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Abstract
American ginseng, Panax quinquefolius L., has continued to face collection pressure 

and habitat loss throughout its North American range for over 250 years, despite current 
widespread cultivation of the species. International trade in American ginseng has been 
regulated under the treaty by the Convention on International Trade in Endangered Species 
(CITES) since 1976 and Canada has banned export of all wild root collected within its 
boundaries. Seventeen of the 34 states reporting natural populations provide some degree of 
legal protective status for the species and all states participating in export of wild roots must 
regulate harvest. Despite these conservation efforts, records of weight of wild root exported 
per year and recent studies suggest that wild populations are declining. Reintroduction 
programs have been suggested as a management tool to combat this population decline while 
allowing continued harvest of wild roots. Some national forests, conservation groups, and 
ginseng dealers have already begun distributing seeds or young plants to harvesters and 
members to be planted in the wild. Because these seeds and plants originate from cultivated 
stock, serious concern and public debate have been raised over the potential impact this 
management practice may have on the diversity and fitness of wild populations.
Complicating the issue is an uncertainty regarding the breeding system of American ginseng 
and little knowledge of the amount and distribution of genetic diversity in wild or cultivated 
populations. 1

The purpose of this study was to 1) test the expectations of the distribution of genetic 
diversity in American ginseng based upon its putative breeding system, 2) locate potential 
centers of diversity within large-scale geographic patterns, and 3) assess the representation of 
wild diversity in cultivated stock. Together, these data were used to asses the suitability of 
current and proposed management practices and examine the genetic potential of wild 
ginseng for breeding programs. Genetic diversity was examined in 32 wild and 12 cultivated 
populations through the use of allozyme variation at 20 loci in ten enzyme systems.

A high degree of Hardy-Weinberg disequalibrium among sigle-locus tests (72.4%), a 
high inbreeding coefficient (0.75), and a high level of population divergence (0.70) suggest 
that American ginseng is a primarily selfing species with low levels of gene flow both within 
and among populations. A trend toward higher values of percentage of polymorphic loci in 
Appalachian populations, although not statistically significant, and the representative nature 
of the variation that these populations contain indicate that the Appalachian region may serve 
as a center of diversity for the species. Principal components analysis (PCA) of wild 
populations’ allele frequencies also indicates that populations found to the North and East of 
the Appalachians differ from populations to the West and South. The genetic variation found 
in cultivated populations is representative of the species as a whole. Additionally, individual 
cultivated populations (Hs= 0.226) are much more variable than wild populations (Hs=
0.106) and display a much lower value of population divergence than wild (0.30 vs. 0.78, 
respectively). Hypotheses regarding the mechanisms responsible for the observed patterns of 
variation, as well as management implications for both wild and cultivated populations, are 
discussed.
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Introduction

American ginseng, Panax quinquefolius L. (Araliaceae), is a perennial herb native to 

hardwood forests throughout eastern North America. American ginseng’s range extends 

westward from southern Quebec to Minnesota (possibly into southern Manitoba) and south to 

Georgia and Oklahoma (Femald 1950; Gleason and Cronquist 1991). The species inhabits 

mature, stable forests often dominated by Acer sacharum Marsh, Quercus alba L., or Q. 

rubra L. (Anderson et al. 1993; Charron and Gagnon 1991). Throughout the species’ range, 

suitable habitat is fragmented as a result of deforestation, with habitat being separated by 

expanses of agricultural or urban land. American ginseng is morphologically and 

phylogenetically less closely related to its single North American congener, P. trifolius L. 

(dwarf ginseng), than it is to Asian members of the genus (Wen and Zimmer 1996). It is 

American ginseng’s morphological resemblance to P. ginseng C.A. Meyer (Asian ginseng or 

Korean ginseng) that facilitated identification of the North American species as a possible 

source of the same medicinal properties attributed to the traditional Asian herb. Shortly after 

the Jesuit priest Lafitau discovered the similarity between the species in the early 1700’s, 

native Americans and settlers began harvesting the root from the wild for sale on the Asian 

market (Carlson 1986).

International trade of American ginseng was firmly established between China and 

New France (present day Canada) by 1720, and from the English American colonies by 1773 

(Carlson 1986; Williams 1957). The practice of harvesting roots from wild plants, or “sang” 

became a permanent part of North American culture, with historical American icons such as 

Daniel Boone harvesting, buying, and selling significant quantities (Persons 1994). Over­
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collection may have had an impact on wild populations as early as 1751, when a shipment of 

American ginseng roots from Canada to China was refused due to small root size (Haber 

1990). The decline in root size could indicate that some wild populations were depleted of 

larger, more desirable plants. While Canadian export is reported to have declined from this 

point forward, export from the United States continued to increase (Haber 1990). The peak 

of American ginseng export, according to records of shipment weight, was in the mid 1800’s, 

with an average of nearly 300 tons of dried root being exported annually (Carlson 1986). By 

the 1890’s, decline in wild American ginseng populations had caused enough concern that 

laws limiting harvest were in place in several states, as well as Ontario (Haber 1990). 

However, harvest of American ginseng roots from the wild has continued to the present day. 

Over the past decade, an average of 121,500 pounds of dried root have been exported from 

the United States annually (Office of Scientific Authority 2000). Although the weight of 

exported American ginseng root has declined, it is possible that recent annual export accounts 

for the harvest of the same or a greater number of plants than was exported historically, due 

to a decrease in average plant size over the last 100 years (McGraw 2000). Increasing 

concern over the status of wild ginseng populations has resulted in the species’ listing in 

1976 in the treaty by the Convention on International Trade in Endangered Species (Robbins 

1998). Additionally, American ginseng has been provided some degree of legal protective 

status in 17 of the 34 states where it occurs in the wild, and export from Canada has been 

banned at the national level (Robbins 1998). The decline in wild American ginseng 

populations, and the increased difficulty of finding abundant and marketable root material, 

sparked the interest in cultivating the species.
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Cultivation of American ginseng began in the 1870’s, with the earliest recorded 

success in New York. The cultivated plants were presumably transplanted from the wild or 

grown from local wild seed (Carlson 1986; Williams 1957). Wild populations from other 

regions, such Wisconsin, probably served as sources for transplants and seeds to fuel the 

spread of cultivation (Carlson 1986). Today, large-scale cultivation extends throughout and 

beyond the native range of the species in the United States, Canada, and Asia, with smaller 

cultivation endeavors being undertaken in Europe, Australia, New Zealand, and Chile 

(Persons 1994; Williams 1957). Despite a strong market for cultivated ginseng, a great 

demand continues for the morphologically distinct wild roots and their more wrinkled 

appearance commands a higher price in the Asian market (Hankins 2000; Persons 1994).

Current cultivation practices vary, with some growers collecting seed or transplants 

from the wild, some buying seed from large commercial farms, and others replanting seed 

that has been harvested from previous crops (pers. comm, with ginseng growers). Some 

growers are increasingly concerned over the potential effects of inbreeding within cultivated 

ginseng, with at least one supplier interbreeding cultivated and wild plants to produce a 

“superior line” of seed (Hunter, 2000). Planting of seed from cultivated sources into the wild 

also occurs as growers establish “woods-grown” and “wild-simulated” plots, reflecting 

cultivation practices in which a minimum of site preparation and maintenance produce roots 

that closely resemble wild roots. Some ginseng growers have suggested that few “natural” 

populations of wild ginseng exist, and that the majority of so-called wild populations are the 

result of historical plantings by ginseng growers (Harris 2000). This problem could be 

intensified by the controversial suggestion of using cultivated seeds in reintroduction 

programs (Jones and Dawson 2000).
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Life History

American ginseng is a long-lived herbaceous perennial with a life-span that can 

exceed 50 years, although individuals in wild populations rarely live longer than ten to 13 

years (Anderson et al. 1993; Lewis and Zenger 1982). The size of a plant is closely related to 

the individual’s age, with seedlings having a single compound leaf with three leaflets and 

older plants having an increasing number of leaves, known as prongs, with up to five leaflets 

each. Individuals may reach a maximum of four (rarely five) prongs at eight to ten years of 

age (Anderson et al. 1993). Plants reach reproductive maturity at four to eight years and fruit 

production increases with age (Anderson et al. 1993; Carpenter and Cottam 1982;

Schlessman 1985). American ginseng’s flowering season varies geographically, with 

populations beginning to flower between late May and late June and a flowering duration of 

three to eight weeks (Carpenter and Cottam 1982; Lewis and Zenger 1982). Seeds generally 

germinate 18 to 20 months after dissemination (Lewis and Zenger 1982).

American ginseng has a mixed mating system, with the relative roles of insect- 

mediated outcrossing and self-fertilization poorly understood. Perfect flowers are bom in 

umbels of varying size, depending on age and size of the plant. These flowers are weakly to 

strongly protandrous (Anderson et al. 1993; Schlessman 1985). Contradictory accounts of 

protandry in the literature may indicate that this character varies geographically (Lewis and 

Zenger 1983). The reported frequency of pollinator visits is also variable. Schlessman 

(1985) observed pollinators on any individual plant less than three times in a 30-minute 

period and described these visits as “infrequent,” while Duke (1980) described observed 

pollinator visits as “common.” Pollinators include Dialactis spp. (Halictid sweat bees), 

Taxomerus germinatus, Mesograpta boscii, and Melanostoma mellinum (syrphids) (Duke
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1980; Lewis and Zenger 1982; Schlessman 1985). These pollinators are generalists and may 

favor species with larger numbers of open flowers such as Aralia hispida Vent., a species 

similar to ginseng and also a member of the Araliaceae (Carpenter and Cottam 1982; Lewis 

and Zenger 1983). Thus, the rate of successful cross pollination in American ginseng plants 

is difficult to estimate. Additionally, pollinators tend to visit more than one flower in a single 

inflorescence, suggesting that they may assist in self-pollination. No significant difference in 

seed set has been observed between outcrossed and self-pollinated flowers (Schlessman 

1985). Lastly, American ginseng has no known mechanism for seed dispersal, despite the 

apparent suitability of the fruit for animal mediated dispersal (Lewis and Zenger 1982).

Breeding system and life history can profoundly influence the amount and distribution 

of genetic variation in populations (Hamrick and Godt 1989). For example, Hamrick and 

Godt (1989) found that self-pollinating species and those with mixed mating systems 

(combining self-pollination with animal-pollination) exhibit significantly lower levels of 

within population diversity than outcrossing species or those with mixed mating systems 

involving wind pollination. Likewise, species level diversity is most strongly partitioned 

among populations of selfing species, with mixed mating animal-pollinated species also 

exhibiting high levels of partitioning. In contrast, outcrossing species and mixed mating 

wind-pollinated species exhibit relatively low levels of genetic partitioning among 

populations. Therefore, if American ginseng does display a mixed mating system (with both 

selfing and animal mediated outcrossing), then it is likely to display a high level of genetic 

partitioning. Furthermore, if gene flow distance via seed dispersal is also low, as suggested 

by observational studies (Anderson et al. 1993; Carpenter and Cottam 1982), genetic 

partitioning would be intensified. This pattern of genetic variation would have extremely
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important implications for the long-term maintenance of genetic diversity in the species. It 

would also suggest that current and proposed management and cultivation practices may 

involve inappropriate protocols for managing genetic variation in the wild.

Objectives

Knowledge of the patterns of genetic variation found in wild as well as cultivated 

ginseng can serve a variety of interests valuable to growers, wild-harvesters, and 

conservationists alike. First, an understanding of the amount and distribution of genetic 

variation in wild American ginseng populations is essential to protect their remaining genetic 

variation from being depleted. It is also essential to assess the potential impact of current and 

proposed management practices. Additionally, knowledge of the geographic patterns of 

genetic diversity may allow the identification of regions within the species’ range where 

population level diversity is higher than in other regions. The location of such of regional 

centers of diversity would allow genetically valuable populations to be targeted for more 

intensive conservation measures and these populations could be used as a seed source for 

cultivated breeding programs. Lastly, knowledge of the genetic diversity within cultivated 

American ginseng and the genetic relationship between cultivated and wild populations is 

necessary to assess the potential need for breeding programs to reduce inbreeding and 

increase vigor or yield of cultivated stock. This knowledge could facilitate the design and 

implementation of breeding programs, ultimately reducing the pressure to harvest wild root 

stock.

This research examines the amount and distribution of genetic variation in wild and 

cultivated populations of Panax quinquefolius through the use of allozyme electrophoresis. 

Specifically, information on wild populations collected from throughout the species’ native
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range will be used to test the expectations of the distribution of genetic variation in American 

ginseng based on its putative breeding system. Likewise, these data will be examined for 

potential centers of diversity within large-scale geographic patterns. Examination of 

cultivated material will enable an assessment of the representation of wild genetic diversity 

within cultivated stock. Together, these data will be used to 1) assess the suitability of 

current and proposed management practices and 2) examine the genetic potential of wild 

ginseng for breeding programs.



Methods

Sampling

A total of 44 populations representing over 34 counties from throughout American 

ginseng’s native range were sampled for this study (Fig. 1). The 32 sampled wild 

populations represent presumed naturally wild occurrences, with the exception of a research 

garden in Ontario that consists of plants sampled from a number of wild populations 

throughout the province. The wild-simulated, woods-grown, and cultivated status of the 

remaining 12 sampled populations represent different degrees of human manipulation, but all 

such populations are presumed to have been planted by growers with the intent of harvest for 

sale, and are hereafter referred to as cultivated. All populations were located with the 

assistance of State Heritage Programs, herbaria, State and National Parks, independent 

botanists, and American ginseng growers who were contacted with a description of the goals 

of the study and method of analysis. Information was requested from these sources regarding 

the location of ginseng populations, availability of assistance in obtaining samples, and the 

names of other individuals who might be knowledgeable about the locations of wild 

American ginseng populations. Through continued correspondence, volunteers and 

contracting botanists were identified to collect leaf samples from populations in their regions. 

Over 500 letters were sent to individuals throughout the natural range of American ginseng 

during efforts to gather information and locate collectors. Sampling instructions (Appendix 

1) and materials were provided to collectors,. In addition to volunteer and contractual 

sampling, the author and assistants visited two populations in Virginia to collect leaf and 

pollen samples.

9
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Within a population, all individuals except first year seedlings were sampled, up to a 

maximum of 100 individuals. The small amount of tissue removed from older individuals 

was not harmful to their survival, but first year seedlings were excluded from sampling due to 

concern over the effect of sampling on these small plants. Though efforts were made to 

locate populations of greater than 25 individuals, populations of this size were not available 

in all regions. Population size for sampled wild populations ranged from 4 to >1,000, with a 

population size of 100 individuals or less in 59% of sampled wild populations. Cultivated 

populations tended to be much larger, with 40 to >5,000 individuals. A single gel examining 

25 individuals was run for most populations. The high degree of fixation and low expected 

heterozygosity observed within populations suggested that further runs were unnecessary to 

establish reliable allele frequency estimates. Thus, with the exception of populations smaller 

than 25, at least 25 individuals were electrophoretically examined from each population.

During sample collection, one, two, or rarely three leaflets were removed from each 

sampled individual and kept on water ice in the field. Samples were then packed in insulated 

boxes with blue ice and shipped via overnight Federal Express to the author at the College of 

William and Mary. Upon arrival at the college, leaf samples from each individual were 

divided into two or three equal portions, depending on the amount of tissue provided, to 

produce duplicate sets of tissue from each population. Each set of tissue was labeled with an 

accession number and the contents were recorded. Tissue was frozen at -80 degrees C until 

tissue samples were prepared for electrophoretic analysis. A complete list of tissue 

collections used in the study is given in Table 1.
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Tissue Preparation

Prior to electrophoretic analysis, tissue samples were ground with chilled (4 degrees 

C) mortar and pestles with Gottleib’s (1981) extraction buffer and sand to produce a slurry 

with an approximate concentration of 0.3 g tissue per ml buffer. The resulting slurry was 

absorbed onto 3-mm by 5-mm filter paper wicks. Absorbed wicks were placed in 1.5 ml 

microcentrifuge tubes in sets of three wicks as needed for an electrophoretic run (see 

following section) and returned to -80 C degrees in a bag labeled with their original 

accession number.

Electrophoresis

A total of 1227 individuals were examined. Three buffer systems were used with 

12% starch gels to stain 14 enzyme systems. Glutamate oxaloacetate transminase (GOT, EC

2.6.1.1), malic enzyme (ME, EC 1.1.1.40), phosphoglucomutase (PGM, EC 2.7.5.1), and 

phosphoglucose isomerase (PGI, EC 5.3.1.9), were resolved on a sodium-borate buffer 

system (Crawford 1982). Aconitase (ACO, EC 4.2.1.3), alchohol dehydrogenase (ADH, EC

1.1.1.1), diaphorase (DDH, EC 1.8.1.4; also known as DIA, EC 1.6.4.3 Murphy 1990), 

glutamate dehydrogenase (GDH, EC 1.4.1.2), superoxide dismutase (SOD, EC 1.15.1.1), and 

triosephosphate isomerase (TPI, EC 5.3.1.1), were resolved on a lithium-borate system 

(Crawford 1982). A histidine system (Gottleib 1981) was used to resolve 6-phophogluconate 

dehydrogenase (6-PGD, EC 1.1.1.44), isocitric dehydrogenase (IDH, EC 1.1.1.42), malate 

dehydrogenase (MDH EC 1.1.1.40), and shikimate dehydrogenase (SKDH, EC 1.1.1.25). 

Staining protocols for GOT, PGI, PGM, ADH, GDH, SOD, TPI, 6-PGD, IDH, MDH, and 

SKDH followed that of Case (1993). Staining protocols for ACO and DDH were modified
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from Murphy et al. (1990). ME was stained according to the protocol of Soltis et al. (1983). 

All gels were run in a cooled chamber at 4 degrees C.

In addition to examination of leaf tissue, pollen samples from a single population 

were examined according to the procedures of Weeden and Gottlieb (1980). Ground pollen 

samples were examined to identify the bands attributable to intralocus heterodimers because 

such bands are visualized on a gel from leaf tissue, but not from pollen. Soaked pollen 

samples were examined in an attempt to identify the products of loci expressed in the 

cytoplasm, which are visualized on the gel, versus loci compartmentalized within the 

chloroplasts and mitochondria, which are not visualized. These techniques were employed 

with marginal success, presumably because adequate samples of pollen were difficult to 

collect. Ground pollen samples stained in only a few enzyme systems and soaked pollen 

samples did not stain at all.

Banding patterns were scored as soon as they could be visualized on gel slices. 

Genotypes for each sampled individual were inferred from enzyme phenotypes based upon 

published knowledge of the minimum number of expected loci, quaternary structure of each 

enzyme (Murphy 1990; Weeden and Wendell 1989), and the ploidy level of American 

ginseng (Wen and Zimmer 1996). Electrophoresis of ground pollen samples collected from a 

single population was used to distinguish allozymes and isozymes for TPI (Weeden and 

Gottlieb 1980). In each enzyme system, the fastest migrating isozymes were designated as 

the products of locus 1 and slower loci were sequentially numbered. Within each locus, the 

allele for the fastest migrating allozyme was designated as “A”; slower allozymes were 

designated sequentially. Null alleles producing inactive protein products were labeled “0”. 

Individuals displaying allozymes with different mobilities were run side-by-side on “control
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gels” to verify their relative mobilities. Lastly, genotype and allele frequencies were 

calculated for each population at all loci for which a reasonable hypothesis of genetic control 

was identified

Statistical Analyses

Allele frequencies (Appendix 2) were calculated for 20 loci and genotype frequencies 

(Appendix 3) were calculated for 17 loci in all populations. Allele frequencies at each 

polymorphic locus were weighted for population size and averaged across wild and cultivated 

populations. These weighted averages were tested for significant differences using a G-test, 

with significance inferred atp <  0.05.

Genotype frequencies were used in the computer program Genetic Data Analysis 

(GDA; Lewis and Zaykin 2000) to calculate number of alleles per locus (A), alleles per 

polymorphic locus (Ap), percent polymorphic loci (P), observed heterozygosity (Ho), 

expected heterozygosity (He), and a method of moments fixation index (f) for each 

population across 17 loci exhibiting genotypes compatible with the computer program.* The 

fixation index f  is defined as

f  = 1 _ Kn-l) nAa1/n
2npApa -  (rW2n)

where n is the sample size, nAa is the number of heterozygotes, and pa andpa are allele 

frequencies (Weir 1996, p.80). Reported values of ̂ 4, Ap, and P were manually amended to 

include data from three additional loci with greater than two copies of an allele in an 

individual (Idh-1, Idh-2 and Skdh-1) to represent a total of 20 loci. Reported values of P also 

included data from an additional locus, Gdh-1, for which polymorphism was detected but the
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genetic control of observed banding patterns could not be determined (see discussion of 

genetic interpretation in Results and Appendix 4). The reported values of A, Ap, P, Ho, and 

He from wild populations were tested for relationships with population size using a 

Spearmen’s Rank correlation. Additionally, values of A, Ap, P, Ho, and He for each 

population were mapped to illustrate geographic trends in these parameters. Geographic 

regions suggested by these maps were tested for significant differences in A, Ap, P, Ho, and 

He using a Mann-Whitney U test.

Species level A, Ap, P, Ho, and He were also calculated, with A, Ap, and P being 

calculated across 20 loci and Ho and He being calculated across 17 loci. In addition, Nei’s 

(1973) diversity statistics Hs and HT were calculated for 8 polymorphic loci and averaged to 

produce multi-locus estimates. For a locus, HT = 1-Xpi2, where pi equals allele frequenceis 

across all populations. Likewise, for a locus, HS='L (1-Epi )/n , where pi equals allele 

frequencies in each population and n equals the total number of populations

GDA was also used to calculate Nei’s (1978) unbiased genetic distance and identity 

measures for all pairs of populations. Genetic distance measures were used in an unweighted 

pair group method analysis using arithmetic averages (UPGMA) to determine the nature of 

relationships between populations. In addition, allele frequency data were used in a Principal 

Components Analysis (PCA) in the computer program NTSYS-pc (Rohlf 1988) to determine 

the nature of relationships between populations.

Also in NTSYS-pc, a Mantel test was performed to compare pair-wise genetic 

distance measures for wild populations to geographic distances between each pair of wild

* Three loci, Idh-1, Idh2, and Skdh-1, were excluded from analyses in GDA because they were each scored as 
having as many as four copies o f an allele at a locus (Appendix 4).
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populations. This test calculates a normalized Mantel Statistic, expressed as the matrix 

correlation coefficient, r. A total of 10,000 random permutations were completed to 

determine the probability of the Mantel Statistic being equal to or greater than correlations 

resulting from random permutations of one matrix against the other. A significant association 

between the matrixes was inferred atp<  0.05.

Exact tests for Hardy-Weinberg equilibrium were performed at all polymorphic loci 

in each population with significance inferred at p<  0.05. A method of moments fixation 

index (Weir 1996 pp. 79-80) was also calculated for each locus in each population. A 

positive fixation index reflects an excess of homozygotes and a negative value reflects an 

excess of heterozygotes.

The computer program GDA was also used to calculate F-statistics according to 

Cockerham (1969 and 1973) and Weir (1996, chapter 5; also Weir and Cockerham 1984) 

including/ an estimator of inbreeding; 6\ an estimator of genetic drift; and F, an estimator of 

the combined effects of genetic drift and inbreeding. As an estimator of genetic drift, (9 also 

provides a measure of the degree of genetic divergence between populations (i.e., genetic 

partitioning). Cockerham and Weir’s parameters are analogous to the F-statistics of Wright 

(1978) such th a t/is  analogous to FIS, F  is analogous to Fm and 6 is analogous to FST and 

Nei’s (1978) GSI. Weir’s methods for calculating these statistics were employed because they 

account for sampling error at the population level and allow the calculation of confidence 

intervals for each statistic through the use of bootstrapping. Estimated gene flow (Nm) was 

also calculated according to Wright’s (1951) use of FST with Crow and Aoki’s (1984) 

correction for small sample size, so that

Nm = a/4(FST-  1); a  = (n /n - l)2
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Genotype frequencies for Idh-1, Idh-2 and Skdh-1 could not be included in estimates 

for He, HTt Hs and F-statistics due to the inability of computer programs to calculate these 

statistics from tetraploid genotypes with unbalanced heterozygotes (see discussion of genetic 

interpretation of banding patterns in Results and Appendix 4). To check for a bias that may 

have been introduced by the exclusion of genotype data from these 3 loci, allele frequency 

data from 20 loci were analyzed in the computer program BIOSYS (Swofford and Selander 

1989) to calculate A, Ap, P, Ho, He, and Wright’s (1978) F-statistics. The results of these 

allele frequency data analyses are not reported because they were similar to the results 

obtained from genotype frequency analysis. Analysis of allele frequency data was not 

available in GDA.



Results

Genetic Interpretation

Twenty putative loci, representing 10 of the 14 enzyme systems assayed, were 

interpreted genetically (Table 2). DDH, ME, and PGM were excluded from analysis due 

to inconsistent staining resolution, coupled with a multiplicity of bands staining in close 

proximity on the gel for both DDH and ME. A single locus for GDH was included only 

in estimates of polymorphic loci. In this enzyme system, variation could be detected but 

consistent scoring and interpretation of genotypes were prevented by its complex banding 

pattern, presumably due to its hexameric structure and the tetraploid nature of American 

ginseng. In addition to the proteins scored for enzyme systems used in the following 

analyses, PGI displayed an unresolved region of staining that was not included in 

analysis. SKDH exhibited two inconsistently staining regions that were omitted from 

analysis, in addition to a single consistently staining region presumed to be under the 

genetic control of a single locus. GOT also displayed an additional inconsistently 

staining region (presumably Got-1) that was not analyzed.

Genetic interpretation of observed banding patterns was complicated by ginseng’s 

polyploid nature. Two enzyme systems, SKDH and IDH, clearly exhibited unbalanced 

heterozygote patterns (see Appendix 4), with the relative intensity of individual bands 

aiding interpretation. Consequently, individual genotypes were scored as having 1-4 

copies of a single allele (e.g. AAAA, AAAB, AABB, ABBB, BBBB) at each of the three 

loci included in these systems. No other enzyme systems displayed unbalanced 

heterozygotes that could be clearly differentiated; thus they were scored in a diploid

17
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manner with a maximum of two alleles at each locus in an individual. Genetic 

interpretation for several of these “diploid” systems (e.g. GOT, PGI, MDH, and 6-PGD) 

included pairs of loci forming interlocus heterodimers. Null alleles producing non-active 

enzyme subunits were hypothesized to contribute to the banding patterns for Tpi-3, Got- 

2, Mdh-1, and Idh-2. These null alleles were readily detected in the heterozygous state 

and were included in the analyses. Inherent in allozyme analysis is the possibility of 

“hidden” variation, occurring when different proteins have indistinguishable mobilities on 

a gel. Proteins that migrated in close proximity were especially evident for Got-2 and 

Got-3. Therefore, a single “allele” may represent a protein mobility class, rather than a 

single structurally unique protein. Such scoring will underestimate the number of actual 

alleles at these loci. Further details about the interpretation of banding patterns and 

diagrams of observed banding patterns are provided in Appendix 4.

Diversity Measures

Of the 20 genetically interpreted loci, 10 were monomorphic for identical alleles 

in all populations and 10 were polymorphic, in addition to the single polymorphic GDH 

locus (Table 2). At the species level, 50.0% of loci were polymorphic, with a mean of 

24.8% being polymorphic in a population (Table 3). Among the wild populations the 

mean percentage of polymorphic loci (19.9%) was significantly different than the mean 

for cultivated populations (37.7%).

The mean number of alleles per polymorphic locus in a population was 2.05, with 

a range of 2.00 to 2.29. Wild populations exhibited a slightly lower number of alleles per 

polymorphic locus than did cultivated populations, with means of 2.01 and 2.15, 

respectively (Table 3). No private alleles (those found in a single population) were
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identified, which may be the result of potential hidden variation and the need to lump 

protein mobility classes at some loci, as discussed above. A single unique allele (Idh-2 0) 

was found in wild populations with respect to cultivated populations. Weighted allele 

frequencies averaged across wild versus cultivated groups differed significantly (p < 0.05) 

at all loci (Table 4).

Expected and observed heterozygosity estimates for each population averaged 

across loci are shown in Table 3. Expected heterozygosity (He) ranged from 0.000 to 

0.156 with a mean of 0.066 and observed heterozygosity (Ho) ranged from 0.000 to 0.106 . 

with a mean of 0.040. Generally, Ho was less than He, which is reflected in a positive 

average fixation index of 0.407, indicating an excess of homozygotes relative to Hardy- 

Weinberg expectations. Population fixation indexes (Table 3) ranged from -1 to 1. 

Estimated values for both expected and observed heterozygosity averaged across wild 

populations, 0.051 and 0.032, respectively, were lower than average values for cultivated 

populations, 0.105 and 0.062, respectively. Despite a higher average proportion of 

observed heterozygosity in cultivated over wild populations, the average fixation index 

for cultivated populations (0.390) was higher than the average for wild populations 

(0.182), indicating a stronger excess of homozygotes in cultivated populations relative to 

Hardy-Weinberg expectations. A Spearman’s rank correlation showed no significant 

correlation between population size and diversity estimates (P, A , Ap, He, and Ho) in wild 

populations.

Of 145 single-locus exact-probability tests performed at polymorphic loci for 

Hardy-Weinberg disequilibrium, 105 (72.4%) showed significant (p < 0.05) deviation 

from Hardy-Weinberg expectations. Thirty-one populations, 19 wild and 12 cultivated,
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exhibited significant deviation (p < 0.05) from Hardy-Weinberg equilibrium in at least 

one locus, with 21 populations having more than 2 loci significantly out of equilibrium 

and 3 populations having 6 loci significantly out of equilibrium (Table 5). Of the 65 

single-locus tests performed for cultivated populations, 53 of them (81.5%) showed 

significant deviation, while 52 of the 256 tests performed for wild populations (65%) 

showed significant deviation from Hardy-Weinberg equilibrium. Fixation indexes 

indicate that the majority of these disproportionate loci exhibited a deficiency of 

heterozygotes, while Adh-1 consistently exhibited a surplus (Table 5).

Structure o f Diversity

F-statistics (Table 6) indicate 0, a measure of genetic drift between populations, is 

0.640 averaged over all loci. Locus by locus estimates of population divergence range 

from 0.258 (Adh-1) to 0.874 (Pgi-2). Drift was much higher between wild populations 

than cultivated populations, with 6 equal to 0.732 and 0.246 in these groups, respectively. 

Because Adh-1 exhibits anomolous values off  6\ and F  when compared to other loci, it 

is possible that data from this locus may contain errors in scoring or genetic 

interpretation, which could skew subsequent calculations of F-statistics. Therefore, 

average F-statistics were also calculated excluding data from the locus Adh-1. With Adh- 

1 excluded, 0 increases to 0.701 across all populations, and 0.781 and 0.302 in wild and 

cultivated populations, respectively. Estimates of inbreeding, f  increased greatly when 

data from Adh-1 was excluded. Across all loci for all populations/ was 0.329, but when 

Adh-1 was excluded it increased to 0.754. Across wild populations, it increased from 

0.340 to 0.731 and across cultivated populations it increased from 0.366 to 0.777 when 

Adh-1 were excluded. Estimated gene flow, calculated from the values of 6̂ over all loci,



21

is higher in cultivated populations (Nm = 0.644) than in wild (Nm = 0.086). Over all 

populations, Nm = 0.134. Likewise, wild populations exhibit a higher mean genetic 

distance than do cultivated populations, with values of 0.383 and 0.112, respectively.

A phenogram for all populations (Fig. 2) produced by UPGMA in conjunction 

with Nei’s unbiased genetic distance, shows cultivated populations clustering together, 

though this cluster also contains wild populations. The results from a principal 

components analysis (PCA) further clarify the relationship between cultivated and wild 

populations (Fig. 3), clustering 10 of the cultivated populations with little intermingling 

of wild populations (JCAD is the only wild population clustered with the cultivated 

group). A second PCA of only the wild populations (Fig. 4) shows three distinct clusters, 

although there was no apparent pattern of populations within each of the clusters. 

Populations from the Appalachian region of ginseng’s range were scattered throughout 

the plot. The remaining populations, however, showed a distinction between populations 

found to the West and South of the Appalachians and those found to the North and East 

of the Appalachians.

Nei’s (1978) unbiased genetic distance between all pairs of wild populations 

(Appendix 3), excluding population DRSW, correlated with geographic distance between 

populations with a matrix correlation (r) equal to 0.411 using a Mantel test. Of 10,000 

random permutations performed, 0 yielded a matrix correlation > 0.411. Thus, the 

correlation is significant atp<  0.0001. Population DRSW was excluded from this 

analysis because it consists of individuals taken from wild populations over a wide 

geographic region.
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When sampled populations are mapped according to their respective diversity 

measures (Fig. 5), populations found along the corridor of the Appalachian Mountains 

tend to have higher values of percent polymorphic loci and expected heterozygosity than 

populations found farther east or west. Populations found in the northern extremities of 

the species’ range also tend to have high values of these diversity measures. However, no 

statistically significant differences in the values of P, A, Ap, He, and Ho were found 

between the Appalachian or northern populations and the outlying populations, possibly 

due to the small number of outlying populations that were sampled relative to the number 

of Appalachian populations.



Discussion

Polyploidy

American ginseng, Panax quinquifolius, is assumed to be a tetraploid (2n=48), when 

compared to other members of the genus, such as P. trifolium (2n=24) (Wen and Zimmer 

1996). Allozyme data for American ginseng generally conforms to expectations for an 

allopolyploid in which the parental genomes have unique alleles and segregate disomically. 

Fixed heterozygosity, in which each genome contributes a single allele, is seen in the 

following systems, 6-PGD, SOD, ACO, and MDH, with subsequent silencing of the active 

allele at Mdh-1 in some populations. A number of polymorphic systems also exhibit pairs of 

loci forming interlocus heterodimers assumed to be the result of polyploid duplication, such 

as TPI, GOT, and PGI. Interestingly, a few loci exhibit unbalanced heterozygotes, which 

may be the result of having more than two copies of a single allele in an individual. This was 

observed in Idh-2, Skdh-1 and possibly Adh-1. The IDH system also appears to include the 

products of an additional gene duplication event. In addition to displaying two loci forming 

interlocus heterodimers, one of the two IDH loci displays unbalanced heterozygotes. SKDH 

and ADH each display a single scored locus with unbalanced heterozygotes (Appendix 4).

One consequence of polyploidy is an increase in the diversity within individuals. 

Because allotetraploids contain two genomes, each of which may have a unique set of alleles, 

the tetraploid individual may contain up to four alleles at a single locus. However, the 

measures of diversity used in this study {P, A, He, and Ho) generally will not be affected by 

this increase in diversity, because duplicate genomes were scored as distinct loci with a 

maximum of two distinct alleles in an individual. Loci with unbalanced heterozygotes (Idh-2

23
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and Skdh-1) could not be scored in this manner, but were scored accounting for differences in 

staining intensity presumed to reflect distinguishable heterozygote classes. In Adh-1, 

unbalanced heterozygotes were not seen on gels, but were strongly suspected after examining 

inbreeding coefficients. If different heterozygote classes, such as the genotypes AABB and 

AAAB, were scored as a single class of heterozygotes, such as the genotype AB, then higher 

levels of observed heterozygosity relative to Hardy-Weinburg expectations could easily 

occur. This may have led to the consistently negative inbreeding coefficients found in Adh-1 

(Table 5). Loci scored as displaying greater than two copies of an allele could also lead to 

inflated estimates of He compared to species with disomic inheritance. Both IDH and 

SKDH, loci where unbalanced heterozygotes were scored, were omitted from calculations 

involving He and Ho for this reason.

Breeding System

The genetic data gathered for American ginseng strongly suggests that self-pollination 

predominates over animal mediated cross-pollination, resulting in high levels of inbreeding. 

Both wild and cultivated populations of American ginseng display a high percentage of 

polymorphic loci significantly out of Hardy-Weinberg equilibrium and a large deficiency of 

heterozygotes at most loci (Table 5). Adh-1 is the only exception to this trend, showing an 

excess of heterozygotes in most populations. Due to the anomalous nature of Adh-1 when 

compared to other loci, it is probable that the apparent excess of heterozygotes results from 

error in interpreting and scoring the observed banding patterns at this locus, as discussed 

above. Weir and Cockerham’s inbreeding coefficient,/, is also consistent with a high level of 

inbreeding in American ginseng. Although/ calculated across all loci is not significantly 

different from zero, the value of/increases drastically and becomes significantly different
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from zero when data from Adh-1 are excluded from the analysis for the reasons discussed 

above (Table 6).

American ginseng’s population level diversity statistics (P, A , He and Hs) are similar 

to or even lower than averages found for other selfing species (Table 8). Although 

inbreeding is not expected to directly affect these diversity statistics, Hamrick and Godt 

(1989) found that breeding system was the species characteristic most closely correlated with 

population level diversity. Other studies have also found that inbreeding species exhibit 

lower population levels of diversity than outcrossing species. For example, Schoen and 

Brown (1991) report lower population-level expected heterozygosity averaged across nine 

selfing species when compared to the average across nine outcrossing species. They also 

report a larger range of He among populations within selfing species than in outcrossers. 

While ginseng’s range of population level He is narrower than Schoen and Brown’s average 

range for selfing species, it is similar to the range exhibited by the single species in their 

study that contained some populations with He = 0, just as some wild populations of ginseng 

are fixed at all loci. These populations likely represent severe genetic bottleneck through 

founder events or genetic drift, with little or no subsequent gene flow.

Data concerning the partitioning of genetic variation in American ginseng is also 

consistent with a high degree of inbreeding resulting in low gene flow between populations. 

Wild populations of ginseng exhibit extremely high values of 6 found across all polymorphic 

loci, with the exception of Adh-1 (Table 6). Genetic drift due to low levels of gene flow 

between wild populations is a likely explanation for the observed levels of population 

divergence. The correlation of genetic and geographic distance between pairs of populations
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indicates that gene flow between populations is lower in populations farther apart, consistent 

with a model of isolation by distance.

While breeding system has been shown to correlate with population level diversity, 

previous studies indicate that it does not strongly influence species level diversity (Layton 

and Ganders 1984; Hamrick and Godt 1989). Hamrick and Godt (1989) found that 

geographic range was the species characteristic most strongly correlated with species level 

diversity. American ginseng follows this trend by exhibiting relatively high species level 

diversity (He and HT, Table 7), consistent with averages reported for other species with wide 

geographic ranges.

Geographic Patterns and Centers o f Diversity

The observed correlation between geographic and genetic distance would allow 

selective differences to develop between populations without a strong mitigating effect of 

migration (Endler 1977). Selection to differing habitats and environmental conditions 

throughout ginseng’s range may in turn contribute to further divergence of wild populations. 

Although the allozymes used to measure diversity in this study are considered selectively 

neutral, selection occurring on other traits could influence the observed genetic patterns if 

those loci are linked to the measured allozyme loci. Further study of adaptive differences 

between wild populations of ginseng is needed to fully understand the role and impact of 

selection in the species.

Other geographic trends in these data include the tendency of Appalachian and 

northern populations to contain a higher percentage of polymorphic loci and expected 

heterozygosity than wild populations located farther east or west (Figure 5), although there is 

not a significant difference in P  or He between these groups. The group of Appalachian and
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northern populations that tend to exhibit higher levels of diversity may correspond with a 

geographic corridor of high abundance in American ginseng. Annual records of export of 

wild root per state indicate that Appalachian states account for the vast majority of export 

(Office of Scientific Authority 2000), while ongoing research of the historical and current 

distribution and abundance of American ginseng also suggests that this is a region of 

historical high abundance (Case, unpub. data).

Population size has also been shown to have a strong correlation with population level 

diversity (P and A) (Ellstrand and Elam 1993, Wallace and Case 2000). Population size itself 

may vary geographically due to regional trends in habitat suitability, habitat fragmentation 

and wild harvest levels. For example, Broyles (1998) suggested that habitat fragmentation in 

the northern and western range of Asclepias exaltata may contribute to reduced levels of 

variation in those populations. American ginseng and A. exaltata both depend on hardwood 

forest for habitat, so it is possible that the same trend is affecting population level diversity in 

ginseng. Although data for American ginseng do not indicate a significant correlation 

between population size and population diversity, this comparison may be complicated by the 

influence of harvest. While a severe reduction in population size is expected to reduce 

population level P and A and extremely severe reduction may reduce He through genetic 

bottleneck and drift, the reduction in diversity is not expected to occur immediately and may 

be avoided if populations rebound quickly or if population reduction is less severe (Ellstrand 

and Elam 1993). Hence, currently small populations may exhibit high levels of diversity.

For example, two populations included in this study were harvested within the previous year. 

One population with only four individuals (LON) exhibited above average P, A and He for 

wild populations and each of the four individuals exhibited a unique genotype. A second
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population with ten individuals (OON) exhibited just slightly below average P  and A for wild 

populations (Table 3). Conversely, populations that have faced repeated harvest events or 

those that have rebounded slowly to a presently large population size may continue to exhibit 

reduced levels of diversity.

The relatively high level of diversity found in Appalachian populations, as indicated 

by population level P  and the representative nature of the diversity within these populations 

as a group, indicates that this region can be viewed as a of center of diversity. Therefore, 

Appalachian populations should especially be targeted for conservation efforts. Areas within 

the Appalachians currently support heavy harvest rates, with Kentucky, Tennessee, and West 

Virginia accounting for an average of over 45% of the annual wild export in the last decade 

(Office of Scientific Authority 2000). National Parks in the Appalachian region also report 

significant poaching from wild ginseng populations within their boundaries (Rock 2000; 

Nickens 2001).

Additionally, populations from both the eastern-northern and western-southern 

regions outside of the Appalachians are important components of a thorough conservation 

strategy because of the genetic differences observed between these groups through PCA 

(Figure 4). Thus, to ensure that the largest possible sample of ginseng’s present variation is 

preserved in the future, it is imperative that conservation efforts be coordinated throughout 

the species range.

Relationship Between Wild and Cultivated Populations

Genetic data gathered for wild and cultivated American ginseng illustrate the genetic 

differences between these groups of populations. Ignoring population boundaries, cultivated 

ginseng exhibits a slightly lower number of alleles per locus and lower expected
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heterozygosity than wild ginseng (Table 7). Cultivated ginseng lacks one rare allele present 

in wild ginseng and exhibits allele frequencies significantly different from those of wild 

ginseng at all polymorphic loci (Table 4). Additionally, in PCA, cultivated ginseng 

populations are clustered tightly together and are distributed over a small portion of all three 

axes, indicating their genetic similarity to one another. The only cultivated population outside 

the cluster is BCA, a population known to be founded by transplants from several wild 

populations (Bernard Cyrus, grower, pers. comm.). This cultivated population is clustered 

with two wild populations (OMO and CGA) that are not closely related to other wild 

populations. The peripheral location of these three populations in PCA is largely due to the 

high frequency (0.73 -  1.00) they exhibit for a null allele at Mdh-1 that is observed in only 

one other population (RKY), where it is in low frequency (0.20).

Another interesting aspect of individual cultivated populations is that they contain 

more diversity than the average for individual wild populations and display a lower level of 

population divergence. Cultivated populations exhibit significantly higher values of P, A , Ap, 

He, and Ho averaged across populations (Table 3) and a lower value of 6 (Table 6). Also, 

the clustering of cultivated populations in PCA indicates their relatively close genetic 

relationship to one another (Figure 3). These data are consistent with what is known of 

cultivation practices (personal communication with growers). Cultivated populations are 

planted from commercially obtained seed or, more rarely, transplanted or seeded from wild 

populations. Growers may gather seed from their own crop, before it is old enough for the 

roots to be harvested, and use this seed to supplement new plantings from other commercial 

or wild sources. This mixing of seed would be expected to result in increased levels of P, A, 

Ap, and He and decrease the value of 6. Although cultivated populations of ginseng do
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exhibit higher values of Ho than wild, curiously, they also exhibit a higher percentage of 

polymorphic loci out of Hardy-Weinberg equilibrium (81.5% vs. 65.0%; Table 5) with 

slightly higher inbreeding coefficients averaged across loci and populations (f = 0.39 vs. 0.18 

and/ =  0.37 vs. 0.34; Tables 3 and 6). These data might suggest that self-pollination occurs 

at increased rates in cultivated populations over wild populations. Perhaps cultivated plants, 

grown under more ideal conditions than in the wild, have a greater number of open flowers at 

a given time, encouraging pollinators to spread pollen within an inflorescence rather than 

move to a new individual. However, this result might also occur from a statistical 

phenomenon known as the Walhund effect, resulting in an inaccurately high estimate of 

expected heterozygosity due to the pooling of allele frequencies from non-interbreeding 

individuals in cultivated fields (Hartl and Clark 1989).

Lastly, it appears that few wild populations have been planted from cultivated seed or 

are the remnants of historical cultivation sites. Only one wild population (JCAD) is clustered 

with cultivated populations in both PCA and UPGMA (Figures 2 and 3). Ten other wild 

populations are loosely clustered with cultivated populations in UPGMA, but these 

populations are clearly segregated from cultivated ginseng in PCA. Furthermore, it is highly 

doubtful that the observed geographic patterns of genetic diversity or the strong pattern of 

isolation-by-distance would be produced through human manipulation of wild populations. 

These data expand upon the findings of Boehm at al. (1999), in which different regions of 

wild ginseng were clearly genetically differentiated and wild ginseng from one of three 

examined regions was genetically similar to cultivated ginseng. Although data from Boehm 

et al. was less conclusive, results from the current study clearly dispute the proposal that 

“wild” populations no longer exist.
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Inbreeding and Outbreeding Depression

The low level of diversity found within most wild populations of American ginseng 

and the apparent isolation of populations may raise concern over inbreeding depression in the 

species. Although inbreeding depression is a common concern in rare species, American 

ginseng may be less likely to experience inbreeding depression because of its evolutionary 

history. Numerous studies have shown that, under current conditions of inbreeding, 

populations and species with a history of inbreeding exhibit less inbreeding depression than 

outcrossers. This phenomenon is thought to result from the purging of deleterious alleles 

(see reviews in Ellstrand and Elam 1993 and Husband and Schemske 1996; Carr and Dudash 

1996; Parker et al. 1995). Recent studies also suggest that polyploids may exhibit lower 

levels of inbreeding depression when compared to diploids (Husband and Schemske 1996; 

however, see Johnston and Schoen 1996). The strong and geographically consistent levels of 

inbreeding evident in the genetic data suggest that American ginseng has a long history of 

self-pollination. Genetic data also confirm the polyploid nature of ginseng. Hence, the 

effects of inbreeding depression in wild populations of the species are expected to be 

relatively small. This finding is consistent with the findings of Case and Bunn (unpub. data), 

who found no significant difference in the viability of ginseng seeds from outcrossed and 

selfed matings.

Conversely, the evolutionary background of American ginseng suggests that wild 

populations of the species may be at risk of outbreeding depression under conditions of 

artificial gene flow. Outbreeding depression is a reduction in fitness due to the introduction 

of maladapted genes or the disruption of co-adapted gene complexes that results from the
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mating of individuals adapted to different environments. Outbreeding depression has been 

well documented in plants (see review in Ellstrand and Elam 1993; Fischer and Matthies 

1997; Parker 1992; Waser and Price 1994). With the low level of gene flow, both within and 

among populations, apparent in American ginseng, outbreeding depression may pose a 

serious threat to wild populations under conditions of artificial gene flow. For this reason, 

wild populations of American ginseng should be managed to limit the introduction of genes 

from different wild or cultivated populations until further study can directly examine the 

potential for outbreeding depression in the species.

In cultivated ginseng, the relatively high population level of diversity (Tables 3 and 8) 

and low level of partitioning among populations (Table 6) indicates that further mixing of 

cultivated ginseng is unlikely to produce strong positive or negative effects due to the high 

degree of mixing that has already occurred. Although there has been some recent concern 

over the effects of inbreeding in cultivated ginseng (Hunter 2001), any effective increase in 

the observed heterozygosity of individuals will likely require careful hand cross-pollination 

and emasculation to insure outcrossing (Case and Bunn, unpublished data). The results of 

such crosses may be unpredictable in cultivated ginseng, due to the possibility of production 

of novel genotypes from genetically disparate individuals of unknown origins. Some crosses 

may result in increased vigor of offspring while others could result in outbreeding depression. 

The relatively high genetic diversity found within most cultivated populations (Table 3) 

indicates that cultivated stock itself could serve as an effective starting point for breeding 

programs and that additional supplementation from wild populations is unnecessary.

Previous research in cultivated stock suggests that some observed phenotypic traits of interest
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to growers are genetically based (Bai et al. 1997), further supporting the utility and feasibility 

of breeding programs without additional wild sampling.

Conclusions and Management Recommendations

The low level of diversity within wild populations, the high level of population 

divergence, the potential for adaptive differences between wild populations, and geographic 

patterns of genetic diversity, emphasize the importance of conserving wild populations from 

throughout American ginseng’s range. Conservation efforts focused within too small an area, 

or over too few populations, would likely include only a small portion of the variation 

currently present in the species as a whole. However, some focus should be placed on 

Appalachian populations because of their tendency to contain higher levels of diversity and 

because the diversity they contain is fairly representative of the species as a whole. 

Additionally, equal efforts should be made to preserve populations within the eastern- 

northern and western-southern regions of the range, because populations in these regions 

differ genetically.

The requirements of effective preservation of populations throughout American 

ginseng’s range include 1) the coordination of regulations among states, 2) the preservation 

of suitable habitat, and 3) efforts to decrease poaching from public lands. Currently, each 

state within the natural range of American ginseng enforces its own regulations concerning 

collecting season and harvest practice for wild roots (Robbins 1998, Office of Scientific 

Authority 2000). Some arbitrary differences in these regulations may encourage illegal 

transport of wild-collected roots across state boundaries. While public lands such as National 

Parks do afford some protected habitat for American ginseng, high rates of poaching have
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been reported for several National Parks, with marginal success in enforcing anti-poaching 

laws (Rock 2000; Nickens 2001).

In addition to preservation of wild American ginseng, reintroduction of the species 

into suitable habitat may be possible. However, due to ginseng’s apparent history of 

inbreeding, isolation of populations, and potential for adaptive differences among 

populations, reintroduction programs should be designed to minimize the potential for 

outbreeding depression. First, seed or individuals used for reintroduction should not come 

from cultivated sources, as cultivated ginseng differs in genetic content and genetic 

partitioning from wild populations. Cultivated plants may also be adapted to a unique suite 

of growing conditions. It is known that some National Forests are dispersing cultivated seed 

to permitted harvesters to be planted in the wild (Steve Best, Ozark National Forest, pers. 

comm.). Likewise, it is commonly reported that registered ginseng dealers give seed to 

harvesters when buying wild root (Harris 2000). The United Plant Savers organization has 

also run a program to supply small numbers of ginseng plants, from commercial sources, to 

its members. A more ideal source of seeds for reintroduction would be from local or regional 

gene banks established with seeds sampled from local wild populations. A conservation and 

reintroduction plan designed for Asian ginseng (Panax ginseng) in Russia focuses efforts on 

the regional scale with conservation centers serving to protect habitat and house living 

collections of local plants to be used in breeding and reintroduction efforts (Zhuravlev et al. 

1999). Allozyme and RAPD markers were utilized in identifying genetic differences between 

regions and will continue to be used in monitoring the results of breeding programs to 

maintain the genetic integrity of reintroduced populations of Asian ginseng in Russia.

Finally, reintroductions should occur in suitable habitat where ginseng is not presently
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growing to reduce gene flow and the potential for spread of disease from reintroductions into 

wild populations (see Notes in Jones and Dawson 2000). Unfortunately, some sources 

encourage growers to undertake woods-grown or wild-simulated cultivation at sites where 

ginseng presently occurs (Persons 1994).

In summary, the genetic data gathered for American ginseng indicate that the species 

has a high rate of self-pollination, contributing to low levels of gene flow both within and 

between wild populations. Cultivated ginseng populations appear to exhibit higher levels of 

“gene flow” due to mixing of seed from a variety of origins. Breeding programs provide the 

best possible mechanism for increasing the diversity of cultivated ginseng and producing 

improved cultivars. Cultivated stock contains levels of diversity high enough to support 

effective breeding programs without the need for introduction of wild genetic material. 

Effective management of genetic diversity in wild populations will require the following.

• Preservation of populations from throughout the species native range, with 

some emphasis on the Appalachian region

• Minimizing the introduction of genetic material from one geographic range 

into another and from cultivated into wild populations

Successful fulfillment of these management goals will require the coordination of 

conservation efforts and harvest regulations throughout the species range and may be aided 

by the establishment of local or regional gene banks.
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Table 2. Number of loci and alleles attributed to each enzyme system utilized in data 
analyses (GDH was used only in estimates of percent polymorphic loci and is not shown 
below).

Enzyme
system

Locus # # of Alleles 
(active, null)

TPI TPI-l a’b 1
TPI-2 a,b 1
TPI-3 a,b’c 1,1

SOD SOD-1ab 1
SOD-2a>b 1

ADH ADH-1 a'b 2
ACO ACO-1 a'b 1

ACO-2 1
GOT GOT-2ab,c 1,1

GOT-3 a'b'c 3
PGI PGI-1 a’b,c 3

PGI-2 ub~ 2
MDH MDH-1 a'b’c 1,1

MDI1-2 ’b 1
MDH-3 a'b,c 2

IDH IDH-1a 1
IDH-2a 2,1

SKDH SKDH-1a 2
6-PGD 6-PGD-1ab 1

6-PGD-2ab 1
TOTAL 20 loci 33 alleles

indicates loci used in calculating values of A, Ap, and P  at the species and population 
levels.

indicates loci used in calculated values of observed heterozygosity at the population and 
species level, expected heterozygosity at the population level, and genetic distance and 
identity values for all pairs of populations; loci exhibiting unbalanced heterozygotes were 
excluded from these analyses.

indicates loci used in estimating expected heterozygosity at the species level and F- 
statistics; loci exhibiting unbalanced heterozygotes and monomorphic loci were excluded.
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Table 3. Diversity statistics for Panax quinquefolius populations. Statistics include the 
grand mean and means for cultivated and wild groups, including percent polymormorphic 
loci {P), alleles per locus (A), alleles per polymorphic locus (Ap), expected 
heterozygostity {He), observed heterozygosity {Ho), and the estimated fixation index (f). 
Population codes are referenced in Table 1. Italicized population codes indicate 
cultivated populations.

Population P A Ap He Ho f
BMO 14.3 1.1 2.0 0.039 0.059 -1.000
BVA 14.3 1.1 2.0 0.028 0.045 -0.619
CGA 9.5 1.1 2.0 0.000 0.000 0.000
CNC 19.0 1.2 2.0 0.082 0.073 0.114
CPA 14.3 1.2 2.0 0.011 0.002 0.797
CVA 14.3 1.1 2.0 0.009 0.005 0.473
DRSW 42.9 1.5 2.1 0.107 0.092 0.139
EIA 14.3 1.2 2.0 0.047 0.068 -0.484
FON 4.8 1.1 2.0 0.000 0.000 0.000

0.400JCAD 42.9 1.5 2.3 0.118 0.071
KWV 23.8 1.3 2.0 0.114 0.047 0.591
LeON 23.8 1.2 2.0 0.050 0.002 0.954
LMI 14.3 1.1 2.0 0.030 0.059 -1.000
LON 23.8 1.3 2.0 0.082 0.015 0.842
MIL 23.8 1.2 2.0 0.088 0.106 -0.655
MWV 28.6 1.3 2.0 0.099 0.058 0.425
OME 4.8 1.1 2.0 0.000 0.000 0.000
OMO 9.5 1.1 2.0 0.029 0.046 -0.636
ONY 42.9 1.5 2.3 0.131 0.020 0.848
OON 14.3 1.2 2.0 0.025 0.015 0.429
QCA 19.0 1.2 2.0 0.051 0.028 0.459
QCB 33.3 1.3 2.0 0.063 0.017 0.732
QCC 19.0 1.2 2.0 0.047 0.016 0.658
QCD 19.0 1.2 2.0 0.011 0.012 -0.034
QCE 14.3 1.1 2.0 0.035 0.059 -1.000
RKY 42.9 1.5 2.0 0.147 0.055 0.638
RNCA 4.8 1.1 2.0 0.000 0.000 0.000
RNCB 9.5 1.1 2.0 0.029 0.016 0.442
RON 28.6' 1.4 2.2 0.092 0.016 0.831
TVA 19.0 1.2 2.0 0.021 0.011 0.479
WKY 19.0 1-2 2.0 0.030 0.000 1.000
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Table 3 continued 39

Population P A Ap He Ho f
WVT 9.5 1.1 2.0 0.012 0.012 0.000
BCA 47.6 1.5 2.0 0.156 0.028 0.829
BCB 38.1 1.3 2.0 0.102 0.055 0.472
BCC 33.3 1.3 2.0 0.100 0.071 0.307
DRSC 42.9 1.4 2.0 0.088 0.053 0.408
MGA 33.3 1.5 2.3 0.111 0.073 0.349
JLA 33.3 1.5 2.3 0.109 0.096 0.113
JLB 42.9 1.4 2.0 0.079 0.029 0.631
RE1 38.1 1.4 2.1 0.114 0.071 0.380
RE2 33.3 1.4 2.1 0.073 0.071 0.033
SHA 33.3 1.5 2.3 0.100

_ _ _
0.357

SHB 38.1 1.5 2.3 0.122 0.076 0.380
TKA 38.1 1.5 2.3 0.105 0.061 0.422
Mean 24.8 1.3 2.0 0.066 0.040 0.407
Wild Mean 19.9* 1.2* 2.0* 0.051* 0.032* 0.182
Cult Mean 37.7* 1.4* 2.2* 0.105* 0.062* 0.390

* Indicates a significant difference between the wild and cultivated population means for 
these statistics p < 0.01, according to a Mann-Whitney U test.



Table 4. Allele frequencies at polymorphic loci weighted for population size and 
averaged for wild and cultivated population groups.

Locus Allele Wild Mean Cult. Mean
Tpi-3* A 0.659' 0.199

0 0.341 0.801
Got-2** 0 0.044 0.066

A 0.956 0.934
Got-3* A 0.132 0.169

B . 0.435 0.568
C 0.433 , 0.263

Pgi-1* A 0.023 0.041
B 0.519 0.860
C 0.458 " 0.099

Pgi-2* A 0.168 0.105
B 0.832 0.895

Mdh-1** A 0.915 0.939
0 0.085 0.061

Mdh-3* A 0.358 0.090
B 0.642 0.910

Idh-2* A 0.266 0.228
B 0.701 0.772
0 0.033 0.000

Adh-1* A 0.811 0.562
B 0.189 . 0.438

Skd-1* A 0.877 0.799
B 0.123 0.201

* indicates loci with allele frequencies significantly different at p < 0.01
** indicates loci with allele frequencies significantly different at p < 0.05



Ta
bl

e 
5. 

Po
pu

la
tio

ns
 c

on
tai

ni
ng

 
lo

ci 
sig

ni
fic

an
tly

 
di

ffe
re

nt
 f

rom
 

H
ar

dy
-W

ei
nb

er
g 

ex
pe

ct
at

io
ns

. 
Th

e 
fix

ati
on

 
ind

ex
 

is 
in

di
ca

ted
 

by 
f 

and
 

(p
)is

 t
he 

pr
ob

ab
ili

ty
 

of 
di

se
qu

ili
br

iu
m

 
for

 e
ach

 
sig

ni
fic

an
t 

(p 
< 

0.0
5)

 l
oc

us
. 

Po
sit

iv
e 

fix
ati

on
 

in
de

xe
s 

re
fle

ct 
an 

ex
ce

ss
 o

f 
ho

m
oz

yg
ot

es
 a

nd
 

ne
ga

tiv
e 

va
lu

es
 r

ef
le

ct 
an 

ex
ce

ss
 o

f 
he

te
ro

zy
go

te
s. 

Po
pu

lat
io

n 
co

de
s 

are
 

re
fe

re
nc

ed
 

in 
Ta

ble
 

1. 
Ita

lic
ize

d 
co

de
s 

in
di

ca
te 

cu
lti

va
ted

 
po

pu
la

tio
ns

.

L
o

cu
s

coih—1
Pu
H

co
CNo
o

op
o

©©
©
V

©©
©
V

o© ©©
©
V

 ̂1 
© ©
©
V

©©
©
V

©©
©
V

r-
©
©

00
©
©

©©
©
V

op
1—H

op
T—H

©©
©© ©©

T—1
©©

o
©

©© ©© ©©
©©

©
©

(Nii—i
o
Ph <M

©©
o'
V

©©
r-H

©©
©
V

©©

1HH
o
Ph

Tr
cno
©

inco©
©

©©
©

©p
©
V

©©
©
V

in
©
©

oo
©
©

©©
o’
V

<M
op ©

©

mso
©i

t'-
©

©©
©

vo
©

©©

CO1

oo
©
V

©©
©
V

©
©

©©
©
V

©©
©
V

©©
©
V

©©
©
V

CNCS©
©

©p
©
V

©©
©
V

U-l
Q
s <+H

as
©

op
r—H

©©
asso
©

©© ©©
©p

©© ©© CSOs
©

1

©©
©
V

©©
©

U-l
Q
s <M

©© ©©

co1
H
O
O

<N(N©
O

©©
©
V

©©
©
V

©©
©

©©
©
V

T“<
©©
©
V

©©
©
V

©©
©
V

©©
©
V

VO©©
©

<M
©© ©

©
COoo
©

■'t00
©

©p
©
©
1—1

SO
©

©© ©©
©©

<N1
H
O
o

©©
o

<N©©
©

o©
©
V

©CS©
©

©©
©

©©
©
V

<-M
© © 
r—H

©©
©©

©©
r“H

©© ©©

1

Q
<

oo
©
V

oo
©
V

©
©
©

©
©
©
V

©
©
©
V

©
©
©
V

in
©
©
©

©
©
o

<M
vo
o1

in
o1

©oo
o

©
©
i—H 1

©© sor-
©■

COso
©1

Po
pu

la
tio

n

<
>
PQ

O
£
U

<
pH
u

£
m
&
Q

<  1—H
w

Q
<
U 1£o

<u
1—1 
s
l- l

i - li—i
s 1o

so
>
Z
O

<
u
a

PQ
O
c y

PQ
U £

O
P̂ £

3 l
CQ

41



Ta
ble

 
5 

co
nt

in
ue

d

L
oc

us
TP

I-3

<0
.0

01

100'0> 
1 <0

.0
01 1000 <0

.0
01

<0
.0

01

<0
.0

01

© <0
.0

01

I00'0>

OO'I §

OO'I §

1.
00

1.
00

OO'I

OO'I
OO'I §

PG
I-2

<0
.0

01

<0
.0

01
<-1—1

OO’I 0.
84

PG
I-1

0.
04

0 u->
§
o

<M
o
o

s
©

i <0
.0

01

<0
.0

01

0.
00

2 1000 0.
02

4

ULl
Q
s <4-1

OO'I

OO'I

OO'I

oo

1 0.
04

5

<0
.0

01

4h
Q
s

OO'I

OO'I

G
O

T-
3 <0

.0
01

<0
.0

01 1000

1000 <0
.0

01

<0
.0

01

<0
.0

01

<1-1 • 0.
76

910

OO'I 1.
00

OO'I 0.
76

OO'I

G
O

T-
2 0.

02
0

<0
.0

01 1000 0.
02

1 1000 0.
03

1

<0
.0

01 C-
o
o 0.

02
8

<M 1.
00

1.
00

1.
00

1.
00

OO'I

OO'I 1.
00

OO'I 1.
00

A
D

H
-1

0.
01

5

<0
.0

01

<0
.0

01

<0
.0

01
<0

.0
01

<0
.0

01

<0
.0

01
0.

00
2

0.
00

5

<0
.0

01

<M -0
.58

 
|

...
...

...
...

.!
-L

O
O §

I
§
I -0

.9
2

-1
.0

0 ©
1 -0

.6
9

-0
.6

5 O
O

'I-

Po
pu

la
tio

n

808

u
o
«Q D

RS
C

CQ
1

Z33 co SH
B

42



Ta
bl

e 
6. 

F-
sta

tis
tic

s 
at 

all
 p

ol
ym

or
ph

ic
 

loc
i 

for
 a

ll 
ex

am
in

ed
 

po
pu

la
tio

ns
 (

Al
l) 

and
 

wi
ld 

(W
ild

) 
and

 
cu

lti
va

ted
 

(C
ul

t.)
 g

ro
up

s. 
Av

er
ag

es
 a

re 
sh

ow
n 

ov
er 

all
 l

oc
i 

(O
ve

ra
ll)

 a
nd

, 
du

e 
to 

the
 

an
om

al
ou

s 
ch

ar
ac

te
r 

of 
A

D
H

, 
ov

er 
all

 l
oc

i 
ex

clu
di

ng
 

A
D

H
. 

/ 
= 

es
tim

at
or

 
of 

in
br

ee
di

ng
 

at
tri

bu
ta

bl
e 

to 
no

n-
ra

nd
om

 
ma

tin
g 

wi
thi

n 
po

pu
la

tio
ns

; 
F 

= 
es

tim
at

or
 o

f 
co

m
bi

ne
d 

ef
fe

cts
 o

f 
in

br
ee

di
ng

 
w

ith
in

 
po

pu
la

tio
ns

 a
nd

 
dri

ft 
am

on
g 

po
pu

la
tio

ns
; 

0
= 

es
tim

at
or

 o
f 

ge
ne

tic
 

dri
ft 

am
on

g 
po

pu
la

tio
ns

. 
St

an
da

rd
 

er
ro

rs 
of 

av
er

ag
es

 a
cr

os
s 

lo
ci,

 a
s 

ca
lcu

lat
ed

 
by 

bo
ot

str
ap

pi
ng

 
ac

ro
ss

 l
oc

i 
for

 
10

00
 

re
pl

ica
te 

ca
lc

ul
at

io
ns

, 
are

 
giv

en
 

in 
pa

re
nt

he
se

s.

O
ve

ra
ll;

)H 
ex

cl
ud

ed
.75

4*
 

(±
.1

27
)

.73
1*

 
(±

.1
35

)
,77

7*
 

(±
.1

13
)

,92
7*

 
(± 

.0
44

)
,94

1*
 

(±
.0

40
)

,84
4*

 
(± 

.0
93

)
,70

1*
 

(±
.0

40
)

,78
1*

 
(±

.0
42

)
.30

2*
 

(± 
.0

80
)

<
o o o o o o o o o

O
ve

ra
ll

.32
9 

(±
.3

08
)

.34
0 

(± 
.3

04
)

,36
6 

(±
.3

10
)

,75
9*

 
(±

.1
53

)
,82

3*
 

(±
.1

16
)

,52
2 

(± 
.2

70
)

,64
0*

 
(± 

.0
65

)
.73

2*
 

(± 
.0

60
)

.24
6*

 
(± 

.0
80

)

o o o o o o o o o

1-c
00cn inooNO

oON ONOOCN
NOo H

p—H oom<N
nj-ntcn

t>CN
O

'O
< oi oI o1 Oi o1 oi O o o

m1 cn
(NON

NOOON
ONNOON

ONt"-ON
oooON

o
ON

OO
CNo

mNOl>
oo
■''t<N

§ O o O o O o O O O

1-d ooo
ooo

OOO
ooo

ooo
ooo

OO
<Noo

<NcnON
oCNnf

§ P-H p—H H p-H o o O

(Ni• PMW) ON
cncnON

<NinON
cnOnON

inONON
mooON

nj-
«>OO

cncnON
00ooNO

Oh o O o o o O o o o

i
*hf)

"3-
H

cn
p—H
cn

o<Ncn
<N
T“ H

NO"3-C"-
ON
cn

o00m
CNcnNO

H
oo

PM o o o o o o o O o1

mi
■m m©

m-ONO'
i>
r H
ON

<NONNO
NOnj-ON

t>ooON
■̂00 ONcn

OO
■nrOO

ONON(N
o o o O o o o o o o

i'MMo
ooo

ooo
ooo

ooo
ooo

ooo
ONcn■nr cnNO (NO

O T“ H 1—H r —( r - H o O O

cni
%

ooo
ooo

ooo
ooo

ooo
ooo

m
NO NOt>

NOCNcn
H l—H f 1 o O o
u
■MM G« 
•  •■P ■MMcs'MMIfl
a
0 n3 T3 M-»ou

o A
ll

£
3
o A

ll

£
0

o A
ll * ^

£
0
a

43

in
di

ca
te

s 
av

er
ag

es
 a

cr
os

s 
lo

ci 
sig

ni
fic

an
tly

 
di

ffe
re

nt
 t

ha
n 

zer
o 

at
p<

 
0.

05



Table 7. Average population level polymorphic loci (P), alleles per locus (A), expected 
heterozygosity (He), and gene diversity (Hs) for Panax quinquefolius and averages for 
species with similar breeding systems. P, A, and He are calculated over all loci, while Hs 
is calculated over polymorphic loci only.

Group P A He Hs
American Ginseng 24.8 1.27 0.066 0.139
Wild American Ginseng 19.9 1.20 0.051 0.106
Cultivated American Ginseng 37.7 1.43 0.105 0.226
Selflng spp.* 20.0 1.31 0.074 0.149
Selfing-Animal Pollinated spp.* 29.2 1.43 0.090 0.221
Animal Pollinated spp.* 35.9 1.54 0.124 0.243

* Hamrick and Godt (1989)
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Table 8. Species level polymorphic loci (P), alleles per locus (A), expected 
heterozygosity (He), and gene diversity (HT) for Panax quinquefolius and averages for 
species with similar range. P, A, and He are calculated over all loci, while HT is 
calculated over polymorphic loci only.

Group P A He H t
American ginseng 50.0 1.65 0.182 0.386
Wild American ginseng 50.0 1.65 0.187 0.398
Cultivated American ginseng 50.0 1.60 0.141 0.300
Spp. with a widespread 
distribution*

58.9 2.29 0.202 0.347

* Hamrick and Godt (1989)
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Figure 1. Approximate location of sampled populations.

Sampled Populations 
•  Wild 
A Cultivated
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Figure 2. UPGMA phenogram produced from Nei’s (1978) unbiased genetic distances 
between all pairs of populations. Cophenetic correlation = 0.612. Italicized text indicates 
cultivated populations. Population codes are referenced in Table 1.*

RNCB

OME

WVT
RNCA

RON

QCB

LeON

KWV

ONY
D RSW

BMO

MWV

JCAD

MGA

WKY

OMO

* Node labels are referenced to clustering levels provided in Appendix 6. Branch lengths between groups 
are not always proportional, due to scaling of phenogram to page width.
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Figure 5. Geographic trends in a) percent polymorphic loci (.P) and b) expected 
heterozygosity (He) of wild populations.

a)

o 0.125-0.25
•  0.25 -0.375
•  0.375 - 0.625
•  0.625 - 0.875

b)

He
© 0.000 - 0.025 
© 0.025 - 0.083
•  0.083 -0.134
•  0.134-0.211
•  0.211-0.311
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Appendix 1: Collecting Instructions

Materials that we will provide:

1) Two blue ice packets and packing peanuts within the Styrofoam box

2) Small and large Ziploc baggies

3) Water-proof field pen

4) Federal Express shipping label

5) Population data sheet

Collecting:

♦ The blue ice packets should be frozen for at least 24 hours prior to mailing.

♦ In the field, collect 1 -2  large healthy leaflets from each 3 - 4  prong plant, and 2-3 

leaflets from younger plants. Note that mature ginseng plants may have several 

leaves (prongs) with each leaf consisting of up to five or more leaflets. We need 1-3 

of these leaflets per plant, dependent on plant size. If the population is larger than 

100 plants, collection from 100 individuals is sufficient.

♦ Place all the leaflets collected from a single individual into a small Ziploc baggie (i.e. 

if there are 30 plants in the population, you should have 30 baggies with 1 -3  leaflets 

in each baggie).

♦ Place all the small baggies from a single population into a large Ziploc baggie. If 

more than a single large baggie is needed for a single population, please clearly 

indicate this on the bags with the field pen. If more than one population is being 

sampled, please number the bags to correspond with the information on the data 

sheet.
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52
♦ Until the tissue is mailed, keep the baggies with enclosed tissue on water ice or in a 

refrigerator (do not freeze). Please be careful not to bruise the tissue.

Shipping:

♦ You will need to ship the tissue via standard overnight Federal Express. Please fill in 

the remaining sender information on the enclosed label.

♦ Please ship the tissue on any Monday-Thursday for delivery the following day. It is 

critical that the tissue not be mailed on Friday because of potential difficulties in 

weekend deliveries. If Federal Express is not in your area, PLEASE CONTACT US 

AT ONCE FOR AN ALTERNATE CARRLER.

♦ Place a frozen blue ice packet in the bottom of the package and place a layer of 

packing peanuts over it. Then place the tissue in the package, again covering it with a 

layer of packing peanuts. Finally, place the second blue ice packet on the top. It is 

critical that the blue ice does not touch the tissue. Fill any remaining space with 

packing peanuts so that the contents of the package do not move during shipping.

Also enclose the completed data sheet, putting it in a baggie to protect it from the 

condensation on the blue ice.

♦ Seal the package (Styrofoam box inside the original cardboard box) with strapping 

tape or other reliable sealing tape, affix the label, and send.

♦ Please e-mail or call us the day you send the tissue so that we may prepare for its 

arrival on the following day.

Again, our sincerest appreciation!



53

O
th

er

(a
dd

iti
on

al
 i

nf
or

m
at

io
n 

yo
u 

wi
sh

 
to 

sh
ar

e, 
su

ch
 

as 
sta

bi
lit

y 
of 

po
p.

, 
ag

e 
st

ru
ct

ur
e, 

oc
cu

rr
en

ce
 

of 
ha

rv
es

tin
g,

 d
en

sit
y,

 e
tc

...
)

P
op

u
la

ti
on

 
a

g
e

(d
oc

um
en

te
d 

ag
e 

or 
as

 
lon

g 
as 

yo
u 

ha
ve

 
kn

ow
n 

of 
po

p.
)

Se
ed

 
/ 

R
hi

zo
m

e 
S

ou
rc

e,
 

if 
C

u
lt

iv
a

te
d

(c
he

ck
 

on
e)

C
om

m
er

ci
al

 (
in

di
ca

te
 

co
m

pa
ny

 
na

me
 

or 
lo

ca
tio

n,
 

if 
kn

ow
n)

W
ild

U
nk

no
w

n
L

oc
al

W
ild

P
op

u
la

ti
on

 
T

yp
e 

(c
he

ck
 

on
e)

N
at

ur
al

ly
W

ild
W

ild
Si

m
ul

at
ed

Fi
el

d
C

ul
tiv

at
ed

P
op

u
la

ti
on

 
si

ze

(c
lo

se
st

 e
sti

m
at

e 
or

 
co

un
t 

up 
to 

20
0,

 t
he

n 
in

di
ca

te
 

>2
00

)

L
o

ca
ti

o
n

(c
ou

nt
y)

B
ag

 
#



Appendix 2: Allele frequencies at 20 loci for 44 populations of Panax quinquefolius.

Allele Population
BMO BVA CGA CNC CPA CVA DRSW EIA FON JCAD

Tpi -1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Tpi -2  A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Tpi -3  A 
Tpi -3  0

0.00
1.00

1.00
0.00

0.00
1.00

1.00
0.00

0.96
0.04

1.00
0.00

0.91
0.09

0.00
1.00

1.00
0.00

0.27
0.73

Sod -1A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Sod-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Aco-1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 i;oo 1.00 1.00

Aco-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Got-2 0 
Got-2 A

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.91
0.09

0.00
1.00

0.00
1.00

0.10
0.90

Got-3 A 
Got-3 B 
Got-3 C

1.00
0.00
0.00

0.00
0.00
1.00

0.00
1.00
0.00

0.00
1.00
0.00

0.00
1.00
0.00

0.00
1.00
0.00

0.00
0.04
0.96

1.00
0.00
0.00

0.00
0.00
1.00

0.29
0.57
0.14

Pgi-1 A 
Pgi-1 B 
Pgi-1 C

0.00
1.00
0.00

0.00
1.00
0.00

0.00
1.00
0.00

0.00
0.28
0.72

0.00
0.06
0.94

0.00
0.08
0.92

0.00
0.04
0.96

0.16
0.84
0.00

0.00
0.00
1.00

0.04
0.81
0.15

Pgi-2 A 
Pgi-2 B

0.00
1.00

0.00
1.00

1.00
0.00

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

Mdh-1 A 
Mdh-1 0

1.00
0.00

1.00
0.00

0.00
1.00

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

Mdh-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Mdh-3 A 
Mdh-3 B

0.00
1.00

0.00
1.00

0.00
1.00

0.62
0.38

1.00
0.00

0.00
1.00

0.39
0.61

0.00
1.00

1.00
0.00

0.04
0.96

Idh-1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Idh-2 A 
Idh-2 B 
Idh-2 O

0.07
0.93
0.00

0.44
0.56
0.00

0.00
0.65
0.35

0.50
0.50
0.00

0.25
0.75
0.00

0.25
0.75
0.00

0.25
0.75
0.00

0.00
1.00
0.00

0.50
0.50
0.00

0.06
0.94
0.00

6Pgd-l A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

6Pgd-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Skdh-1 A 0.75 0.72 0.79 1.00 1.00 0.75 0.87 0.75 1.00 0.70
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Allele Populalion
BMO BVA CGA CNC CPA CVA DRSW EIA FON JCAD

Skdh-1 B 0.25 0.28 0.21 0.00 0.00 0.25 0.13 0.25 0.00 0.30

Adh-1 A 
Adh-1 B

0.50
0.50

0.62
0.38

1.00
0.00

0.54
0.46

1.00
0.00

1.00
0.00

0.55
0.45

0.50
0.50

1.00
0.00

0.48
0.52

Allele Populal ion
KWV LeON LMI LON MIL MWV OME OMO ONY OON

Tpi -1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Tpi -2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Tpi -3 A 
Tpi -3 0

0.48
0.52

0.20
0.80

0.00
1.00

0.25
0.75

0.00
1.00

0.65
0.35

1.00
0.00

0.00
1.00

0.64
0.36

0.90
0.10

Sod -1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Sod -2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Aco-1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Aco-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Got-2 0 
Got-2 A

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.14
0.86

0.00
1.00

Got-3 A 
Got-3 B 
Got-3 C

0.00
0.36
0.64

0.00
0.14
0.86

1.00
0.00
0.00

0.25
0.00
0.75

0.00
0.00
1.00

0.00
1.00
0.00

0.00
1.00
0.00

0.00
1.00
0.00

0.06
0.18
0.76

0.00
0.00
1.00

Pgi-1 A 
Pgi-1 B 
Pgi-1 C

0.00
0.68
0.32

0.00
1.00
0.00

0.00
1.00
0.00

0.00
0.38
0.63

0.42
0.58
0.00

0.00
0.89
0.11

0.00
0.00
1.00

0.00
1.00
0.00

0.02
0.57
0.41

0.00
0.00
1.00

Pgi-2 A 
Pgi-2 B

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

1.00
0.00

0.00
1.00

0.00
1.00

1.00
0.00

0.00
1.00

0.00
1.00

Mdh-1 A 
Mdh-1 0

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

0.00
1.00

1.00
0.00

1.00
0.00

Mdh-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Mdh-3 A 
Mdh-3 B

0.48
0.52

0.16
0.84

0.00
1.00

1.00
0.00

0.00
1.00

0.53
0.47

1.00
0.00

0.00
1.00

0.68
0.32

0.00
1.00

Idh-1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Idh-2 A 
Idh-2 B 
Idh-2 0

0.09
0.91
0.00

0.50
0.50
0.00

0.10
0.90
0.00

0.25
0.75
0.00

0.20
0.80
0.00

0.50
0.50
0.00

0.50
0.50
0.00

0.00
0.50
0.50

0.13
0.88
0.00

0.35
0.65
0.00
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Allele Population
KWV LeON LMI LON MIL MWV OME OMO ONY OON

6Pgd-l A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

6Pgd-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Skdh-1 A 
Skdh-1 B

1.00
0.00

1.00
0.00

0.75
0.25

0.94
0.06

0.75
0.25

1.00
0.00

1.00
0.00

1.00
0.00

0.87
0.13

1.00
0.00

Adh-1 A 
Adh-1 B

1.00
0.00

1.00
0.00

0.50
0.50

1,00
0.00

0.50
0.50

0.57
0.43

1.00
0.00

0.64
0.36

0.89
0.11

0.88
0.13

Allele Populal ion
QCA QCB QCC QCD QCE RKY RNCA RNCB RON TV A

Tpi -1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Tpi -2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Tpi -3 A 
Tpi -3 0

0.00
1.00

0.80
0.20

0.92
0.08

1.00
0.00

0.98
0.02

0.21
0.79

1.00
0.00

1.00
0.00

0.96
0.04

1.00
0.00

Sod-IA 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Sod -2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Aco-1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Aco-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Got-2 0 
Got-2 A

0.00
1.00

0.04
0.96

0.00
1.00

0.00
1.00

0.00
1.00

0.06
0.94

0.00
1.00

0.00
1.00

0.16
0.84

0.00
1.00

Got-3 A 
Got-3 B 
Got-3 C

1.00
0.00
0.00

0.04
0.00
0.96

0.00
0.00
1.00

0.00
0.00
1.00

0.00
0.00
1.00

0.00
0.57
0.43

0.00
1.00
0.00

0.00
1.00
0.00

0.39
0.04
0.57

0.00
1.00
0.00

Pgi-1 A 
Pgi-1 B 
Pgi-1 C

0.00
0.60
0.40

0.00
0.73
0.27

0.00
0.52
0.48

0.00
0.06
0.94

0.00
0.00
1.00

0;05
0.95
0.00

0.00
0.00
1.00

0.00
0.42
0.58

0.00
0.42
0.58

0.00
0.05
0.95

ra 
""a

pq 
Oq

 
1 

1 0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.06
0.94

0.78
0.22

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

Mdh-1 A 
Mdh-1 O

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

0.67
0.33

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

Mdh-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Mdh-3 A 
Mdh-3 B

0.00
1.00

0.04
0.96

0.08
0.92

0.96
0.04

0.13
0.88

0.03
0.97

1.00
0.00

1.00
0.00

0.08
0.92

0.94
0.06
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Allele Populalion
QCA QCB QCC QCD QCE RKY RNCA RNCB RON TVA

Idh-1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Idh-2 A 
Idh-2 B 
Idh-2 O

0.00
1.00
0.00

0.08
0.92
0.00

0.24
0.76
0.00

0.13
0.88
0.00

0.25
0.75
0.00

0.41
0.59
0.00

0.25
0.75
0.00

0.50
0.50
0.00

0.50
0.50
0.00

0.25 
0.75 , 
0.00

6Pgd-l A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

6Pgd-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Skdh-1 A 
Skdh-1 B

0.50
0.50

0.63
0.37

1.00
0.00

0.63
0.37

0.89
0.11

0.85
0.15

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

Adh-1 A 
Adh-1 B

0.74
0.26

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

0.65
0.35

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

Allele Populaltion
WKY WVT BCA BCB BCC DRSC JLA JLB MGA RE1

Tpi -1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Tpi -2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Tpi -3 A 
Tpi -3 0

0.96
0.04

1.00
0.00

0.16
0.84

0.52
0.48

0.44
0.56

0.13
0.88

0.08
0.92

0.24
0.76

0.00
1.00

0.16
0.84

Sod -1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Sod -2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Aco-1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Aco-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Got-2 0 
Got-2 A

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.04
0.96

0.20
0.80

0.04
0.96

0.08
0.92

0.09
0.91

Got-3 A 
Got-3 B 
Got-3 C

0.00
0.29
0.71

0.00
1.00
0.00

0.00
0.82
0.18

0.00
1.00
0.00

0.00
1.00
0.00

0.00
0.47
0.53

0.38
0.28
0.34

0.18
0.36
0.46

0.10
0.86
0.03

0.00
0.67
0.33

Pgi-1 A 
Pgi-1 B 
Pgi-1 C

0.00
1.00
0.00

0.00
0.00
1.00

0.00
0.90
0.10

0.00
0.77
0.23

0.00
0.82
0.18

0.11
0.80
0.09

0.07
0.85
0.08

0.02
0.88
0.10

0.00
0.96
0.04

0.10
0.81
0.08

Pgi-2 A 
Pgi-2 B

1.00
0.00

0.00
1.00

0.45
0.55

0.11
0.89

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

0.85
0.15

0.00
1.00

Mdh-1 A 
Mdh-1 O

1.00
0.00

1.00
0.00

0.27
0.73

1.00
0.00

0.93
0.07

1.00
0.00

1.00
0.00

1.00
0.00

0.72
0.28

1.00
0.00
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Allele Populaf ion
WKY WVT BCA BCB BCC DRSC JLA JLB MGA RE1

Mdh-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
*

Mdh-3 A 
Mdh-3 B

0.00
1.00

1.00
0.00

0.72
0.28

0.08
0.92

0.12
0.88

0.08 
0.92 .

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

ldh-1 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Idh-2 A 
Idh-2 B 
Idh-2 O

0.35
0.65
0.00

0.50
0.50
0.00

0.45
0.55
0.00

0.33
0.67
0.00

0.24
0.76
0.00

0.10
0.90
0.00

0.17
0.83
0.00

0.16
0.84
0.00

0.48
0.52
0.00

0.15
0.85
0.00

6Pgd-l A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

6Pgd-2 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Skdh-1 A 
Skdh-1 B

0.82
0.18

1.00
o.oo'

0.95
0.05

0.84
0.16

0.97
0.03

0.65
0.35

0.72
0.28

0.68
0.32

0.97
0.03

0.77
0.23

Adh-1 A 
Adh-1 B

0.50
0.50

0.90
0.10

0.63
0.37

0.64
0.36

0.50
0.50

0.50
0.50

0.50
0.50

0.52
0.48

0.75
0.25

0.50
0.50

Allele Populal ion
RE2 SHB SHA TKA

Tpi -1 A 1.00 1.00 1.00- 1.00

Tpi -2 A 1.00 1.00 1.00 1.00

Tpi -3 A 
Tpi -3 0

0.12
0.88

0.36
0.64

0.16
0.84

0.04
0.96

Sod -1 A 1.00 1.00 1.00 1.00

Sod -2 A 1.00 1.00 1.00 1.00

Aco-1 A 1.00 1.00 1.00 1.00

Aco-2 A 1.00 1.00 1.00 1.00

Got-2 0 
Got-2 A

0.00
1.00

0.00
1.00

0.04
0.96

0.15
0.85

Got-3 A- 
Got-3 B 
Got-3 C

0.00
1.00
0.00

0.25
0.50
0.25

0.48
0.18
0.35

0.41
0.12
0.47

Pgi-1 A 
Pgi-1 B 
Pgi-1 C

0.03
0.83
0.15

0.02
0.90
0.08

0.02
0.92
0.06

0.08
0.86
0.06



Allele Populal ion
RE2 SHE SHA TKA

Pgi-2 A 
Pgi-2 B

0.00
1.00

0.00
1.00

0.00
1.00

0.00
1.00

Mdh-1 A 
Mdh-1 0

1.00
0.00

1.00
0.00

1.00
0.00

1.00
0.00

Mdh-2 A 1.00 1.00 1.00 1.00

Mdh-3 A 
Mdh-3 B

0.08
0.92

0.04
0.96

0.00
1.00

0.00
1.00

Idh-1 A 1.00 1.00 1.00 1.00

Idh-2 A 
Idh-2 B 
Idh-2 0

0.14
0.86
0.00

0.13
0.87
0.00

0.18
0.82
0.00

0.12
0.88
0.00

6Pgd-l A 1.00 1.00 1.00 1.00

6Pgd-2 A 1.00 1.00 1.00 1.00

Skdh-1 A 
Skdh-1 B

0.77
0.23

0.76
0.24

0.93
0.07

0.71
0.29

Adh-1 A 
Adh-1 B

0.50
0.50

0.50
0.50

0.61
0.39

0.59
0.41
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Appendix 4: Allozymes visualized in individual enzyme systems were genetically 
interpreted as follows. Diagrams of typical banding patterns are included. Enzyme 
systems are shown in alphabetical order.

6-PGD (dimer)

Quaternary Banding Pattern 
Structure

la la

Genotypes. Locus 1 AA
Locus 2 AA

The monomorphic pattern exhibited by 6-PGD was interpreted as including 2 loci

with each being fixed for a single allele. An interlocus heterodimer was formed.

ACO (dimer)

Quaternary Banding Pattern 
Structure

2a2a i—

Genotypes'. Locus 1 AA
Locus 2 siA

The banding pattern for ACO was fixed for 2 bands interpreted as 2 monomorphic 

loci. A series of 2 slower bands was occasionally visualized at low intensities, but was 

not scored due to faint and unreliable staining.
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ADH (dimer)

Quaternary Structure Banding Patterns

la la  
la lb  
lb lb

11 i n

Genotypes-. w ;  M  ^  BB

Banding patterns for ADH were interpreted as a single polymorphic locus with 2 

alleles found in both homozygous and heterozygous individuals. One or 2 additional 

slower bands were occasionally visualized and were interpreted as belonging to a second 

unreliably staining locus, thus they were not scored for analysis.

GDH (tetramer)

V  V I  V l l

Patterns for GDH included from 1 to 3 distinguishable bands, though the pattern 

was located low on the gel and additional bands may have been obscured or located at the 

origin. Interpretation of this system was complicated by the tetrameric quaternary 

structure of the enzyme, by the possible presence of unbalanced heterozygotes and by the 

uncertainty that all enzyme products were successfully visualized. Hence, this system 

was not included in analyses other than estimates of percent polymorphic loci.
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GOT (dimer)

Genotypes: i ii iii iv V vi vii viii ix

Locus 1 AA AA AA AA AA AA AA AA AA
Locus 2 AA AA AA AA AA OO OO OO AO
Locus 3 AA BB CC AB BC CC AA BB BB

GOT exhibited diverse banding patterns interpreted as being controlled by of 3 

loci. The first locus stained faintly and was often obscured by a more darkly staining 

slightly slower band. Hence, Locus 1 was not scored for analysis although it appeared to 

be monomorphic with a single allele.

Locus 2 was visualized most commonly as a single band slightly slower than 

Locus 1 (patterns i-v; the second fastest band). This band was interpreted as representing 

homozygotes for the single active allele at the locus. Heterodimers (patterns i-v; the third 

fastest band) were formed with Locus 3 and were visible in pollen. Several patterns (vi- 

vii) were interpreted as being homozygous for a null allele with an inactive product at 

Locus 2 while exhibiting interlocus heterodimers (the second fastest bands in these 

patterns) between the inactive product and Locus 3. The null alleles in these patterns 

were scored as being identical because differences in migration between interlocus 

heterodimers could largely be explained by the presence of different alleles at locus 3. 

However, the patterns above also suggest that multiple null alleles may exist. The 

lumping of null alleles may underestimate the level of variation at this locus. Pattern “ix” 

was interpreted as resulting from Locus 2 being heterozygous for the common active 

allele and an inactive allele, resulting in faint banding at the location of the active allele
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and 2 interlocus heterodimers, the faster faint band being a heterodimer between locus 3 

and the inactive product and the darker band being a heterodimer between locus 3 and the 

active product.

Locus 3 was interpreted as having homozygotes and heterozygotes for 3 alleles 

(the slowest band in all patterns). Patterns “i”, “ii”, and “iii” were interpreted as 

homozygotes for alleles A, B, and C, respectively. Pattern “iv” was interpreted as a 

heterozygote at locus 3 with alleles A and B, while pattern “v” was interpreted as a 

heterozygote between alleles B and C. These are the only classes of heterozygotes scored 

at locus 3.

IDH (dimer)

Quaternary Structure

I a. I a 
la2a
la2b / 2a2a —
2a2b —
2b2b —
2b2o 
2o2o

Genotypes'. Locus 1 AAAA 
Locus 2 AAAB

Banding Patterns

11 ill IV V VI

AAAA AAAA AAAA AAAA AAAA
AABB ABBB BBBB BBBO BBOO

Locus 1

Interlocus
het’s.

Locus 2

Banding patterns for IDH have been interpreted as including 2 loci forming 

interlocus heterodimers. Differences in intensities of bands between patterns suggest that 

several of these patterns are produced by unbalanced heterozygotes; hence individuals 

were scored for 4 alleles at each locus. Note that this interpretation requires a duplication 

within IDH in addition to its tetraploid status.
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Under this interpretation, Locus 1 is monomorphic with a single allele A. Locus 2 

was interpreted as having 2 active alleles and a third null allele. These alleles were 

scored as the classes of homozygotes and heterozygotes shown above. Reconsideration 

of patterns “v” and “vi” suggests that a more appropriate interpretation of Locus 2 would 

be ABBO (or AABO) and ABOO for these patterns, respectively. Changes to the scoring 

of Locus 2 will be included in data analyses for future publications, but have not been 

made in this thesis, due to the small effect that these changes are expected to have on 

final results.

Allele A at Locus 1 is presumed to produce a less active (less darkly staining) 

product than allele B at Locus 2, as seen in pattern “iv”.

MDH (dimer or tetramer) 

Quaternary Structure Banding Patterns

1 11 111 IV
Locus 1 AA AA AA OO
Locus 2 AA AA AA AA
Locus 3 AA BB AB BB

Locus 1 
Interlocus het. 
Locus 2
Locus 3

MDH was interpreted as displaying the products of 3 loci, with Locus 1 and Locus 

2 forming interlocus heterodimers and the Locus 3 being compartmentalized. At Locus 1 

a single active allele (patterns i-iii) and a null allele (pattern iv) were identified. Both 

alleles formed interlocus heterodimers with Locus 2, shown above as the second fastest
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band in patterns i-iii and as the fastest band in pattern iv. No heterozygotes were 

observed at locus 1.

Locus 2 was interpreted as being monomorphic homozygous for allele A, shown 

above as the third fastest band in patterns patterns i-iii and as the second fastest band in 

pattern iv.

Two alleles were identified for locus 3 and were observed in both homozygous 

(patterns “i” and “ii”) and heterozygous (pattern “in”) individuals.

PGI (dimer)

Quaternary
Structure

lala —
lalb
lblb
lblc
lclc

la2b —
lb2b
lc2b / 2a2a

origin
2b2b

Locus 1 
Locus 2

Banding Patterns

1 11 111 IV V VI

AA AB BB BC CC CC
BB BB BB BB BB AA

Locus 1

—  Locus 2 
Interlocus

Locus 2

Banding patterns for PGI were interpreted as displaying 2 polymorphic loci 

forming interlocus heterodimers. Locus 1 was interpreted as having 3 alleles displaying 

various homozygous and heterozygous conditions. Patterns “ii” and “iv” diagram the 

only classes of heterozygotes observed at Locus 1.

The common pattern for Locus 2 consisted of a single cathodally migrating band 

interpreted as being homozygous for allele B (patterns i-v). These patterns produced a
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variety of interlocus heterodimers based on the alleles present at Locus 1. Locus 2 was 

also interpreted as having a less common fast allele coding for an anodally migrating 

band. Thus, pattern “vi” was interpreted as being homozygous for allele A at Locus 2 

(with the migration of the band coded by allele A coincidentally aligning with the 

migration of interlocus heterodimers in patterns iv and v). Heterozygotes AB were also 

observed at locus 2 (not diagramed above).

An unresolved region of staining faster than the 3 included in the diagram above 

was often visible on PGI gels, but could not be scored.

SKDH (monomer)

Quaternary Structure Banding Patterns

i ii iii

Genotypes'. Locus 1 AAAA AAAB AABB

Banding patterns for SKD were interpreted as including a single scorable locus 

with two alleles and unbalanced heterozygotes. The fastest band and slowest band shown 

in pattern “i” above were not scored for analysis because their intensities varied greatly 

and appeared to be entirely independent of any other portion of the banding pattern, 

including each other. Individuals exhibiting one of either of these bands were observed, 

as well as individuals exhibiting both or neither of them, in combination with each of the 

patterns shown above for the middle migrating bands. As a result of these complications,



the genetic control of the fastest and slowest bands shown in pattern “i” was ambiguous.

The staining intensity of SKDH was fainter than that observed for most other enzyme

systems, which may account for some of the ambiguity surrounding these bands if they
*

sometimes stained too faintly for accurate observation and scoring.

At the scored locus, one to four copies of a single alleles were scored for each 

individual due to the appearance of unbalanced heterozygotes. The protein product of 

allele A appears to undergo post-translational modifications, or breakdown during the 

electrophoretic process, resulting in a two-band pattern (the second and third fastest bands 

in pattern “i” and the first and second fastest bands in patterns ii and iii). All observed 

banding patterns were interpreted as having at least 2 copies of allele A, which suggests 

that there may actually be two overlapping loci, one of which is fixed homozygous for 

allele A with the other being polymorphic.

SOD (dimer)

Quaternary Banding Pattern 
Structure

la la  i  1
2a2a [ "1

Genotypes'. Locus 1 AA
Locus 2 AA

The banding pattern displayed for SOD was monomorphic for 2 reverse bands 

(i.e. a light band on a darkly stained background), which were interpreted as 2 

compartmentalized fixed-homozygous loci. A separate slower set of 2 bands was 

occasionally visualized and may indicate additional loci in the system. These slower 

bands were not scored due to the infrequency of their resolution.
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TPI (dimer) 

Quaternary Structure 

la la

2a2a

2a3a / 2a3o 

3a3a

Banding Patterns

— Locus 1

Locus 2 

|— Interlocus het.

[—  Locus 3

Genotypes'. T 7 Locus 1
Locus 2
Locus 3

AA
AA
AA

AA
AA
OO

TPI was interpreted as displaying the products of 3 loci, with the fastest locus 

(Locus 1) being compartmentalized and monomorphic with a single allele (visualized as a 

single band, as shown above).

The second locus (Locus 2) was also interpreted as being monomorphic for a 

single allele, but was visualized as two bands due the presence of a faint ghost-band 

produced by post-translational modification to the primary product. In the diagram 

above, the ghost band is the faster of the two Locus 2 bands and the primary product of 

the monomorphic allele is the slower band. In addition, the Locus 2 allele was interpreted 

as producing interlocus heterodimers with Locus 3, shown as the fourth fastest band in 

the diagram above. This interpretation was supported by the visualization of the 

proposed interlocus heterodimer when pollen was examined (Weeden and Gottlieb 1980). 

The Locus 2 banding pattern was also interpreted as including a faint band (ghost band) 

produced by post-translational modification to the primary product or enzyme breakdown, 

which is faster than the primary band.



The third locus was interpreted as consisting of 2 alleles, 1 of which produces an 

active enzyme product (diagram i). The second proposed allele results in an inactive 

homodimer, but forms an active interlocus heterodimer with locus 2 (diagram ii). No 

heterozygous genotypes between the active and null alleles for Locus 2 were observed.



Appendix 5: Nei’s (1978) unbiased genetic differences between wild populations.

WVT QCA QCB QCC QCD QCE OON LON
WVT —

QCA 0.5963 —

QCB 0.3829 0.2457 —

QCC 0.3346 0.3071 0.0036 —

QCD 0.2762 0.5307 0.1355 0.1317 —

QCE 0.3231 0.3943 0.1040 0.0703 0.3055 —

OON 0.2992 0.3472 0.0682 0.0403 0.2693 0.0118 —

LON 0.2176 0.1797 0.2839 0.2994 0.2051 0.4133 0.3373 —
CPA 0.0004 0.5725 0.3643 0.3221 0.2583 0.3416 0.3024 0.2005
CGA 1.0021 0.5493 0.6705 0.7621 0.9753 1.1242 0.9620 0.8444
MIL ■ 1.0475 0.3384 0.3046 0.3496 0.5522 0.4333 0.4232 0.5657
WKY 0.8253 0.6345 0.3587 0.3737 0.4985 0.3657 0.4722 0.9135
RKY 0.6422 0.2554 0.1710 0.2154 0.3660 0.3394 0.3324 0.4739
OMO 1.0855 0.5665 0.7481 0.8484 1.0853 1.0929 1.0350 0.9474
BMO 0.7705 0.0189 0.2799 0.3653 0.5241 0.4929 0.4827 0.2585
RNCA -0.0001 0.5962 0.3758 0.3288 0.2721 0.3357 0.2988 0.2131
RNCB 0.0225 0.5442 0.3134 0.2906 0.1805 0.3831 0.3422 0.1990
CNC 0.0421 0.4531 0.2756 0.2512 0.2615 0.2296 0.2504 0.2780
CVA 0.1374 0.3684 0.1959 0.1752 0.4148 0.1716 0.1415 0.3943
BVA 0.5116 0.3506 0.0389 0.0502 0.1500 0.1377 0.1517 0.4511
TVA 0.0009 0.5714 0.3508 0.3075 0.2644 0.3218 0.2845 0.2161
KWV 0.2165 0.2091 0.0572 0.0708 0.0947 0.2047 0.1494 0.1218
RON 0.2807 0.2299 0.0265 0.0245 0.1797 0.0843 0.0525 0.2477
FON 0.1353 0.5962 0.2103 0.1606 0.1184 0.1687 0.1391 0.1714
LeON 0.5293 0.1743 0.0688 0.1088 0.1888 0.2981 0.2325 0.2415
ONY 0.1868 0.2882 0.0702 0.0702 0.0458 0.1691 0.1334 0.1015
OME -0.0001 0.5962 0.3758 0.3288 0.2721 0.3357 0.2988 0.2131
LMI 1.1173 0.1810 0.4774 0.5968 0.7869 0.7545 0.7381 0.4747
MWV 0.1985 0.2906 0.2197 0.2468 0.2437 0.3504 0.3586 0.2890
EIA 0.7619 0.0239 0.2919 0.3740 0.5496 0.4843 0.4741 0.2612
JCAD 0.4094 0.1088 0.1786 0.2285 0.3864 0.3066 0.3092 0.3006

CPA CGA MIL WKY RKY OMO BMO RNCA
CPA —

CGA 0.9375 —

MIL 1.0195 0.3472 —

WKY 0.8496 0.5806 0.1775 —

RKY 0.6200 0.2201 0.0492 0.1277 —
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CPA CGA MIL WKY RKY OMO BMO RNCA
OMO 1.0419 0.0190 0.3158 0.4625 0.2002 —
BMO 0.7443 0.5319 0.3037 0.4901 0.2021 0.5005 —
RNCA 0.0003 0.9808 1.0601 0.8683 0.6504 1.0899 0.7832 —
RNCB 0.0164 0.8177 0.9320 0.7147 0.5104 0.9084 0.6378 0.0219
CNC 0.0498 0.8066 0.7645 0.4786 0.3967 0.7917 0.5103 0.0528
CVA 0.1364 0.6639 0.7005 0.5719 0.3706 0.7338 0.5048 0.1355
BVA 0.5034 0.7636 0.3162 0.2155 0.1563 0.7574 0.3002 0.5193
TVA 0.0006 0.8987 0.9737 0.7907 0.5905 0.9991 0.7471 0.0007
KWV 0.1955 0.5351 0.3147 0.4641 0.1706 0.6050 0.2451 0.2113
RON 0.2708 0.7895 0.4501 0.4275 0.2597 0.8867 0.3025 0.2748
FON 0.1356 1.3863 0.7236 0.7477 0.6053 1.5737 0.7832 0.1335
LeON 0.4899 0.4591 0.1977 0.4403 0.1124 0.5135 0.1652 0.5194
ONY 0.1739 0.7634 0.3814 0.4760 0.2494 0.8351 0.3321 0.1854
OME 0.0003 0.9808 1.0601 0.8683 0.6504 1.0899 0.7832 0.0000
LMI 1.0804 0.7935 0.5322 0.7491 0.3928 0.7621 0.1309 1.1299
MWV 0.1914 0.4884 0.4861 0.3579 0.1873 0.4684 0.2501 0.2090
EIA 0.7383 0.5595 0.3014 0.5174 0.2210 0.5282 -0.0095 0.7746
JCAD 0.3980 0.4138 0.2814 0.3446 0.1057 0.3824 0.0777 0.4221

RNCB CNC CVA BVA TVA KWV RON FON
RNCB —

CNC 0.0440 —
,

CVA 0.1558 0.0879 —

BVA 0.4001 0.3052 0.2995 —

TVA 0.0185 0.0455 0.1188 0.4865 —

KWV 0.1527 0.1707 0.1897 0.1294 0.1973 —

RON 0.2517 0.2082 0.1225 0.0925 0.2552 0.0951 —

FON 0.1633 0.2095 0.2916 0.3231 0.1376 0.1628 0.1794 —

LeON 0.3981 0.3954 0.3539 0.1185 0.4912 0.0437 0.1608 0.3710
ONY 0.1416 0.1673 0.2401 0.1329 0.1781 0.0155 0.0907 0.0793
OME 0.0219 0.0528 0.1355 0.5193 0.0007 0.2113 0.2748 0.1335
LMI 0.9426 0.7944 0.7614 0.5112 1.0885 0.4681 0.4420 1.1299
MWV 0.1218 0.0738 0.1699 0.2060 0.1905 0.1071 0.2316 0.3995
EIA 0.6465 0.5137 0.4990 0.3211 0.7407 0.2576 0.3079 0.7746
JCAD 0.3301 0.2130 0.2190 0.1870 0.3938 0.1195 0.2065 0.5526

LeON ONY OME LMI MWV EIA JCAD
LeON —

ONY 0.0983 —

OME 0.5194 0.1854 —



LeON ONY OME LMI MWV EIA JCAD
LMI 0.3532 0.5118 1.1299 —

MWV 0.1927 0.1600 0.2090 0.4696 —

EIA 0.1830 0.3423 0.7746 0.1472 0.2687 —

JCAD 0.1105 0.2031 0.4221 0.2327 0.0581 0.0895 —



Appendix 6: Cluster levels produced through UPGMA of Nei’s (1978) unbiased genetic 
differences between all pairs of populations.

Node Label Cluster Level
45 0.000000
46 0.000000
47 0.000000
48 0.000000
49 0.000000
50 0.000000
51 0.000169
52 0.000377
53 0.000401
54 0.001629
55 0.001635
56 0.003569
57 0.005373
58 0.006179
59 0.007261
60 0.008014
61 0.008887
62 0.009323
63 0.009474
64 0.010417
65 0.011107
66 0.013765

Node Label Cluster Level
67 0.013904
68 0.020213
69 0.021804
70 0.026559
71 0.029646
72 0.030118
73 0.034289
74 0.041100
75 0.053652
76 0.053990
77 0.056990
78 0.058025
79 0.064226
80 0.076992
81 0.085990
82 0.099660
83 0.102932
84 0.115217
85 0.115311
86 0.147470
87 0.162785
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