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Abstract American ginseng (Panax quinquefolius)

is a native North American medicinal plant that is

becoming increasingly vulnerable despite government

harvest restrictions. To better understand the genetic

diversity and gene flow of American ginseng, we

studied RAPD variation in cultivated and wild pop-

ulations. Classical and Bayesian analogues of genetic

diversity statistics were estimated in seven wild and

two cultivated populations. The wild populations were

more highly structured (Gstb = 0.41) than the culti-

vated populations (Gstb = 0.24). The genetic diversity

within populations ranged from Heb = 0.05 to 0.38.

Based on genetic pairwise distances, six of the wild

populations clustered with the locally-derived culti-

vated population, while one wild population was more

similar to the non-local cultivated population than the

local populations. This wild population was highly

diverse (P = 1.0; U = 1.0) suggesting that it was

supplemented from exotic seed. A set of eight RAPD

markers was identified that differentiated plants of

local and non-local origin. As a conservation strategy,

we recommend that regional gene banks be estab-

lished based on molecular and geographic diversity to

preserve the locally adapted germplasm. These

regional gene banks would serve as a conservation

tool and also provide a source of genes for genetic

improvement of cultivated ginseng.
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History

Economically important wild species are frequently

endangered due to overharvest. This has certainly been

the case for ginseng, a valued medicinal herb

commonly used in Traditional Chinese Medicine.

The survival of the most widely used ginseng species,

Asian ginseng (Panax ginseng C. A. Mey.) and

American ginseng (Panax quinquefolius), have been

threatened by the overharvest of wild populations. As

early as 1000 BC, the demand for Asian ginseng vastly

exceeded the supply, creating an economic incentive

to find new sources of this costly herb (Duke 1989;

Persons and Davis 2005). In 1713, the Royal Society

published a letter from Father Jartoux, a Jesuit

missionary in China, containing a description of

ginseng’s botany, habitat, medicinal uses, and its

exorbitant market value in China. Most noteworthy
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was his observation that if ginseng is ‘‘to be found in

any other Country in the World, it may be particularly

in Canada, where the Forests and Mountains, accord-

ing to the relation of those that have lived there, very

much resemble these here.’’ (Jartoux et al. 1713). This

letter inspired Joseph Lafitau, also a Jesuit missionary,

to search for ginseng in eastern Canada, where in

1716, he discovered American ginseng, a congener of

Asian ginseng (Appleby 1983). American ginseng

rapidly became a lucrative export and overharvest

soon depleted Canadian ginseng populations. This

fueled the search for additional populations, which

were soon found across the eastern US (Duke 1989;

Persons and Davis 2005; Pritts 1995; Taylor 2006). In

response to the strong export demand and declining

wild populations, growers began to cultivate ginseng

in shade-covered lath houses in the 1800s (Nash

1898). Theoretically, cultivated ginseng could allevi-

ate the harvest pressure on wild ginseng populations

except that wild and cultivated ginseng have separate

markets (Burkhart and Jacobson 2009) and the market

value for wild roots is typically 10 times higher than

for cultivated roots (Cheng and Mitchell 2009). This

two-tiered price and demand structure encourages

wild harvest at levels that continue to threaten the

survival of wild ginseng populations.

Study species

American ginseng (P. quinquefolius) is a mixed-

mating, perennial herb that is native to the understory

of mature deciduous forests throughout eastern USA

and Canada. Ginseng grows slowly in the wild and

requires at least three growing seasons to produce

berries. Ginseng berries ripen in early September and

each berry contains 2–3 seeds that are primarily

gravity dispersed and germinate within 2 m of the

maternal plant (Anderson et al. 2002). Populations of

wild ginseng exhibit low recruitment and establish-

ment rates but plants are long-lived. A wild ginseng

plant was recently discovered growing in Maryland

that was estimated to be a century old (Moses 2007),

but plants older than 10 years are uncommon in wild

populations (Anderson et al. 2002), most likely due to

extensive wild harvesting. Ginseng, when cultivated in

fields under shade cloth, grows more rapidly and can

be marketable after 4 years of growth (Persons and

Davis 2005). Fast-growing cultivated ginseng roots

are easily distinguished from roots that are grown in an

undisturbed natural forest habitat and lack the gnarly

shape, dark color, and density that are desirable

characteristics of wild ginseng roots.

Declining populations

American ginseng roots are sold throughout the world

in a variety of forms. Initially, ginseng was used as an

herbal medicine for its multiple therapeutic benefits

but has recently also become a popular dietary

supplement marketed to boost energy. American

ginseng has been listed in Appendix II of CITES

(Convention on International Trade in Endangered

Species of Wild Fauna and Flora) since 1975 (UNEP-

WCMC 2011). Species listed in Appendix II are

potentially threatened with extinction from excessive

harvest. The US Fish and Wildlife Service (USFWS)

and Canada Environment are authorized by their

governments to closely regulate the export of wild

ginseng to ensure that export will not pose a risk to

species survival. These governmental agencies are

responsible for issuing ‘‘non-detriment findings’’

based on the best currently available scientific

research (US Fish and Wildlife Service 2009, 2011;

Environment Canada 2011; US Fish and Wildlife

Service 1994, 2006). In Canada, the harvest and export

of wild ginseng has been considered unsustainable and

has been illegal since 1989. This decision is largely

based on ‘‘the biological characteristics of the species

(slow-growing, high seed mortality, low seedling

establishment, mature woodland habitat), in addition

to the low abundance of the species, declining

population trends, as well as difficulties associated

with protection and conservation’’ (Environment

Canada 2011). Cultivated ginseng roots, however,

continue to be an important Canadian export (Agri-

culture and Agri-Food Canada 2011). In the US, the

status of wild ginseng populations is more secure than

in Canada and is exported more than any other wild-

harvested native plant species listed under CITES (US

Fish and Wildlife Service 2009). Since 2006, in order

to ensure the survival of the species, the USFWS has

banned the export of wild and wild-simulated ginseng

roots that are younger than 5 years of age. In addition,

the nineteen US states that export wild American

ginseng have implemented laws and certification

programs that ban the harvest of wild ginseng before
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the berries are mature and require ‘‘diggers’’ (harvest-

ers of wild ginseng roots) to plant the berries to replace

the harvested plants.

Despite harvest and trade restrictions, wild American

ginseng populations in the US continue to decline

(NatureServe 2011). The decline in status has been

attributed to a combination of noncompliance and

insufficient enforcement of the laws, habitat loss, and

excess deer browse (Cruse-Sanders and Hamrick 2004;

McGraw and Furedi 2005; Van Der Voort et al. 2003).

In an effort to reduce harvest pressure on wild popula-

tions, growers and diggers are encouraged to plant wild-

simulated ginseng as an economically viable harvest

alternative to wild ginseng (US Fish and Wildlife

Service 2009). Unlike wild ginseng, wild-simulated

ginseng is intentionally seeded or transplanted into a

native habitat then left to grow without further cultiva-

tion. Wild and wild-simulated roots have similar

morphology phenotype, market value, and share the

same export and trade regulations (US Fish and Wildlife

Service 2011). State ginseng root certification programs

that distinguish between wild and wild-simulated roots

depend on digger information, which can be unreliable

and inaccurate. The establishment of wild-simulated

populations and supplementation of wild populations is

alleged to be common and a recent survey of ginseng

dealers suggests that government statistics collected on

‘‘wild’’ roots harvested are most likely a mixture of wild

and wild-simulated roots (McGuffin 2009). The US-

FWS considers the inability to quantify the amount of

wild-simulated ginseng reported as ‘‘wild’’ to be a major

obstacle to assessing the impact of harvest on wild

American ginseng (US Fish and Wildlife Service 2011).

Also, if ‘‘wild’’ populations are supplemented or solely

derived from intentional planting of non-local seed,

there are concerns related to potential genetic erosion

and its effect on the long-term viability of the species

(Mooney and McGraw 2007). Thus, for effective

genetic conservation of ginseng, there is a critical need

to quantify, assess, and monitor the extent and the

genetic origin of wild-simulated and supplemented wild

populations.

Genetic diversity

Research on the genetic diversity within and among

wild and cultivated ginseng populations has provided

essential information used to develop effective

policies, regulations, and recommended practices for

conservation. Table 1 provides a summary of pub-

lished estimates of genetic statistics estimating the

genetic diversity among and within American ginseng

populations (Boehm et al. 1999; Cruse-Sanders and

Hamrick 2004; Grubbs and Case 2004; Lim et al.

2007; Schluter and Punja 2002). These analogous

genetic statistics were based on the analysis of

allozyme or RAPD markers from studies conducted

on numerous wild and cultivated populations found

throughout different geographic regions in the US and

Canada. In general, the total genetic variation of

American ginseng was high at the species level and

across both wild and cultivated populations. Studies

comparing wild and cultivated populations have

concluded that these different types of ginseng pop-

ulations have remained genetically distinct (Boehm

et al. 1999; Grubbs and Case 2004; Schluter and Punja

2002). The proportion of total genetic variation among

wild populations was found to be higher than among

cultivated populations, but wild populations that have

been protected from harvest were less highly struc-

tured than unprotected populations. The Gst levels of

protected wild populations were characteristic of

mixed-mating species (Boehm et al. 1999; Schluter

and Punja 2002), while the Gst levels of unprotected

wild populations were higher and characteristic of

inbreeding populations. Unprotected populations have

been declining in size and population size has been

found to be significantly correlated with allozyme

diversity (Cruse-Sanders and Hamrick 2004; Grubbs

and Case 2004). Thus, high levels of genetic structure

have been attributed to limited gene exchange and

extensive episodes of genetic drift associated with

small population size (Grubbs and Case 2004).

Geographic diversity has also been found to be

associated with genetic differences between wild

populations. Based on RAPD marker frequencies,

wild populations from geographically different

regions have been found to be genetically distinct

(Boehm et al. 1999; Lim et al. 2007).

Cultivated populations have also been found to be

genetically diverse, but in contrast to wild populations,

cultivated populations are less structured and harbor

proportionately less genetic diversity among popula-

tions and more among populations (Bai et al. 1997;

Boehm et al. 1999; Grubbs and Case 2004; Schluter

and Punja 2002). However, the cultivated populations

studied reflect the eclectic nature of cultivated
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populations, which should be recognized for valid

comparisons between studies. On one end of the

spectrum, cultivated populations are unrelated assem-

blages of germplasm from multiple sources and

geographic regions; thereby facilitating gene flow

across geographic regions. At the other end, cultivated

populations are grown as landraces from seed of

selected plants from local wild populations or their

progeny selected by the grower from their production

fields.

Molecular markers

Molecular markers have become an essential tool for

the studying genetic diversity. Molecular and statis-

tical techniques have been rapidly evolving to advance

genetic research and choosing the most suitable

technique from this wide array can be complicated

and controversial. What constitutes the optimum

molecular marker depends on a variety of factors,

including the specific research objectives as well as

practical considerations (Sunnucks 2000; van Tiend-

eren et al. 2002; Nybom 2004; Bonin et al. 2007). The

earliest molecular markers, allozymes, RAPDs, and

AFLPs have the advantages of ease, speed, and low

cost as compared to the newer, more sophisticated

molecular marker techniques based on microsatellites

that offer greater sensitivity, resolution, and genome

coverage (Agarwal et al. 2008). Microsatellite-based

markers are often preferred because they are codom-

inant, hypervariable, highly reproducible between

laboratories, and produce data suited to classical

genetic statistics. However, microsatellite markers are

locus-specific, which is a drawback for studying plant

species that lack extensive genetic research. For

Table 1 Summary of genetic diversity estimates from published studies of wild and cultivated American ginseng (P. quinquefolius)

populations

References N Type Geographic area Marker GD within

populations

GD among

populations

GD within

species

SM He SM Gst SM He

Boehm et al. (1999) 14 Wild, protected,

unprotected

US: PA, TN, WI RAPD 0.17b – – – 0.24 –

9 Cultivated US: WI, KY, MO, NC;

CA: BC, PEI, NVSC

RAPD 0.15b – – – 0.15 –

Schluter and Punja

(2002)

3 Wild, protected CA: QU RAPD 0.21b – – 0.28 0.27 –

8 Cultivated US: WI; CA: BC, ON,

QU, NVSC

RAPD 0.30b – – 0.18 0.31 –

Lim et al. (2007) 15 Wild, unprotected US: NY, KY, NC, PA,

TN, VA, WI

RAPD 0.26 – 0.27c – – –

Cruse-Sanders and

Hamrick (2004)

21 Wild, protected,

unprotected

US: GA, NC, WV, MD Allozyme – 0.07* – – – 0.16

8 Wild, protected US: NC Allozyme – 0.08* – 0.17 – –

13 Wild, unprotected US: GA, NC, WV, MD Allozyme – 0.07* – 0.49 – –

Grubbs and Case

(2004)

32 Wild, protected,

unprotected

Eastern US, CA Allozyme – 0.11 – 0.63 – 0.47

12 Cultivated Eastern US Allozyme – 0.20 – 0.24 – 0.31

Schlag and McIntosh

(This paper)

7 Wild, unprotected MD RAPD 0.20 0.19 – 0.41 0.33 0.33

2 Cultivated MD, TN/WIa RAPD 0.32 0.31 – 0.24 0.37 0.36

N number of populations, SM mean pair-wise simple-matching genetic distance, He mean expected heterozygosity based on all

markers (denoted by *) or polymorphic markers only
a Grown in MD from TN and WI seed sources
b Averaged across regions
c NY versus Non-NY
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American ginseng, the disadvantages of the time and

cost associated with the development of micro-satel-

lites markers can outweigh their advantages. Further-

more, a comprehensive analysis of published studies

using RAPDs, ISSR’s, AFLPs, and microsatellite

markers in plants found that estimates of intraspecific

genetic diversity were similar, regardless of marker

type, and could be compared across studies (Nybom

2004).

For our study, a marker technique was sought that

would be sufficiently informative to clarify the genetic

relationships among the study populations and had the

potential to become a practical means for genetic

fingerprinting of ginseng plants. Due to limitations on

time, expense, and laboratory equipment and because

American ginseng does not have locus-specific micro-

satellite markers, RAPD primers were deemed the most

suitable genetic markers for our research objectives.

Both allozyme and RAPD markers have been used to

estimate genetic diversity and gene frequencies in

American ginseng populations. Allozyme markers have

the advantage of being co-dominant but RAPDs have

the advantages of being DNA-based and more poly-

morphic. Although early research utilizing RAPD

markers was widely criticized for its poor reproducibil-

ity, subsequent studies have demonstrated that RAPD

banding patterns are reliable and reproducible for

intraspecific genetic diversity studies when careful

laboratory practices and sample replication are imple-

mented (Boehm et al. 1999; Skroch and Nienhuis 1995).

Another early criticism of RAPD and other dominant

markers is that classical statistical methods were

developed for co-dominant markers and require knowl-

edge of inbreeding and Hardy–Weinberg equilibrium.

To overcome this statistical insufficiency, Bayesian

approaches have been developed to estimate genetic

diversity parameters that are appropriate for dominant

markers (Holsinger et al. 2002). Because the properties

and robustness of the different diversity measures

remain controversial, Bonin et al. (2007) have suggested

that genetic diversity based on dominant markers should

be estimated using both classical and Bayesian statis-

tical and compared to ensure consistent results.

Study objectives

In our study, genetic distances and genetic diversity

within and among seven wild local populations, a

cultivated local population, and a cultivated non-local

population from Maryland were estimated using

RAPD markers. The main objectives of the study

were to: (1) assess and compare the genetic diversities

among and within wild and cultivated populations; (2)

infer the geographic origin, whether local or non-local,

of plants based on their genetic distances; (3) evaluate

the potential for using RAPD fingerprinting as a tool

for ginseng conservation; (4) use findings to propose a

conservation strategy for supplementation of wild

ginseng populations.

Materials and methods

Study populations

A total of 197 plants from seven wild and two

cultivated American ginseng populations growing in

western Maryland were investigated. The seven wild

populations (P1–P7) were located in forests typical of

American ginseng’s natural habitat. One of the

cultivated populations (MD) was assembled of plants

representative of a cultivated landrace population

derived and selected from seeds of local wild plants.

The other cultivated population (TN/WI) was grown

from seed purchased from Tennessee and Wisconsin

commercial sources, representing a heterogeneous

assemblage of seed of exotic origin. Descriptions of

the study populations including estimated population

size, plant sample size, collection location, and source

of origin are given in Table 2. Plant samples from the

wild populations located in two counties in western

Maryland, Garrett County (GC) and Washington

County (WC), were obtained from local collectors

(Table 2; Fig. 1). Distances between the GC popula-

tions ranged from 6 to 40 km. The WC populations

were closer, ranging from \0.1 to 2.5 km apart. The

average distance between the GC and the WC

populations was 136 km. Plant samples from culti-

vated fields in Maryland were obtained from Maryland

growers and grouped into populations based on grower

information on their seed source.

DNA extraction and RAPD PCR

RAPD analysis was conducted on leaf tissue samples

for the majority of plants. Root tissue was analyzed for

18 cultivated plants, twelve MD and six TN/WI plants,
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where only roots had been collected. The RAPD

profiles of the root samples were consistent with the

leaf samples from the same population.

Leaves were freeze-dried for 24 h and immediately

ground to a fine powder in a 1.5-ml microcentrifuge

tube with a micropestle. Roots were freeze-dried for

Table 2 Description of

American ginseng (P.
quinquefolius) samples

from populations in

Maryland

n sample size, N estimated

population size, A Allegany

Co., F Fredrick Co.,

G Garrett Co.,

W Washington Co
a Tennessee (TN) and

Wisconsin (WI)

commercial seed

Population Type Site (county) Seed source n N

MD Cultivated A, F, G, W Local 50 –

TN/WIa Cultivated A, W Non-local 17 –

P1 Wild G Local 21 30

P2 Wild G Local 16 20

P3 Wild G Local 20 30

P4 Wild G Local 21 30

P5 Wild W Local 23 60

P6 Wild W Local 10 20

P7 Wild W Local 19 30

Total 197

Fig. 1 Locations of wild American ginseng (Panax quinquefolius) populations sampled in Maryland
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72 h and ground in a Wiley Mill (20 mesh) (Foss

Tecator AB, Höganäs). DNA was isolated from

approximately 20 mg of leaf or root powder following

the standard DNeasy� Plant Mini Kit protocol

(Qiagen, Valencia). DNA was eluted with 150 ll

DNeasy AE buffer twice and the DNA concentration

was estimated spectrophotometrically (A260). DNA

concentrations did not differ greatly and an aliquot of

all samples was diluted 1:4 (5–10 ng ll-1) for use in

RAPD PCR. Samples that did not amplify well were

diluted until amplification improved.

A total of 180 decamer primers were initially

screened for polymorphisms on a subset of eight leaf

samples representative of the wild and cultivated

populations sampled. Primers were obtained either

from Qiagen (Valencia) (based on the sequences

provided by Operon Technologies, Alameda) or from

the Nucleic Acid Protein Service Unit at the Univer-

sity of British Columbia (Vancouver). Twenty deca-

mers that produced highly reproducible polymorphic

markers were selected for RAPD analysis of all 197

samples. Polymorphic markers were scored twice for

twenty representative samples and percent error

(number of mismatches/total number of marker com-

parisons 9 100) was calculated to estimate marker

reproducibility in this study. Less than 5% scoring

error was calculated for the twenty replicated samples,

indicating that at least 95% of the RAPD markers

scored were reproducible. Polymorphic markers were

named according to decamer code and the size of the

amplified fragment.

Mixtures for RAPD PCR (25 ll) reactions con-

tained 20 ng DNA, 10 mM KCl, 10 mM (NH4)SO4,

20 mM Tris–HCl, 3 mM MgSO4, 0.1% Triton X-100,

0.1 mM dNTPs, 35 ng of a single decamer and 1 unit

taq polymerase (NEB, Beverly). Amplification was

performed on a GeneAmp� PCR system (Perkin-

Elmer, Boston) or an Eppendorf Mastercycler Gradi-

ent (Brinkmann Instruments, Inc., Westbury) DNA

thermocycler for 45 cycles according to the procedure

of Williams et al. (1990). Approximately 15 ll of the

reaction was loaded onto a 2% agarose gel containing

ethidium bromide (0.5 lg ml-1) and PCR fragments

were separated by electrophoresis (2 h, 120 V).

RAPD fragments were illuminated under UV light

and images were captured with an Eagle Eye II

instrument using EagleSight software (Stratagene, La

Jolla).

Genetic statistics

Polymorphic RAPD bands were assumed to represent

neutral, independent genetic loci for genetic analyses

and were scored as present (1) or absent (0) for each

plant (n = 197) and used to calculate the percent

polymorphic markers using a 95% criterion (P) and

the percent of plants displaying unique multilocus

RAPD fingerprints (U). Plant samples missing data for

[10% of markers were excluded from statistical

analyses.

Genetic diversity was estimated and partitioned

between and among populations using three different

approaches in order to facilitate comparisons with

previous studies and to verify the validity of estimates

regardless of requisite assumptions. The statistics

were: (1) mean pair-wise simple-matching genetic

distance (SM), (2) Bayesian analogs of diversity

statistics and (3) Shannon’s Diversity Index. Correla-

tion between diversity estimates was tested as a

measure of reliability and robustness.

We estimated genetic variation within and among

populations using SM to facilitate direct comparisons

with previous studies. Genetic distance was calculated

as the complement to the simple-matching similarity

coefficient (Sneath and Sokal 1973) using PROC

Distance, method = match (SAS V. 9.1.2). The

multilocus RAPD fingerprint was treated as a haplo-

type and a distance index was calculated based on

marker sharing among individuals. Monomorphic

markers (99% criterion) were excluded from analyses

to allow for valid comparisons with genetic diversity

estimates from previous ginseng studies.

Because RAPD markers are dominant and the level

of inbreeding in the ginseng populations was

unknown, a Bayesian approach that incorporates

uncertainty about inbreeding levels within the sam-

pled populations was also used to estimate genetic

diversity (Holsinger 1999; Holsinger et al. 2002). This

approach was implemented in the program Hickory

V1.0 (Holsinger and Lewis 2003) with the default

parameters as described by Holsinger et al. (2002).

The full, f = 0, and free Bayesian models provided

good fits compared to the h = 0 model. We report

estimates based on the full model, which is considered

the most robust (Holsinger and Lewis 2003).

Bayesian analogs of Nei’s expected heterozygosity

(Heb) were used to estimate diversity within wild and
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cultivated populations (Nei 1973). Bayesian analogs

of Weir and Cockerham’s h (hb), (Wier and Cocker-

ham 1984); and Nei’s Gst (Gstb) (Nei 1973) provided

estimates of diversity among wild and cultivated

populations. Credible intervals (CI), analogous to

confidence intervals but based on the posterior distri-

butions of Bayesian estimates provided a measure of

reliability (Holsinger 1999).

Shannon’s Diversity Index was also used to parti-

tion RAPD diversity. Although it is a measure of

phenotypic diversity, it does not require knowledge of

heterozygosity and is equivalent to genetic diversity

estimates if heterozygotes are infrequent. Shannon’s

Diversity Index was calculated for each for each

marker in each population as H0j = -
P

pi log2 pi,

where pi was the relative frequency of the presence or

absence of a RAPD marker in that population. Markers

that were monomorphic within a population but

polymorphic within the species were included in the

analysis as zeroes (Bussell 1999). Shannon’s Diversity

Index within populations was standardized by dividing

by 2 (diversity B 0.5) to facilitate comparison with

heterozygosity estimates. The average genetic diver-

sity across populations was calculated as H0pop = 1/

n
P

H0j, where n is the number of populations. The

total genetic diversity of the populations analyzed was

calculated as H0sp = -
P

pi log pi, where pi was the

frequency of the presence or the absence of a RAPD

band in all samples pooled across populations. The

genetic variation among populations was calculated as

Gst = 1 - (H0pop/H0sp). Overall estimates of diversity

were calculated from the average per-marker values of

H0j, H0pop, H0sp and Gst.

Nonmetric multidimensional scaling (NMDS) was

used to visualize relationships among individuals and

populations in two dimensions. Pairwise genetic

distances between individuals (n = 197) and mean

pairwise genetic distances between populations

(n = 9) were reduced to two dimensions using PROC

NMDS (SAS v.9.1) and plotted.

Results

RAPD profile

A total of 180 primers were screened and twenty

primers that produced highly reproducible polymor-

phic markers were selected for RAPD analyses. These

primers amplified 38 polymorphic bands (66% of total

markers) and yielded from one to four high intensity

and highly reproducible polymorphic markers. Total

marker frequencies over all ginseng populations

ranged from 2% to 100%. All markers were present

in at least one ginseng population but not in all

populations. These 38 RAPD markers differentiated

between populations based on differences in their

presence and frequency within different populations.

For example, out of 38 total markers, 20 markers were

present and two were polymorphic in P4; whereas, all

38 markers were present and polymorphic in P7.

RAPD markers proved to effectively discriminate

between populations and plants of local versus non-

local origin. A small core subset of eight markers was

identified that could be used to consistently differen-

tiate populations (Table 3). These markers were

Table 3 Relative frequencies of a set of RAPD loci differing between local and non-local American ginseng (P. quinquefolius)

populations

Locus Wild Cultivated

P1 P2 P3 P4 P5 P6 P7 Total MD TN/WI Total

n 21 16 20 21 23 10 19 130 50 17 67

A07100 0.00 0.00 0.05 0.00 0.00 0.00 0.11 0.02 0.02 0.59 0.16

A12485 0.00 0.00 0.00 0.00 0.26 0.00 0.32 0.09 0.04 0.76 0.22

F20750 0.00 0.00 0.00 0.00 0.13 0.00 0.50 0.09 0.10 0.71 0.25

F20925 0.00 0.00 0.00 0.00 0.09 0.00 0.61 0.10 0.04 0.65 0.19

U01600 0.00 0.00 0.00 0.00 0.00 0.00 0.47 0.07 0.00 0.65 0.17

Z041800 0.00 0.00 0.00 0.00 0.13 0.00 0.74 0.13 0.12 0.82 0.30

226700 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.02 0.02 0.35 0.10

2271300 0.00 0.00 0.00 0.00 0.00 0.00 0.39 0.05 0.00 0.59 0.15
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frequent in the non-local cultivated TN/WI population

and the wild P7 population but rare or absent in the

local cultivated MD population and the wild P1–P4

and P6 populations. Four of these markers were found

in the P5 population but at frequencies lower than the

P7 or TN/WI populations.

Genetic diversity

Genetic diversity was measured as percent polymor-

phic markers (P95) and percent of unique multilocus

RAPD fingerprints (U) within a population (Table 4).

Percent polymorphism was high across both the wild

(90%) and cultivated (97%) populations. The total

percent of plants with unique RAPD fingerprints was

very high (99%) across the cultivated populations but

only moderate (58%) across the wild populations.

These statistics were markedly higher than allozyme-

based estimates (Grubbs and Case 2004) and suggest

that RAPD markers are more polymorphic and

informative than allozyme markers. In their allozyme

study, Grubbs and Case (2004) attributed the differ-

ences between cultivated and wild populations to

different allele frequencies rather than uniqueness,

whereas Schluter and Punja (2002) using RAPDs

found a single marker that was polymorphic and

present only in wild populations.

Within the wild populations, the percent polymor-

phism and percent of plants with unique fingerprints

was highly variable and differed by population and

county of origin but was independent of population

size. The wild GC populations were less polymorphic

and had fewer plants with a unique fingerprint

compared to the wild WC populations (Table 4).

Within the P4 population, only 5% of the loci were

polymorphic and only 14% of the plants had unique

fingerprints. The other GC populations had relatively

low percent polymorphism and low to moderate

percent unique fingerprints. These results indicate that

P4 has a high level of gene fixation and contains plants

are that are mostly genetically identical. Thus, P4 is at

high risk of extinction and the other GC populations

are also genetically vulnerable. In contrast, each of the

WC populations had high percentages of polymorphic

loci and over 95% of plants in each population had

unique fingerprints, suggesting that the WC popula-

tions are less vulnerable.

Both cultivated populations had high percentages

of polymorphic loci and unique fingerprints. As

expected, the TN/WI population was highly diverse

Table 4 Estimates of genetic diversity within American ginseng (P. quinquefolius) populations

Population n P95 U H0 j SM Heb

Cultivated

MD 50 74 98 0.28 (0.17) 0.27 (0.11) 0.27 (0.25–0.30)

TN/WI 17 90 100 0.36 (0.16) 0.37 (0.11) 0.35 (0.33–0.38)

Mean 34 82 99 0.32 0.32 0.31 (0.29–0.33)

Wild

P1 21 32 33 0.07 (0.11) 0.06 (0.06) 0.08 (0.06–0.13)

P2 16 29 63 0.11 (0.18) 0.10 (0.07) 0.12 (0.10–0.15)

P3 20 55 75 0.20 (0.20) 0.21 (0.09) 0.19 (0.17–0.21)

P4 21 5 14 0.02 (0.07) 0.03 (0.04) 0.05 (0.03–0.08)

P5 23 82 96 0.32 (0.17) 0.32 (0.11) 0.30 (0.28–0.33)

P6 10 61 100 0.25 (0.22) 0.26 (0.08) 0.24 (0.21–0.27)

P7 19 100 100 0.41 (0.10) 0.42 (0.17) 0.38 (0.36–0.40)

Mean 19 52 69 0.20 0.20 0.19 (0.18–0.21)

Total

Wild 130 90 58 0.35 (0.15) 0.33 (0.15) 0.33 (0.32–0.34)

Cultivated 67 97 99 0.39 (0.10) 0.37 (0.16) 0.36 (0.35–0.38)

Mean 99 94 76 0.37 0.35 0.35 (0.34–0.36)

n number of plants sampled, P95 percent polymorphism (95% criterion), U percent of plants with unique RAPD fingerprints, H0j mean

Shannon’s diversity index standardized for a maximum diversity of 0.5 (± SD), SM mean pair-wise simple-matching genetic distance

(±SD), Heb Bayesian analog of expected heterozygosity (95% credible interval)
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and 90% of the loci were polymorphic and 100% of the

plants had unique fingerprints. Within the MD popu-

lation, the percent polymorphism was 74%, which was

lower that the TN/WI population and within the same

range as the WC wild populations. As found in the WC

wild populations and the TN/WI cultivated popula-

tion, nearly 100% of the MD plants had unique

fingerprints. Notably, despite one or more generations

of phenotypic selection by the grower, these results

show that the MD population maintained levels of

genetic diversity similar or higher than local wild

populations and no indication of gene fixation.

Genetic diversity statistics

The within population genetic diversity was estimated

based on three analogous statistics: (1) average simple

matching genetic distances (SM); mean Shannon’s

Diversity Index (H0j); and Bayesian analog of Nei’s

expected heterozygosity (Heb). These statistics differ

in approach and requisite assumptions but their

estimates were highly correlated (r [ 0.99), which

provides evidence as to the robust nature of these

RAPD-based estimates. For simplicity, our discussion

will focus on the Bayesian estimates, because they do

not rely on statistical priors and also provide 95%

credible intervals for statistical comparisons.

The total genetic diversity across wild populations

(Heb = 0.33) was high (Table 4). The mean within-

population diversity of the wild populations was also

high (Heb = 0.19) but differed significantly (95%

credible intervals) between populations. The genetic

diversity within the GC populations (P1–P4) was low,

especially for P1 and P4 (Heb = 0.05 and 0.08,

respectively). The genetic diversity within the WC

populations (P5–P7) was relatively high compared to

the other unprotected wild populations. Based on

pairwise comparisons (a = 0.05), the genetic

diversity within each WC population was higher than

within each GC wild population. Most notably, the

genetic diversity within the P7 population was unusu-

ally high and similar to the species-level diversity

estimated using allozyme markers (Tables 1, 4)

(Grubbs and Case 2004).

The populations in our study were small, but in

contrast to findings of Grubbs and Case (2004), the

substantial differences among the within-population

genetic diversities were not associated with population

size (Tables 1, 4). The wild populations in our study

were comprised of only 20–60 plants, but the average

within-population diversity of wild Maryland popula-

tions was similar to or higher than the average within-

population diversity estimates in previous studies

(Boehm et al. 1999; Cruse-Sanders and Hamrick 2004;

Grubbs and Case 2004; Schluter and Punja 2002)

(Table 1). However, the average within population

diversity differed between Maryland counties and

was considerably higher within WC populations

(Heb = 0.31) than within the GC populations (Heb =

0.18). Thus, assessing genetic diversity of individual

populations is important.

Similar to previous studies, the total genetic

diversity across the cultivated populations (Heb [total

cultivated] = 0.36) was higher than the total genetic

diversity across the wild populations. In our study, the

genetic diversity within the more geographically

limited MD cultivated population was high

(Heb = 0.27) but less than the WI/TN cultivated

population (Heb = 0.35).

Genetic structure

Genetic variation among wild populations (Gstb)

accounted for 41% of the total wild genetic variation

(Table 5). This was higher than the average for a

mixed-mating dicot, such as ginseng, (Gst = 0.24,

Table 5 Estimates of genetic structure among wild American ginseng (P. quinquefolius) populations

Populations N Gst Gstb hb

Wild (P1–7) 7 0.45 (0.12) 0.41 (0.36–0.44) 0.46 (0.39–0.52)

Garrett Co. (P1–4) 4 0.52 (0.27) 0.52 (0.45–0.57) 0.56 (0.46–0.65)

Washington Co. (P5–7) 3 0.20 (0.16) 0.11 (0.08–0.15) 0.16 (0.11–0.22)

Cultivated 2 0.16 (0.18) 0.24 (0.22–0.28) 0.31 (0.23–0.39)

Wild versus cultivated 2 0.03 (0.08) 0.04 (0.03–0.05) 0.07 (0.05–0.11)

N number of populations, Gst partitioning of Shannon’s diversity index (SD), Gstb Bayesian analog of Nei’s Gst (95% credible

interval), hb Bayesian analog of Weir and Cockerham’s h (95% credible interval)
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0.19) and more comparable to a self-pollinating

species where Gst = 0.45, 0.59 for allozyme and

RAPD markers, respectively (Hamrick and Godt

1996; Nybom and Bartish 2000). The full Bayesian

model (DIC = 737) was strongly preferred to the

h = 0 model (DIC = 2,627) further indicating the

differentiation among populations. The GC popula-

tions were more highly structured than the WC

populations. The genetic variation between wild

populations accounted for 52% of the total genetic

diversity for GC populations compared to 11% of the

total genetic diversity for the WC populations. As

expected, the level of genetic structure for the

cultivated populations was less than for the wild

populations. The genetic variation between the two

cultivated populations accounted for 24% of the total

genetic variation. Although the genetic differentiation

between the wild and the cultivated populations was

very low and accounted for only 4% of the overall total

genetic diversity, this comparison is based on dis-

tances averaged over populations and does not reflect

the significant differences among populations within

each population type.

Genetic distance

Genetic relationships among wild and cultivated

populations and individual plants are displayed in

two-dimensions following NMDS of pairwise dis-

tances (Fig. 2). Figure 2a displays the genetic

Fig. 2 Nonmetric multidimensional scaling showing genetic

patterns among and within wild (P1–P7), local cultivated (MD)

and non-local cultivated (TN/WI) populations of American

ginseng. Simple-matching distances were calculated based on

the RAPD fingerprint (38 loci) of each plant. a Distribution of

cultivated and wild populations. b Distribution of plants within

wild populations (P1–P7). c Distribution of plants within local

(MD) and non-local (TN/WI) cultivated populations. d Distri-

bution of plants (n = 197) within wild and cultivated popula-

tions. Individual plants may be hidden if RAPD fingerprints are

not unique
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relationships among the studied populations. The wild

populations P1–6 and the MD cultivated population

were clearly separated from the P7 wild and the TN/

WI cultivated populations. The P1 and TN/WI pop-

ulations were also distant from each other. The plot of

the individual wild plants (Fig. 2b) shows that plants

collected in GC (P1–P4) formed a cluster that was

separated in Dimension 1 from plants growing in WC.

The plants from GC were separated into populations in

Dimension 2. Plants from the WC P7 population were

the most distant from the GC plants. Plants from P5

and P6 were intermediate between P7 and P1–P4 in

Dimension 1 and spatially diffuse in Dimension 2. The

individual plants from the cultivated populations

(Fig. 2c) formed two clusters separated in Dimension

1 with minimal overlap between populations. The MD

plants were more tightly grouped than the TN/WI

plants indicating a greater genetic relatedness in this

group. The genetic relationships among the wild and

cultivated populations visualized in Fig. 2a are further

explained on an individual plant level in Fig. 2d. Of

particular interest is that most plants in the P7 and TN/

WI plants are not only distinct from plants in the other

populations but also show extensive overlap in both

dimensions (Fig. 2d). Within the P7 population, only

20% of the plants grouped with wild populations P1–

P6 and 80% grouped with the TN/WI population. As

expected from Fig. 2a, most of the MD cultivated

plants were central on Dimension 1 among plants from

P1 to P6 although approximately 50% were at the

lower end of Dimension 2. The cultivated MD

population was similar to all but one wild population

and clearly distinguishable from the TN/WI cultivated

population (Fig. 2), which supports the assumption

that the MD cultivated population is a local landrace.

Discussion

Genetic diversity of ginseng in North America

Understanding of the genetic diversity of American

ginseng is complicated due to the confluence of

divergent natural and artificial forces that shape the

structure and integrity of wild populations. Beginning

with the discovery and subsequent commercialization

of American ginseng, the fate of wild ginseng

populations and its surrounding human populations

have been intertwined. While ginseng has influenced

the culture, heritage, and economy of eastern rural

American populations, especially in the Appalachian

region, the human actions of harvesting, supplemen-

tation, and cultivation have impacted the survival and

genetic diversity of ginseng populations (Persons and

Davis 2005; Pritts 1995). However, the extent that

humans have impacted the genetic diversity and gene

flow of American ginseng remains unresolved. Studies

of genetic markers frequencies in wild and cultivated

populations of American ginseng have contributed to

the understanding the impacts of human activity and

associated threats to the survival American ginseng.

But the very fact that genetic diversity estimates vary

within and between studies (Table 1) illustrates the

complex nature of American ginseng’s gene flow.

Our study of ginseng populations growing in

Maryland, similar to other studies, found that genetic

diversity was high across both wild and cultivated

ginseng populations but maintained differently. The

wild populations appeared to be more strongly influ-

enced by mating strategy and harvest pressure than the

cultivated populations. The wild populations exhibited

high levels of structure and a lack of diversity within

some, but not all, of the wild populations. This is

probably caused by harvest pressure resulting in small

population sizes and population isolation. For the

cultivated populations, our results were also consistent

with other studies, where the genetic diversity within

cultivated populations was equal to or larger than

between the populations. The diversity within the

locally-derived MD cultivated population plants was

less than the diversity within the non-local TN/WI

population grown from different commercial sources.

This suggests that the genetic diversity between and

within cultivated populations was largely dependent

on human decisions related to the seed source and

suggest that the average diversity of cultivated pop-

ulations between studies should only be compared

with caution.

Previous studies have provided estimates of genetic

diversity of wild populations but have not considered

the probability that wild populations may contain

wild-simulated plants grown from local or exotic seed.

Our analysis of RAPD markers provides the first

DNA-based evidence that a purportedly wild popula-

tion of American ginseng had been supplemented with

exotic seed. Based on genetic distances of plants

collected from seven wild American ginseng popula-

tions with no known history of planting or harvesting
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activity, we found that one of the wild populations

(P7) was more genetically similar to the non-local

cultivated ginseng population than to any of the other

local populations. We conclude that P7 contained a

significant proportion of exotic supplemented plants

because: (1) the within population RAPD variation

was higher than typical for a mixed-mating species

(Hamrick and Godt 1996; Nybom and Bartish 2000)

and far exceeded the range previously reported for

wild ginseng populations (Table 1); (2) genetic dis-

tances between plants within the population were

discontinuous. Eighty percent of the plants grouped

with the TN/WI population while 20% grouped with

the local MD plants; (3) the P7 population contained

eight markers that were displayed at high frequency in

the TN/WI population but were largely absent from

the other studied populations.

In an effort to reduce harvest pressures on existing

wild ginseng populations without reducing their

genetic integrity and fitness, the USFWS advocates

supplementing wild populations and planting wild-

simulated populations but opposes supplementing

and/or restoring native wild populations ‘‘that are

refugia for the species’’ with commercially grown or

non-local seeds and propagules. Supplementation and

restoration of wild ginseng populations is encouraged

because most wild populations are below the mini-

mum viable population size and vulnerable to the

negative effects of genetic drift and inbreeding

depression. Conversely, supplementation with com-

mercial or non-local sources is discouraged due to the

potential associated risks of genetic pollution, out-

breeding depression, and/or maladaptation to the local

environment. Wild ginseng populations have been

found to experience low gene flow among populations

and high rates of self-pollination within populations

(Cruse-Sanders and Hamrick 2004; Grubbs and Case

2004), which are characteristics of species most prone

to outbreeding depression from the introduction of

exotic germplasm (Allendorf et al. 2001; Ellstrand and

Elam 1993; Parker 1992). Although results of a short-

term study of outcrossing on population fitness

(Mooney and McGraw 2007) indicated that outbreed-

ing depression may be less of a problem than

inbreeding depression, long-term research is needed

before extrapolating from these results. Since ginseng

is an economically important medicinal herb, there is

additional concern that supplementation will disrupt

gene linkages or introduce new genes associated with

the expression of secondary metabolic traits. The

bioactivity of ginseng is attributed to ginsenosides and

differences in ginsenoside composition have been

found to be associated with the region of origin

(Schlag and McIntosh 2006). Thus, introducing non-

local genes could alter the phytochemical as well as

the genetic integrity of local populations.

The conservation guidelines, policies, and regula-

tions for American ginseng are based on the best

available biological and trade information on the

status of the species, which may be leading to false

conclusions about harvest pressure and stability of

wild populations due to the inability to quantify the

amount of wild-simulated ginseng reported to be

‘‘wild’’. Since the distinction between wild and wild-

simulated roots relies on the sellers claim, ginseng

buyers generally believe that a significant portion of

roots being sold as wild are actually wild-simulated

(Persons and Davis 2005). Also, without a reliable way

to distinguish between plants of local and non-local

origin, USFWS cannot investigate the risks of the

wild-simulated planting of nonlocal commercially

produced seeds. Our findings demonstrate that RAPD

fingerprints could be used as a practical and reliable

tool for investigating the extent and impacts of

planting non-local seed in native habitats. For exam-

ple, using a core subset of eight RAPD markers, we

identified plants within a ‘‘wild’’ population that we

deduced to be wild-simulated from a non-local source.

However, we caution that genetic markers cannot be

used to identify or track the extent of wild-simulated

plants grown from local seed. In fact, although wild

and cultivated roots can be separated based on root

phenotype, our study found that a locally-derived

cultivated population was genetically similar to the

local wild populations.

RAPD markers

As discussed previously, there is a significant need to

develop a molecular marker system to address the

many unresolved questions related to the genetic

history, status, and trends for American ginseng. For

major crop plants, the many advantages of microsat-

ellites make them the preferred marker for genetic

studies (Agarwal et al. 2008; Kalia et al. 2011).

However, a PCR-derived marker, such as RAPDs that

uses non-specific primers, is most suitable for most

wild plant species, such as American ginseng, due to
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the lack of locus-specific genetic sequence informa-

tion (Nybom and Bartish 2000). Thus, RAPD markers

were utilized because they are relatively inexpensive,

have modest equipment requirements, and are reliable

when good scientific practices are rigorously applied

(Skroch and Nienhuis 1995). Also, RAPD markers

have been previously used for genetic studies of

American ginseng and are known to be relatively

polymorphic.

Based on the results of our study, we believe that a

RAPD marker system could be used extensively as a

practical and reliable genetic tool for the strategic

genetic conservation of American ginseng. The esti-

mates of genetic diversity based on dominant RAPD

markers were confirmed to be robust since estimates

of genetic diversity using three different statistical

approaches were highly correlated (r = 0.99). Our

study also adds to the mounting evidence that RAPD-

based estimates of population diversity and structure

within a species can be compared conservatively

across studies (Nybom and Bartish 2000; Nybom

2004). One advantage of Bayesian analogs over the

other diversity indices is that they allow calculation of

a 95% credible interval that is similar to a confidence

interval and can be used for statistical comparisons

between populations. The narrow range of the 95%

credible intervals for the estimated diversities

within populations (Table 4) and among populations

(Table 5) indicates a high level of confidence in the

RAPD-based estimates.

Results of our study indicate that RAPDs could also

be used as a rapid and economical method for genetic

fingerprinting of ginseng. This would be particularly

useful for determining the genetic identity and origin

of roots for export and trade certification and identi-

fying wild populations that are actually wild-simu-

lated and supplemented with seed from non-local

plants. RAPDs are well-suited for fingerprinting

ginseng because they are minimally destructive and

can be conducted using small samples of leaf tissue of

a growing plant or of harvested roots at the point of

certification, export, or sale. As in our study, a small

core set of RAPD markers could be used to differen-

tiate between local and non-local plants.

Regional seed banks

Previous studies have addressed issues related to

protecting and regulating the harvest of wild ginseng

to best conserve the integrity and genetic diversity of

ginseng. Here, we propose a framework for supple-

menting and establishing ginseng populations for

population conservation. Our intent is to stimulate

discussion, debate, development, and ultimately

implementation of a system of regional gene banks.

These gene banks would contain catalogued collec-

tions of accessions to provide support for research,

genomic conservation, and genetic improvement of

American ginseng. For each regional bank, a genet-

ically diverse plant and seed collection representing

native and locally-adapted genotypes would be

assembled and maintained. Seed and plants in each

bank would capture the regional genetic diversity and

also become a source of breeding stock for regionally

certified seed. Regionally certified seed would be

produced to facilitate supplementation and restoration

of native ginseng populations with seed known to be

genetically similar to native populations and adapted

to a specific geographical growing region. We also

recommend the establishment of a bi-national (US and

Canada) committee to advise, coordinate, and advo-

cate for a system of regional gene banks. This

committee would include representatives of major

stakeholder groups.

To assemble each gene bank, seed and leaf tissue

would be collected from wild ginseng populations

throughout its geographical range. A core differential

set of RAPD markers could be used to screen plants for

geographical origin, level of polymorphism, and

percent unique loci that would be used to select

accessions to form a regional core seed collection. The

core collections would be intended to maximize

diversity and minimize redundancy of accessions.

Because wild ginseng populations tend to be highly

structured, this should be accomplished by maximiz-

ing the number of populations in the collection. The

regional core collections could be grown either in situ

or ex situ but should be maintained within the region of

collection.

Ideally, a large reserve seed collection should

also be established for long-term storage of genetic

diversity. Alternatively, cultivated production fields

already provide an extensive, easily obtainable, and

diverse genetic reserve. Ginseng, cultivated since the

mid 1800s, remains virtually undomesticated. Culti-

vated populations are highly diverse and offer a broad

foundation for genetic improvement through tradi-

tional plant breeding strategies (Boehm et al. 1999;
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Schluter and Punja 2002; Bai et al. 1997; Grubbs and

Case 2004). The genetic composition of cultivated

ginseng populations varies by grower. Common

among older established fields, cultivated populations

were established from local wild populations and

newer fields are planted from seed of plants selected

from these fields. In our study, the MD population

represented this landrace population type. Most of the

MD plants shared a genetic fingerprint common

among local wild populations even though this

population was derived from plants that were selected

over generations by the grower. Our results suggest

that cultivated populations could be identified as

locally-derived based on DNA analysis and serve as in

situ gene banks and repositories for locally co-adapted

gene complexes.
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