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Abstract

The majority of verified plant disease resistance genes
(R genes) isolated to date was of the nucleotide binding
site-leucine rich repeat (NBS-LRR) class. The conserva-
tion between different NBS-LRR R genes opens the
avenue for the use of PCR based strategies in isolating
and cloning other R gene family members or analogs
(resistance gene analogue, RGA) using degenerate
primers for these conserved regions. In this study, to
better understand the R gene in European aspen (Popu-
lus tremula), a perennial tree, we used degenerate

primers to amplify RGA sequences from European
aspen. Cloning and sequence characterization identified
37 European aspen RGAs, which could be phylogeneti-
cally classified into seven subfamilies. Deduced amino
acid sequences of European aspen RGAs showed strong
identity, ranging from 30.41 to 46.63%, to toll inter-
leukin receptor (TIR) R gene subfamily. BLAST searches
with reference to the genomic sequence of P. trichocarpa
found 209 highly homologous regions distributed in 28
genomic loci, suggesting the abundance and divergence
of NBS-encoding R genes in European aspen genome.
Although, numerous studies have reported that plant R
genes are under diversifying selection for specificity to
evolving pathogens, non-synonymous to synonymous
nucleotide substitution (dN/dS) ratio were <1 for NBS
domains of European aspen RGA, showing the evidence
of purifying selection in this perennial tree. In further
analysis, many intergenic exchanges were also detected
among these RGAs, indicating a probable role in
homogenising NBS domains. The present study permits
insights into the origin, diversification, evolution and
function of NBS-LRR R genes in perennial species like
European aspen and will be useful for further R gene
isolation and exploitation.

Key words: Populus tremula, disease resistance gene,
nucleotide binding site, resistance gene analogue, phylogenetic
analysis.
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Abbreviations: dN, non-synonymous nucleotide substitution; 
dS, synonymous nucleotide substitution; LRR, leucine rich
repeat; NBS, nucleotide binding site; ORF, open reading frame;
R gene, resistance genes; RGA, resistance gene analogue; TIR,
toll interleukin receptor.

Introduction

Plants utilize a variety of strategies to withstand
attack by a huge assortment of pathogens found in their
habitats. The resistance genes (R genes) that confer
resistance against pathogens that express matching
avirulence genes in a “gene-for-gene” manner are one of
the most effective and predominant strategies in plants
(FLOR, 1971). Recently, over 30 disease resistance genes
have now been cloned from a wide range of plant
species, such as tamota, tobacco, Arabidopsis, flax and
rice; they confer resistance to various plant pathogens,
including viruses, bacteria, oomycetes, fungi, nematodes
and insects (DEYOUNG and INNES, 2006; KUANG et al.,
2008; MEYERS et al., 2005).

R genes are grouped into five classes based on the
structure of their protein products. Most R genes encode
the protein containing a nucleotide-binding site (NBS)
domain and a stretch of leucine-rich repeats (LRR) at
the C-terminus. Based on motifs located N-terminal to
the NBS domain, the NBS-LRR super-family can be fur-
ther subdivided into the TIR (Drosophila Toll and
human Interleukin Receptor-like) subfamily and the
non-TIR subfamily. The other four classes consist of: (1)
cytoplasmic serine/threonine kinases; (2) extracellular
LRRs anchored to a transmembrane domain; (3) recep-
tor-like kinases (RLKs) with extracellular LRRs and an
intracellular serine/threonine kinase domain; and (4)
the HM1 gene encoding a toxin reductase (DEYOUNG and
INNES, 2006; MEYERS et al., 2005; VAN DER HOORN and
KAMOUN, 2008). 

The NBS domain is characterized by several distinct
motifs: P-loop/kinase-1a, kinase-2, kinase-3a, and
GLPL, and all of them are highly conserved among
species (MEYERS et al., 1999; PAN et al., 2000). These
well-conserved regions within the NBS domain have
been used to isolate resistance gene analogs (RGAs) in a
broad range of plant species, such as soybean (KANAZIN

et al., 1996), potato (LEISTER et al., 1996), rice (BAI et al.,
2002), Arabidopsis thaliana (MEYERS et al., 1999; MEY-
ERS et al., 2003), grapevine (DONALD et al., 2002), apple
(LEE et al., 2003), strawberry (MARTINEZ ZAMORA et al.,
2004), oats (IRIGOYEN et al., 2006), apricot (SORIANO et
al., 2005), rose (HATTENDORF and DEBENER, 2007),
banana (MILLER et al., 2008) and sugarcane (GLYNN et
al., 2008). These RGAs are useful in physical mapping
and as gene candidates in positional cloning. In addi-
tion, Conservation of the NBS domain has been used to
study the genomic architecture of this gene family. R
genes are unevenly distributed in plant genomes and
many reside in local multigene clusters. The clustered
distribution of R genes provides a reservoir of genetic
variation from which new specificities can evolve. Mech-
anisms like duplication, unequal crossing over, ectopic
recombination, gene conversion, and diversifying selec-
tion have been proposed to contribute to the structure of
R gene clusters and the evolution of resistance specifici-

ties (AMELINE-TORREGROSA et al., 2008; BAI et al., 2002;
KUANG et al., 2004; PAN et al., 2000; YANG et al., 2008).

Despite the wealth of information on the structure
and function of NBS-LRR RGA that has come from sev-
eral elaborate analyses in herbaceous monocots and
dicots, only fragmentary information is available on
NBS-LRR genes in perennial species (KOHLER et al.,
2008; SORIANO et al., 2005; TUSKAN et al., 2006; ZHANG et
al., 2008). Such long-lived species are more prone to
attacks by pathogens before reproduction and their long
generation time makes it impossible for them to match
the evolutionary rates of a pathogen that goes through
several generations every year (KOHLER et al., 2008).
P. tremula is a species of aspen (in section Leuce,
subsection Trepidae) native to cool temperate regions
of Europe and Asia, and is widely used for foresta-
tion, landscape enhancement and paper making
(http://en.wikipedia.org/wiki/Populus_tremula). Howev-
er, this aspen is susceptible to many diseases, which
often severely affect the growth and yield. In contrast to
tremendous progress in identification and characterisa-
tion of resistance loci in P. deltoids (in section Aegiros)
(LESCOT et al., 2004) and RGA in P. tomentosa (in section
Leuce, subsection Albidae) (ZHANG et al., 2008) as well
as of putative disease R genes from genome sequences of
P. trichocarpa (in section Tacamahaca) (KOHLER et al.,
2008; TUSKAN et al., 2006), little is currently known
about disease resistance in P. tremula.

In the present study, we followed the PCR-based strat-
egy using R gene specific degenerate primers to (i) iso-
late RGA from P. tremula to facilitate functional cloning
of R gene from European aspen in the future, (ii) evalu-
ate the extent of RGA sequences variation in European
aspen genome, (iii) analyze the phylogenetic relation-
ships of European aspen RGA sequences with the known
R genes from other plant species, and (iiii) elucidate the
evolution of European aspen RGA sequences and their
patterns of genomic organization. These data permit
insights into the origin, diversification, evolution and
function of NBS-LRR resistance genes in perennial
species like European aspen.

Materials and Methods

Plant material

Populus tremula was used as the experimental mater-
ial in this study. The abscised branches from a randomly
selected individual were pieked from the collection in
the Research Institute of Forestry, Chinese Academy of
Forestry. The mature branches were surface-sterilized
with 75% ethanol and were kept under hydroponic cul-
ture conditions. After sprouting, the branches were
grown in an incubator at 25°C ± 0.5°C under 16 h of
artificial daylight and 8 h of darkness.

DNA extraction and PCR amplification of RGA

The P. tremula total genomic DNA was isolated from
young leaf tissue using CTAB method according to MUR-
RAY and THOMPSON (1980), with minor modifications as
described by ZHANG et al. (2005). Degenerate primers
used in this study were either designed on the basis of
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two highly conserved motifs in the NBS domain of prod-
ucts of tobacco N (U15605), Arabidopsis RPS2 (U12860)
and RPS5 (AF074916), flax L6 (U27081) and rice Xa1
(AB002266) genes or obtained from previously published
articles (Table 1).

PCR reaction was performed with 200 ng genomic
DNA as template. Each 25 µl reaction volume consisted
of the following reagents: 2.5 µl of 10xTaq buffer
(Takara, China), 0.5 µl of 10mM dNTPs (Sigma-Aldrich,
America), 1 µl of 10 µM each primer, 0.5U of Taq DNA
polymerase (Takara, China). PCR amplifications were
performed in a thermal cycler (MG 5331, Eppendorf,
Germany) using the following procedures: after denatu-
ration at 94°C for 2 min, amplification was performed
for 35 cycles at 94°C for 0.5 min, at 58°C for 1 min, and
at 72°C for 1 min, and a final step of elongation at 72°C
for 10 min.

Cloning and sequencing of amplified RGA

PCR products were separated on a 2% agarose gel,
and DNA fragements of the appropriate size were
extracted from the gel using a PCR Purification Kit
(Sangon, China). The target bands were ligated to the
pMD18 T-vector (Takara, China) and then transferred
into Escherichia coli strain DH5α competent cells by
heat shock (SAMBROOK et al., 1989). Individual clones
were distinguished by 4-base restriction enzyme diges-
tion, such as Sau3A and Taq I. Clones showing the same
restriction patterns were presumed to be identical and
therefore sorted into the same class. One to four clones
from each defined class were sequenced by Invitrogen
(America). The RGA nucleotide sequences with identity
of less than 99% were deposited in the GenBank under
the Accession Nos. from DQ104366 to DQ104388, from
EU816423 to EU816434, DQ452616 and DQ452617.

Database search

Nucleotide and deduced amino acid sequences derived
from positive clones were searched for their similarity to
cloned R genes and their corresponding loci using the
BLAST algorithm (ALTSCHUL et al., 1997) against the

databases of the NCBI GenBank (http://www.ncbi.nlm.
nih.gov/), the Swedish Populus EST collection (http://
www.populus.db.umu.se/) and the genome sequence of
P. trichocarpa (http://genome.jgi-psf.org/Poptr1/). 

Multiple alignments and phylogenetic analysis

Phylogenetic analyses were performed on the Euro-
pean aspen RGA nucleotide sequences as well as the
deduced amino acid sequences. Searches for introns
were done using the NetPlantGene (http://www.cbs.dtu.
dk/services/NetPGene/). Predicted amino acid sequences
were generated using the ExPASy (Expert Protein
Analysis System) (http://www.expasy.org). Pairwise com-
parisons and multiple alignments were performed using
the Clustal W 1.8 with default parameters (THOMPSON et
al., 1997). A dissimilarity matrix and a phylogenetic tree
were obtained from this alignment following the neigh-
bor-joining method (SAITOU and NEI, 1987) with the
Kimura’s two-parameter distances for nucleotide
sequences and poisson correction distance for deduced
amino acid sequences (NEI and KUMAR, 2000) in MEGA
4.1 (TAMURA et al., 2007). The reliability of the tree was
established by conducting 1000 neighbor-joining boot-
strap sampling steps. The phylogenetic tree was con-
structed using an AfsR gene (P25941) as an outgroup
(MEYERS et al., 2003). The RGA sequences in the TIR
sub-group were aligned using the Clustal W 1.8 (THOMP-
SON et al., 1997), and the multiple sequence align-
ment editor program GeneDoc (http://www.nrbsc.org/gfx/
genedoc/) was used to generate a consensus sequence
from the sub-group alignments.

Detection of nucleotide substitution and gene conversion 

The number of synonymous (dS) and nonsynonymous
(dN) substitutions were calculated using the modified
Nei and Gojobori method in MEGA 4.1 (TAMURA et al.,
2007). The one-tailed Z-test and Fisher’s exact test were
used to detect deviation of the dN/dS ratios from neutral-
ity (dN/dS =1) (TAMURA et al., 2007). The gene conversion
was detected using the Geneconv (SAWYER, 1989). Global
and pairwise P values were calculated to assess the sta-

Table 1. – Degenerate primers used for PCR amplification of RGAs from genomic DNA of P. tremula.
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tistical significance of the observed fragment lengths.
The P values for global fragments were based on 10,000
permutations of the sequence alignments, while pair-
wise fragment P values were achieved as described by
Karlin and Altschul (KARLIN and ALTSCHUL, 1990). Only
intergenic exchange events maintaining global Bonfer-
roni corrected P values < 0.05 were considered as signifi-
cant.

Analysis of conserved motif structures

Nucleotide diversity, Pi (NEI and KUMAR, 2000), of the
RGA sequences in Eropean aspen genome was calculat-
ed in shifting windows of 30 nucleotides with a step size
of 2, considering all sequences as haplotypes of the same
locus. This parameter was calculated using the DnaSP
4.0 (ROZAS et al., 2003). In order to investigate the struc-
tural divergence among the NBS RGA, their predicted
amino acid sequences were subjected to domain and
motif analyses. The NBS regions were analyzed individ-
ually using the MEME/MAST system (http://meme.sdsc.
edu/meme/website/) to investigate protein motifs in
more detail.

Results

Isolation and Identification of RGA sequences from 
P. tremula

Six degenerate primer combinations designed based
on the P-loop and hydrophobic domains were used to
obtain RGA from European aspen genome. Only a clear
band of about 520bp was detected in the amplification
products (Fig. 1). This was similar to the size expected
based on the size of the targeted NBS domain from
other plants (KANAZIN et al., 1996; LEISTER et al., 1996;
SORIANO et al., 2005; GLYNN et al., 2008). The 520bp
band was excised and cloned, and 230 individual clones
were obtained and classified by digestion with 4-base
restriction enzymes. One to four clones of every class
were selected and sequenced. In total, 50 clones were
sequenced, of which 37 clones showed similarity to
known plant R genes or RGAs, while the other 13 clones
presented no resemblance. Sequences analysis revealed
that 26 European aspen RGAs contained a single
uninterrupted open reading frame (ORF). The deduced
RGA amino acid sequences showed not only the two
motifs targeted by the primers used but also the inter-

nal motifs characteristic of the NBS-LRR gene class
(MEYERS et al., 1999; PAN et al., 2000) (Fig. 5).

Alignment analysis

Searches of GenBank using BLAST algorithms
(BLASTN and BLASTP) demonstrated that European
aspen RGAs shared significant homologies with well-
characterized R genes from other plants, as indicated by
the E values ranging from 1.0e-13 to 6.0e-39. Compari-
son of the deduced amino acid sequence of European
aspen RGA sequences with the NBS domain encoded by
known plant R genes, such as tobacco N (U15605), flax
M and L6 (U73916 and U27081), and A. thaliana RPP1,
RPP5 and RPP8 (AF098962, AF180942 and AF089710),
showed identities ranging from 30.41% to 46.63%.

To estimate the genomic distribution and expression of
NBS encoding R genes in Populus genome, the BLAST
analysis against the genomic and transcript sequences
of P. trichocarpa was performed. The results showed a
total of 209 hits from the Populus genome sequences,
with length over 450bp and identity of more than 90%
(Appendix S1 in Supplementary material). These
sequences were distributed in 28 loci, including 21 scaf-
folds and 7 linkage groups (LG). Similarly, search of
P. trichocarpa transcript database also demonstrated
162 hits (Appendix S2 in Supplementary material),
using the same parameter. Within each matching region
in the poplar genome, at least one NBS-encoding disease
resistance like gene was identified using the Genscan
(data not shown).

Nucleotide divergence analysis

Divergence analysis of 37 NBS-RGAs, isolated from
European aspen, was conducted using the neighbor-join-
ing method (SAITOU and NEI, 1987) and a phylogenetic
tree was constructed (Fig. 2). The RGA sequences were
grouped into seven clusters or families (A-H), all of
which were highly supported by bootstrap values. There
were three members in cluster A and F, one member in
cluster B, eight in cluster C and D, ten in cluster E and
four in cluster G, respectively (Fig. 2). The results
showed a high degree of divergence and considerable
sequence variation among RGAs in P. tremula genome,
the divergent distance for members of the European
aspen RGA sequences ranged between 0.02 and 1.58
(Appendix S3 in Supplementary material). In accor-
dance with this, the average dS for P. tremula was 0.463,
confirming the high divergence for European aspen RGA
sequences. A maximum parsimony analysis produced a
similar tree (data not shown), confirming the robustness
of the tree.

The analysis of the nucleotide polymorphism and
divergence of the European aspen RGA sequences
showed that they were less polymorphic and highly
conserved at the functionally defined NBS motifs by
MEYERS et al. (1999) and PAN et al. (2000), such as the 
P-loop, RNBS-A-TIR, Kin-2, RNBS-B, RNBS-C and
GLPL motifs (Fig. 3). The other more conserved region
identified in P. tremula sequences was named RNBS-
P. tremula motif (Fig. 3). This high special conservation
at the RNBS-P. tremula motif might be, at least partial-

Figure 1. – Resistance gene analogs obtained from P. tremula
with the degenerate primers: the DNA molecular- weight mark
lane M; the negative control without DNA template (lane CK);
using different primer combinations in table 1 represented in
lanes 1 to 6.
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ly, because of the species-specific requirement for the
disease resistance.

Phylogenetic analysis of NBS domain RGA from 
P. tremula with other cloned R genes

The Neighbor-Joining phylogenetic tree constructed
from the deduced amino acid alignment of NBS domains
of known plant R genes and European aspen RGAs was
shown in Fig. 4. The tree had long branch lengths and
closely clustered nodes, reflecting a high level of
sequence divergence. The distinction between the differ-
ent European aspen RGA families was clearly con-
firmed, which were consistent with the nucleotide analy-
sis observed in the relationships between European
aspen RGA families (Fig. 2). When the AfsR gene
(P25941) was used as an outgroup, the phylogenetic tree
showed that they could be split into two major branches
with strong supports of bootstrap analysis (Fig. 4). With
a bootstrap value of 94, the phylogram revealed clear
separation between the TIR and non-TIR classes. Non-
TIR RGA sequences were derived from monocotyledo-
nous and dicotyledonous plants, whereas TIR RGA
sequences exclusively came from dicots. This pattern
indicates the divergence during evolution and an
ancient origin for these RGA sequences (MEYERS et al.,
1999; PAN et al., 2000). All European aspen RGAs identi-
fied in the current study were present in one branch
containing the N, L6, M, RPP1 and RPP5 genes. Accord-
ing to the previously defined distinction between the

TIR and non-TIR class, all isolated European aspen
RGAs seemed to belong to the TIR-NBS-LRR subfamily.
Among the TIR group, two sub-clusters emerged, 26
European aspen sequences joining the TIR-B and the
other plant R genes joining the TIR-A.

Comparative analysis of conserved motifs in NBS
domain

Alignments of deduced amino acid sequences demon-
strated that the European aspen RGA also contained
the conserved motifs in NBS domains that were previ-
ously identified in R genes of other plants (MEYERS et
al., 1999; PAN et al., 2000), although in some sequences
with minor amino acid substitutions (Fig. 5). For exam-
ple, the most common P-loop motif in European aspen
was MPGVGKTT, nevertheless, a variation, MPG(I/M)
GKTT, was also found, and this variant motif could rep-
resent the divergence of RGA sequences in P. tremula
genome (Fig. 5). The non-TIR sequences had the charac-
teristic tryptophan residue (W) at the final position of
the kinase-2 motif that was absent in the TIR sequences
(MEYERS et al., 1999; PAN et al., 2000). Instead of the
tryptophan residue (W), the kinase-2 motifs found in
European aspen NBS sequences had aspartic acid (D),
alanine (A), serine (S), or threonine (T) residues at this
last position (Fig. 5). This sequence feature was consis-
tent with the result of phylogenetic analysis, revealed
above in this paper. In accordance with PAN et al. (PAN

et al., 2000), short conserved amino-acids were also

Figure 2. – Phylogenetic consensus tree for RGA nucleotide sequences isolated from the P. tremula. Seven RGA
families (A-G) were obtained using a 0.150 divergence threshold value. Numbers (%) on the main branches rep-
resented bootstrap values (for 1000 iterations) and only bootstrap values of more than 60 were indicated. The
red dot (•) indicates the sequences that do not have complete ORF and were not involved in the follow analysis
in this paper. The scale bar shows a distance equal to 5% nucleotide divergence.
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detected. In NBS-II (RNBS-A), a phenylalanine (F) was
invariably present in both TIR and non-TIR groups and,
5 residues downstrem, a phenylalanine (F) or a trypto-
phan (W) residue was highly conserved in the TIR and
non-TIR group, respectively.

Source of variation and evolution of the P. tremula 
RGA sequences

In order to explore the evolutionary forces acting
on European aspen RGA sequences, the dN/dS ratio
in this NBS domain was calculated. The dN/dS ratio
reveals whether sequence polymorphism supports either
purifying selection (dN/dS < 1) or diversifying selection
(dN/dS > 1) (NEI and GOJOBORI, 1986). The dS and dN val-
ues among nucleotide sequences encoding European
aspen RGAs ranged from 0.028 to 1.244 and 0.003 to
0.653, respectively, and the respective dN/dS values
ranged from 0.188 to 1.372 with the most values below
1.000 and the average value as 0.597 (Appendix S4 in
Supplementary material).

Moreover, we tested the number of potential recombi-
nation events among these sequences using the
Geneconv (SAWYER, 1989) which searched for the most
likely candidates for gene conversion events between
pairs of aligned sequences within and outside an align-
ment to reveal the contributions of genetic recombina-
tion for the evolution of European aspen RGA. Our
results detected many significant genetic recombination
events (P < 0.05), including 61 inner fragment and 9
outer fragments, suggesting that genetic recombination
played a significant role in homogenising the RGA in
European aspen genome.

Discussion

PCR amplification with degenerate primers targeted
to the short conserved regions in the NBS domain has
been proven to be an efficient method for identifying

RGAs from a wide variety of plant species (AMELINE-
TORREGROSA et al., 2008; KANAZIN et al., 1996; KUANG et
al., 2004; LEISTER et al., 1996; MILLER et al., 2008; YANG

et al., 2008). In this study, using a similar approach, we
have successfully identified 37 RGA sequences from
European aspen genome. Searches of GenBank using
BLAST demonstrated that European aspen RGAs
shared significant homologies with well-characterized R
genes from other plants, such as tobacco N (U15605),
flax M and L6 (U73916 and U27081), rice Xa1
(AB002266), and A. thaliana RPP1 (AF098962), RPP5
(AF180942) and RPP8 (AF089710). Divergence analysis
results showed the considerable nucleotide acid
sequence variation among RGAs in European aspen
genome (Fig. 2). The BLAST searches also showed a
total of 209 and 162 matching hits from the Populus
genome and transcript sequences, respectively, which
indicated that the RGA sequences are abundant in the
genome of Populus species. The amino acid alignments
showed that all of the crucial motifs of the NBS domain
were highly conserved among European aspen RGAs
and the known plant NBS-LRR R proteins (Fig. 5).

The last residue of kinase-2 motif of identified RGAs
can be used to predict with 95% accuracy whether they
belong to the TIR or non-TIR subclass of NBS-LRR R
genes (MEYERS et al., 1999; PAN et al., 2000). Using this
criterion, it was observed that all European aspen RGA
sequences amplified by the six primers (Table 1)
belonged to the TIR NBS-LRR subclass (Fig. 5). In
accordance with PAN et al. (2000), short conserved
amino-acid were also detected in NBS-II (RNBS-A).
Based on these differences, the known non-TIR R pro-
teins clustered into one group in the amino acid
sequences phylogenetic tree, whereas all of 26 European
aspen RGA sequences together with the known plant
TIR R proteins formed a second group (Fig. 4). Interest-
ingly, the 26 TIR European aspen RGA sequences were
absolutely clustered into one subclass (TIR-B) (Fig. 4),

Figure 3. – Nucleotide polymorphism of P. tremula RGA sequences. Lower polymor-
phism rates indicated the conserved regions of NBS.
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in which no known TIR R proteins were included, sug-
gesting that the subclass TIR-B is probably a specific
class for perennial species like European aspen.

The reported ratio of non-TIR:TIR-type NBS
sequences in the complete Arabidopsis genome is 1:3
(MEYERS et al., 1999; MEYERS et al., 2003). However, this
ratio can vary among different species. KANAZIN et al.
(1996) in soybean and MARTINEZ ZAMORA et al. (2004) in
strawberry identified mainly TIR-subfamily sequences,

but DONALD et al. (2002) found a high proportion of non-
TIR:TIR sequences (6:1) in grapevine. In this study, the
NBS encoding RGAs from European aspen showed con-
siderable sequence variation (Fig. 2), however, all Euro-
pean aspen RGA sequences isolated fall into the TIR
NBS-LRR resistance gene subfamily. One possible
explanation for the absence of non-TIR RGA sequences
in European aspen could be the loss of this type of
sequence during evolution. It has been reported that the

Figure 4. – Phylogenetic tree based on the alignment of the consensus amino acid sequences of P. tremula RGAs and the NBS
domain of sixteen known plant R genes. Numbers (%) on the main branches represent bootstrap values (for 1000 iterations)
and only bootstrap values of more than 60 were indicated. The scale bar in the bottom left corner displays a distance corre-
sponding to 0.2 amino acid substitutions per site.

Figure 5. – Alignment of deduced amino-acid sequences of P. tremula RGAs, along with the NBS domain of known R genes from
other plants. Consensus residues above 60% are shown by shading in grey. Gaps are indicated as dots. The six previously reported
conserved motifs of the NBS domain (P-loop, NBS-A, Kinase2, NBS-B, NBS-C and GLPL) are boxed in black lines.
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absolute loss of TIR or non-TIR type NBS-LRR RGA
sequences occurred both in monocot (BAI et al., 2002;
GLYNN et al., 2008; IRIGOYEN et al., 2006; MILLER et al.,
2008) and dicot plants (SORIANO et al., 2005; TIAN et al.,
2004), but no mechanism has been described that can
explain this kind of elimination. This finding is consis-
tent with the assumption that different NBS-LRR genes
could also have been lost from other dicot plant species
(SORIANO et al., 2005; TIAN et al., 2004). Another inter-
esting phenomenon is that the ratio of non-TIR:TIR type
NBS sequences display a great variation among the
different Populus species. For instance, the non-TIR
RGA sequences were predominant in black cottonwood
(P. trichocarpa) (KOHLER et al., 2008; TUSKAN et al.,
2006), which is in contrast to white poplar
((P. tomentosa x P. bolleana) x P. tomentosa) where the
TIR sequences were predominant (ZHANG et al., 2008).
The possible reason is that the black cottonwood was
more dependent on non-TIR resistance genes for defense
against pathogens and this resulted in their numbers
amplified in the evolutionary course, conversely, the
white poplar or European aspen was possibly dependent
on TIR resistance genes in its evolutionary history and
their numbers amplified during the evolutionary course.
These data indicated different evolutionary history for
the RGA superfamily in different species of Populus.
PAN et al. (2000) proposed a hypothesis that at least two
stages are involved in the evolution of NBS-LRR
R genes in the plant kingdom: the presence of a few
NBS-LRR with broad spectrum specificity (Stage I) and
the presence of R genes shaped by divergent gene
duplication followed by gene diversification after the
monocot /dicot separation (Stage II). The diversity of dis-
tribution for TIR or non-TIR RGA sequences in different
species within Populus supports the idea that sequences
were indeed lost from those ancestral loci in plant
genomes, regardless of the type of species.

The evolution of R gene remains largely unexplored,
but useful information has recently been gained from
molecular genetic analyses. Several genetic mecha-
nisms, including point mutation, recombination,
unequal crossing-over, and/or gene conversion, have
been proposed to account for the evolution of R gene
(AMELINE-TORREGROSA et al., 2008; ASHFIELD et al., 2004;
KUANG et al., 2004; MICHELMORE and MEYERS, 1998).
These analyses refer to crop and model plants with
short life cycles, and so far little data have been
obtained from perennial plants like European aspen. In
this paper, the dN/dS ratio of European aspen RGA
sequences ranged from 0.188 to 1.372 with the most val-
ues below 1.000 and the average value as 0.597, reflect-
ing that these sequences were subject to purifying selec-
tion (dN/dS <1) rather than diversifying selection
(dN/dS >1) and the purifying selection dominated the
evolution of European aspen RGAs. This conclusion is
consistent with the proposed function of these domains,
and purifying selection was generally agreed to be the
predominant form of natural selection involved in the
patterning of most proteins (BUSTAMANTE et al., 2000).
For long-lived species such as European aspen, with a
long life span, the generation of new resistances via
somatic mutations may be particularly advantageous

(MEYERS et al., 2005; MICHELMORE and MEYERS, 1998).
Comparisons of variability in the R gene domains that
determine pathogen specificity among long-lived indi-
viduals need to be performed. In conclusion, the evolu-
tion of NBS encoding sequences in European aspen
appears to involve the gradual accumulation of muta-
tions, and thus reflects the action of slowly acting diver-
gence mechanisms within distinct R gene families,
rather than a rapidly evolving process. As suggested
by MEYERS (2005) and MICHELMORE and MEYERS (1998),
R gene might not be evolving rapidly in order to keep
pace with changes in the pathogen, but is rather evolv-
ing fairly slowly to provide resistance against pathogen
populations that are heterogeneous in space and time.
This could be particularly relevant in the case of peren-
nial plants like European aspen.

Sequence analysis of different loss-of-function alleles
in the R-gens RPM1, RPS2 and Prf demonstrated the
functional requirements underlying the conservation of
the consensus motifs characterizing the NBS region of
plant R genes (PAN et al., 2000). Specific signatures were
revealed by comparing European aspen RGAs with the
different closely related R genes isolated from monocot
and/or dicot species that are distantly related to Euro-
pean aspen. Within families characterized by NBS
sequences of hypothetically common origin, consensus
motifs appeared extended and short additional con-
served blocks were observed (Fig. 3, 5). Since these
genes or RGAs result from an ancient divergence, this
conservation suggests a functional family specificity. It
is possible that some of the differences between the NBS
sequences encoded by R genes influence the specificity of
interactions either with a pathogen elicitor or with pro-
teins downstream in the signal transduction cascade
(DEYOUNG and INNES, 2006; MEYERS et al., 2005).

Further genetic and biochemical analyses are required
in order to better define the structural and functional
roles of particular motifs and the divergence within the
NBS domain. Elucidating the evolution of R genes is of
particular importance for the understanding of how
plants maintain and adapt their defences to pathogens
(PAN et al., 2000). Since highly contrasting situations
hold for different plants, investigations of various
species, including tree-species, appear necessary, in
addition to studies on model plants such as Arabidopsis
and rice. In this endeavour, European aspen could con-
stitute an attractive model for perennial plants.
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Abstract

A bio-economic model provides a framework for simul-
taneously considering breeding, management, and pro-
duction decisions. Such a model should result in optimal
breeding (and silvicultural) objectives if main goals of a
production system are well defined. Historically estima-
tion of economic weights for breeding-objective traits
has been based on partial regressions and profit func-
tions relating only to certain parts of the production sys-
tem. A bio-economic model includes effects of growth
rate, branching, form, and wood quality on all produc-

tion system components and on overall profitability of
an integrated production system. However, long rotation
cycles in forestry make determination of relative eco-
nomic values for the breeding-objective traits particular-
ly difficult. When modelling complex systems under
uncertainty about future production goals, there are
necessary trade offs between the complexity of the
model and the use of simplifying assumptions.

Key words: tree improvement, breeding objective, bio-economic
modelling, production system analysis.

Introduction

Breeding Objectives and Multiple Trait Selection

The first step in the design of a breeding program is to
set its objectives. Correctly set breeding objectives will
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