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Abstract Panicum virgatum L. (switchgrass) is an

obligate outcrossing C4 perennial prairie grass cur-

rently being pursued for the production of lignocellu-

losic ethanol. Commercial production of switchgrass

for bioenergy has increased substantially in the United

States. Understanding the degree of native genetic

diversity within and among switchgrass populations

will facilitate effective germplasm improvement,

conservation, and management programs. In this

study, the genetic diversity and differentiation among

natural and agronomic switchgrass populations were

analyzed at the molecular level by using random

amplified polymorphic (RAPD) DNA markers. The

mean genetic diversity among populations ranged

from 0.051 ± 0.136 to 0.243 ± 0.214 and the mean

genetic similarity among all the switchgrass popula-

tions was 0.775. The clustering pattern of switchgrass

populations grouped the individuals based on their

sites of origin, with agronomic cultivars predomi-

nantly separated into distinct clusters. The grouping

of individuals within and across the populations was

corroborated by principal component analysis. These

results are consistent with previous reports for switch-

grass accessions. RAPD DNA markers were suitable

for quickly estimating the genetic diversity of native

and agronomic switchgrass populations, and suggest

that introgression of agronomic genes into natural

switchgrass populations and subsequent changes in

genetic structure may be detectable.

Keywords Bioenergy feedstock � Genetic

variability � Molecular markers � Panicum virgatum �
Ploidy � Randomly amplified polymorphic DNA

Introduction

Panicum virgatum L. (switchgrass) is a warm season C4

perennial grass native to prairies and other open habitats

of eastern and central North America. Traditionally,

it has been used for hay, grazing, restoration of range

lands and prairies, and soil conservation (Vogel 2004).

It has the potential to produce cellulose for biofuels,

such as ethanol and butanol, on lands incapable of

supporting traditional food crops (Narasimhamoorty

et al. 2008), with ethanol yields approaching 3,500 l/ha

on high-yielding farms (Schmer et al. 2008). It is a

highly heterozygous, self-incompatible, out-crossing

polyploid species (Talbert et al. 1983). Though the base

chromosome number of switchgrass is n = 9, different

ploidy levels from diploid (2n = 2x = 18) to dode-

caploid (2n = 12x = 108) have been reported (Church

1940; Burton 1942; Nielsen 1944). Two cytotypes of
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switchgrass, L and U, associated with lowland and

upland ecotypes have been recognized; lowland eco-

types are predominantly tetraploid (2n = 4x = 36),

while the upland ecotypes are hexaploid (2n =

6x = 54) or octaploid (2n = 8x = 72) (Barnett and

Carver 1967; Hopkins et al. 1996; Hultquist et al. 1996;

Costich et al. 2010; Zalapa et al. 2011). Earlier work on

its improvement focused mainly on forage yield and

quality traits (Vogel and Jung 2001); however, after its

selection as a candidate bioenergy crop, research efforts

have been shifted to improve the biomass production

and quality for biofuel conversion efficiency (Parrish

and Fike 2005).

Over the past decade, interest in commercial

production of switchgrass as a potential bioenergy

crop has increased substantially in the United States.

Acreage dedicated to biofuel crops, such as switch-

grass, will arguably continue to increase as the U.S.

attempts to reach government-mandated benchmarks

for ethanol production and incorporation in liquid fuels

(McDonald et al. 2009). As a biofuel crop, switchgrass

exhibits certain traits associated with invasiveness

[e.g., rapid early-season growth, effective below-

ground partitioning of nutrients in the dormant season,

high water-use efficiency (Raghu et al. 2006)], even

though there is no documented evidence of its weed-

iness or invasiveness. Still, there may be regulatory and

ecological concerns about risks of transgene or agro-

nomic gene introgression into native populations

(Kausch et al. 2010; Kwit and Stewart 2012). Further-

more, since the geographic origins of agronomic

switchgrass cultivars may not coincide with current

or future planting locations, such introgression may

be possible and discernable, especially where ploidy

levels of agronomic and natural populations are

equivalent (Martinez-Reyna and Vogel 2002). Assess-

ing such risks for switchgrass may be most appropriate

in the mid-southern states of the US, where high

projected yields of cultivars (Wullschleger et al. 2010)

may result in expansive agronomic plantings in regions

with existing native switchgrass populations.

Site- or regionally-adapted germplasm can provide

ecological and economic benefits (Czarnecki et al.

2008). To facilitate switchgrass sustainability efforts,

and to assist with future genetic improvement efforts,

more complete characterization of genetic diversity

of native ecotypes may be required (Havens 1998;

Burton and Burton 2002; Czarnecki et al. 2008; Zalapa

et al. 2011). In the case of switchgrass, addressing

these concerns requires further information on the

genetic structure of native populations, in particular

those that have not yet been characterized in the

Midsouth USA area where ‘‘non-native’’ (to the area)

cultivars may soon be planted on a more widespread

scale. This would additionally entail use of molecular

markers that can distinguish between native and

agronomic individuals.

Studies on genetic diversity of switchgrass have

been focused on differentiating among upland and

lowland ecotypes, on polymorphisms for a nuclear

gene coding for a plastid protein, and on patterns of

relatedness among switchgrass accessions obtained

primarily from the USDA National Plant Germplasm

System (Gunter et al. 1996; Hultquist et al. 1996;

Huang et al. 2003; Casler 2005; Missaoui et al. 2006;

Narasimhamoorty et al. 2008; Todd et al. 2011; Zalapa

et al. 2011). In the few studies that have emphasized

existing native switchgrass populations (see Zhang

et al. 2011), gaps exist in Midsouth USA states. Since

the early adoption and deployment of switchgrass

for bioenergy production has been based on a limited

number of cultivars, a greater knowledge of the

genetic structure of switchgrass genetic pools will be

essential for the preservation of genetic diversity

(Casler 2010; Zalapa et al. 2011). In the current study,

random amplified polymorphic markers (RAPDs)

were selected as they are amenable for quick surveys

of native or experimental populations. The objectives

of this study were to characterize the genetic diversity

and structure of natural and cultivated populations of

switchgrass in a region where widespread planting of

agronomic cultivars for bioenergy is arguably most

imminent.

Materials and methods

Plants

In early September 2011, green (non-senescent) leaf

samples were collected from switchgrass individuals

(all [5 m apart to ensure collection from different

genets) in natural and agronomic populations in central

and eastern Tennessee, USA (Table 1; Fig. 1). Five

natural populations of switchgrass were sampled from

central Tennessee: Brockdell Road (n = 12), Morri-

son Meadow (n = 12), Morrison Meadow ‘‘East’’

(MME) (n = 5), May Prairie (n = 12), and Rowe Gap
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(n = 6). Three agronomic populations were sampled

from east Tennessee. They included samples from

two ‘Alamo’ fields in Alcoa (n = 12) and Vonore

(n = 12), and one field of an improved variety of

‘Kanlow’ from Vonore (n = 12). Seed sources of the

agronomic ‘Alamo’ and ‘Kanlow’ cultivars came from

Bamert Seed Company and Ceres Inc., respectively.

The MME and Rowe Gap populations were very

small, which led to the collection of samples from

almost all available individuals. A portion of freshly

collected leaf tissue was utilized for flow cytometry,

and remaining leaf tissue was stored at -80 �C until

DNA extraction.

DNA extraction

Approximately 200 mg of leaf tissue were taken in

a 2.0 ml micro-centrifuge tube and ground to fine

powder in liquid nitrogen. DNA was extracted from

ground tissue with a DNeasy Plant Mini kit (Qiagen

Inc., Valencia, CA, USA). Protocols followed those

recommended by the kit, with the exception that

Table 1 Population study sites and genetic parameters for switchgrass populations in Tennessee, USA

Population study site Sample

size (N�)

Polymorphic

loci� (%)

Mean genetic

diversity§,* (±SD})

May Prairie# (Coffee County) 12 47.93 0.200 ± 0.219hgd

Morrison Meadow# (Warren County) 12 26.45 0.109 ± 0.191ci

Brockdell Road# (Van Buren County) 12 45.45 0.171 ± 0.205di

Rowe Gap# (Franklin County) 6 14.88 0.051 ± 0.136e

Morrison Meadow ‘‘East’’# (Warren County) 5 23.14 0.098 ± 0.184fi

Alcoa ‘Alamo’�� (Blount County) 12 59.50 0.243 ± 0.214g

Vonore ‘Alamo’�� (Monore County) 12 58.68 0.240 ± 0.218h

Vonore ‘Kanlow’�� (Monore County) 12 38.02 0.139 ± 0.200i

� N Number of individuals genetically screened
� Nei’s genetic diversity
§ Percentage of polymorphic loci with a 95 % threshold
} SD Standard deviation
# Natural switchgrass population
�� Switchgrass cultivar

* Mean genetic diversity with different letters are significant at p \ 0.005 (t test)

Fig. 1 Map showing switchgrass population study sites
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extracted DNA was treated with 5 ll of RNaseA

(10 mg/ml; Fisher Scientific, Pittsburgh, PA, USA).

DNA concentration was determined by using a

Nanodrop spectrophotometer ND2000 (Thermo Sci-

entific, Waltham, MA, USA).

Flow cytometry

Leaves, collected in early September 2011, from

individual plants of each population were prepared

in Otto I buffer for analysis (Otto 1990). Solution

suspensions of nuclei were prepared in a Petri dish by

finely chopping fresh leaf samples (250 mg) for

4–5 min with a sharp razor blade in 1 ml of Otto I

buffer. The Petri dish was placed on ice and 1 ml of

Otto I buffer was added again. The contents were

gently mixed by pipetting. After ice incubation for

5–10 min, the solution was filtered through 5 ml

polystyrene round bottom tubes with cell-strainer

caps (BD falcon, Fisher Scientific, Pittsburgh, PA,

USA) and then centrifuged for 5 min at 2009g. The

supernatant was discarded, and the cells were gently

resuspended in 500 ll Otto I buffer and stained with

3 ll propidium iodide (50 lg/ml) and RNaseA

(50 lg/ml; Fisher Scientific, Pittsburgh, PA, USA).

The stained nuclei samples were incubated for 20 min

at room temperature and analyzed using a LSR II flow

cytometer (BD Biosciences, San Jose, CA, USA)

equipped with an argon laser (488 nm). Ploidy levels

of the various population samples were estimated by

comparing the relative DNA content of cultivars to a

single ‘Alamo’ sample, a known tetraploid, which was

used as a control.

RAPD PCR amplification

RAPD fragments were amplified by PCR in a

programmable thermal cycler (Eppendorf Mastercy-

cler, Hamburg, Germany). A few individuals of each

switchgrass population were initially screened by

testing 25 RAPD primers (synthesized by Integrated

DNA Technologies; www.idtdna.com). The eight

Table 2 Primer sequences

and genetic diversity

parameters for RAPD

primers

� Nei’s genetic diversity
� Percentage of

polymorphic loci with a

95 % threshold

Primers Sequence (50 ? 30) No. of PCR

amplified

products

Mean genetic

diversity� (±SD)

Polymorphism� (%)

OPA-10 GTG ATC GCA G 18 0.345 ± 0.153 100

OPAC-10 AGC AGC GAG G 20 0.343 ± 0.139 95.0

OPB-10 CTG CTG GGA C 16 0.362 ± 0.112 100

OPC-10 TGT CTG GGT G 11 0.371 ± 0.081 100

OPG-10 AGG GCC GTC T 13 0.399 ± 0.115 97.0

OPJ-10 AAG CCC GAG G 16 0.333 ± 0.163 100

OPM-10 TCT GGC GCA C 14 0.285 ± 0.148 100

OPN-10 ACA ACT GGG G 13 0.301 ± 0.176 84.62

M 1 2 3 4 5 6 7 8 9 10 11 12 M 1 2 3 4 5 6 7 8 9 10 11 12

A B

Fig. 2 RAPD-PCR agarose gel electrophoresis generated by the A OPM-10 and B OPB-10 primers for the ‘Alamo’ populations from

Alcoa and Vonore. M = Marker 1kb ladder
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primers (Table 2; Fig. 2) that produced clear-cut DNA

fragments and consistent polymorphism were selected

to analyze all individuals. The reproducibility of PCR

banding patterns was tested on 20 samples randomly

selected from various populations. The PCR amplifi-

cation was conducted in a 20 ll reaction mixture

containing 109 reaction buffer containing 500 mM

KCl, 15 mM MgCl2 and 100 mM Tris–HCl (pH 9.0),

200 lM dNTPs, 0.8 lM primer, 1 U Taq polymerase

(Fisher Scientific, Pittsburgh, PA, USA) and 25–50 ng

of template DNA. Reactions were run at 93 �C for

3 min (initial denaturation) followed by forty cycles

of 93 �C for 1 min (denaturation), 37 �C for 1 min

(annealing) and 72 �C for 2 min (extension). The final

extension was carried out at 72 �C for 10 min.

Amplified PCR products were resolved on 1.5 %

agarose gels with 19 TAE buffer (pH 8.0) and were

detected under UV light after ethidium bromide

staining. RAPD experiments were repeated thrice, and

the consistency of the banding patterns was confirmed.

Genetic data scoring and analysis

Binary coding was used for scoring RAPD gels.

Presence of a PCR amplified product in a RAPD gel

was scored as ‘1’ and its absence as ‘0’. Various

population genetic diversity parameters were gener-

ated by using POPGENE software (Yeh and Boyle

1997). To assess the degree of polymorphisms, the

proportion of polymorphic amplification products

for each population of switchgrass was estimated.

An amplified PCR product was considered polymor-

phic only if the frequency of the most frequent RAPD

product was \95 %. Nei’s gene diversity index (Nei

1972), which is equivalent to the diversity of amplified

gene products within an infinite population, was

computed as h = 1 - RPi2, where Pi is the frequency

of the occurrence of the ith amplified product over

individuals within a population. The data were

subjected to Student’s t test. Based on the squared

Euclidean distance between individuals, cluster anal-

ysis was performed following unweighted pair group

method with arithmetic mean (UPGMA algorithm,

Sneath and Sokal 1972) as well as Molecular Evolu-

tionary Genetics Analysis (MEGA, version 5.05;

Tamura et al. 2011) using neighbor-joining method

(1,000 replications). A dendrogram was then con-

structed. A principal component analysis (PCA) was

also performed by using STATISTICA version 4.5

(Statsoft 1993) to display the genetic relationships

among individuals across each study site. The genetic

similarity indices between all possible pairs of indi-

viduals within each population were also computed

(Sneath and Sokal 1972). POPGENE (Yeh and Boyle

1997) was used to obtain an estimate of the total

genetic diversity from all the populations (HT) and the

mean diversity within each population (HS). From

the HT and HS values, the proportion of total genetic

diversity residing among populations (GST) was cal-

culated as GST = (HT - HS)/HT (Nei 1973).

Results and discussion

Eight RAPD primers amplified a total of 121 loci with

the mean number of loci across the primers being 15.1

across all switchgrass populations. The number of

fragments amplified ranged from 11 (OPC-10) to

20 (OPAC-10) (Table 2). Previous assessments of

genetic diversity in switchgrass accessions based on

RAPD primers have reported means of 18.2 loci based

on 5 RAPD primers (Gunter et al. 1996) and 17.8 loci

from 7 RAPD primers (Casler et al. 2007). The mean

genetic diversity across each primer for all switchgrass

populations was calculated. The highest mean genetic

diversity (0.399) was observed in primer OPG-10; in

contrast, primer OPM-10 showed the least mean

genetic diversity (0.285; Table 2). With a 95 %

threshold, the percentage of polymorphic loci at the

primer level ranged from 84.62 (for OPN-10) to 100

(for OPA-10, OPB-10, OPC-10, OPJ-10, and OPM-10;

Table 2). Huang et al. (2011) reported similar percent-

ages of polymorphic loci in switchgrass populations,

ranging from 88.24 to 100 in sequence-related ampli-

fied polymorphic (SRAP) markers and 85.71–100

in expressed sequence tags-simple sequence repeats

(EST-SSRs).

The mean genetic diversity and percent polymor-

phic loci of the eight switchgrass populations (five

natural populations, two ‘Alamo’ populations and

one ‘Kanlow’ population) are presented in Table 1.

The least mean genetic diversity was observed in the

Rowe Gap natural population (0.051 ± 0.136) while

the highest mean genetic diversity was observed

in ‘Alamo’ collected from Alcoa (0.243 ± 0.214).

Among the natural switchgrass populations, the May

Prairie population was significantly more diverse

(0.200 ± 0.219) than all other natural populations.
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In bluestem (Andropogon gerardii Vitman) and Indian

grass (Sorghastrum nutans L. Nash), the average

marker diversity was approximately equal for bred

cultivars and prairie-remnant populations (Gustafson

et al. 2004). Our switchgrass populations with few

individuals had significantly less mean genetic diver-

sity (0.051 ± 0.136, Rowe Gap; 0.098 ± 0.184,

MME) than did larger populations (e.g., 0.243 ±

0.214, Alcoa ‘Alamo’; 0.200 ± 0.219, May Prairie;

Table 1). Researchers have shown that the demo-

graphic status of a species could be used as an

appropriate indicator of the status of the genetic

diversity of the populations (Lande 1988; Quattro and

Vrijenhoek 1989; Ravikanth et al. 2008). There

appears to be unanimous agreement that the larger

the population size, the better the status of the genetic

resources (Gilpin and Soule 1986; Prober and Brown

1994; Nageswara-Rao et al. 2007; Ravikanth et al.

2008). Understanding the effective size of the popu-

lation and its determinants may have ecological as

well as evolutionary implications as switchgrass is

governed by its outcrossing nature and clonal repro-

duction. With increasing clonal reproduction the

effective population size reflects the fact that poly-

morphism is protected within individuals due to fixed

heterozygosity. Thus, genetic diversity decreases with

increasing rates of clonal reproduction (Balloux et al.

2003; Bengtsson 2003). Irrespective of pollination

syndrome, dispersal mode or breeding system,

small populations on average tend to suffer more

from mating constraints than do large populations

(Young and Boyle 2000; Uma Shaanker et al. 2004;

Nageswara-Rao et al. 2007).

The frequency of polymorphic loci in the present

study was also least for the Rowe Gap natural

population (14.88), while the highest percentage of

polymorphic loci was observed in the May Prairie

population (47.93). Among the two ‘Alamo’ popula-

tions, the one from Alcoa had the highest percent

polymorphic loci (59.50; Table 1). The total genetic

diversity (HT) of the eight switchgrass populations

was 0.330 and for all natural populations was 0.275

(Table 3). Genetic diversity values of 0.231 and 0.225

based on SRAP and EST-SSR molecular markers,

respectively, have been reported in cultivated switch-

grass accessions (Huang et al. 2011). Genetic diversity

values of 0.295 were observed in lowland switchgrass

ecotypes by using amplified fragment length poly-

morphism (AFLP) markers (Todd et al. 2011). Total

genetic diversity in switchgrass was similar to that

noted for other allogamous perennial grass species.

Total genetic diversity of 0.28 was reported in ryegrass

(Lolium perenne L.) using ISSR markers (Hu et al.

2011), and 0.24 was reported in carpetgrass [Axonopus

fissifolius (Raddi) Kuhlm.] samples using AFLP

markers (Wang et al. 2010). Genetic diversity ranging

from 0.22 to 0.27 based on RAPDs has been reported

in bluestem populations (Selbo and Snow 2005).

The proportion of total diversity residing among

all populations (GST) was 0.525 and was 0.542 for

the natural populations (Table 3). The mean value of

genetic differentiation among other allogamous,

perennial grass populations was observed to be 0.54

in Hemarthria compressa (L. f.) R. Br. (Huang et al.

2012), 0.575 in Spartina patens (Aiton) Muhl. (Wu

2012), 0.49 in European L. perenne L. (Diekmann

et al. 2012) and 0.314 in Sasamorpha borealis

(Hackel) Nakai (Lee and Chung 1999). The GST value

among all populations obtained in our study thus

indicates a moderate level of genetic differentiation in

switchgrass populations, higher than expected for an

allogamous, perennial plant (Hamrick and Godt 1989).

The population diversity and structure of a species

is affected by a number of evolutionary factors,

Table 3 Mean genetic diversity and differentiation within and among switchgrass populations

HS
� HT

� GST
§

Among natural populations 0.126 ± 0.010 0.275 ± 0.033 0.542

Among agronomic populations 0.207 ± 0.028 0.313 ± 0.038 0.336

Among all populations 0.156 ± 0.011 0.330 ± 0.019 0.525

� Mean genetic diversity within populations
� Total genetic diversity from all concerning populations
§ Total genetic diversity residing among populations (or population differentiation)

The HS, HT, GST were calculated using POPGENE (Yeh and Boyle 1997)

Genet Resour Crop Evol

123



including reproductive system, pollen or seed dis-

persal, geographic range, successional status, as well

as natural selection (Loveless and Hamrick 1984).

Methods of seed dispersal that lead to greater gene

flow have a more homogenizing effect on the genetic

variation among populations, while those that lead to

very short distance seed dispersal cause an increase in

the genetic structuring of populations (Young et al.

2000). Clonal reproduction is another plant trait that

may affect population genetic structuring (Ellstrand

and Roose 1987; Hamrick and Godt 1989).

Based on the presence or absence of amplified

RAPD-PCR products, mean genetic similarities

among all pairs of individuals within and across the

study sites were computed and compared. The least

mean genetic similarity was observed between ‘Kan-

low’ and the MME natural populations (0.635) while

the highest was observed, as expected, between

‘Alamo’ populations collected at Vonore and Alcoa

(0.936; Table 4). Similar genetic similarity coeffi-

cients ranging from 0.73 to 0.95 were observed

while assessing genetic diversity in 56 accessions of

tetraploid switchgrass (Todd et al. 2011). In our study,

the total mean genetic similarity among all switch-

grass populations was 0.775, which is comparable to

the mean genetic similarity of 0.813 observed in

cultivated switchgrass accessions (Huang et al. 2011).

In buffalograss [Buchloe dactyloides (Nutt.) Engelm.],

native to the short-grass prairie region of North

America, the observed mean genetic similarity among

the populations was as high as 0.89 (Zhang et al.

2007).

We subjected plants within the five natural, two

agronomic and one improved populations to flow

cytometry to assess ploidy levels. The results for our

switchgrass samples confirmed our expectation of

tetraploidy in all instances (Fig. 3). Missaoui et al.

(2006) reported no clear separation of switchgrass

accessions based on the ploidy level and suggested

that they may have descended from the same maternal

origin. Although there have been many studies on the

agronomy of switchgrass cultivars, less information

is available regarding the frequencies of different

ploidy levels in wild populations (Zalapa et al. 2011;

Table 4 Genetic similarity measures of switchgrass populations

Alcoa

‘Alamo’

Vonore

‘Alamo’

Vonore

‘Kanlow’

Brockdell

Road

Morrison

Meadow

Morrison Meadow

‘‘East’’

May

Prairie

Rowe

Gap

Alcoa ‘Alamo’ **** 0.9365 0.7750 0.8266 0.7623 0.7718 0.8145 0.7725

Vonore ‘Alamo’ **** 0.7291 0.8361 0.7659 0.7870 0.8528 0.7748

Vonore ‘Kanlow’ **** 0.7115 0.6869 0.6350 0.6720 0.6484

Brockdell Road **** 0.7739 0.8263 0.8377 0.7850

Morrison Meadow **** 0.7490 0.7671 0.7379

Morrison Meadow

‘‘East’’

**** 0.8114 0.8219

May Prairie **** 0.8370

Rowe Gap ****

Genetic similarity measures were calculated using STATISTICA (Statsoft 1993; Sneath and Sokal 1972)

Fig. 3 Flowcytometric profiles of switchgrass populations (A Morrison Meadow; B ‘Kanlow’; C Alcoa ‘Alamo’)
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Stottlemyer 2012). This information is required to

determine if it is possible for agronomic switchgrass

populations to share genes with wild populations.

Since ploidy levels in switchgrass can influence

compatibility (Martinez-Reyna and Vogel 2002;

Stottlemyer 2012; Kwit and Stewart 2012) and hence

introgression, gene flow could occur between the

natural and the agronomic populations, allowing

agronomic genes to escape cultivation and introgress

into the natural populations. However, a number of

prerequisites such as overlapping flowering phenolo-

gies, close proximity of agronomic fields and demo-

graphic swamping from crop plants are to be fulfilled

for introgression to occur (Stottlemyer 2012; Kwit and

Stewart 2012).

In addition to assessing genetic diversity, we also

investigated the genetic structure of these switchgrass

populations. Based on RAPD-PCR products, Nei’s

genetic distances were computed and neighbor-joining

as well as UPGMA dendrograms were generated. At

all the study sites, the membership of a cluster was

found to be non-randomly occupied by individuals

from all the eight populations indicating a fine degree

of genetic structure among the various switchgrass

populations (Figs. 4, 5). In prior work, such consistent

clustering has often involved having samples from

populations of different ecotypes. Based on RAPD

genetic coefficients, clustering of switchgrass geno-

types into up- and low-land ecotypes have been

reported (Gunter et al. 1996). A small amount of

population differentiation associated with hardiness

zones and ecotypes has also been reported in other

switchgrass populations (Casler et al. 2007). The

clustering pattern of switchgrass populations obtained

in our study was also evident from the principal

component analysis (PCA); individuals tended to

Fig. 4 Dendrogram of switchgrass populations. Bk Vonore ‘Kanlow’, Mm Morrison Meadow, Mp May Prairie, Rc Rowe Gap,

Mv Morrison Meadow ‘‘East’’, Br Brockdell Road, Ba Vonore ‘Alamo’, Ai Alcoa ‘Alamo’
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group based on their sites of origin (Fig. 6). Thus,

individual plants of ‘Alamo’ grouped into a nearly

cohesive cluster as did the natural switchgrass indi-

viduals. In each of the study sites, the ‘Alamo’

individuals grouped predominantly into a cluster

distinct from ‘Kanlow’. The values for the first three

axes of the PCA for our switchgrass populations were

29.60, 8.74, 7.85 % and explained 46.19 % of the total

variance. Using EST-SSRs, based on their geographic

occurrence, upland and lowland switchgrass popula-

tions could be clustered in separate clades (Cortese

et al. 2010). Zalapa et al. (2011) reported that the

SSR markers could distinguish ecotypes correctly, but

chloroplast markers alone were not always able to

distinguish the ecotypes.

In our study, the clear separation of individual

switchgrass populations based on their geographic

occurrence indicates that the populations came from

heterogeneous fragments and there were moderate

levels of genetic differentiation among populations

within a geographical region. There is a need to address

whether the natural populations in each study site

represent a regional ecotype (Figs. 5, 6) or any other

ecological factors contributed to this differentiation/

adaptation. Development of a zoning model (Houseal

and Smith 2000; Czarnecki et al. 2008) may be

Fig. 5 Neighbor-joining

tree of switchgrass

populations

Fig. 6 Principal component analysis of switchgrass populations. Bk Vonore ‘Kanlow’, Mm Morrison Meadow, Mp May Prairie,

Rc Rowe Gap, Mv Morrison Meadow ‘‘East’’, Br Brockdell Road, Ba Vonore ‘Alamo’, Ai Alcoa ‘Alamo’
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necessary to help achieve an acceptable balance

between maintaining sustainability of agronomic

switchgrass populations and maintaining genetic

diversity/identity among natural populations.

The study presented here offers important infor-

mation on the genetic diversity and structure of natural

and agronomic switchgrass populations and concurs

with previous studies in genebank accessions, based

on morphological, ploidy level and different molec-

ular markers used (Cortese et al. 2010; Huang et al.

2011; Todd et al. 2011; Zalapa et al. 2011). Our study

highlighted that: (1) these switchgrass populations

contain a high level of genetic diversity, (2) the

agronomic and natural populations we studied had

same ploidy levels, (3) the populations are differen-

tiated genetically, and (4) the diversity of natural

populations is comparable to the agronomic popula-

tions. The effectiveness of RAPDs in quickly identi-

fying closely related switchgrass populations has been

presented in this study. Our study was also able to

differentiate DNA polymorphisms among natural and

agronomic switchgrass populations with relatively

few markers. Our results and conclusions presented

should be followed by more thorough studies, as we

were able to sample only a limited number of natural

populations, and we were not able to compare the

agronomic populations to their original (and perhaps

no longer existing) natural remnant populations.

Acknowledgments We thank numerous people who

facilitated and assisted with field work, including B. Black, S.

Bobzin, T. Crabtree, S. Jackson. We also thank S. Eda, M.

Hanson, B. Joyce, T. Sparer, G. Wein, and X. Yang for their

assistance with laboratory and logistical assistance. Permits to

collect switchgrass tissue from Tennessee State Natural Areas

were obtained through the Tennessee Department of

Environment and Conservation. This project was supported by

Biotechnology Risk Assessment Grant Program competitive

grant no. 2010-39211-21699 from the USDA National Institute

of Food and Agriculture. Neal Stewart Jr. also received support

from the BioEnergy Science Center, a Bioenergy Research

Center, supported by the Office of Biological and Environmental

Research in the US Department of Energy Office of Science.

References

Balloux F, Lehmann L, de Meeus T (2003) The population

genetics of clonal and partially clonal diploids. Genetics

164:1635–1644

Barnett FL, Carver RF (1967) Meiosis and pollen stainability in

switchgrass, Panicum virgatum L. Crop Sci 7:301–304

Bengtsson BO (2003) Genetic variation in organisms with

sexual and asexual reproduction. J Evol Biol 16:189–199

Burton G (1942) A cytological study of some species in the tribe

Paniceae. Am J Bot 29:355–359

Burton PJ, Burton CM (2002) Promoting genetic diversity in the

production of large quantities of native plant seed. Ecol

Restor 20:117–123

Casler MD (2005) Ecotypic variation among switchgrass pop-

ulations from the northern USA. Crop Sci 45:388–398

Casler MD (2010) Changes in mean and genetic variance during

two cycles of within-family selection in switchgrass. Bio-

energ Res 3:47–54

Casler MD, Stendal CA, Kapich L, Vogel KP (2007) Genetic

diversity, plant adaptation regions, and gene pools for

switchgrass. Crop Sci 47:2261–2273

Church GL (1940) Cytotaxonomic studies in the Gramineae

Spartina, Andropogon, and Panicum. Am J Bot 27:263–

271

Cortese LM, Honig J, Miller C, Bonos SA (2010) Genetic

diversity of twelve switchgrass populations using molec-

ular and morphological markers. Bioenerg Res 3:262–271

Costich DE, Friebe B, Sheehan MJ, Casler MD, Buckler ES

(2010) Genome-size variation in switchgrass (Panicum
virgatum): flow cytometry and cytology reveal rampant

aneuploidy. Plant Genome 3:130–141

Czarnecki DM II, Nageswara Rao M, Norcini JG, Gmitter FG Jr,

Deng Z (2008) Genetic diversity and differentiation

among natural, production and introduced populations of

the narrowly endemic species Coreopsis leavenworthii
(Asteraceae). J Am Soc Hortic Sci 133:234–241

Diekmann K, Hodkinson TR, Barth S (2012) New chloroplast

microsatellite markers suitable for assessing genetic

diversity of Lolium perenne and other related grass species.

Ann Bot. doi:10.1093/aob/mcs044

Ellstrand NC, Roose ML (1987) Patterns of genotypic diversity

in clonal plant species. Am J Bot 74:123–131

Gilpin ME, Soule MG (1986) Minimum viable populations:

processes of species extinction. In: Soule ME (ed) Con-

servation biology: the science of scarcity and diversity.

Sinauer Associates, Sunderland, pp 19–34

Gunter LE, Tuskan GA, Wullschleger SD (1996) Diversity

among populations of switchgrass based on RAPD mark-

ers. Crop Sci 36:1017–1022

Gustafson DJ, Gibson DJ, Nickrent DL (2004) Conservation

genetics of two co-dominant grass species in an endan-

gered grassland ecosystem. J Appl Ecol 41:389–397

Hamrick JL, Godt MJW (1989) Allozyme diversity in plant

species. In: Brown AHD, Clegg MT, Kahler AL, Weir BS

(eds) Plant population genetics, breeding and genetic

resources. Sinauer Associates, Sunderland, pp 43–63

Havens K (1998) The genetics of plant restoration: an overview

and a surprise. Restor Mgt Notes 16:68–72

Hopkins AA, Taliaferro CM, Murphy CD, Christian D (1996)

Chromosome number and nuclear DNA content of several

switchgrass populations. Crop Sci 36:1192–1195

Houseal G, Smith D (2000) Source-identified seed: the Iowa

roadside experience. Ecol Restor 18:173–183

Hu T, Li H, Li D, Sun J, Fu J (2011) Assessing genetic diversity

of perennial ryegrass (Lolium perenne L.) from four con-

tinents by intersimple sequence repeat (ISSR) markers. Afr

J Biotechnol 10:19365–19374

Genet Resour Crop Evol

123

http://dx.doi.org/10.1093/aob/mcs044


Huang S, Su X, Haselkorn R, Gornicki P (2003) Evolution of

switchgrass (Panicum virgatum L.) based on sequences of

the nuclear gene encoding plastid acetyl-CoA carboxylase.

Plant Sci 164:43–49

Huang L-K, Bughrara SS, Zhang X-Q, Bales-Arcelo CJ, Bin X

(2011) Genetic diversity of switchgrass and its relative

species in Panicum genus using molecular markers. Bio-

chem Syst Ecol 39:685–693

Huang L-K, Zhang X-Q, Xie W-G, Zhang J, Cheng L, Yan HD

(2012) Molecular diversity and population structure of the

forage grass Hemarthria compressa (Poaceae) in south

China based on SRAP markers. Genet Mol Res 11:2441–

2450

Hultquist SJ, Vogel KP, Lee DJ, Arumuganathan K, Kaeppler S

(1996) Chloroplast DNA and nuclear DNA content varia-

tions among cultivars of switchgrass, Panicum virgatum L.

Crop Sci 36:1049–1052

Kausch AP, Hague J, Oliver M, Li Y, Daniell H, Maschia P,

Watrud LS, Stewart CN Jr (2010) Transgenic biofuel

feedstocks and strategies for bioconfinement. Biofuels 1:

163–176

Kwit C, Stewart CN Jr (2012) Gene flow matters in switchgrass

(Panicum virgatum L.), a potential widespread biofuel

feedstock. Ecol Appl 22:3–7

Lande R (1988) Genetics and demography in biological con-

servation. Science 241:1455–1460

Lee MW, Chung MG (1999) High levels of genetic variation in

Korean populations of Sasamorpha borealis (Poeaceae).

Bot Bull Acad Sin 40:311–317

Loveless MD, Hamrick JL (1984) Ecological determinants of

genetic structure in plant populations. Ann Rev Ecol Syst

15:65–95

Martinez-Reyna JM, Vogel KP (2002) Incompatibility systems

in switchgrass. Crop Sci 42:1800–1805

McDonald RI, Fargione J, Kiesecker J, Miller WM, Powell J

(2009) Energy sprawl or energy efficiency: climate policy

impacts on natural habitat for the United States of America.

PLoS ONE 4:e6802. doi:10.1371/journal.pone.0006802

Missaoui AM, Paterson AH, Bouton JH (2006) Molecular

markers for the classification of switchgrass (Panicum
virgatum L.) germplasm and to assess genetic diversity in

three synthetic switchgrass populations. Genet Resour

Crop Evol 53:1291–1302

Nageswara-Rao M, Ganeshaiah KN, Uma Shaanker R (2007)

Assessing threats and mapping sandal (Santalum album
L.) resources in peninsular India: identification of genetic

hot-spot for in situ conservation. Conserv Genet 8:925–

935

Narasimhamoorty B, Saha MC, Swaller T, Bouton JH (2008)

Genetic diversity in switchgrass collections assessed by

EST-SSR markers. Bioenerg Res 1:136–146

Nei M (1972) Genetic distance between populations. Am Nat

106:283–292

Nei M (1973) Analysis of gene diversity in subdivided popu-

lations. Proc Natl Acad Sci (USA) 70:3321–3323

Nielsen EL (1944) Analysis of variation in Panicum virgatum L.

J Agric Res 69:327–353

Otto FJ (1990) DAPI staining of fixed cells for high-resolution

flow cytometry of nuclear DNA. In: Darzynkiewickz Z,

Crissman HA (eds) Methods in cell biology, vol 33.,

Academic Press, San Diego, CA, pp 105–110

Parrish DJ, Fike JH (2005) The biology and agronomy of

switchgrass for biofuels. Crit Rev Plant Sci 24:423–459

Prober SM, Brown AHD (1994) Conservation of the grassy

white box woodlands-population genetics and fragmenta-

tion of Eucalyptus albens. Conserv Biol 8:1003–1013

Quattro JM, Vrijenhoek RG (1989) Fitness differences among

remnant populations of the endangered Sonoran topmin-

now. Science 245:976–978

Raghu S, Anderson RC, Daehler CC, Davis AS, Wiedenmann

RN, Simberloff D, Mack RN (2006) Adding biofuels to the

invasive species fire? Science 313:1742

Ravikanth G, Nageswara-Rao M, Deepali Singh BS, Chel-

uvaraju, Ganeshaiah KN, Uma Shaanker R (2008) Con-

trasting spatial patterns of distribution of genetic diversity

in two important bamboo species in the central Western

Ghats. J Bamboo Rattan 7(1&2):41–52

Schmer MR, Vogel KP, Mitchell RB, Perrin RK (2008) Net

energy of cellulosic ethanol from switchgrass. Proc Natl

Acad Sci (USA) 105:464–469

Selbo SM, Snow AA (2005) Flowering phenology and genetic

similarity among local and recently introduced populations

of Andropogon gerardii in Ohio. Restor Ecol 13:441–447

Sneath PHA, Sokal RR (1972) Numerical taxonomy. The

principles and practice of numerical classification. WH

Freeman, San Francisco

Statsoft (1993) Statistica ver 4.5. Statsoft, Inc., Tulsa

Stottlemyer AL (2012) Investigating hybridization potential,

components of fitness, and volunteerism in wild and cul-

tivated Panicum virgatum L. (switchgrass). M.S. disserta-

tion, The Ohio State University, Columbus, 145 p

Talbert LE, Timothy DH, Burns JC, Rawlings JO, Moll RH

(1983) Estimates of genetic parameters in switchgrass.

Crop Sci 23:725–728

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S

(2011) MEGA5: molecular evolutionary genetics analysis

using maximum likelihood, evolutionary distance, and

maximum parsimony methods. Mol Biol Evol 28:2731–

2739

Todd J, Wu YQ, Wang Z, Samuels T (2011) Genetic diversity in

tetraploid switchgrass revealed by AFLP marker poly-

morphisms. Genet Mol Res 10:2976–2986

Uma Shaanker R, Ganeshaiah KN, Nageswara-Rao M, Aravind

NA (2004) Ecological consequences of forest use-from

genes to ecosystem: a case study in the Biligiri Ran-

ganswamy Temple Wildlife Sanctuary, South India. Con-

serv Soc 2:347–363

Vogel KP (2004) Switchgrass. In: Moser LE, Burson BL,

Sollenberger LE (eds) Warm-season (C4) grasses. Agron

Monogr 45. ASA, CSSA, and SSSA, Madison, pp 561–588

Vogel KP, Jung HJG (2001) Genetic modification of herbaceous

plants for feed and fuel. Crit Rev Plant Sci 20:15–49

Wang Z, Kenworthy KE, Wu Y (2010) Genetic diversity of

common carpetgrass revealed by amplified fragment

length polymorphism markers. Crop Sci 50:1366–1374

Wu T (2012) Genetic diversity in Spartina patens in remnant

patches in the New Jersey Meadowlands. MS dissertation,

Rutgers University, Newark, 46 p

Wullschleger SD, Davis EB, Borsuk ME, Gunderson CA, Lynd

LR (2010) Biomass production in switchgrass across the

United States: database description and determinants of

yield. Agron J 102:1158–1168

Genet Resour Crop Evol

123

http://dx.doi.org/10.1371/journal.pone.0006802


Yeh FC, Boyle TJB (1997) POPGENE Version 1.2 Microsoft

window-based software for population genetics analysis.

University of Alberta, Edmonton

Young AG, Boyle TJB (2000) Forest fragmentation. In: Young

A, Boshier D, Boyle TJB (eds) Forest conservation

and genetics: principles and practice. CSIRO Publishing,

Collingwood, pp 123–134

Young A, Boshier D, Boyle TJB (2000) Forest conservation and

genetics: principles and practice. CSIRO Publishing,

Collingwood

Zalapa JE, Price DL, Kaeppler SM, Tobias CM, Okada M, Casler

MD (2011) Hierarchical classification of switchgrass using

SSR and chloroplast sequences: ecotypes, ploidies, gene

pools, and cultivars. Theor Appl Genet 122:805–817

Zhang X, Su D, Ma L (2007) Analysis of genetic diversity in

buffalograss determined by random amplified polymorphic

DNA markers. HortSci 42:474–477

Zhang Y, Zalapa JE, Jakubowski AR, Price DL, Acharya A, Wei

Y, Brummer EC, Kaeppler SM, Casler MD (2011) Post-

glacial evolution of Panicum virgatum: centers of diversity

and gene pools revealed by SSR markers and cpDNA

sequences. Genetica 139:933–948

Genet Resour Crop Evol

123


	Genetic diversity and structure of natural and agronomic switchgrass (Panicum virgatum L.) populations
	Abstract
	Introduction
	Materials and methods
	Plants
	DNA extraction
	Flow cytometry
	RAPD PCR amplification
	Genetic data scoring and analysis

	Results and discussion
	Acknowledgments
	References


