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Summary

Agrostis species are mainly used in athletic fields and golf courses. Their integrity is maintained by
fungicides, which makes the development of disease-resistance varieties a high priority. However,
there is a lack of knowledge about resistance (R) genes and their use for genetic improvement in
Agrostis species. The objective of this study was to identify and clone constitutively expressed
cDNAs encoding R gene-like (RGL) sequences from three Agrostis species (colonial bentgrass
(A. capillaris L.), creeping bentgrass (A. stolonifera L.) and velvet bentgrass (A. canina L.)) by
PCR-based motif-directed RNA fingerprinting towards relatively conserved nucleotide binding
site (NBS) domains. Sixty-one constitutively expressed cDNA sequences were identified and
characterized. Sequence analysis of ESTs and probable translation products revealed that RGLs are
highly conserved among these three Agrostis species. Fifteen of them were shown to share conserved
motifs found in other plant disease resistance genes such as MLA13, Xa1, YR6, YR23 and RPP5.
The molecular evolutionary forces, analysed using the Ka/Ks ratio, reflected purifying selection both
on NBS and leucine-rich repeat (LRR) intervening regions of discovered RGL sequences in these
species. This study presents, for the first time, isolation and characterization of constitutively
expressed RGL sequences from Agrostis species revealing the presence of TNL (TIR-NBS-LRR)
type R genes in monocot plants. The characterized RGLs will further enhance knowledge on the
molecular evolution of the R gene family in grasses.

1. Introduction

Bentgrass (Agrostis), a genus of the Poaceae family,
consists of more than 200 species. However, there are
only three species that are commonly used commer-
cially, especially in athletic fields, golf courses, home
lawns, parks and roadsides to enhance natural beauty
(Hitchcock, 1971; Scheef et al., 2003; Bonos et al.,
2006). Creeping bentgrass (A. stolonifera L.) is the
most commonly used species in maintaining golf
courses, followed by colonial bentgrass (A. capillaris
L.) and velvet bentgrass (A. canina L.) (Belanger et al.,
2003; Dai et al., 2003). Each of these species has par-
ticular traits such as vulnerability to certain diseases
and environmental stress conditions (Vincelli &
Doney, 1997; Belanger et al., 2003).

The most serious problems of bentgrasses are their
susceptibility to necrotrophic pathogens, especially
dollar spot (caused by Sclerotinia homoeocarpa), red
thread (Laestisaria fuciformis) and brown patch
(Rhizoctonia solani), and to biotrophic pathogens
such as powdery mildew (Deacon, 1973; Jørgensen,
1994; Vargas, 1994; Couch, 1995; Bliffeld et al., 1999;
Zhou et al., 2001; Bonos et al., 2006). It is known that
necrotrophic plant pathogens kill the host tissue by
means of toxic compounds and feed on the remains,
whereas biotrophic pathogens produce effector mol-
ecules which are introduced into the plant cytoplasm
by as yet unknown mechanisms (Glazebrook, 2005;
Jones & Dangl, 2006). The current method for disease
control is the heavy use of fungicides, which creates
environmental and economic concerns (Dai et al.,
2003; Guo et al., 2003). Improvement of the disease
resistance is, therefore, a high priority for bentgrass
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breeding and genetics programmes (Boulter et al.,
2002; Belanger et al., 2004). One of the most con-
venient ways of controlling plant diseases is to de-
velop resistant genotypes.

Naturally occurring plant disease resistance
often results from the presence of a specific resistance
(R) gene in the plant for the effector molecule
coded by the corresponding avirulence (avr) gene of
the pathogen (Flor, 1971). The recognition of an
avr gene product by a receptor in the plant initiates a
signal transduction cascade leading to the activation
of plant defence mechanisms throughR gene products
(Bent, 1996; Tameling et al., 2002; Hammond-
Kosack & Parker, 2003; Innes, 2004). Although
many studies have been conducted to understand
plant disease resistance in molecular means, this
process has been slower than expected. The main
reason for this is that plant cells have a very low
abundance of R genes, and thus their isolation and
characterization is rather difficult. The cloning of
the initial plant R genes by map-based methods or
transposon tagging revealed the presence of con-
served domains in the protein structure (Bent, 1996).
This finding enabled the isolation and characteriza-
tion of various resistance gene-like sequences (RGLs)
using PCR-based degenerate primers (Yu et al., 1996;
Kanazin et al., 1996; Aarts et al., 1998; Seah et al.,
1998; Donald et al., 2002; Shen et al., 2002; Budak
et al., 2006).

Sequence analysis of the plant RGLs revealed that
common motifs occur in resistance genes from diverse
origins and pathogen specificity (Hulbert et al., 2001).
There are at least five different classes of R proteins,
the major one carrying a nucleotide-binding site
(NBS) followed by a leucine-rich repeat (LRR) region
at the C-terminal end of the protein (Richter &
Roland, 2000; Meyers et al., 2003; Michelmore &
Meyers, 1998). NBS contains three peptide motifs
(kinase-1a, kinase-2 and kinase-3) that are critical
for ATP/GTP binding and the presence of these do-
mains in R proteins suggests that nucleotide binding
is essential for proper functioning (Bent, 1996;
Hammond-Kosack & Jones, 1997; Tameling et al.,
2002; Belkhadir et al., 2004). The LRR domain con-
tains leucines or other hydrophobic residues at reg-
ular intervals and is functional in protein–protein
interaction and peptide-ligand binding (Bent, 1996;
Jones & Jones, 1997; Kajava, 1998; Tameling et al.,
2002). The NBS-LRR gene family is further sub-
divided into two, based on motifs at the N-terminal to
the NBS (Cannon et al., 2002). The Toll-Interleukin
receptor-like regions (TIR) subfamily (TIR-NBS-
LRR, TNL) contains approximately 200 amino acid
residues at the N-terminal with high similarity to
Drosophila Toll and mammalian Interleukin receptor-
like regions (Meyers et al., 1999; Pan et al., 2000a ;
Young, 2000; Cannon et al., 2002). Plant TIRs, in

contrast to their animal counterparts functioning
in signal transduction, appear to have a role in
pathogen recognition (Young, 2000). In the non-TIR
subfamily (non-TIR-NBS-LRR), the N-terminal re-
gion consists of either a coiled-coil (CC) or leucine
zipper (LZ) structure, both of which facilitate
protein–protein interactions (Baker et al., 1997; Pan
et al., 2000a ; Cannon et al., 2002). The CC-NBS-
LRR (CNL) subfamily is further divided into the four
subgroups CNL-N1, -N2, -N3 and -N4 where CNL-
N4 was shown to have conserved motifs like TVS and
PKAE domains (Meyers et al., 2003; Chini & Loake,
2005). Other RGL subfamilies include those with
an LRR domain and a serine–threonine protein
kinase domain with no apparent NBS domain, with a
protein kinase domain without an NBS or LRR
domain or a CC domain with a putative transmem-
brane region at the N-terminus (Hulbert et al., 2001;
Liu & Ekramoddoullah, 2004).

There is a clear distinction between mono-
cotyledons and dicotyledons with respect to the pres-
ence of TNL-type R gene families. Neither database
searches nor genomic amplification using universal
degenerate primers has revealed the presence of any
TNL-type R genes in monocotyledons (Meyers et al.,
1999; Pan et al., 2000b ; Martin et al., 2003). It was
speculated that these type of genes are either com-
pletely missing from grass genomes or are present
below detectable levels (Pan et al., 2000b).

Molecular analyses have indicated a high level of
polymorphism of plant R genes and enhanced our
understanding of the possible mechanisms involved
in their evolution (Song et al., 1997; Hulbert et al.,
2001; Hammond-Kosack & Parker, 2003; McDowell
& Simon, 2006). Most R genes are arranged in the
genome forming an array of complex loci which can
evolve through frequent recombination events
(Baker et al., 1997). It is thought that a high frequency
of recombination increases the selective advantage
of plant R gene evolution in the face of rapidly
changing pathogen populations (Baker et al., 1997;
Baumgarten et al., 2003). Genome sequencing studies
have indicated the presence of some RGLs that have
no apparent expression and are therefore clearly
pseudogenes, supporting the presence of a high rate
of evolution in plant R genes (Michelmore & Meyers,
1998). In contrast, not all R genes are maintained by
the same evolutionary forces. For instance, the Rpm1
locus of Arabidopsis was reported to be maintained by
balanced selection, indicating the presence of different
evolutionary forces on R gene families (Stahl et al.,
1999).

The availability of R genes conferring resistance
to diseases opens up an opportunity to improve
commercially important plant species. To date, most
of the studies have focused on the isolation and
characterization of RGLs from genomic DNA
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directly, with the aim of understanding the evolution
of plant R genes. Here we report a PCR-based motif
targeted RNA fingerprinting for the cloning and se-
quencing of differentially expressed cDNAs from
Agrostis.

2. Materials and methods

(i) Plant materials

Approximately 1000 seeds each from creeping bent-
grass (A. stolonifera L., Southshore), velvet bentgrass
(A. canina L., SR7200) and colonial bentgrass
(A. capillaris L., Heriot) species were planted in the
greenhouse to ensure that the resulting plant popu-
lations represented the diversity of each species. The
genotypes were planted in 15 cm diameter pots con-
taining a mixture of peat, vermiculite, soil and sand
(35 : 32 : 9 : 24, by volume). Soil was saturated bi-
weekly with nutrient solution (21N–1.5P–12.5K)
supplemented with 200 mg/l nitrogen. The green-
house was maintained at 25¡1 xC with supplemental
light on a 15 h day/9 h night photoperiod (Budak
et al., 2005). Individual seedlings of each Agrostis
species were used for cDNA amplification of RGL
sequences.

(ii) Total RNA isolation

Total RNA was isolated from 0.2 g frozen tissue
using Trizol reagent (Invitrogen) according to the

manufacturer’s instructions. The concentration was
quantified spectrophotometrically. DNase treatment
was performed in 50 ml reaction mixture containing
1r reaction buffer with MgCl2, 5 mg of total RNA
and 5 U of RNase-free DNase I (Fermantas). The
reaction was maintained at 37 xC for 30 min and
terminated by adding 5 ml of 25 mM EDTA followed
by an incubation at 65 xC for 10 min. Samples were
then stored at x20 xC.

(iii) Degenerate primer design

Three oligonucleotides (Table 1) were designed based
on the highly conserved motifs in the kinase-1a do-
main of NBS-LRR type R genes using the Vector NTI
program (version 9.0, Invitrogen), using known R
sequences from rice (Oryza sativa L., AB002266
and AB019186), diploid wheat (Aegilops tauschii,
AAC05834), barley (Hordeum vulgare L., AJ302292)
and buffalograss (Buchloe dactyloides (Nutt.) Engelm,
AY966893 and AY970294). Each of the designed
primers was combined with the ‘T’ primers (Table 2)
for PCR amplification of RGL sequences from bent-
grass species.

(iv) cDNA synthesis and PCR amplifications

Total RNA from bulk leaf samples was reverse tran-
scribed using an Omniscript RT kit (Qiagen).
Amplification of cDNA fragments was performed in
20 ml PCR reactions. Each reaction mixture contained
2 ml first-strand cDNA, 2 ml 10r PCR buffer without
MgCl2, 2.5 mM MgCl2, 200 mM dNTP mix, 2 mCi
[a-33P]dATP (Institute of Isotopes Co., Hungary),
1 mM of forward primer (Table 1), 1 mM of reverse
primer (Table 2) and 1.25 units Taq DNA poly-
merase. Amplifications were carried out using an MJ
Research PTC-100 thermocycler programmed for 32
cycles of 1 min at 94 xC, 1 min at 50 xC, 1 min at
72 xC; followed by a final extension at 72 xC for
5 min. The PCR products obtained from first-strand
cDNAs synthesized from total RNA were size-
fractionated in 6% polyacrylamide/8 M urea gel. The
gel was blotted onto a Whatman 3M paper and
dried using a gel dryer (E-C355, E-C Apparatus
Corporation) at 76 xC for 50 min. A Kodak X-ray
film was placed on the dried gel and exposed for 14 h
at x80 xC.

Table 1. Degenerate primer sequences used for amplification of RGLs from three Agrostis species

Primers Domain sequence Primer sequencea Degeneracy

Forward-1 GGVGKTT 5k ggg ggg gTg ggg AAR Acg Ac 3k 2
Forward-2 GLPLAL 5k ccH Acg ccR ATg gAW gAc cc 3k 12
Forward-3 GSGGKTT 5k ggR AcT ggN AAR AcN Acc c 3k 64

a R=A, G; N=A, C, G, T; W=A, T; H=A, C, T.

Table 2. Oligo(dT) ‘T ’ primers used for RNA
fingerprinting

Pri-
mersa Sequence (5kp3k)

T1 CATTATGCTGAGTGATATCTTTTTTTTTAA
T2 CATTATGCTGAGTGATATCTTTTTTTTTAC
T3 CATTATGCTGAGTGATATCTTTTTTTTTAG
T4 CATTATGCTGAGTGATATCTTTTTTTTTCA
T5 CATTATGCTGAGTGATATCTTTTTTTTTCC
T6 CATTATGCTGAGTGATATCTTTTTTTTTCG
T7 CATTATGCTGAGTGATATCTTTTTTTTTGA

T8 CATTATGCTGAGTGATATCTTTTTTTTTGC
T9 CATTATGCTGAGTGATATCTTTTTTTTTGG

a Each ‘T’ primer contains two variant nucleotides at the
3k-end (bold underlined).
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(v) cDNA cloning and sequence analysis

Amplified fragments were excised from gels, extracted
by a QiaexII gel extraction kit (Qiagen), inserted into
pGEMT-Easy vector (Promega) and propagated in
E. coli grown in Luria Bertani (LB) medium sup-
plemented with 100 mg/ml ampicillin.

The subcloned fragments were sequenced and
exposed to the VecScreen algorithm (http://www.
ncbi.nlm.nih.gov/) to remove vector contamination.
Sequences were then grouped at 90% nucleotide
identity level using ContigExpress (Vector NTI,
version 9.0, Invitrogen) and the longest sequence from
each group was used for further analysis. The BLAST
algorithm (Altschul et al., 1997) was used to analyse
ESTs. The identified RGL sequences were compared
with known R genes in order to show their structural
resemblance. The ClustalW algorithm (Chenna et al.,
2003) was performed to identify the motifs. Exon
prediction was conducted using the gene-finding
programs GENESCAN (Burge & Karlin, 1997)
and GENEMARK (Lomsadze et al., 2005) as out-
lined by Budak et al. (2005). All sequences were run
against rice.

(vi) Data analysis

A phylogenetic tree was constructed based on the
neighbour joining (NJ) method with a Dayhoff matrix
(Schwartz & Dayhoff, 1978) using the Vector NTI
program (version 9.0, Invitrogen).

(vii) Rapid amplification of cDNA ends (5kRACE)

To amplify the corresponding full-length cDNA,
RACE was performed using the GeneRacer kit
(Invitrogen) according to the manufacturer’s proto-
col. Gene-specific primers (i.e. 5kRACE-ccagcggg-
gagcccatccttgatgg) and (3k-aagtcaagcatactcctgtgccgtt)
were designed based on the sequence information
obtained from cDNAs. Each amplification reaction
was cloned into pBlueScript II KS (+) (Stratagene)
for sequence analyses.

3. Results

The combinations of each kinase-1a domain specific
degenerate (Table 1) and ‘T’ primer (Table 2) pairs
were used for cDNA amplification of RGL sequences
from three Agrostis species. Amplification products
that had been size-separated on 6% polyacrylamide/
8 M urea gel generated 40–90 bands (Fig. 1). The sizes
of the PCR products ranged from 150 to 1100 base
pairs. Of the total 180, only about 80 fragments were
found to be unique. Sixty-one clones (29 from creep-
ing bentgrass, 21 from velvet bentgrass and 11 from
colonial bentgrass) were successfully isolated and

sequenced from the three Agrostis species. After re-
moval of the primer and vector sequences, 39 unique
contig tags were identified using ContigExpress
(Vector NTI, version 9.0) and the longest sequence of
each contig was used for further analysis.

The RGL sequences cloned from all three bentgrass
species were found to be highly divergent both at
nucleotide and amino acid levels. Putative protein
sequences of 15 RGLs were compared with sequences
available in the GenBank database by BLASTX
searches (Altschul et al., 1997). These sequences
showed either partial or overall homology to the
known or putatively annotated genes with different E
values (Table 3). The remaining 24 Agrostis sequences
proved similarity to pathogenesis-related proteins
(proteases, kinases and phosphatases), ATP- and
GTP-binding motif carrying proteins and stress-
related kinases, indicating these species contain a
large and diverse family of genes for proteins carrying
this domain. Since our main objective was to isolate
and characterize constitutively expressed RGLs, these

1100bp

150bp

A
. canina

A
. stolonifera

A
. capillaris

Fig. 1. 33P-labelled PCR amplification products of three
Agrostis species separated on a 6% polyacrylamide/8 M
urea gel. Arrows point to the fragment size.
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sequences were not analysed further. Some of the
sequences isolated did not match with any of the
plant NBS/LRR resistance genes even in relatively
conserved regions. The same behaviour was also
observed in buffalograss species and might indicate
the high variability of the RGL sequences (Budak
et al., 2006).

Open reading frame analysis (ORF) of the
39 different bentgrass RGLs was performed
using GENESCAN (Burge & Karlin, 1997) and
GENEMARK (Lomsadze et al., 2005) programs as
outlined by Budak et al. (2005). Of the 39 Agrostis

sequences, ORFs of 15 RGL sequences were charac-
terized and are depicted in Table 3. However, 10
cDNA clones (4 from creeping bentgrass, 3 from col-
onial bentgrass and 3 from velvet bentgrass) did not
have any ORFs as indicated by the presence of mul-
tiple stop codons and were not analysed further. This
response might indicate that some isolated Agrostis
RGL sequences could be pseudogenes.

BLASTX analysis of EE284250 showed high hom-
ology with downy mildew resistance protein RPP5
from Arabidopsis thaliana (NM 179067.1) with an E
value of 3e-40. Two other RGL sequences, EE284247

Table 3. BLASTX results of RGLs obtained from Agrostis species

Accession no.
Homologous
GenBank accessions

Species R
gene isolated

%
identity Probability

ORF

Frame From To

EE284243 CC-NBS-LRR resistance
protein MLA13 Hordeum
vulgare (AAO16014.1)

Velvet bentgrass 75 4e-28 x3 144 446

EE284244 RGA: NBS-LRR-like
resistance proteinOryza sativa
(AAM69508.1)

Velvet bentgrass 97 2e-34 +3 114 290

EE284245 Similar to NBS-LRR-type
resistance gene Oryza sativa
(NP_910483.1)

Velvet bentgrass 57 2e-07 +3 159 531

EE284246 NBS-LRR resistance protein
Lolium perenne (AAY56467.1)

Velvet bentgrass 91 1e-76 +2 449 589

EE284247 CC-NBS-LRR resistance
protein MLA13 mRNA,
complete cds; alternatively
spliced Hordeum vulgare
(AF523683.1)

Creeping bentgrass 97 3e-146 x2 596 877

EE284248 NBS-LRR-like protein (YR6)
gene, partial cds Oryza sativa
(AF220732.1)

Creeping bentgrass 93 3e-73 +1 346 540

EE284249 NBS-LRR-like resistance
protein Oryza sativa
(AAM69514.1)

Creeping bentgrass 98 5e-39 +2 128 466

EE284250 Downy mildew resistance
protein RPP5 Arabidopsis
thaliana (AAF08790.1)

Creeping bentgrass 5851 3e-40, 3e-33 +3 318 530

EE284251 Putative disease resistance
complex protein Oryza sativa
(AAP05798.1)

Creeping bentgrass 78 3e-72 +2 299 533

EE284252 RGA: Zizania latifolia clone
Zi-FL10 disease partial cds
(DQ239431.1)

Creeping bentgrass 89 2e-157 +3 108 536

EE284253 Disease resistance gene
analogue Zizania latifolia

Creeping bentgrass 86 6e-84 +3 108 517

EE284254 NBS-LRR-like resistance
protein Oryza sativa
(AAM69508.1)

Colonial bentgrass 95 2e-80 +1 181 530

EE284255 NBS-LRR-type resistance
protein Hordeum vulgare
(AAB96979.1)

Colonial bentgrass 77 1e-71 +3 108 539

EE284256 Putative NBS-LRR-type
resistance Oryza sativa
(AAT69649.1)

Colonial bentgrass 80 3e-72 x3 1 154

EE284257 Mla-like protein Triticum
aestivum (AAO65985.1)

Colonial bentgrass 75 2e-71 +1 1 465
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(creeping bentgrass) and EE284243 (velvet bentgrass),
have high levels of homology (75% and 97% identity,
respectively) to MLA13, which confers resistance
to the fungal pathogen B. graminis, isolated from
the Poaceae family. Because Agrostis belongs to the
Poaceae family, it is possible to assume that these
RGL sequences may be involved in resistance to
B. graminis.

The C-terminal amino acid of the kinase-2 motif
indicates whether the RGL is of the CNL (Coiled-
Coil-NBS-LRR) or TNL (Toll-Interleukin receptor-
like-NBS-LRR) type: the CNL kinase-2 domain
ends with a tryptophan (W) residue, whereas TNL
types end with an aspartic acid (D) residue (Meyers
et al., 1999). Of the predicted kinase-2 motifs among
RGL sequences, EE284246 from velvet bentgrass
and EE284254 from creeping bentgrass end with a
tryptophan (W) residue (Fig. 2), indicating that these
sequences belong to CNL-type R genes. For the CNL-
type RGLs, NBS and GLPL domains are also de-
picted in Fig. 2. Comparison of the deduced amino
acid sequences of these RGLs with known CNL and
TNL types of NBS-LRR proteins also revealed a high
level of similarity to CNL-type R genes (Table 3). On
the other hand, EE284250 from creeping bentgrass
was shown to possess a RNBS-A motif and kinase-2
domain of EE284257 from colonial bentgrass ends
with an aspartic acid (D) residue, implying these
RGLs are of TNL type (Fig. 2).

A neighbour joining tree of the deduced amino acid
sequences of 15 RGLs from Agrostis species and
comparison with known TIR- and non-TIR-NBS-
LRR type R genes from different plant species
revealed that constitutively transcribed RGLs of
Agrostis species are highly diverse (Fig. 3). Translated
RGLs formed two main groups; in the first group,
RGLs of all three Agrostis species – EE284243,
EE284245 (both from velvet bentgrass), EE284247,
EE284250 (both from creeping bentgrass) and
EE284257 (from colonial bentgrass) – were found to
be in close proximity with the known TNL-type
R genes RPP5 (NM179067, A. thaliana), Lu-M
(AAB47618, L. usitassimum, flax), L6 (AAD25965,
L. usitassimum, flax) and Lu-L5 (AFO93645, L. usi-
tassimum, flax). Although not all RGLs from this
group could be shown to carry TNL-type motifs
like RNBS-A or a kinase-2 domain ending with a D
residue, it can be assumed on the basis of the neigh-
bour joining tree that they are also TNL-type R genes.
The RGLs in the second group showed similarities
only to known non-TIR type R proteins, namely
YR16 (AF220739.1, O. sativa), Xa1 (BAA25068,
O. sativa), MLA6 (CAC29241, H. vulgare), MLA13
(AAO16014.1, H. vulgare). YR23 (AF220745.1,
O. sativa), AtRPS2 (AF487823, A. thaliana), AtRPS5
(AFO74916, A. thaliana) and BoRPS2 (AAF19803,
B. oleracea) (Fig. 3).

Evolutionary forces were also examined on NBS
and LRR domains of constitutively expressed RGL
sequences by calculating the ratio of non-synonymous
nucleotide substitutions (Ka) to synonymous nucleo-
tide substitutions (Ks) in Agrostis species (Nei &
Gojobori, 1986). The majority of nucleotide vari-
ations in NBS of RGL sequences represent the non-
synonymous substitutions. Ka/Ks values for pairwise
comparisons ranged from 0.23 to 0.34 in creeping
bentgrass, 0.13 to 0.21 in velvet bentgrass, and 0.21 to
0.32 in colonial bentgrass. These results (i.e. Ka/Ks
ratio smaller than 1) indicate purifying selection in
Agrostis species. Similar results were also found in the
LRR domain. The Ka/Ks values for pairwise com-
parison of LRR domain sequences ranged from 0.45
and 0.42 in creeping bentgrass, 0.25 to 0.43 in velvet
bentgrass and 0.34 to 0.42 in colonial bentgrass, sup-
porting purifying selection in constitutively expressed
RGL sequences.

The 5k-RACE was performed to obtain the un-
translated region (5k-UTR) of the identified R gene-
like sequences in all three Agrostis species. This
analysis helped to locate the position of the trans-
lation start codon more precisely. Two distinct
5k-RACE products from both creeping and colonial
bentgrass and one distinct 5k-RACE product from
velvet bentgrass were isolated. Sequence analysis of
the identified 5k-RACE products in these species
showed a high level of similarity, ranging from 75%
to 98% in Agrostis species. The 5k-UTRs were found
to be approximately 80 bp in length. In colonial
bentgrass RGL sequences, the upstream sequences
showed 78–99% similarity with an average 5k-UTR
length of 70 bp (data not shown).

The existence of common RGL sequences was
tested in three Agrostis and buffalograss species. The
sequence analysis of the resulting PCR products
of expected size (500 bp) from buffalograss and
three Agrostis species provided the evidence for
common RGL sequences among the species com-
pared (Fig. 4). The existence of common RGL se-
quences suggests that RNA fingerprinting combined
with PCR-based motif-directed profiling can poten-
tially be used for comparative genomics analysis
in grasses.

4. Discussion

To our knowledge, this is the first study on the iso-
lation and characterization of RGL sequences based
on PCR-based motif-directed RNA fingerprinting
from three Agrostis species. There are a number of
studies in the literature based on the degenerate pri-
mer design on conserved motifs and genomic DNA
amplification to identify and characterize RGL se-
quences from a variety of plant species (Yu et al.,
1996; Kanazin et al., 1996; Aarts et al., 1998;
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Seah et al., 1998; Donald et al., 2002; Shen et al.,
2002). This study differs from previous studies by
isolating cDNA (not genomic DNA) in the absence of
a pathogen attack.

A PCR-based motif-directed RNA fingerprinting
can be useful for systematically searching for RGLs in
the Agrostis genome. Thus the present study demon-
strates the isolation of constitutively expressed RGLs

                           

 

           

                                  

Fig. 2. ClustalW analysis of identified RGLs. Boxes indicate the CNL-type or TNL-type motifs found in these sequences.
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and structural and genetic diversity that exist among
R genes at both the nucleotide and amino acid level
(Figs. 2 and 3, Table 3). Although some RGL se-
quences might be not functional due to stop codons or
disruption of open reading frames, the Agrostis RGLs
cloned in the present study resemble R genes (Table
3). Ploidy level and genome organization are import-
ant factors that might affect the accumulation of
pseudogenes inAgrostis species. The pseudogene ratio
was 10% in Arabidopsis (Meyers et al., 2003), 11% in
soybean (Kanazin et al., 1996), 9.3% in tomato (Pan
et al., 2000a) and 29% in buffalograss (Budak et al.,
2006). Several researchers have demonstrated that
sequencing of paralogues of Xa21, Cf9 and Dm3

indicated the presence of pseudogenes (Parniske et al.,
1997; Song et al., 1997; Meyers et al., 1998). Shen
et al. (2002) identified only one functional resistance
gene in 800 resistance gene analogues from 20 plant
species.

Deduced amino acid sequence results indicated
EE284243 and EE284245 of velvet bentgrass,
EE284247 and EE284250 of creeping bentgrass, and
EE284257 of colonial bentgrass RGLs closely match
with downy mildew resistance protein RPP5 from
Arabidopsis (AAFO8790), which confers resistance
against Hyaloperonospora parasitica, an oomycete.
Therefore, it is possible to assume that the RGLs in-
dicated can be involved in this type of resistance.

A neighbour joining tree constructed on the basis of
a Dayhoff matrix (Schwartz & Dayhoff, 1978) in-
dicated that RGLs isolated from Agrostis species are
highly diverse (Fig. 3). The obtained Agrostis RGLs
sequences mainly grouped into two classes (TIR
and non-TIR-NBS-LRR). Five of the bentgrass
RGL sequences were in the same cluster with known
TNL-type R proteins such as RPP5, AtRPS2 and
BoRPS2. However, two RGL sequences (EE284250
and EE284257) were shown to contain clear TNL-
type motifs (Fig. 2). The majority of constitutively
expressed RGL sequences in Agrostis grouped with
known R genes and proteins of O. sativa, common
rice. Since both species are of the same family,
Poaceae, this may support the hypothesis that the
divergence of R genes is also controlled by family- or

EE284254
Xa1(BAA25068) 

YR16 (AF220739.1)
MLA13 (AAO16014.1)
MLA6(CAC29241)

EE284251
EE284252

EE284253
EE284255
EE284256

AtRPS2(AF487823)
BoRPS2(AAF19803)
AtRPS5(AFO74916)

EE284244
EE284248

YR23(AF220745.1)
EE284249

RPP5(NM_179067.1)
L6(AAD25965)
Lu-L5(AFO93645)
Lu-M(AAB47618) 

EE284243
EE284250

EE284257
EE284245
EE284247

EE284246

TIR-NBS-LRR

non-TIR-NBS-LRR

Fig. 3. Neighbour joining tree constructed on the basis of a Dayhoff matrix (Schwartz & Dayhoff, 1978) on 15 ESTs from
Agrostis species and comparison with known R genes from different plant species. GenBank accession numbers between
EE284243 and EE284246 are for velvet bentgrass (green colour), EE284247 and EE284253 for creeping bentgrass (yellow
colour), and EE284254 and EE284257 for colonial bentgrass (pink colour).
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Fig. 4. cDNA amplification products derived from
buffalograss and three Agrostis species.
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species-specific pathogens. The branching of R pro-
teins of H. vulgare (Poaceae) with that of L. usitassi-
mum (Linaceae), and the presence of two of the RGLs
identified from Agrostis species, may indicate that the
same evolutionary forces were effective on this group
of proteins.

The Ka/Ks ratio, an indicator of the evolutionary
pressures on a gene, revealed that both NBS and LRR
domains seem to be under purifying selection; thus,
divergence mechanisms may be acting very slowly
within the constitutively expressed RGL genes of
these three Agrostis species. Our results are in good
agreement with comments made by Michelmore &
Meyers (1998) who reported that R genes might not
be evolving rapidly but rather slowly to provide
resistance against pathogens that are heterogeneous
in space and time. This finding might be the result of
not having enough RGL sequences from Agrostis
species to clearly identify the selection methods on
evolution.

In the literature, all the R genes amplified appears
to belong to the non-TIR-NBS-LRR subfamily and
there are no reports revealing TNL-type R gene
families in monocotyledons (Meyers et al., 1999; Pan
et al., 2000b ; Martin et al., 2003). It was speculated
that these type of genes are either completely missing
from the grass genomes or are present beyond de-
tectable levels (Pan et al., 2000b). In the present study,
for the first time, two TNL-type RGLs were isolated
from Agrostis, a monocotyledonous plant. This
striking finding might indicate the presence of both
CNL- and TNL-type R genes in monocots and can
enhance knowledge on the evolution and utilization
of RGLs in grass species. Furthermore, the RGL
sequences obtained in the present study could facili-
tate the design of new molecular markers to trace
R genes and could also be placed onto the Agrostis
linkage map to identify R loci to improve the
disease resistance of this economically important
species.

The authors thank Drs Stacy Bonos and William Meyer for
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This project was partially supported by Sabanci University
Research Funding and the European Commission’s Marie
Curie International Reintegration Grant (FP6).
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