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Abstract The agricultural landscape of the United

States could soon be changed by planting of switchgrass

(Panicum virgatum L.) cultivars to meet government-

mandated targets for lignocellulosic bioenergy produc-

tion and consumption. This alteration could affect the

genetic structure of wild switchgrass populations,

which are native to the eastern half of North America

through cultivar introgression. In this study, PCR

amplification of microsatellite fragments as well as

chloroplast gene-specific markers were utilized to

quantify the genetic diversity and structure of five

native populations and three agronomic fields (hereaf-

ter ‘populations’) planted with switchgrass cultivars.

Microsatellite polymorphism across all the switchgrass

populations ranged from 91.4 to 100 %. Overall,

natural switchgrass populations had significantly

higher mean genetic diversity than agronomic switch-

grass cultivars (0.262 ± 0.102 and 0.201 ± 0.082

respectively, t test p \ 0.008). Natural switchgrass

populations had significantly higher total genetic

diversity within (HS) and among (HT) as compared to

agronomic switchgrass cultivars. A clear separation of

natural and agronomic switchgrass populations was

noted using principal component analysis and STRUC-

TURE analysis. A grouping pattern similar to that

obtained in the microsatellite study was observed when

chloroplast nucleotide sequence variation was

assessed. In the realm of bioenergy sustainability, our

results highlight the need to consider the genetic

structure of cultivars for bioenergy when they are

grown in proximity to native switchgrass populations.

Keywords Agronomic cultivars � Biofuel �
Chloroplast nucleotide sequencing � Conservation and

restoration � Genetic variability � Natural populations

Introduction

Switchgrass (Panicum virgatum L., Poaceae), a warm

season C4 perennial grass is a common species
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indigenous to tall grass prairies of eastern North

America. It occurs from 15� to 55�N and east of

100�W, and is capable of growing in a variety of

conditions, including on marginal lands (Moser and

Vogel 1995; Vogel 2004; Wang et al. 2011). It is a

predominantly self-incompatible, cross-pollinated

polyploid species and is morphologically diverse

(Talbert et al. 1983). It has a basic chromosome

number of n = 9 and ploidy levels ranging from

diploid (2n = 2x = 18) to dodecaploid

(2n = 12x = 108) (Church 1940; Burton 1942; Niel-

sen 1944). Switchgrass has two widespread ecotypes:

lowland and upland. The lowland ecotypes are taller

than upland ecotypes and typically exhibit tetraploidy

(2n = 4x = 36). The upland ecotypes are typically

hexaploid (2n = 6x = 54) or octaploid

(2n = 8x = 72), occupy northerly sites and have a

spreading growth habit (Barnett and Carver 1967;

Hopkins et al. 1996; Costich et al. 2010).

Switchgrass has received attention as a dedicated

lignocellulosic biofuel crop to meet the United States

government-mandated benchmarks for advanced bio-

fuel production and consumption (McLaughlin and

Kszos 2005; Wright and Turhollow 2010; Nageswara-

Rao et al. 2013). The required mass-planting hypoth-

esized to meet those benchmarks (McDonald et al.

2009) could lead to a significant modification of the

landscape, especially in Mid-southern portion of the

United States where the biomass yields of switchgrass

are projected to be highest (Wullschleger et al. 2010).

Not much information is available on the genetic

structure of natural switchgrass populations in this

region, and the introduction of agronomic or ‘‘non-

native’’ cultivars may result in the alteration of current

genetic structure of native wild conspecific popula-

tions through crop-to-wild introgression and/or seed

dispersal (Kwit and Stewart 2012; Lewis 2013; Ridley

et al. 2013). Hence, it is necessary to study the extant

of genetic diversity of switchgrass for the conservation

of its genetic resources before commercial plantings

become widespread.

The objectives of this study were to utilize micro-

satellites and chloroplast DNA (cp-DNA) markers for

the characterization of genetic diversity and structure

of natural and agronomic switchgrass populations in a

geographic area poised for landscape change incor-

porating extensive plantings for bioenergy. Microsat-

ellites, also known as simple sequence repeat markers

are highly polymorphic co-dominant DNA markers

with a high degree of consistency and reproducibility

(Morgante and Olivieri 1993). They are useful in

population-level genetic diversity studies. They have

been utilized for differentiating the genetic structure of

populations, estimating the levels of gene flow,

identifying cultivars/hybrids, and genetic imprinting

(Clauss et al. 2002; Nageswara-Rao et al. 2008; Wang

et al. 2011; Zalapa et al. 2011). Microsatellites have

been utilized in switchgrass for analyzing the DNA

polymorphisms in accessions largely obtained from

the USDA Germplasm Resources Information Net-

work (Narasimhamoorthy et al. 2008; Cortese et al.

2010; Zalapa et al. 2011), as well as assessing standing

genetic diversity among natural switchgrass popula-

tions (Zhang et al. 2011). Markers from cp-DNA have

also been used to determine the effect of fragmentation

of populations, for assessing the distribution of genetic

structure through the maternal lineage, and, in the case

of switchgrass, for the classification of its ecotypes

(Hultquist et al. 1996; Missaoui et al. 2006).

Materials and methods

Plant materials and DNA extraction

Total DNA was isolated from fresh leaves of individ-

uals from five natural switchgrass populations and

three fields planted with agronomic switchgrass cul-

tivars (hereafter, all are simply referred to as ‘‘popu-

lations’’) in central and eastern Tennessee, USA

(Supplementary Fig. 1). Between 12 and 14 individ-

uals were sampled from each population except

Morrison Meadow ‘‘East’’ and Rowe Gap, wherein

nearly all existing individuals (n = 6) were sampled.

To ensure sampling from different genets, the indi-

viduals sampled were [5 m apart. Seeds of P.

dichotomiflorum and ‘Cave-in-Rock’ were obtained

from USDA National Plant Germplasm System; DNA

from leaf tissue of resultant seedlings was used for

outgrouping purposes. Using DNeasy Plant Mini kit

(Qiagen Inc., Valencia, CA, USA), total DNA was

extracted from 200 mg of finely ground leaf tissue in a

2.0 ml micro-centrifuge tube. The extracted DNA was

treated with 5 ll of RNaseA (10 mg/ml; Fisher

Scientific, Pittsburgh, PA, USA). The DNA concen-

tration was measured by a Nanodrop spectrophotom-

eter ND2000 (Thermo Scientific, Waltham, MA,

USA) as well as by electrophoresis using 1 % agarose
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gels with 19 TAE buffer (pH 8.0) followed by

detection under UV light after staining with ethidium

bromide.

Microsatellite PCR

PCR amplification of microsatellites was temperature

cycled using a programmable thermal cycler (Eppen-

dorf Mastercycler, Hamburg, Germany). In the present

study, 30 polymorphic microsatellites primer pairs

(Wang et al. 2011) were synthesized (Integrated DNA

Technologies; www.idtdna.com) and tested by

screening individuals (*20 samples randomly selected

from various populations) from each switchgrass pop-

ulation. From this, 10 primer pairs, which generated

unambiguous DNA fragments and consistent poly-

morphism, were chosen for subsequent analyses

(Table 1). A total of 20 ll reaction mixture consisting

of 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 25–30 ng

of template DNA was used for PCR amplification.

Reactions were run at 95 �C for 5 min (initial dena-

turation) followed by 14 cycles of 94 �C for 20 s

(denaturation), 58 �C for 1 min (annealing) and 72 �C

for 30 s (extension). This was followed by additional

28 cycles of 94 �C for 20 s (denaturation), 55 �C for

1 min (annealing) and 72 �C for 30 s (extension). The

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

Separation of the amplified PCR products was carried

out on 2.2 % agarose gels with 19 TAE buffer (pH 8.0)

while the detection was under UV light after staining

with ethidium bromide (Supplementary Fig. 2a).

Microsatellite experiments were repeated thrice, and

the consistency of banding patterns was confirmed.

QIAxcel capillary electrophoresis system (Qiagen,

Valencia, CA, USA) with a 25-bp DNA size marker

(Qiagen, Frederick, MD, USA) was utilized to analyze

the microsatellite PCR products (Supplementary

Fig. 2b). BioCalculatorTM software automatically

documented and exported the data obtained. The soft-

ware also produced a gel image and an electrophero-

gram of the separated PCR products (Wang et al. 2009).

Table 1 Microsatellite primer pair sequence and genetic diversity parameters for switchgrass populations

Primer name Sequence (50 ? 30) Repeat motif Polymorphism

(%)

Mean genetic

diversitya (±SDb)

SG4 F-GGAATTCAGAAGGCCCATTA (TG)31 100 0.251 ± 0.085

R-CCCGTCTCTGAAAAATCCAT

SG6 F-TGCCTCTGAGTTGAATTTGC (CA)8-(CA)18-(AG)8 95.8 0.256 ± 0.112

R-GGAACCAAGGTGGTGAAACT

SG7 F-AAGTTCAATCCCACCCTTTG (GT)11 96.5 0.236 ± 0.077

R-ACCAAACGGCAACTCACATA

SG10 F-CTAGCCGATCTGTATCGCAA (CA)16-(TA)7-(TA)11 97.9 0.264 ± 0.088

R-GTTGGTGATCTGCCCCATA

SG14 F-CCTTCCATTCAGATGGTTCC (AC)42-(AC)14 100 0.261 ± 0.097

R-TGTAGGTGGAGGGGTCTTTC

SG15 F-TGCGTATTTATCCATGACCG (GT)7-(GT)7-(GA)20 100 0.257 ± 0.089

R-CATTTAGGGTTGGCGAGAAT

SG16 F-CCCGTCTCTGAAAAATCCAT (CA)29 96.7 0.236 ± 0.086

R-GGAATTCAGAAGGCCCATTA

SG17 F-CTACTAGGTGATTTCCCCGC (TG)23 96.1 0.254 ± 0.094

R-GCTCATGAATCCCTCCCTAA

SG19 F-TAATCCACACACACACACGC (CGA)5-(CG)6 96.7 0.252 ± 0.065

R-AACAAGTTAAGCAGCAGCCA

SG20 F-AGTACTGGCAGCAGCCTTTT (TG)13 100 0.227 ± 0.064

R-CCAAATAAAAGCGCCCTAAC

a Shannon’s information index, b standard deviation
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Chloroplast DNA PCR, gel purification

and sequencing

Primers specific to the intergeneric region of atpI–

atpH ndhA, matK, psbJ–petA, trnCD and

trnT(UGU)–trnL(UAA) (Taberlet et al. 1991; Sang

et al. 1997; Shaw et al. 2007) were synthesized

(Integrated DNA Technologies; www.idtdna.com)

and utilized for the chloroplast gene PCR amplifica-

tion of the switchgrass leaf DNA samples. DNA for

the population comparison was prepared from pooled

leaf samples of twelve plants each from the natural and

agronomic populations tested (Lannér et al. 1997;

Zeng et al. 2012). The contents in the PCR reaction

mixture were as outlined above for microsatellites

except 0.8 lM of the respective gene specific chlo-

roplast primer pair was utilized (Table 2). The tem-

plate DNA used in this experiment was 25–50 ng. A

programmable thermal cycler (Eppendorf Mastercy-

cler, Hamburg, Germany) was utilized for the PCR

amplification. The initial denaturation was carried out

at 94 �C for 3 min. This was followed by 39 cycles of

94 �C for 1 min (denaturation), 50 �C for 1 min

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

extension was carried out at 72 �C for 20 min. Only

for the primer pair specific to psbJ-petA region,

annealing was carried out at 58 �C. PCR amplification

products were separated on 1.6 % agarose gels with

19 TAE buffer (pH 8.0), detected under UV light after

ethidium bromide staining, and the amplicons expec-

ted with respect to primer pairs used were confirmed

(Table 2). The PCR products generated were extracted

from the gel and gene-cleaned using a QIAquick PCR

purification kit (Qiagen, Frederick, MD, USA). The

purified PCR products were sequenced at the Uni-

versity of Tennessee Core Sequencing Facility.

Genetic data scoring and analysis

Microsatellite electropherograms were scored using

binary coding with the presence of a PCR amplified

product being scored as ‘1’ and its absence as ‘0’.

Estimation of genetic diversity parameters was carried

out using POPGENE software (Yeh and Boyle 1997).

The degree of polymorphism was assessed for each

population by calculating the quantity of polymorphic

amplification products. The frequency of the most

recurrent microsatellite product had to be\95 % for it

to be considered as polymorphic. Shannon’s gene

diversity index (calculated as h = 1 - R Pi2, where

‘Pi’ is the frequency of the occurrence of the ‘ith’

amplified product over individuals within a popula-

tion) was analyzed and subjected to t test analysis. The

total genetic diversity from all the populations (HT)

and the mean diversity within each population (HS)

were calculated using POPGENE (Yeh and Boyle

1997). The total genetic diversity existing between the

populations (GST) was estimated using the HT and HS

values in the formula GST = (HT - HS)/HT (Nei 1973).

To develop a dendrogram, we utilized cluster analysis

following unweighted pair group method with arith-

metic mean (UPGMA algorithm) using the squared

Euclidean distance between individuals. To demon-

strate the genetic relationships among individuals

across each study site, we utilized an ordination

generated by principal component analysis (PCA)

using STATISTICA version 4.5 (Statsoft 1993; Nei

1972).

Genetic clustering of individuals within and among

natural and agronomic switchgrass populations was

performed using STRUCTURE (v.2.2), which employs

a Bayesian clustering algorithm (Pritchard et al. 2000;

Hadziabdic et al. 2010). Applying an admixture model,

presuming that each sample depicted a part of its

genome from each of K subpopulations and without any

information on the origin of the population, we ran

STRUCTURE using Markov chain Monte Carlo iter-

ations having 10,000 generation runs and a burn-in

period of 10,000 iterations. Using the ad hoc statistic

DK, which is based on the second order rate of change in

the log probability of the data between successive

values of K, appropriate number of population clusters

were identified (Evanno et al. 2005). To verify the

reliability of the results obtained from independent

Markov Chain results, an additional 1,000,000 gener-

ations and a burn-in period of 1,000,000 iterations were

also performed. Within each population, the genetic

similarity between all possible pairs of individuals

(Sneath and Sokal 1972) was also computed.

The cp-DNA sequence comparison was analyzed

using ClustalW Multiple Sequence Alignment

(dot.imgen.bcm.tmc.edu) and a cluster analysis was

performed following UPGMA neighbor-joining

method (MAFFT sequence program). The pair-wise

nucleotide similarity among natural as well as agro-

nomic switchgrass cultivars were calculated using

EMBOSS pair-wise alignment algorithms (http://

www.ebi.ac.uk/Tools/psa/).
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Results

Microsatellite genetic diversity

A total of ten microsatellite primer pairs were utilized

in this switchgrass population genetic diversity study.

These primers were found to be polymorphic for all

the populations assessed in the present study. The

percent polymorphism across each microsatellite

primer pair ranged from 100 (in SG4, SG14, SG15

and SG20) to 95.8 (SG6, Table 1). The SG10 micro-

satellite primer pair exhibited the highest mean genetic

diversity (0.264 ± 0.088), while the least mean

genetic diversity was observed in SG20 microsatellite

primer pair (0.227 ± 0.064). The mean number of

alleles, the percent polymorphism and the mean

genetic diversity observed across the switchgrass

population studied are presented in Table 3. The

agronomic switchgrass cultivar ‘Alamo’ from Vonore

and Alcoa study sites had the highest mean number of

alleles (15.0 and 13.7, respectively); in contrast, the

natural switchgrass populations such as Morrison

Meadow ‘‘East’’ and Rowe Gap had the least mean

number of alleles (5.2 and 6.1, respectively). Micro-

satellite polymorphism ranged from 91.4 % in the

agronomic cultivar ‘Kanlow’ from Vonore to 100 %

in the natural population sampled from May Prairie.

Morrison Meadow ‘‘East’’ and Rowe Gap had signif-

icantly higher genetic diversity as compared to

agronomic switchgrass cultivars as well as to other

natural switchgrass populations (Table 3). Overall, the

natural switchgrass populations had significantly

higher mean genetic diversity (0.262 ± 0.102) as

compared to agronomic ‘Alamo’ and ‘Kanlow’

switchgrass cultivars (0.201 ± 0.082; Fig. 1). The

total genetic diversity residing within (HS) and among

(HT) populations were also significantly higher for the

natural switchgrass populations as compared to agro-

nomic switchgrass cultivars (Table 4). Further, pair-

wise population genetic similarity values among

natural switchgrass populations are lower than the

agronomic cultivars (0.59 vs. 0.76), Table 5.

Along with the evaluation of the genetic diversity,

attempts were also made to assess the genetic structure

of the natural and agronomic switchgrass populations.

Principal component analysis (PCA) grouped the

natural and agronomic switchgrass populations based

on their geographic occurrence (Fig. 2). The STRUC-

TURE analysis revealed a clear clustering of popula-

tions (Fig. 3). An ad hoc quantity (DK), based on the

rate of change of likelihood function, showed a clear

peak at K = 4 (four population clusters). These

clusters were more or less spatially contiguous and

corresponded well with the PCA grouping of popula-

tions. The agronomic cultivars ‘Alamo’ and ‘Kanlow’

were grouped separately from the natural switchgrass

populations Rowe Gap, Morrison Meadow ‘‘East’’,

Morrison Meadow, Brockdell Road and May Prairie

(Figs. 2, 3). While the microsatellite primer pairs used

in this study clearly delineated the switchgrass pop-

ulations based on the geographic region of occurrence,

they were not able to differentiate among the switch-

grass cultivars (Fig. 4). The dendrogram as well as

STRUCTURE analysis revealed that the switchgrass

cultivars ‘Alamo’ and ‘Kanlow’ were genetically

more similar (Figs. 3, 4).

Table 2 Chloroplast primer pair sequences used for sequencing in switchgrass populations

Primer pairs Sequence (50 ? 30) Gene loci name Annealing

temp. (�C)

Amplification

length (bp)

SGCP21 F-CATTACAAATGCGATGCTCT trnT(UGU)–trnL(UAA) 50 250–770

R-TCTACCGATTTCGCCATATC

SGCP22 F-ATAGGTACTGTARCTGGTATT psbJ–petA 58 1,269

R-AACAGTTTGAAAAGGTTCARTT

SGCP23 F-TATTTACAAGCGGTATTCAAGCT atpI–atpH ndhA 50 1,157

R-CCAATCCAGCAGCAATAAC

SGCP51 F-GGTTCAAGTCCCTCTATCCC trnCD 50 500

R-ATTTGAACTGGTGACACGAG

SGCP52 F-ACTGTATCGCACTATGTATCA matK 50 1,800

R-GAACTAGTCGGATGGAGTAG
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Chloroplast sequencing results

All the five chloroplast primer pairs were able to

amplify clear PCR products from the switchgrass

DNA. The PCR amplification product sizes ranged

from 250 to 1,800 bp depending on the chloroplast

primer used (Table 2, Supplementary Fig. 3a). To

reveal the chloroplast nucleotide genome variation,

the nucleotide sequence data was subjected to

BLASTn analysis against the public GenBank data-

base domain (http://www.ncbi.nlm.nih.gov/) using

search and the amplified chloroplast DNA regions

were re-confirmed. The in silico clustering analysis for

all five chloroplast nucleotide sequences grouped

‘Alamo’ predominantly with the switchgrass chloro-

plast sequences and closely related monocot species

(Supplementary Fig. 3b). The nucleotide sequences

were aligned and the gene contigs were developed

using VectorNTI software (Life Technologies, Grand

island, NY, USA) (Supplementary Fig. 3c). To dif-

ferentiate the agronomic switchgrass cultivars from

the natural populations, samples of lowland (P. di-

chotomiflorum) and upland (‘Cave-in-Rock’) switch-

grass were also included in the cp-DNA PCR and

sequencing experiment. Following UPGMA (Sneath

and Sokal 1972) as well as neighbor-joining method

(involving 1,000 bootstrap values), a cladogram was

generated. The pair-wise chloroplast nucleotide

sequence similarity values are presented in Table 6.

The tree generated was able to discriminate the

switchgrass populations, and the clustering was

approximated with their ploidy level variations

Table 3 Population study sites and genetic parameters for switchgrass populations

Study sites Sample size Mean number

of alleles

Polymorphism

(%)

Mean genetic

diversity# (±SD$)

Brockdell Road^ (Van Buren County) 14 12.5 97.6 0.207 ± 0.092b

Morrison Meadow^ (Warren County) 12 13.5 95.6 0.197 ± 0.073b

Morrison Meadow^ ‘‘East’’ (Warren County) 6 5.2 95.6 0.340 ± 0.128a

May Prairie^ (Coffee County) 12 13.3 100 0.235 ± 0.097ab

Rowe Gap^ (Franklin County) 6 6.1 96.7 0.334 ± 0.119a

Vonore ‘Alamo’* (Monore County) 13 15.0 98.9 0.195 ± 0.069b

Vonore ‘Kanlow’* (Monore County) 12 10.4 91.4 0.209 ± 0.103b

Alcoa ‘Alamo’* (Blount County) 13 13.7 97.8 0.199 ± 0.072b

^ Natural populations. * Agronomic switchgrass cultivars. # Shannon’s information index with different letters are significant at

p \ 0.05 (t test). $ standard deviation

Fig. 1 Mean genetic diversity of natural and agronomic

switchgrass populations (t test, p \ 0.008)

Table 4 Mean genetic diversity and differentiation within and

among switchgrass populations

HS
� HT

� GST
§

Among natural

populations

0.278 ± 0.040a 0.208 ± 0.031a 0.250

Among agronomic

populations

0.221 ± 0.032b 0.142 ± 0.016b 0.357

Among all

populations

0.274 ± 0.040 0.183 ± 0.021 0.332

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

Boyle 1997)
� Mean genetic diversity within populations (p \ 0.0001)
� Total genetic diversity from all concerning populations

(p \ 0.0001)
§ Total genetic diversity residing among populations (or

population differentiation)
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(Fig. 5). Two major clusters were noted, wherein one

of these contained the upland octaploid switchgrass

(‘Cave-in-Rock’, outgroup), and the other contained

lowland tetraploid cultivars (see Zalapa et al. 2011),

the natural tetraploid switchgrass populations as well

as tetraploid P. dichotomiflorum. Within the latter

cluster, the agronomic cultivars (‘Alamo’ and ‘Kan-

low’) clustered together, whereas the natural switch-

grass populations formed a separate group.

Discussion

In this present study, the characterization of popula-

tion genetic structure of natural and agronomic

switchgrass populations using microsatellites and

chloroplast molecular markers in Tennessee revealed

that the native populations had higher genetic diversity

than the agronomic cultivar populations. The levels of

microsatellite primer pair polymorphism, the mean

number of alleles observed and genetic diversity

estimated in this study (Tables 1, 3) were on par with

Table 5 Pairwise genetic similarity measures of switchgrass populations using microsatellites

Alcoa

‘Alamo’

Vonore

‘Alamo’

Vonore

‘Kanlow’

Brockdell

Road

Morrison

Meadow

Morrison Meadow

‘‘East’’

May

Prairie

Rowe

Gap

Alcoa ‘Alamo’ **** 0.80 0.82 0.83 0.92 0.36 0.94 0.45

Vonore ‘Alamo’ **** 0.66 0.68 0.76 0.16 0.78 0.28

Vonore ‘Kanlow’ **** 0.73 0.83 0.26 0.84 0.36

Brockdell Road **** 0.80 0.38 0.82 0.39

Morrison Meadow **** 0.31 0.94 0.40

Morrison Meadow

‘‘East’’

**** 0.42 0.92

May Prairie **** 0.52

Rowe Gap ****

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

Fig. 2 Principal component analysis of switchgrass popula-

tions. Agronomic switchgrass populations are grouped inside

the red circle. The first three axes of the PCA for the switchgrass

populations were 30.26, 18.14, 15.22 % and explained a total

variance of 63.62 %. (Color figure online)

Fig. 3 Bayesian clustering analysis of natural (1 Rowe Gap, 2

Morrison Meadow ‘‘East’’, 3 Morrison Meadow, 4 Brockdell

Road, 5 May Prairie) and agronomic (6 Alcoa ‘Alamo’, 7

Vonore ‘Alamo’, 8 Vonore ‘Kanlow’) switchgrass populations

using STRUCTURE (v.2.2) program (Pritchard et al. 2000)
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the other switchgrass population genetic studies

reported in the literature (Narasimhamoorthy et al.

2008; Huang et al. 2011; Zalapa et al. 2011; Zhang

et al. 2011). The genetic diversity measured in this

study was also similar to that noted for other self-

incompatible, perennial grass species such as Lolium

perenne L. (Hu et al. 2011), Axonopus fissifolius

(Raddi) Kuhlm (Wang et al. 2010) and Andropogon

gerardii Vitman (Selbo and Snow 2005). The genetic

diversity of the natural switchgrass populations in

Morrison Meadow ‘‘East’’ and Rowe Gap was signif-

icantly higher than the agronomic switchgrass

cultivars (Table 3; Fig. 1). These two natural popula-

tions are small, fragmented, and also contained the

least number of switchgrass individuals. Fragmented

populations such as these have been shown to have

distinct ecological and genetic structures (Gascon

et al. 2000; Laurance 2000; Pimm and Raven 2000;

Young and Boyle 2000; Uma Shaanker et al. 2001;

Ravikanth et al. 2002; Honnay et al. 2005; Nageswara-

Rao et al. 2007). Restricted gene flow among such

fragments and their gene pool could facilitate popu-

lation divergence (Hamrick and Schnabel 1985;

Boshier et al. 1995; Wu and Vankat 1995; Rajanikanth
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Fig. 4 Cluster analysis of

agronomic switchgrass (aa,

ba = ‘Alamo’ and

bk = ‘Kanlow’)

populations

Table 6 Pairwise similarity (in percentages) measures of switchgrass using chloroplast DNA nucleotide sequences

‘Alamo’ ‘Kanlow’ May

Prairie

Brockdell

Road

Morrison

Meadow

P. dichotomiflorum ‘Cave-in-Rock’

‘Alamo’ **** 98.2 96.7 98.3 98.3 95.9 94.5

‘Kanlow’ **** 98.0 99.7 99.6 97.4 95.6

May Prairie **** 98.2 98.3 98.5 96.9

Brockdell Road **** 99.6 97.4 95.8

Morrison Meadow **** 97.3 95.9

P. dichotomiflorum **** 96.2

‘Cave-in-Rock’ ****

Genetic similarity measures were calculated using EMBOSS pairwise alignment algorithms
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et al. 2010). The tendency of certain alleles to persist

in a given population suggests that there has been

independent evolution of populations into small

fragments. Our results revealed that the natural

switchgrass populations, although small in their size,

add significantly to the diversity of switchgrass

genetics.

The total genetic diversity value residing among

switchgrass populations (GST = 0.33, Table 4) indi-

cated that most of the variability (67 %) was observed

in individuals within populations. This result corrob-

orates research reported in other switchgrass germ-

plasms (e.g., Gunter et al. 1996; Casler et al. 2007;

Narasimhamoorthy et al. 2008) and in other cross-

pollinated, perennial plant species (Hamrick and Godt

1989). We observed that the natural switchgrass

populations were genetically more diverse and had

less mean genetic similarity as compared to agronomic

switchgrass cultivars (Table 5). Similar observations

of a decrease in genetic similarity with growing

geographical distance have been reported in wild

perennial ryegrass (L. perenne L.) populations

(Monestiez et al. 1994). Studies carried out on

cultivated and wild perennial ryegrass populations as

well as Agrostis curtisii populations also showed the

wild populations to be more diverse than the cultivated

populations (Warren et al. 1998). Such studies high-

light the importance of maintaining the genetic

diversity of natural populations and some potential

effects of the introgression of natural populations with

genes from improved varieties.

The microsatellite-PCR and the chloroplast nucleo-

tide sequence diversity data analysis consistently

discriminated the individuals from different natural

and agronomic switchgrass populations into their

expected ecotypes. Using chloroplast DNA restriction

fragment length polymorphism, Hultquist et al. (1996)

were able to separate switchgrass populations into

upland and lowland ecotypes. However, that study

contrasted with our findings in which no genetic

variation was associated with ecotype (Fig. 5). Studies

have reported clustering of switchgrass populations

based on ecotype by utilizing samples obtained mainly

from the USDA Germplasm Resources Information

Network. Gunter et al. (1996) were able to group

switchgrass populations into upland and lowland eco-

types based on RAPD genetic coefficients, while

Cortese et al. (2010) reported the clustering of popula-

tions into separate clades based on both their geographic

occurrence as well as their ecotypes using EST-SSRs.

Casler et al. (2007) also reported the switchgrass

genotype differentiation based on their hardiness zones

(upland varieties grow in the USDA hardiness zones

3–8, whereas lowland varieties grow in zones 5–10).

Distinction of ecotypes using SSRs was also possible

but not by utilizing only chloroplast markers (Zalapa

et al. 2011). In this study, using both microsatellite as

well as chloroplast nucleotide sequences, all the meth-

ods analyzed (genetic diversity, similarity, principal

component analysis, dendrogram and STRUCTURE

clustering as well as chloroplast UPGMA neighbor-

joining analysis) were able to discriminate the natural

and agronomic switchgrass populations.

Anthropogenic pressures such as expansion of

agriculture, deforestation, and commercial develop-

mental activities pose a challenge to the sustainable

conservation of natural grasslands in the mid-southern

region of the United States. The growing demand to

meet the United States government-mandated

advanced biofuels targets has further intensified these

challenges (McDonald et al. 2009; Kwit et al. 2014). A

scenario in which new areas of monoculture of high

biomass-yielding agronomic cultivars of switchgrass

in this region might affect the genetics of native wild

stands, or introgression or dispersal of agronomic

switchgrass genes into wild populations (Zhang et al.

2011; Kwit and Stewart 2012; Nageswara-Rao et al.

2013; Ridley et al. 2013). Dispersal of seeds or hybrids

resulting from introgression could alter the genetic

structure of native populations (Raghu et al. 2006;

Kwit et al. 2011; Kwit and Stewart 2012; Lewis 2013;

Ridley et al. 2013).

Fig. 5 Clustering analysis of agronomic switchgrass cultivars

(1_‘Kanlow’, 2_‘Alamo’), natural (3_May Prairie, 4_Brockdell

Road, 5_Morrison Meadow), and 6_Panicum dichotomiflorum

Michx, 7_‘Cave-in-Rock’ samples based on all five chloroplast

primer pair (see Table 2) nucleotide sequencing

Agroforest Syst

123



Future plantings of agronomic switchgrass cultivars

for bioenergy would likely involve use of selected

cultivars of limited geographic origin (e.g., ‘Alamo’

from Texas, ‘Kanlow’ from Oklahoma), and possibly

transgenic switchgrass with increased potential for

biofuel yield. The risk of transgene or agronomic gene

introgression into natural switchgrass populations, and

their regulatory concerns, have been raised by many

researchers (Kausch et al. 2010; Kwit and Stewart

2012; Stottlemyer 2012; Lewis 2013). The native-

agronomic gene exchange may be possible and

discernible, especially when its population ploidy

levels are the same (Martinez-Reyna and Vogel 2002).

In restoration of grasslands, if the origin of seed

mixtures do not match that of the remnant population,

it could lead to mixed ploidy populations, which may

result in lower reproductive success for the remnant

population (Delaney and Baack 2012). For introgres-

sion to occur there must be proximity of improved

agronomic plantings to natural populations and the

spatio-temporal flowering phenologies must overlap.

A clear understanding of the population genetic

variability of natural switchgrass populations before

significant landscape alteration takes place will allow

the assessment and detection of future introgression.

The majority of the genetic variation in mid-southern

switchgrass populations exist among individuals

within populations. Our study also noted that the

genetic diversity of improved agronomic cultivars,

‘Alamo’ and ‘Kanlow’, differs notably from those

typifying natural switchgrass populations. Such dif-

ferences may be instrumental in documenting future

changes in genetic diversity as a function of intro-

gression. Further, our results will help in addressing

the issues of bioenergy sustainability which would, in

turn, help regional, state, and federal policy-makers as

and when imminent decisions are made on how to best

change our landscape to incorporate bioenergy feed-

stocks. Lignocellulosic systems, that involve crops in

a landscape containing wild relatives, should include

conservation measures for the native populations.

In situ conservation of crop wild relatives can further

assist with crop sustainability in the future.
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