberg 
expectations, except for locus QaGA209 in population PCKY that showed a significant excess of 
homozygotes. Frequencies for alleles at greater than 10% frequency over all populations, plus those 
found to be significantly associated with latitude and/or longitude, are displayed by population in Table 2 .  



All six single-locus contingency X' analyses as \\ell as G' tests for homogeneity of allele frequency across 
populations indicated significant (p<0.05) departures from homogeneity. 

Table 2. Microsatellite allele frequencies estimated for 18 populations of Castunea dematu 
Borkh. located throughout the species natural range in eastern North America. Only those 
alleles at frequencies greater than 0.1 over all populations and those alleles significantly 
associated with latitude or longitude (identified in italic and bold-italic, respectively) are 
presented. 
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Differentiation statistics computed over all populations are shown in Table 3 .  All single-locus estimates 
of among population differentiation (aST) were found to be significantly different from random 
expectations. Based on stepwise regression analysis, at least one allele at all six of the microsatellite loci 
were found to be significantly (p<O.Oj) associated u ith latitude or longitude (see markers in italic and 
bold italic, respectively in Table 2).  A visual inspection of allele frequencies across the sample sites 
shows a northeast-southwest trend. Allele frequencies tend to be either low in the northeast and high in 
the southwest, or vice versa. Due to this apparent trend. we again performed regression analysis using the 
composite dependent variable (CDV) that combined both latitude and longitude. Results of these 
regression analyses are displayed in Table 4. Frequencies of alleles at all six loci were found to 
significantly vaT with the value for CDV. An example of these changes are illustrated in Figure 2 for 
two alleles, one with allele frequency increasing with CDV distance and the other with allele frequency 
decreasing. The number of rare alleles per locus was also found to be significantly associated with the 
CDV for three of the six microsatellite loci (Table 4). A visual inspection of the number of rare alleles 
across sample sites again shows a northeast-southwest trend, with higher numbers of rare alleles being 
harbored in southwestern populations. Several loci were also found to be significantly associated with 
CDV based on the number of unique alleles, effective number of alleles, and gene diversity (Table 4). As 
a general trend, there appears to be slightly more alleles and hence more effective numbers of alleles and 



slightly higher levels of gene diversity in southwest populations than in those located in the northeast 
(Figure 2). 

Table 3. Summa9 of genetic diversity descriptive statistics for six microsatell ire 
loci segregating in 18 populations of Castattea dentata Borkh. located throughout 
the species natural range in eastern North America. 

Sample 
Locus Size n,j & h h, Q)ST Nm 

Mean 1870 17.667 6.220 0.818 0 .755~ 0 .048~ 12.877 
St. Dev 6 653 2.379 0.068 0.059 

In, = obsened number of alleles. n. = effect11 e number of allsles. and h = Nei's (1978) gene d~verslr). h, = 
obsen ed heterozygoslr) . Oi; = blichaiaA~s and Excoffier's ( 19961 measure of among population dlffcrenrlatlon. 
and Nm = number of m~grants exhanged beween populat~ons per generation 
' ~ e a n  OST \+as errmated b\ summing varlance components across locl 
cobsened heteroz)gor~~ for this locus uas equal to one ai the second allele for all trees ampllRing onl! one 
apparent microsatell~te allele t ias scored as unknoun or missing data 
*Mean and St De1 do not include h, for locus CsCATI5 

Krn along horizontal 

Figure 2 .  Plot of allele frequency by composite dependent variable (CDV) expressed in units of 
kilometers along horizontal. 



Table 4. Summary of regression analyses for significant associations (Pr>F<0.05) 
between allele frequency, number of rare alleles, observed number of alleles, effective 
number of alleles, and gene diversity and a composite dependent variable (CDV) 
expressed in units of kilometers. 

Frequency Regression 

Locus Allele ( b ~ 1  
( '.\CAT0 I 1 86 
<..\€AT0 I 187 
C'tCATOl 191 
CJCATOI 192 
C.\CATOI 200 
('\CAT14 I45 
C'KATIS 117 
('KATI 5 127 
CsCATl5 137 
CsCATl5 159 
QuCA022 172 
C_)uCA021 174 
LhGA068 163 
@GA068 180 
QuGA209 235 
L)trGA209 243 
QuGA209 2J9 
L)crGC09 751 
@A209 255 
106 - 57 - j 
225 800 
237 1000 
237 1250 

eauatlon 
Y=O 07263-0 00005024*CDV 
Y=-0 03971-0 0001 1 178*CDV 
Y=-0 01470-0 00006 1 5SSCDV 
Y=O 13460-0 00008 108*CDV 
Y=O 08059-0 00004559*CDV 
Y=O 00572-0 00000JJ-1*CDV 
Y=O 10-164-0 00006&19*CDV 
Y=O 05820-0 00003688'CDV 
Y=-O 01 573- 0 000 17672*CDV 
Y=O 08369-0 0 0 0 0 0 0 0 3 * ~ ~ ~ '  
Y=O 19210-0 00000007*C~~ '  
Y=O 06282-0 00009 197*CDV-0 0 0 0 0 0 0 0 3 ~ ~ ~ ~ '  
Y=O I481 4-0 000255J6*CDV-.0 0000001 \*CDV' 
Y=O 043 18-0 00002958*CDV 
Y=O 182 13-0 0000000S*C~~'  
Y=O 17080-0 0000754O*CDV 
Y=O 01543-0 00008946*CDV 
Y=O 00268-0 0 0 0 0 0 0 0 3 * ~ ~ ~ '  
Y=O 04579-0 0000282 1 *C DV 
Y=O 77195-0 0001 1743*CDV 
Y=-0 077 14-0 00033 I6 1 * CDV 
Y=O 8553 1-0 00008368*CDV 
Y=O 40626-0 00086307*CDV-0 0 0 0 0 0 0 3 7 * ~ ~ ~ '  

Number of Rare AllelesJ 
Regresslon 

Locus eauatlon R' Pr>F 
(*.\CAT0 I Y= I 4 18493-0 00490*CDV 0289 00213 
(..\CAT I 5 Y=5 13615-0 00331 *CDV 0515 00008 
QuGA068 Y=8 91 562-0 0 I 293*CDV-0 000005 I ~ * C D V '  0615 00008 
All loci Y=58 -10985-0 07371*CDV-0 0 0 0 0 3 0 7 9 * ~ ~ ~ '  0593 00012 

Obsened Xu m ber of .l\llelesh 
Regresslon 

Locus eauatlon R' Pr>F 
C..VCATO I Y=O 65276-0 00079907*CDV-0 0 0 0 0 0 0 3 6 * ~ ~ ~ '  0 548 00026 
( '.\CAT1 5 Y=O 44260-0 00050452*CDV-0 0 0 0 0 0 0 2 2 ' ~ ~ ~ '  0512 00046 
QclCA068 Y=O 17837-0 00060WfCDV-0 0 0 0 0 0 0 2 7 * ~ ~ ~ '  0517 00043 

Effecthe Number of Alleles 
Regresslon 

LOCUS eauatlon R' Pr>F 
CsCAT 15 Y=8 790 12-0 002 I ?*CDV 0 525 00007 

Gene Diemiry 

Locus eauatlon R' Pr>F 
CsCAT 15 Y4.87519-0 0000000;*C~v' 0.463 0.0019 

"number of rare alleles = number of rare alleles in populationinumber of individuals in population 
bobserred number of alleles = number of obsened alleles in populatiodnumber of indh iduals in population 

Estimates of genetic distance (D) between pairwise comparisons of populations based on all six loci 
vaned from a low of 0.062 to a high of 0.372, averaging 0.206. Similarly computed pairwise identity 
estimates ranged from 0.689 to 0.940, yielding a mean of 0.8 14. Painvise estimates of genetic distance 
were significantly (p=O.OO I I ) associated with the geographic distance between paired populations. 
However, only a small proportion of the variation found among populations was explained by this 
dependent variable (~'=0.069). Estimates of genetic differentiation (OST) between painvise comparisons 
of populations varied from a low of -0.003, to a high of 0.156, and averaged 0.048 across loci. These 
estimates were not significantly associated with geographic distance between the paired populations. 
Thus, populations in close geographic proximity tend to have slightly higher genetic identities than those 



more geographically distant. Single-locus, as we]] as multi-locus, UPGMA based on genetic distance 
and PCA based on allele frequencies computed over a]] sample sites did not reveal patterns of 
differentiation consistent with regional structure. Geographically proximate sample sites did not group 
together, and group membership varied from locus to locus. 

RAPD-based genetic differentiation 

Data describing the RAPD loci used in our analyses are presented in Table I .  In all populations studied, 
genotypic frequencies obsenfed for microsatellite loci did not significantly deviate from Hardy-Weinberg 
expectations. Assuming then that the RAPD loci we investigated also have genotypes distributed in 
Hardy-Weinberg proportions. we can estimate their allele frequencies from observed frequencies for the 
homozygous null genotypes. Allele frequencies estimated usin5 this approach are displayed by 
population in Table 5. Sixteen of 19 single-locus contingency x and G' tests for heterogeneity of allele 
frequencies across populations were found to be significant (pKO.05). 

Table 5. Band-present RAPD allele frequencies for 19 loci assayed from samples collected in 17 
populations of Castanea dentata Borkh. located throughout the species natural range in eastern North 
America. Alleles significantly associated with latitude or longitude are identified in italic and bold italic, 
respectively. 

Locus CCNC BCXC GCSC PCIiI. RCKS 5CCX.A OXTCA PCW\. GCSD WCPA YCP.4 XlPCP.A LC%\' RCSY HCSIA MCCT .\lE 

Differentiation statistics computed over all populations are presented in Table 6. Estimates of among 
population differentiation (GST) were found to be significantly greater than zero at 14 of the 19 loci. 
Based on our stepwise regression analysis, allele frequencies at six of the 19 R4PD loci were 
significantly ( ~ ~ 0 . 0 5 )  associated with latitude or longitude (markers in italic and bold-italic. respectively 
in Table 5). As was observed for the microsatellite loci, a visual inspection of allele frequencies across 
the sample sites showed a northeast-southwest trend. Again, we performed regression analysis using the 
CDV. Four loci were found to be significantly associated with the CDV (Table 3). At all four loci, band- 
present allele frequencies were higher in southwest populations than in those from the northeast. 

Estimates of genetic distance (D) between painvise combinations of populations computed across loci 
varied from a low of 0.003, to a high of 0.144, with a mean value of 0.037. Similarly computed pairwise 
identity estimates ranged from 0.866 to 0.997, with a mean of 0.964. Unlike the microsatellite data, 



Our results demonstrate that high levels of microsatellite and RAPD variability exist in American 
chestnut, and that most of this variation occurs within local populations (95.2% and 96.4%, respectively). 
These results are comparable to obsenations made in other long-lived, outcrossing, uoody plant species 
(Hamrick and Godt 1990: Hamrick et al. 199?), where as a rule, greater than 90% of the variation occurs 
within populations. Our results are also consistent with previous observations of alloqme variability in 
C. satira and American chestnut where 90% of the diversity was reported to exist within populations 
(Pigliucci et al. 1990: Huang et al. 1998). Whereas only scant evidence for a cline in allele frequency 
variation (alleles at 1 of 14 pol>.morphic allozyme loci) \\as previously reported for American chestnut 
(Huang et al. 1998). our results clearly demonstrate that a cline in allele frequencies and number of rare 
alleles exists along the Appalachian axis. Clinal variation of allele frequencies along latitudinal and 
longitudinal gradients has been reported for a number of tree species (Lagercrantz and Rqman 1990; 
Zanetto and Kremer; Leonardi and Menozzi 1995, Tomaru et al. 1997), including C. sntiva (Pigliucci et 
al. 1990: Villani et al. 199 1; Villani et al. 1992; Villani et al. 1994). The main proposition set forth to 
explain this phenomenon is that geographical variation in allele frequencies resulted from post-glacial 
migration and founding events. Such processes are consistent with the patterns of variability we observed 
for American chestnut. The highest lekels of gene diversity and the greatest numbers of rare alleles are 
found in the southwestern portion of its range. This suggests that its glacial refugium existed in the 
southeastern U.S., perhaps extending southward into the Gulf Coastal plain of present day Mississippi and 
Alabama. As a general finding. American chestnut still exists as a highly variable species, even at the 
margins of its natural range. ~vith a large proportion of its genetic variability occurring within populations. 
Furthermore, existence of the clinal pattern of variation implies that extensive gene flou took place 
among populations before the spread of chestnut blight. 

Although most of the genetic \.ariation found in American chestnut occurs within local populations, a 
statistically significant proportion exists among populations. Magnitudes of the OST and GST estimates 
obtained in our investigation are slightly lower than those reported for American chestnut b\. Huang et al. 
(1998). in this research we used a chloroplast-specific marker to identify trees that were not pure 
American chestnut and excluded these individuals. However, Huang et al. (1998) did not take 
precautionary measures to identifi- aberrant specimens. Inclusion of such indi~iduals in some samples 
will tend to inflate levels of among population differentiation. Although our estimates of among 
population differentiation might be considered low, QST values obtained for all six microsatellite loci and 
GST values obtained for 14 of the 19 R4PD loci studied indicate that populations significantly differ in 
allele frequency. Moreover. population painvise estimates of genetic distance, based on microsatellite 
haplotype frequencies, were sho~vn to be significantly associated with the geographic distance between 
populations. Thus we conclude that geographically proximate populations are slightly more genetically 
similar than geographically distant populations. These findings lead us to conclude that although long 
distance gene flow was possible in the past, it was infrequent enough to allow genetic differentiation to 
take place. 

From UPGMA and PCA analyses. it is evident that regional differentiation did not occur in American 
chestnut. Geographically proximal populations did not group together, and group make-up differed 
across loci. In contrast, Huang et al. (1998) concluded that a somewhat weak and incomplete pattern of 
regional differentiation exists. based largely on latitudinal differences. Although the results obtained by 
UPGMA and PCA of the allozyme data were interpreted as being suggestive of regional structure, 
hypothetical regional effects were not quantified by means of a hierarchical AMOVA. nor were statistical 
tests employed to detect differences. Because of our more comprehensive sampling of the natural range 
(1 8 populations versus 12). larger sample sizes collected (average 55 trees per population versus 22 trees), 
and elimination of suspect samples (i.e. trees that did not have the characteristic American chestnut 
chloroplast haplotype), we believe the results obtained in this investigation represent a more accurate 
picture of population structure in American chestnut. 



pairwise estimates of genetic distance were not significantly (p=0.05 7 1 ) associated with the geographic 
distance between paired populations and neither were painvise estimates of genetic differentiation. As 
was the case for the microsatellite loci, single-locus or multi-locus UPGMA computed from RAPD 
genetic distances, or PCA based on RAPD allele frequencies. did not reveal differentiation patterns 
suggestive of regional structure. 

Table 6. Summasy of genetic diversity descriptive statistics for 19 RAPD loci 
assayed from samples collected in 17 populations of Casm~tea denlala Borkh. 
located throughout the species natural range in eastern North America. 

Sample 
Locus Size n, h GST Nm 

Mean 
St. Dev 

fh = effective number of alleles. and h = Nei's (1978) sene diversih. GST = Nei's (1987) measure of among 
population differentiation. and Nm = number of migrants exchanged behieen populations per generation 
b ~ e a n  exdudes estimates for loci 2131crrl. 2251151u,. and 22j IJ5 

DISCUSSION 

One of our main concerns in this investigation was inclusion of trees that are not pure American chestnut. 
Inappropriate trees include interspecific hybrids or pure species other than American chestnut, especially 
the native congener species chinkapin (Costaneapuinila). Inclusion of such contaminants could have 
inflated our estimates of genetic diversity. especially in populations containing the non-American 
chestnut samples, as well as clouded true patterns of genetic variability. Chloroplast DNA sequence 
variations have been widely used to investigate interspecific relationships among plant species (Palmer et 
al. 1988, Clegg et a!. 199 1 )  because they evolve slowly. We identified a chloroplast-specific marker 
(primers a and b; Taberlet et al. 1991) that quickly differentiates American chestnut chloroplast DNA 
from all other Castanea species, including the native C. pun~ila. Unfortunately, matemal inheritance of 
chloroplasts precludes our ability to distinguish interspecific hybrids of matemal American chestnut 
origin. As a result, our sample set might still contain some interspecific hybrids, however, the number 
should be small as most collections were made in either State Forests or National Forests where non- 
native Castanea species do not extensively occur. 



Our findings clearly demonstrate that American chestnut still exists as a highly variable species 
throughout its entire native range. I n  spite of this high variability, we must point out that the results of 
this study represent variability existing in the pre-blighted forest, and caution that unless measures are 
taken to restore American chestnut and enhance opportunities for it to sexually reproduce, this species 
will likely face serious erosion of its gene pool as root systems fail to produce sprouts and die. Along 
these lines, results of this study can be used as a baseline in the future for assessing the degree and 
rapidity of such a decline. 

Taking into account the differentiation observed at these loci, no disjunct regional pattern of variation 
exists. Prior to introduction of the blight. genetic variability in American chestnut fo l lo~~ed a pattern 
consistent with the hypothesis of a single metapopulation where genetic drifi plajed a major evolutionary 
role. Currently. approximately 95% of the neutral genetic variation of the species can be captured by 
sampling within any one population. However, the results of this study are based on neutral genetic loci 
and do not necessarily reflect genetic differentiation for adaptive genes or gene complexes. Therefore, in 
order to assure that most of the variation produced by these genes is also captured in conservation and 
breeding endeavors. sampling should focus on collecting a fairly large number of individuals (50 to 100 
or more) from each of sekeral geographic areas. 
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