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1. Introduction
Of all crops, 70% are grasses (Poaceae, Graminaceae) 
(Constable, 1985). This makes them among the most 
important and widely cultivated plants on earth. Grasses 
include 4 of the 5 most important food crops (all cereals) 
and indirectly provide the primary food source for most 
of the world’s livestock (forage grasses). They are also used 
for turf and amenity purposes and play a significant role 
in environmental protection (http://www.stabroeknews.
com/2010/features/05/16/the-grass-family/).

The huge economic and ecological importance of the 
grass family, comprising about 10,000 species (Ward et 
al., 2009), coupled with the wide diversity of species it 
contains, means that there is a pressing need for a system 
allowing accurate species identification so that desirable 
and important species can be distinguished (Tzvelev, 
1989). Applications such as the breeding of economically 
important cereals and forage grasses or lawn and turf 
management rest on the fundamental need for accurate 
species identification. Grass-specific molecular markers 

may also have value for a small number of forensic cases, 
where grass samples (or even grass stains on clothing) are 
used to tie a suspect or victim to the crime scene (Ward et 
al., 2009).

The grass morphology (leaf sheaths, leaf blades, ligules, 
the inflorescence, spikelets, glumes, lemmas, and anthers) 
can be useful for grass identification (Wheeler et al., 1990). 
Grasses are most easily identified when they are in flower, 
using a combination of vegetative and floral features. The 
structure of the flower heads is, however, quite complex and 
must be clearly understood (http://www.countrysideinfo.
co.uk/grass_id/index.htm). This problem has been 
exacerbated by repeated hybridization and polyploidy 
during the evolution of the group (Stebbins, 1956).

Identification keys (e.g., Krishnan et al., 2000; http://
www.landcareresearch.co.nz/resources/identification/
plants/grass-key) and supporting computer systems (e.g., 
Fermanian and Michalski, 1989; Ward et al., 2009) and 
programs (Aiken et al., 1996) have been developed to 
assess biodiversity and support recognition of various grass 
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species. However, existing identification keys are based 
upon artificial classifications and are incomplete. This also 
means that diagnosis of grass species using morphological 
characters is a difficult task for nonspecialists, as it can 
be carried out only in flowering time and it is not always 
accurate. Hence, molecular markers are an alternative 
strategy towards more accurate identification of grass 
species, since they are more stable within species (Haider 
and Nabulsi, 2008).

Pyrosequencing technology (Ronaghi et al., 1998) 
is sequencing-by-synthesis technology that employs 4 
enzymatic reactions in a single-tube assay to measure 
DNA synthesis and quantitatively monitor nucleotide 
incorporation in real time (Salk et al., 2006). It is a unique 
sequencing method that was developed as an alternative 
to classical DNA sequencing for short- to medium-
read applications (Novais and Thorstenson, 2011). The 
technique is built on 4-enzyme real-time monitoring 
of DNA synthesis by bioluminescence using a cascade 
that, upon nucleotide incorporation, ends in a detectable 
light signal (bioluminescence) (Ahmadian et al., 2006). 
It has been argued that pyrosequencing is a solution that 
offers high discriminatory power in mitochondrial DNA 
(mtDNA) analysis and provides a fast, real-time read-
out. It is also a reliable and robust method that reduces 

turnaround times. In the present study, the applicability 
of pyrosequencing in order to genotype single nucleotide 
polymorphisms (SNPs, single-base variations in the 
genetic code) in grasses was evaluated by using universal 
primers that amplify very short but informative DNA 
fragments of the chloroplast DNA (cpDNA) for rapid 
molecular identification of grasses. Loci selected should 
amplify a wide range of grasses and should possess 
sufficient sequence variability to enable diagnosis of 
species targeted. The developed SNP markers for targeted 
species could work in conjunction with the morphological 
identification.

2. Materials and methods
2.1. Collection of plant material, identity validation, and 
DNA extraction
Fresh or dry leaf material of 32 British native grass species, 
as described by Stace (1997) and representing 32 genera, 
was collected to test the efficiency of pyrosequencing using 
universal primers for identification of targeted species. 
Table 1 lists names, sources, and years of collection (for 
fresh samples) or preservation (for dry samples) of all 
targeted grasses.

Dry leaf samples of 10 species of Poa L. and 8 species of 
Festuca L. (Table 2) were also collected from the herbarium 

Table 1. Names of British native grass species representing 32 genera used in this study, their sources, the year of their preservation, and 
the name of their collector. 

Source, collector and year of preservationSpecies name

The field and greenhouses of the School of Biological Sciences, University of Reading, Reading, UK
Arrhenatherum elatius (L.) P.Beauv. ex J. & C.Presl.

Phalaris arundinacea L.

Bradfield, Berkshire, UKBrachypodium sylvaticum (Huds.) P.Beauv.

Societe Pour L’echange Des Plantes Vasculaires De L’europe Et Du Bassin Mediterraneen no 17711 Flora of France, G. Certa (1995)Dactylis glomerata L.

RNG, H. J. M. Bowen 10098 (1999)Polypogon monspeliensis (L.) Desf.

RNG, PMD Etherington 88108 (1988)Leymus arenarius Hochst.

Societe Pour L’echange Des Plantes Vasculaires De L’europe Et Du Bassin Mediterraneen no 15810, France (1991)Hordelymus europaeus (L.) Jess. ex Harz

Spain CA 5171, S-VIII (1999)Corynephorus canescens (L.) P.Beauv.

Italy, Optima Itter VIII 1100 (1997)Milium effusum L.

The field and greenhouses of the School of Biological Sciences, University of ReadingFestuca rubra L. ‘Trump’

cultivar AberImp (2005)Lolium perenne L.

Flora of Spain, det. HJM Bowen et al., 1795 (1988)Vulpia unilateralis (L.)

Flora of the British Isles, D. Doogue 8062 (1991)Puccinellia maritima (Huds.)

Macedonia, A.J. Richards et al., 116 (1999)Briza media L.

Sports Turf Research Institute (STRI) cultivar Cesar (2005) Poa pratensis L.

Bradfield, Birkshire, UKGlyceria maxima (Hartm.) Holmb.

Societe Pour L’echange Des Plantes Vasculaires De L’europe Et Du Bassin Mediterraneen no 18772 (1998) Sesleria caerulea (L.) Ard.

Flora of Italy, Optima Itter VIII 379 (1997) Melica uniflora Retz.

Flora of Slovinia, HJM Bowen 9531, det. Humphry Bowen (1997) Helictotrichon pubescens (Huds.) Pilg.

Flora of the British Isles, coll. RM Payne v. c. 6 (1984) Koeleria vallesiana (Honck.)

Cultivar Barcampsia (2005)Deschampsia cespitosa (L.) P.Beauv.

The field and greenhouses of the School of Biological Sciences, University of ReadingHolcus mollis L.

Flora of Suecica, LIV 38 (1974)Hierochloe odorata (L.) P.Beauv.

Flora of Morocco, S. L. Jury 11240 (1993)Agrostis gigantea Roth

Finland, Raino Lampinen 9708 (1990)Calamagrostis purpurea (Trin.) Trin.

Spain, Optima Itter 1496 VI, Canti F (1994)Gastridium ventricosum (Gouan) Schinz & Thell.



732

HAIDER / Turk J Agric For

of the School of Biological Sciences, University of Reading, 
to detect the level of SNP variation within targeted regions 
among species of each of the 2 genera, including the 
representative samples of the 2 genera (i.e. P. pratensis 
and F. rubra, Table 1). Great care was taken to ensure the 
authenticity of the identity of all specimens, which were 
verified using the diagnostic key given by Stace (1997) for 
the family Poaceae. 

DNA was isolated from all leaf samples using the 
DNeasyTM Plant Mini Kit (QIAGEN, UK) according to 
the manufacturer’s instructions. Recovered DNA pellets 
were dried under laminar flow and then resuspended in 
150 µL of double-distilled and sterilized water. DNA was 
quantified using Gene Quant Spectrometer (Amersham 
Biosciences, UK) and the concentration of each DNA 
template was set at 10 ng/µL. A pooled mix of all DNA 
templates was prepared for the initial sequencing screen 
for locus variability (Haider and Wilkinson, 2011).
2.2. Selection of variable loci of the chloroplast genome 
for the design of pyrosequencing primers
2.2.1. PCR and sequencing
PCR amplification of 19 fragments of chloroplast genes 
(or gene clusters) (Table 3) was performed using the 
pooled DNA template and cpDNA-specific universal 
primers developed for grasses by Haider (2003). The highly 
variable chloroplast noncoding region trnL-F (Taberlet 

et al., 1991) was also amplified for comparative purposes 
(Haider and Wilkinson, 2011). The PCR protocol described 
by Haider and Wilkinson (2011) for preparation of PCR 
reactions and PCR temperature cycling was followed. 
Amplification products were visualized on 1.5% agarose 
gel that was subjected to electrophoresis at 120 V for 30 
min. PCR products generated were purified using either 
the NucleoSpin Kit or the QIAGEN Kit and were then 
sequenced with the ABI Prism BigDye Terminator Cycle 
Sequencing Ready Reaction Kit (produced by PE Applied 
Biosystems) as mentioned by Haider and Wilkinson (2011). 
2.2.2. Design of grass-universal primer sets for PCR and 
pyrosequencing
Based on amplicon size and sequence variance, the 
8 most variable loci were selected to be targeted for 
pyrosequencing. These were rps4, psbE&F, rbcL.1, ndhF.1, 
ndhF.2, ndhF.3, 23S,4.5S&5S, and clpP&rps12. Sequences 
generated from the pool sample for only 2 of those loci 
(psbE&F and 23S,4.5S&5S) were used for the design of 
grass-universal pyrosequencing primers, comprising 3 
primers for each locus to be pyrosequenced. Primers 
targeting the other 6 loci were designed using alignments 
of homologous sequences, which were retrieved through a 
BLASTn search for available grasses in the NCBI database 
(http://blast.ncbi.nlm.nih.gov/) for each locus. Sequences 
recovered for each locus were aligned using Clustal X 

Table 2. Names of Festuca and Poa species used in this study, their sources, the year of their preservation, and the name of their collector.

Source, collector, and year of preservationSpecies name

Societe Pour L’echange Des Plantes Vasculaires De L’europe Et Du Bassin Mediterraneen no 4052, France, JP. Theurillat (1986)Festuca pratensis Huds.

Italy, Optima Itter VIII 1257 (1997)F. altissima All.

Suffolk, det. CA Stace (1991)F. arenaria Osbeck.

STRI cultivar Quatro (2005)F. ovina L.

Mid Pearthshire v. c. 88, Coll. RM Payne, det. CA Stace (1984)F. vivipara (L.) Sm.

Societe Pour L’echange Des Plantes Vasculaires De L’europe Et Du Bassin Mediterraneen no 10991, France (1983)F. filiformis Pourr.

Societe Pour L’echange Des Plantes Vasculaires De L’europe Et Du Bassin Mediterraneen no 14794 (1991)F. longifolia Thuill.

The field and greenhouses of the School of Biological Sciences, University of ReadingF. rubra L. ‘Trump’

Societe Pour L’echange Des Plantes Vasculaires De L’europe Et Du Bassin Mediterraneen no 81/17, leg. et det. L. Lambinon (1983)
Poa infirma Kunth.

STRI sample, 102 (2005)P. annua L.

STRI cultivar Cesar (2005)P. pratensis L.

Societe Pour L’echange Des Plantes Vasculaires De L’europe Et Du Bassin Mediterraneen no 8878, R. Lampinen (1993)P. angustifolia L.

Flora Norvegica, leg. J Ax Namfelett (1934) (the only year collection)P. flexuosa Sm.

Italy, Optima Itter VIII 1454 (1997)P. compressa L.

Flora of Canada, SP. Thornton-Wood 115 (1991)P. glauca Vahl.

Italy, Optima Itter VIII 1936 (1997)P. nemoralis L.

Optima Itter VIII 132 (1997)P. bulbosa L.

Italy, Optima Itter VIII 1921 (1997)P. alpina L.

The field and greenhouses of the School of Biological Sciences, University of ReadingP. trivilis L. ‘Solo’
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Table 3. DNA sequences, annealing T °C, and expected product size of grass-universal primers (Haider, 2003) used to amplify the 
selected 19 chloroplast regions. Numbers 1, 2, and 3 refer to the portion of locus.

Expected                                                                                                                    
product size (bp)Annealing T/°CPrimer sequence/5`-3`Locus name

38352atggtctgacagaacgacrps4.F

accgacccacttcctatcrps4.R

50855gggatcaatatcagcaatgcpsbE&F.F

cctttccgctctaatcagpsbE&F.R

48953.5ggaagttatcctatagatgctgrpoA.2.F

gatgcttctctagagtgtccrpoA.2.R

52455atatcttggcagcattccgagrbcL.1.F

tctctccagcgcataaatggrbcL.1.R

28455accatttatgcgctggagarbcL.2.F

ctgtctatcaataactgcatgcrbcL.2.R

29852ttccttagaatttggatacttgndhF.1.F

agaccaaaatcccctacacgndhF.1.R

31655ctactttagctcttgctcagandhF.2.F

gaccagaagcaagcaagaggndhF.2.R

39355ctcttgcttgccttctggtcndhF.3.F

gtgtttttagccccaaaggndhF.3.R

39352tctcctccgacttccctag23S,4.5S&5S.F

accatgaacgaggaaaggc23S,4.5S&5S.R

27255acaaaacacctatcccgagcrpl2&trnH.1.F

atccccatagtgtatgagacrpl2&trnH.1.R

56455tcataacatgagcgattcggrpl2&trnH.2.F

ttccaagcgcaggataaccrpl2&trnH.2.R

36555tgacaatctcacaaggatgapsbE-psbF-orf38-orf40.F

gcctcctaaaaggatctacpsbE-psbF-orf38-orf40.R

60855aggggatgaaatgcttgacgclpP&rps12.F

agctgaccctgttagtccgclpP&rps12.R

53455tgtgtttgggaaagtccgapsbK-psbI-trnS.1.F

ggttaggtggttaggtattgpsbK-psbI-trnS.1.R

35355atccactcatgtggtacttcrpl23&rpl2.2.F

tacccacttgtccgactgrpl23&rpl2.2.R

48755gaacctatttgaagtggcccpsbC.F

acccaaccatacatgtccacpsbC.R

41458.5catgattaaacccctcctacorf62.F

gagaagagctagcaattcgorf62.R

38955cacgataccaaggcaaaccclpP.1.F

gagaaagaaagaatccgcagclpP.1.R

43455ccggagatgaagaagcgacclpP.2.F

acccttgtgatcatttcgcgclpP.2.R
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software, and conserved regions in each alignment were 
displayed using GeneDoc software (Version 2.7.000, 
NRBSC, USA). Conserved regions within alignments 
were identified and used to design pyrosequencing primer 
binding sites that flank more variable regions. Even though 
some binding sites showed some variation among the 
aligned sequences, no degeneracy was permitted in primer 
design. In such cases, the most common base identity at 
the variable position was used for primer design (Haider 
and Wilkinson, 2011).

To assess the applicability of pyrosequencing for 
specific SNP detection in grass species, locus-specific 
PCR and pyrosequencing primer sets were designed using 
the Pyrosequencing Assay Design Software (Biotage). 
Pyrosequencing assays were composed of 3 primers. Two 
were designed to allow PCR amplification of the targeted 
region, with one of these primers modified using 5’ 
biotin labeling to enable preparation of a single-stranded 
template in further stages of the pyrosequencing analysis. 
PCR primer pairs were designed to flank the SNP site 
to be targeted in the locus and to generate amplicons 
between 150 and 200 bp in length. In addition to these, 
a sequencing primer targeting the immediate adjacent 
region (at its 3’ OH end) of the first SNP variant within 
the sequence flanked by the forward and reverse primers 
was also designed. This primer was modeled on the same 
strand as the nonbiotinylated primer and was used to 
generate pyrosequences. One set of PCR primers was 
designed for each of 7/8 sequenced regions that flank 
variable SNPs. These were psbE&F, 23S,4.5S&5S, ndhF.1, 
ndhF.2, ndhF.3, rps4, and clpP&rps12. For rbcL.1, two sets 
of primers were designed that amplify different portions of 
the locus (referred to as portion 1 and portion 2).

Beside the criteria that were mentioned by Haider 
and Wilkinson (2011) for PCR primer design, the 2 other 
crucial criteria that were considered for the choice of 
PCR primers were: 1) the distance between PCR primer 
annealing sites and the SNP, which should be large 
enough (as an amplicon) to be evaluated by agarose gel 
electrophoresis and to ensure high product yield; and 2) 
the region flanked by the primers, which should allow for 
the selection of the optimal genomic flanking sequence for 
annealing of the sequencing primer (Ringquist et al., 2005). 
After the selection of the PCR primer pairs for each locus, 
one primer that would be used to initiate sequencing of the 
amplification product was designed. Sequencing primers 
were chosen on either side of the polymorphism, and the 
binding site of the sequencing primer was selected by 
placing the 3’ end of the primer as near to the polymorphic 
residue (SNP) as possible (Ringquist et al., 2005). One 
sequencing primer was designed for each locus except 
for ndhF.3 (3 primers). All primers including those 5’ end 
biotinylated were purchased from Biomers.net (Germany). 
Sequences of all primers designed are given in Table 4.

2.3. Testing the efficiency of the designed primers
2.3.1. PCR 
Primers that were developed for amplification of the 8 
chloroplast loci to be pyrosequenced in DNA samples of 
all targeted grass species were tested in gradient PCRs 
to define the optimum annealing temperature. Those 
loci were then PCR-amplified in a final reaction volume 
of 50 µL as described by Haider and Wilkinson (2011). 
Cycling conditions mentioned earlier were applied using 
an annealing temperature of 54.9 °C for all loci except for 
clpP&rps12 (51.9 °C). Generated amplicons were visualized 
on 2% agarose gel that was subjected to electrophoresis at 
100 V for 30 min. The samples were then stored at –20 °C 
or 4 °C prior to pyrosequencing.

Table 4. DNA sequences of pyrosequencing primers developed 
and names of loci they target. F, R, and S refer to the forward, 
reverse, and sequencing primers, respectively. 

Chloroplast locus name Primer sequence 5’-3’

23S,4.5S&5S
F- agacagcgacgggttctcc  
R-biotin gtctcgccgctaccttatcct  
S- ctgtcgctccatccc  

psbE&F
F- tcttatcccatttggaaggatacc  
R1-biotin tcaagtggtcatgctagagacaa  
S- cccatttggaaggata  

ndhF.1
F- gcaactatggtagctgcggg  
R-biotin cctaagaagagtgttattgtacc  
S- cttcttcctcttttcata  

ndhF.3

(portion 1)
(portion 2)
(portion 3)

F-biotin  gttaaccctattagcaaagtgg
R- cgaaccacgcttatatgacca
S1- cgaaccacgcttatatgacc             
S2- gaagctatatgctatgaata              
S3- aagaattcgaactttcctgg       

rps4
F-biotin cgaaggataaccaacgatca
R- tcaaccgtcaaatgctttgg
S1- tcaaccgtcaaatgctttg

clpP&rps12
F- atgtttaaggattggtagtg
R-biotin gatgattcctcatcatgaag
S- atgtttaaggattggtagt

rbcL.1

(portion 1)

F- cgatgctatcacatcgagcc
R-biotin gaaccctcttcaaataggtc
S- tgagcc tgtt gctgggga

rbcL.1

(portion 2)

F- tttgtgttttgtgccgaagc
R-biotin cattcaagtaatgccccttg
S- ttgtgttttgtgccgaag

ndhF.2
F- tttactgcaggattaaccgc
R-biotin tgaacacgcaggtacccatc 
S- tactgcaggattaaccg
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2.3.2. Detection of SNP variation in targeted loci by 
pyrosequencing 
PCR products were prepared for pyrosequencing 
analysis following the manufacturer’s instructions 
(Pyrosequencing Biotage). One of the primers used for 
PCR was biotinylated to allow immobilization of the PCR 
product on streptavidin-coated beads and preparation 
of the single-stranded DNA fragment required for 
pyrosequencing analysis. Sample preparation was done 
in 96-well format with the use of a Vacuum Prep handset 
tool (Biotage, Sweden), according to the instructions of 
the manufacturer, by using streptavidin-coated beads 
(Amersham Biosciences, USA). Primer annealing was 
done at 80 °C for 2 min according to the instructions 
of the manufacturer. Pyrosequencing was performed 
at 25 °C in a total volume of 50 µL in an automated 96-
well pyrosequencer according to the instructions of the 
manufacturer on a Pyrosequencing Analyser PSQ96MA 
2.1 and using SQA Reagent Kits (Pyrosequencing 
Biotage). Data analysis was performed with PyroMark ID 
software. Recovered sequences were edited and aligned 
and variable SNPs among samples for each locus analyzed 
were displayed using GeneDoc software.
2.3.3. Detection of SNPs variation within two grass 
genera 
Loci psbE&F, rbcL.1 (portion 2), ndhF.1, ndhF.3 (portion 
2), and clpP&rps12, which allowed the identification of 
the majority of the targeted species, were amplified and 
pyrosequenced as described above using the primers 
designed and DNA samples that represented all species 
of Festuca (8 species) and Poa (11 species) (Table 2) for 
which plant material was available at the herbarium of the 
School of Biological Sciences at the University of Reading, 
Reading, UK.

3. Results 
3.1. PCR, sequencing, and development of 
pyrosequencing grass-universal 
All primer pairs used to amplify the targeted 20 loci 
generated distinct and strong band amplicons of the 
appropriate size (Haider, 2003) (Table 3) when applied to 
the pool template of DNAs from the 32 species analyzed. 
It was also possible to generate sequences of good quality 

for all PCR products. These sequences showed the highest 
BLASTn match to the corresponding site on the chloroplast 
genome in grasses. For example, the sequence generated 
for reps4 exhibited 96% homology to the equivalent site on 
the D. giganteus (Z29235.1).

Based on amplicon size and sequence variance (Haider 
and Wilkinson, 2011), the most variable loci were rps4, 
psbE&F, rbcL.1, ndhF.1, ndhF.2, ndhF.3, 23S,4.5S&5S, and 
clpP&rps12. When the sequences generated for those loci 
were checked to select pyrosequencing primers’ binding 
sites that flank variable SNPs, only loci psbE&F and 
23S,4.5S&5S had the same SNP variants in both forward 
and reverse sequences. Therefore, primers to be developed 
for the pyrosequencing of these 2 loci were designed based 
on sequences generated for them. As for the remaining 6 
selected loci, alignments of cpDNA sequences found in 
the NCBI database for grasses, known to be homologous 
to those loci, were used for primer design. The number 
of species involved in these alignments varied between 5 
and 35 and typically included representatives of the grass 
family. 
3.2. PCR and pyrosequencing
All PCR primer pairs designed for amplification of loci to 
be pyrosequenced amplified a single and clear amplicon 
(Figure 1). As seen using agarose gel electrophoresis, there 
was no size variation among species for any of the targeted 
regions except for locus clpP&rps12. It was possible to 
achieve universal amplification across all 8 chloroplast 
regions targeted using only subtle changes to annealing 
temperature, with 54.9 °C applied for all loci except for 
clpP&rps12 (51.9 °C).

When the obtained PCR products were pyrosequenced 
for the 32 grass species, sequencing primers that target 
region 23S,4.5S&5S did not give any pyrosequencing 
signals, and pyrosequencing profiles generated for rps4 had 
poor quality. Sequencing primers that were developed for 
pyrosequencing of the remaining 6 loci (psbE&F, rbcL.1 
(portions 1 and 2), ndhF.1, ndhF.2, ndhF.3 (only portions 
1 and 2), and clpP&rps12) worked efficiently and generated 
very clear pyrograms. Very little variation among targeted 
species was observed for portion 1 of rbcL.1, ndhF.2, and 
portion 1 of ndhF.3. Therefore, SNP variation analysis for 
identification of these species was based on psbE&F, rbcL.1 
(portion 2), ndhF.1, ndhF.3 (portion 2), and clpP&rps12. 

Figure 1. Amplification products of psbE&F in the 32 species analyzed (lanes 2–33). Lane 1 is a 100-bp DNA ladder.
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Generally, the sizes of these 5 loci ranged from 18 bp 
(psbE&F) to 34 bp (ndhF.1). Sizes of the other loci were 
28 bp (rbcL.1, portion 2), 32 bp (ndhF.3, portion 2), 
and 21 bp (clpP&rps12). Size variation observed among 
species for amplicons of clpP&rps12 was confirmed by 
pyrosequencing since some species yielded pyrograms that 
were 11 bases longer than those of the other species. The 
most variable locus was ndhF.1 and the least was rbcL.1 
(portion 2). The majority of SNP polymorphisms were 
detected in the same positions of predicted SNPs in the 
sequence used for the design of pyrosequencing primers.

The 34-bp pyrosequence for ndhF.1 contained sufficient 
polymorphisms (nucleotide substitutions and indels) to allow 
complete diagnosis of 13 of the 32 species analyzed. These 

were B. sylvaticum, H. europaeus, C. canescens, M. effusum, 
G. maxima, M. uniflora, H. pubescens, D. cespitosa, H. mollis, 
P. maritima, H. murinum, P. pratensis, and B. ramosa. The 
remaining 19 species that were not identified were grouped 
into 4 groups as follows: 1) S. caerulea, D. glomerata, L. perenne, 
F. rubra, V. unilateralis, and Ph. pratense; 2) L. arenarius, 
E. caninus, and E. repens; 3) H. odorata, K. vallesiana, Ph. 
arundinacea, A. elatius, G. ventricosum, C. purpurea, and B. 
media; and 4) A. gigantea and P. monspeliensis. Species in each 
of these groups were identical to each other but different from 
all remaining species. Analysis of pyrosequences of the other 
4 loci (psbE&F, rbcL.1 (portion 2, Fig 2), clpP&rps12, and 
ndhF.3 (portion 2)) allowed the separation of species in each 
of these groups apart from E. aninus and E. repens.

TargetSNPs :
Bro.ramosu :
H.murinum :
Elym.canin :
Ely.repens :
Leymus :
Hordelymus :
G.maxima :
Mel.uniflo :
Ag.gigante :
Alo.myosur :
F.rubra :
V.unilater :
*Puc.marit :
Phl.prante :
H.mollis :
*K.vallesi :
Des.cespit :
Heli.pubes :
Mil.effusu :
D.glomerat :
Arrhenathe :
Polypogon :
Briza :
Lolium :
Gastridium :
Hierochloe :
Sesleria :
Corynephor :
Po.pratens :
Calam.purp :
Brac.sylva :
Phalaris :

* 20 *
CWMTTTATAAAKCACARGCNGAAACHGG--
CTATTTATAAATCACAGGCCGAAACCGG--
CTATTTATAAATCACAGGCCGAAACCGG--
CTATTTATAAATCACAGGCCGAAACCGG--
CTATTTATAAATCACAGGCCGAAACCGG--
CTATTTATAAATCACAGGCCGAAACCGG--
CTATTTATAAATCACAGGCCGAAACCGG--
CTATTTATAAATCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAATCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAATCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTCTTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CTATTTATAAATCACAGGCGGAAACCGG--
CTATTTATAAAGCACAGGCCGAAACCGG--
CtaTTTATAAA CACAgGCcGAAACcGG

: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28
: 28

Target SNPs 
B. ramosa 
H. murinum 
E. caninus 
E. repens 
E. repens 
L. arenarius 
H. europaeus 
G. maxima 
M. uniflora 
A. gigantea 
A.  myosuroides 
F. rubra 
V. unilateralis 
P. maritima 
Ph. pratense 
H. mollis 
K. vallesiana 
D. cespitosa 
H. pubescens 
M. effusum 
D. glomerata 
A. elatius 
P. monspeliensis 
B. media 
L. perenne 
G.  ventricosum 
H. odorata 
S. caerulea 
C. canescens 
P. pratensis 
C. purpurea 
B.  sylvaticum 
Ph. arundinacea 

Figure 2. A portion of pile up of pyrosequences generated for rbcL.1 (portion 2) in 
32 grass species (names are on the left side). Each of the numbers on the right side 
of the pile up refers to the position of the last nucleotide that appeared at the end of 
the portion aligned in the pyrosequences generated for the locus in corresponding 
species.
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3.3. Variation within Festuca and Poa
When the 5 loci psbE&F, rbcL.1 (portion 2), ndhF.1, ndhF.3 
(portion 2), and clpP&rps12 were amplified in the targeted 
species of Festuca and Poa to detect SNP variation for the 
diagnosis of species in each of the 2 genera, the used primer 
sets amplified single and clear amplicons of the expected 
sizes in all template DNA samples. SNP variation was 
detected among species of each of the 2 genera. Based on 
SNP variation in loci psbE&F, rbcL.1 (portion 2), ndhF.1, 
and clpP&rps12, all 11 species of Poa could be identified. 
When clpP&rps12 was pyrosequenced in those species, 
length variation was detected. As for Festuca species, all 8 
species could be separated based on pyrosequences of loci 
rbcL.1 (portion 2), ndhF.1, and ndhF.3 (portion 2). It was 
also possible in both genera to observe the level of allele 
conservation among congeneric species.

4. Discussion
In Poaceae, molecular-based techniques have been 
employed mainly to study the origin and diversity of 
species and genera (e.g., Li and Ge, 2001; Kumar et al., 
2009) and evaluate the genetic relationships (e.g., Liu et 
al., 2010). Few attempts, however, have been made for 
developing distinctive species-specific markers for the 
identification of grass species. Some of these markers 
were based on nuclear DNA (nDNA) using inter-SSR 
(Paäakinskiene et al., 2000), microsatellites (Studer et al., 
2006), RAPD (Chandra and Dubey, 2010), and SCAR 
(Scheef et al., 2003). Generally, the analysis of nDNA has 
been so far limited to a few grass species, mainly cereals 
such as wheat, rye, rice, barley, and maize (e.g., Gealy et al., 
2002), and their wild relatives (Haider et al., 2010b). 

Studies based on the cpDNA of grasses, which has been 
proved to be the most suited for plant species identification 
(Ford et al., 2009), have similarly centered on addressing 
systematic problems at all levels (e.g., Gillespie and Soreng, 
2005), with the most effort being focused on important 
cereal crops (e.g., Haider and Nabulsi, 2008). Hence, 
few studies have exploited cpDNA polymorphisms for 
diagnostic purposes, such as those of Parani et al. (2001, 
PCR-RFLP of trnS-psbC), Ridgway et al. (2003, PCR-RFLP 
of the trnL intron), Zapiola et al. (2010, microsatellite 
markers), and Wallinger et al. (2012, PCR amplification of 
trnT-F region). 

The molecular method can be effective for large-scale 
identification of grass species; however, it must satisfy 
requirements for specific amplification of DNA, reveal 
enough variability to distinguish species (Ridgway et al., 
2003), and, at the same time, generate highly conserved 
markers within species. It should also be a fast, reliable, 
cost-effective, and high-throughput method. Methods 
based on the analysis of SNPs, which are the most 
abundant molecular markers and the most common type 

of sequence variation in plant genomes (Ching et al., 2002), 
are among these methods. Traditionally, SNPs in cpDNA 
have been analyzed by conventional DNA sequencing of 
certain DNA loci (DNA barcoding) (Ford et al., 2009). 
Although DNA sequence analysis using the conventional 
Sanger sequencing (chain termination sequencing) is 
reliable and very robust, it is time-consuming and labor-
intensive (Andréasson et al., 2002). In contrast, SNP 
analysis of cpDNA based on pyrosequencing technology 
(Langaee and Ronaghi, 2005), which has been developed 
to allow for high-quality sequencing of short stretches 
of DNA (Alexander et al., 2005), is faster, provides more 
quantitative allele ratio information, and does not require 
labeled primers or labeled nucleotides or electrophoresis 
(Salk et al., 2006). However, the SNP must be known in 
advance. Added to that, pyrosequencing is simpler to 
implement and requires significantly less DNA than 
Sanger sequencing (Hastings, 2004). It also offers higher 
specificity and sensitivity in analysis of genomic DNA 
(Wang et al., 2007), much higher throughput, and 
lower cost than Sanger sequencing (Weber et al., 2007). 
Additional advantages include flexibility, high accuracy, 
and ability to automate sample preparation (Novais and 
Thorstenson, 2011). Furthermore, no biological cloning 
is required (Weber et al., 2007). One of the many unique 
advantages of pyrosequencing over other DNA sequencing 
technologies is that this technique can be automated for 
large-scale screenings (Gharizadeh et al., 2003). Fakruddin 
and Chowdhury (2012) reported that by increasing the 
read length and shortening the sequence reaction time 
per base calling, pyrosequencing may take over many 
broad areas of DNA sequencing applications. The authors 
performed a comprehensive review of the literature on the 
principles, applications, challenges, and prospects of this 
technology.

Advances in pyrosequencing methodology, including 
multiplex and universal primer applications, have reduced 
assay cost and improved throughput (Marsh, 2007). 
Pyrosequencing has been developed to generate hundreds 
of thousands of sequences at an exceptional speed; the 
latest pyrosequencing platform by 454 Life Sciences can 
generate 400 Mb in a 10-h run with a single machine 
(Nilsson et al., 2009). Alexander et al. (2005) presented 
software that can efficiently design PCR and pyrose-
quencing primers for large numbers of SNPs.

Since the invention of pyrosequencing, hundreds 
of articles have been published describing its different 
applications, most notably for DNA structure variation 
and microbial detection (Ronaghi et al., 2007; Siqueira 
et al., 2012). Pyrosequencing has been applied narrowly 
to plants for purposes such as SNP genotyping (Silvar 
et al., 2011), rapid sequencing of complete chloroplast 
genomes (e.g., Magnolia officinalis) (Li et al., 2012), and 
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description of spatial and temporal patterns of algal 
diversity (Steven et al., 2012). Few attempts, however, have 
used pyrosequencing for the identification of plant species 
in small-scale research projects with a limited number of 
species. Examples are those of Leem et al. (2005) for the 
identification of 2 ginseng species (Panax ginseng and P. 
quinquefolius), Soininen et al. (2009) for deciphering the 
composition of complex plant mixtures in the diet of small 
herbivores, and Han et al. (2005) to identify the Akebia 
and Aristolochia species (Akebia quinata and Aristolochia 
manshuriensis). This is the first report that reveals the 
power of pyrosequencing for large-scale identification of 
plant species (grasses).

Ronaghi and Elahi (2002) tested pyrosequencing 
technology for analysis of mtDNA polymorphisms with 
regard to reproducibility and sensitivity when applied to 
control samples and actual casework materials. The results 
showed that the method is sensitive and very accurate 
and that the data that it generates are easily interpreted. 
The authors concluded that using pyrosequencing for 
detection of mtDNA polymorphisms resulted in an 
optimal discrimination power in relation to the number 
of bases determined. In this study, the efficiency of 
pyrosequencing has been evaluated for the first time for 
the detection of SNP variation in the chloroplast genome 
among British native grasses representing 32 genera; it is 
not feasible to sample all known grass species. It is worth 
noting here that the primary objective of this study is to 
validate the efficiency of pyrosequencing for identification 
of plant species rather than to develop species-specific 
SNP markers for the grasses targeted. 

The pyrosequencing-based identification system 
presented here was designed such that the PCR assays 
targeted informative variable sequences of the cpDNA. 
Hence, 19 chloroplast genes (or gene clusters) that were 
proved by Haider (2003) to be useful for grass species 
identification were targeted in the pooled DNAs of the 
grasses examined. These primer pairs were able to generate 
locus-specific amplicons of the appropriate locus and size 
in the 32 species analyzed using the same conditions 
suggested by the author. When the sequences of those 
amplicons were analyzed, the most variable loci were rps4, 
psbE&F, rbcL.1, ndhF.1, ndhF.2, ndhF.3, 23S,4.5S&5S, and 
clpP&rps12 (Haider, 2003). In previous studies, one or 
more of these loci proved useful for the identification of 
different plant species such as those of Aegilops and Triticum 
aestivum L. (rps4 and psbE&F) (Haider and Nabulsi, 2008), 
Vicia subgenus Vicia (Fabaceae) (23S,4.5S&5S) (Haider 
et al., 2012), Orchidaceae (23S,4.5S&5S) (Haider et al., 
2010a), and the B-genome donor of T. aestivum (psbE&F, 
ndhF.1, and ndhF.2) (Haider, 2012).

SNP markers observed in the 6 chloroplast loci 
pyrosequenced collectively generated sufficient 

polymorphisms to allow the diagnosis of the vast majority 
of samples used in the study. 

To assess the utility of the pyrosequencing-based 
identification system developed here for diagnosis of 
closely related grass species, PCR and pyrosequencing were 
performed on these loci in representative species of each 
of the 2 grass genera Festuca and Poa. The 2 genera were 
selected because they include important grasses. Festuca 
contains many fescues that are grown as lawn and golf-
course grasses and for pasture and hay. Fescue species are 
also valuable breeding material, but the breeding of these 
species is complicated by morphological similarity among 
species and high heterogeneity within species (Armonienė 
et al., 2010). Identification and classification of numerous 
Festuca species is still a difficult problem due to their close 
morphological resemblance. The most difficult fescues 
to identify belong to the F. ovina aggregate, which is the 
largest group in the genus (Galli et al., 2006). Stace et al. 
(1992) also reported that F. ovina and F. rubra aggregates 
are very variable and very important from both ecological 
and economic points of view. They argued that it is vital 
that plants of such importance be identified correctly and 
that characters often used to separate the 2 aggregates are 
unreliable, therefore frequently causing misidentification 
(Stace et al., 1992). In this study, it was possible to identify 
all 8 Festuca species targeted based on pyrosequencing of 
chloroplast coding loci rbcL.1 (portion 2), ndhF.1, and 
ndhF.3 (portion 2), which are more likely to be species-
specific than markers used in previous studies (Galli et al., 
2006; Armonienė et al., 2010).

As for Poa (meadow grasses or bluegrasses), which is 
the largest grass genus (Soreng et al., 2010), many species 
of this genus are important pasture plants that are used 
extensively by grazing livestock. P. pratensis (Kentucky 
bluegrass) is a premier species for lawns, sports fields, 
and golf courses (Beard, 1973). Bor (1952) asserted that 
the genus is evolutionarily complex and taxonomically 
difficult, and Kellogg (1985) stated that morphological 
characters used for classification of species belonging to the 
genus are overlapping. Hybridization and polyploidization 
have also played a prominent role in the evolution of this 
complex genus (Patterson et al., 2005). Therefore, most 
studies focused on the classification and phylogeny of the 
group based on cpDNA (Soreng, 1990; Gillespie and Boles, 
2001) or combination of cpDNA and nDNA (Patterson et 
al., 2005; Soreng et al., 2010). This study conducted the first 
attempt, however, to identify the targeted species of Poa. 
Based on SNP variations in coding loci psbE&F, rbcL.1 
(portion 2), ndhF.1, and clpP&rps12, all 11 species of Poa 
could be differentiated. If this finding is applied generally, 
it can be reasoned that these markers have huge potential 
for large-scale and relatively low-cost identification of 
grass species.
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Although Ward et al. (2009) developed a grass 
molecular identification system for forensic botany, it 
was based on the analysis of noncoding chloroplast and 
mitochondrial loci, which are less likely to generate 
species-specific markers compared to the coding loci 
targeted here. Wallinger et al. (2012) also revealed that 
an overall reliable sequence alignment of all studied 
species, including grasses, was impossible due to the 
great length differences in noncoding regions even within 
closely related taxa. Should the SNP markers developed 
here prove to be species-specific, they would provide a 
valuable tool for reliable diagnosis of grasses. Such grass-
specific markers can provide significant evidence during 
criminal investigations (Ferri et al., 2009) since very short 
DNA fragments, like those that remain in degraded DNA 
samples, were targeted in this study. They can also be 
useful for studies on the detection of chloroplast capture, 
which is usually caused by several crosses between 2 
different species, by determining the mode of the cpDNA 
inheritance (Gulsen et al., 2005), the maternal parent of 
the hybrid and polyploid species (Mason-Gamer, 2004), 

and maintenance of germplasm collections. These markers 
could also have direct and immediate applications in 
selection and breeding studies (Kindiger and Conley, 
2009).

Due to the high level of conservation of sequences of 
cpDNA coding regions among the different plant species, 
the pyrosequencing primers that proved useful here for 
the identification of grass species may also prove more 
generally useful in the distinction of plant species in other 
plant families.
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