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Abstract Ten polymorphic microsatellite loci from the

fungus Puccinia emaculata, responsible for rust disease of

switchgrass (Panicum virgatum) were developed. Loci

were characterized using 20 single-pustule derived isolates

of P. emaculata collected from switchgrass plants growing

in the southeastern US. The number of alleles per locus

ranged from 2 to 5. Observed heterozygosity ranged from 0

to 0.89 and expected heterozygosity ranged from 0.21 to

0.77. These microsatellite loci provide a sufficient set of

markers to perform genetic diversity and epidemiological

studies of P. emaculata.
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Switchgrass (Panicum virgatum), a perennial warm-season

grass, is currently being evaluated as a potential high-

energy feedstock and for the production of biofuels in the

United States (US) (Keshwani and Cheng 2009). Because

switchgrass is a native plant, it was presumed that yield

losses attributable to plant pathogens would be minimal

(Mitchell et al. 2008). However, there are three diseases

caused by rust fungi (Uromyces graminicola, Puccinia

graminis, and P. emaculata) that have damaging effects on

the production of switchgrass (Gustafson et al. 2003).

Recently, P. emaculata infections of switchgrass were

reported from Arkansas (Hirsch et al. 2010) and Tennessee

(Zale et al. 2008). There is limited knowledge about this

rust disease Furthermore, isolates of rust from ornamental

switchgrass were more virulent than isolates obtained from

agronomic field plots (Li et al. 2009). With large acreages

of perennial switchgrass planned across the US, switch-

grass rust is expected to become problematic for growers.

The development of switchgrass rust populations rely on

its fast uredial cycle, allowing bursts of asexual or clonal

urediniospores when climatic conditions are favorable. The

importance of sexual reproduction for the maintenance of

genetic diversity or for the adaptive dynamic of the species

remains unknown as it is rarely observed on the alternate

host, Euphorbia species. As P. emaculata hyphae and

spores on switchgrass are dikaryotic, codominant markers

are needed to study the genetic diversity, which prompted a

search for microsatellite loci. Microsatellites markers are

available for other rust fungi (Bahri et al. 2009; Cristancho

and Escobar 2007; Dambroski and Carson 2008; Duan

et al. 2003; Dracatos et al. 2006; Enjalbert et al. 2002;

Szabo 2007; Szabo and Kolmer 2007), but transferability to

related rust fungi is low. Additionally, a GenBank search

revealed that there are no microsatellites available to study

P. emaculata. Our goal was to develop microsatellites to

better understand the genetic diversity of P. emaculata.

Two microsatellite enriched-libraries of P. emaculata

were developed following a modified protocol of Wang

et al. (2007) using biotin-labeled microsatellite oligonu-

cleotides (GT12) and streptavidin-coated magnetic beads.

The only modification to the protocol was that urediniosp-

ores from 20 single-pustule derived isolates were combined
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prior to DNA extraction. The mixture of total genomic DNA

(1.5 lg) was digested with AluI and StuI (Pe2 library) or

AluI, HaeIII, RsaI, and StuI (Pe4 library) and ligated to SNX

linker adaptors (Hamilton et al. 1999). Transformed bacterial

colonies were then screened for microsatellites using PCR

with three primers (T3, T7, and GT) in the reaction. The PCR

products were separated on 2% agarose gels and colonies

exhibiting a smear on the gel were considered positive for a

microsatellite (Wang et al. 2007). Positive colonies

(n = 384) were sequenced with universal T3 or T7 primers

that flank the cloned insert for microsatellite primer design.

Microsatellites were identified with SSR Finder (MMP

Software) and primer pairs were designed for 59 microsat-

ellite loci using Primer3 (Rozen and Skaletsky 2000).

To characterize the microsatellite loci, urediniospores

were collected from 20 single pustule derived isolates of

P. emaculata and genomic DNA was extracted using the

DNeasy Plant Mini Kit (Qiagen). Microsatellite amplifi-

cation was completed using the following conditions: 10 ll

PCR reaction containing 4 ng genomic DNA, 2.5 mM

MgCl2, 19 GeneAmp PCR Buffer II (Applied Biosys-

tems), 0.25 mM dNTPs, 0.25 lM primer, 5% DMSO, 0.4

U AmpliTaq Gold� DNA polymerase (Applied Biosys-

tems), and sterile water. Cycling conditions were; 1 cycle

of 94�C for 5 min; 35 cycles of 94�C for 40 s, 40 s at the

locus specific annealing temperature, 72�C for 30 s, and 1

cycle of 72�C for 4 min. PCR products were sized on the

QIAxcel Capillary Electrophoresis System (Qiagen) using

an internal 25–300 bp size standard. Raw allele length data

were converted into allelic classes by the statistical binning

of the alleles into base pair (bp) size categories using the

program FLEXIBIN (Amos et al. 2007). For all data, a

conservative ± 2–3 bp allelic category size determination

standard error range was used for reproducibility between

other laboratories. A ± 2–3 bp standard error range for

allelic classes was used because of the 2–5 bp resolution

when analyzing samples on QIAxcel Capillary Electro-

phoresis System and allele size determination for this

software is based on regression analysis. These allelic

classes were used for determining the number of alleles per

locus and in all subsequent analyses. The number of alleles

per locus (A), expected (HE) and observed heterozygosity

(HO), tests for Hardy–Weinberg equilibrium (HWE) and

linkage disequilibrium were performed using Arlequin 3.11

(Excoffier et al. 2005).

Ten primer pairs were optimized to amplify loci in 20

P. emaculata isolates (Table 1) and all loci were poly-

morphic (Table 2). Allele number per locus ranged from 2

to 5. Observed heterozygosity ranged from 0 to 0.89 and

expected heterozygosity ranged from 0.21 to 0.77. Five of

the loci (Pe2-002, Pe2-016, Pe4-010, Pe4-019, Pe4-032)

deviated significantly from HWE (P \ 0.05), which are not

unexpected since the isolates were obtained from the clonal

or asexual stage of P. emaculata and sexual reproduction

appears to rarely occur. Pairwise comparison tests for

linkage disequilibrium revealed that genotypes at one

locus are independent from genotypes at the other locus

(P \ 0.05).

Table 1 Single pustule isolates

of Puccinia emaculata used to

characterize ten microsatellite

loci

Isolate Infected genotype Collection location Collection year

AR-01 Panicum virgatum ‘Dallas Blues’ Fayetteville, AR 2008

LA-0902 P. virgatum ‘Dallas Blues’ Mobile, LA 2009

MS-0909 P. virgatum ‘Alamo’ Starkville, MS 2009

MS-0911 P. virgatum ‘Cycle 2’ Starkville, MS 2009

NC-01 P. virgatum ‘Heavy Metal’ Rougemont, NC 2008

NC-02 P. virgatum ‘Dallas Blues’ Rougemont, NC 2008

NC-03 P. virgatum ‘Northwind’ Rougemont, NC 2008

NC-05 P. virgatum ‘Cloud Nine’ Rougemont, NC 2008

TN-02 P. virgatum ‘Northwind’ Knoxville, TN 2008

TN-03 P. virgatum ‘Dewey Blue’ Knoxville, TN 2008

TN-04 P. virgatum wildtype Oak Ridge, TN 2008

TN-0918 P. virgatum ‘Northwind’ Knoxville, TN 2009

TN-0919 P. virgatum ‘Dallas Blues’ Knoxville, TN 2009

TN-0920 P. virgatum ‘Thundercloud’ Oak Ridge, TN 2009

TN-0921 P. virgatum ‘Alamo’ Knoxville, TN 2009

TN-0922 P. virgatum ‘Rostrahlbusch’ Crossville, TN 2009

TN-0923 P. virgatum ‘Dallas Blues’ Jackson, TN 2009

TN-0924 P. virgatum ‘Rostrahlbusch’ Jackson, TN 2009

TN-0925 P. virgatum ‘Northwind’ Knoxville, TN 2009

TN-0926 P. virgatum ‘Alamo’ Knoxville, TN 2009
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Despite the limited number of isolates included in this

study, the ten polymorphic markers will be highly useful

for studying genetic diversity, gene flow, and epidemiology

in this fungus.
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