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Abstract. The majority of known plant resistance
genes encode proteins with conserved nucleotide-
binding sites and leucine-rich repeats (NBS-LRR).
Degenerate primers based on conserved NBS-LRR
motifs were used to amplify analogues of resistance
genes from the dicot sugar beet. Along with a cDNA
library screen, the PCR screen identified 27 genomic
and 12 expressed NBS-LRR RGAs (nIRGAs) sugar
beet clones. The clones were classified into three
subfamilies based on nucleotide sequence identity.
Sequence analyses suggested that point mutations,
such as nucleotide substitutions and insertion/dele-
tions, are probably the primary source of diversity of
sugar beet nIRGAs. A phylogenetic analysis revealed
an ancestral relationship among sugar beet nIRGAs
and resistance genes from various angiosperm spe-
cies. One group appeared to share the same common
ancestor as Prf, Rx, RPPS8, and Mi, whereas the
second group originated from the ancestral gene from
which 12CI, Xal, and Cre3 arose. The predicted
protein products of the nIRGAs isolated in this study
are all members of the non-TIR-type resistance gene
subfamily and share strong sequence and structural
similarities with non-TIR-type resistance proteins.
No representatives of the TIR-type RGAs were de-
tected either by PCR amplification using TIR type-
specific primers or by in silico screening of more than
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16,000 sugar beet ESTs. These findings suggest that
TIR type of RGAs is absent from the sugar beet
genome. The possible evolutionary loss of TIR type
RGAs in the sugar beet is discussed.
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Introduction

Genes conferring gene-for-gene disease resistance in
plants (R-genes) can be categorized into distinct
classes based on the predicted protein structures (re-
viewed by Baker et al. 1997; Dangl and Jones 2001).
The majority of cloned R-genes fall into the nucleo-
tide-binding site/leucine-rich repeat (NBS-LRR)-
containing gene family. Members of this family have
been identified in both dicots and monocots and
confer resistance to a variety of plant pathogens, in-
cluding bacteria, fungi, viruses, and nematodes
(Hammond-Kosack and Jones 1997, Wang et al.
1999). The NBS-LRR disease resistance genes are
thought to function in both elicitor recognition and
activation of downstream signal pathways leading to
disease resistance responses (Jones and Jones 1997,
van der Biezen et al. 2000).

The NBS-LRR resistance genes are characterized
by several domains. These domains include a variable
N-terminal domain of approximately 200 amino ac-
ids, a putative nucleotide-binding site (INBS) of



approximately 300 amino acids, and a C-terminal
tandem array of approximately 1040 short LRR
motifs. The central NBS domain, which consists of P-
loop/kinase-1a, kinase-2, and kinase-3a motifs, is
highly conserved in diverse organisms in a wide va-
riety of ATP- or GTP-binding proteins (Traut 1994).
This domain shares high homology with the Apaf-1
and Ced-4 genes that are involved in animal innate
immunity and apoptosis (van der Biezen and Jones
1998; Aravind et al. 1999), implicating a conserved
regulatory mechanism of cell death programmes in
plants, mammals, and other animals. The NBS do-
main is therefore referred to as NB-ARC (Apaf-1, R-
protein and Ced-4) domain. Elicitor recognition
specificity is believed to be determined by the LRR
domain (Ellis et al. 1999). The LRR domain is the
most variable region among related proteins, pre-
sumed to have diverged throughout evolution, and
ensures recognition-dependent activation of resist-
ance (Shen et al. 1998; Noel et al. 1999). The N-ter-
minus, probably together with the NBS-domain, is
thought to participate in activating downstream sig-
nal transduction components (Aarts et al. 1998a; van
der Biezen et al. 2000). Taking the N-terminal do-
main structure into account, the NBS-LRR class of
resistance genes can be divided into two subfamilies:
TIR and CC/non-TIR (Meyers et al. 1999; Pan et al.
2000a). TIR type proteins share homology with the
Drosophila Toll and human Interleukin receptor-like
regions, while the non-TIR subfamily generally has a
coiled-coil (CC) or leucine zipper structure. It is
tempting to speculate that the analogous roles of the
N-termini of the TIR and CC/non-TIR resistance
proteins are to recruit specifically other effectors
through protein—protein interactions (Horng et al.
2001; Jebanathirajah et al. 2002).

To date, more than 30 functionally defined NBS-
LRR resistance genes and a large number of resist-
ance gene homologues from diverse taxa are available
in databases. PCR amplification using primers based
on conserved motifs, particularly within the NBS
domain, has been used successfully to isolate NBS-
LRR resistance gene analogues from a wide variety
of plant species (Aarts et al. 1998a; Leister et al. 1998;
Rivkin et al. 1999; Speulman et al. 1998; Shen et al.
1998; Timmerman-Vaughan et al. 2000). These se-
quences, together with genomic sequences and ESTs,
offer an opportunity to evaluate the dynamics and
speciation of NBS-LRR resistance gene evolution
(Meyers et al. 1999; Pan et al. 2000a; Cannon et al.
2002). Recent research supports an ancient origin and
divergent evolution of TIR and non-TIR resistance
gene subfamilies in cereals and dicots. TIR type re-
sistance genes are not found in current cereal public
databases, and all RGAs isolated from cereal are
clustered into the non-TIR clade, suggesting a com-
plete loss of TIR type resistance genes from cereal

41

genomes (Pan et al. 2000a). Members of both TIR
and non-TIR types of disease resistance genes, as well
as RGAs, are widely distributed among dicot species
(Cannon et al. 2002).

Sugar beet (Beta vulgaris L.) belongs to the family
Chenopodiaceae. Due to its agricultural importance
and relatively small genome, of 758 Mbp (Arum-
uganathan and Earle 1991), sugar beet is a model plant
for root-storing species. Several genes for disease re-
sistance have been cloned or mapped with molecular
markers. ESTs are available in public databases, the
majority of which stem from a normalized cDNA li-
brary created by the oligonucleotide fingerprinting
technique (Herwig et al. 2002). Recently, several
RGAs have been amplified from genomic DNA and
cDNAs of sugar beet (Hunger et al. 2003). Here, we
report the isolation and phylogenetic analysis of NBS-
LRR RGAs (nIRGAs) from sugar beet and demon-
strate that the sugar beet nIRGAs analyzed are all
members of the non-TIR resistance gene subfamily.

Materials and Methods
Oligonucleotide Primers and PCR Amplification

Five amino acid motifs of the NBS domain conserved among
known resistance proteins were chosen for the design of oligonu-
cleotide primers to amplify nIRGAs from sugar beet genomic DNA
(Table 1). The motifs are P-loop/kinase-la, kinase-2, kinase-3a,
hydrophobic domain (GLPL), and TIR/non-TIR consensus se-
quences. Five degenerate primers were designed in the sense
direction according to the predicted amino acid sequences of the P-
loop, kinase-2, and kinase-3a domains, and three antisense primers
corresponding to the kinase-3a and GLPL domains were designed.
Two sets of gene-specific primers were designed based on the P-
loop and GLPL domains of the nematode resistance genes Mi and
Gpa2. Two sets of degenerate primers specific for TIR and four for
non-TIR NBS-LRR-containing resistance genes were designed
from the TIR- and non-TIR-type consensus sequences described by
Cannon et al. (2002). In total, 24 primer combinations were used
for PCR amplification.

PCR Amplification, DNA Fragment Cloning,
and Sequence Analysis

The nematode (Heterodera schachtii Schm.) resistant sugar beet
line A906001 (kindly provided by A. Dieckmann-Heimburg, Ni-
enstddt, Germany) were grown in a greenhouse at 25°C. Genomic
DNA was extracted from sugar beet leaves as described by Rogers
and Bendich (1985). Genomic DNA (200 ng) from A906001 was
used as a PCR template. PCR was performed in the presence of 50
pmol forward and reverse primers, 1 unit Taqg polymerase (Invi-
trogen, Karlsruhe, Germany), 0.5 mM dNTPs, 2 mM MgCl,, pH
8.3, in 50 pl reaction volumes. The optimal annealing temperature
for each primer combination was determined by a gradient PCR
reaction using a T-gradient thermal cycler (Biometra, Gottingen,
Germany), and single-primer reactions were used as controls. DNA
was denatured at 94°C for 3 min, followed by 35 cycles of 1 min at
94°C, 1 min at 40°C—60°C (depending on primer combinations),
and 1.5 min at 72°C. PCR products were separated on 1.5%
agarose gels, and fragments of expected sizes (250-600 bp) were
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Table 1.  Oligonucleotide primers used for PCR amplification on sugar beet genomic DNA

Primer Position Motifs Primer sequences (5'-3')*

R-1 (f) P-loop GKTTLA GGNAAAACRACNYTNGC

R-2 (f) P-loop GSGKTT GGNTCNGGNAAAACRAC

s-2 (D) P-loop GGVGKTT GGNGGNGTNGGNAARACNAC
Mi-s (f) P-loop GKTTLA AGGTAAAACTACTTTGGC
RGH-s (f)* P-loop GGIGKTT GGAGGCATCGGGAAAACAAC
R-3 (O Kinase-2 V/LL/IDDVW TNHTNGAYGAYGTNTGG

R-4 (f) Kinase-3a IL/ILTTR ATHHTHYTNCANCANMG

R-5 (n)* Kinase-3a KKGSRI ATNCKRCTNCCYTTYTT

R-6 (1) GLPL KGLPLA CCANACRAGRTCNADNA

AS-2 (r) GLPL GLPLAV NACNGCNAGNGGNAGNCC
Mi-as (1) GLPL GLPLAV AGCCACCAAAGGAAGCCC
RGH-as (1) GLPL GGLPLA TGCTAGAGGTAATCCTCC
TIR-I (r) TIR FLDIACF RAARCAIGCSATRTCIARRAA
TIR-II (1) TIR FLHIACF RAARCAIGCDATRTGIARIARRAA
TIR-III (f) TIR VLDDVD GTNYTRGAYGAYGTNGA
TIR-IV TIR LLDDVD YTNCTNGAYGAYGTNGA

CC-I (1) Non-TIR LKRCFLY RTAIAGRAARCAISKYAG

CC-II (1) Non-TIR FAYCSLY RAAIARISWRCARTAIGCRAA

N = A/T/G/C;R = A/G;Y = C/T; H = A/C/T; M = A/C;K = G/T; S = C/G; D = A/G/T; W = A/T. (f), sense orientation; (r),
antisense orientation.

Table 2.  Classification of 32 sugar beet RGAs on the basis of nucleotide sequence identity

Class Clone No. Primer combination/origin Size (bp) Internal motif(s) detected

1 cZR-1(f) CDNA 2382 P-loop; kinase2; kinase 3a; GLPL
cZR-9(f)* cDNA (R-1/R-6) 2688 P-loop; kinase 2; kinase 3a; GLPL
cZR-2* cDNA (R-1/As-2) 1517 P-loop; kinase 2; kinase 3a; GLPL
cZR-4 CDNA 1580 P-loop; kinase 2; kinase 3a; GLPL
cZR-8 CDNA 1388 P-loop; kinase 2; kinase 3a; GLPL
gZR-3 R-1/R-6 507 Kinase 2; kinase 3a
gZR-7 R-1/R-6 510 Kinase 2; kinase 3a
gZR-9 R-2/R-6 520 Kinase 2; kinase 3a
gZR-12 S-2/As-2 510 Kinase 2; kinase 3a
gZR-17 R-1/R-5 334 Kinase 2
gZR-18 R-3/R-6 270 Kinase 3a
gZR-20 R-3/RGH-as 279 Kinase 3a

I cZR-3(H)* cDNA (R-2/R-6) 3144 P-loop; kinase 2; kinase 3a; GLPL
cZR-6* cDNA (R-2/RGH- 1356 P-loop; kinase 2; kinase 3a; GLPL
cZR-11* cDNA (R-3/AS-2) 1451 P-loop; kinase 2; kinase 3a; GLPL
gZR-1 R-1/CCI 675 Kinase 2; kinase 3a; GLPL
gZR-2 R-2/Mi-as 519 Kinase 2; kinase 3a
gZR-6 R-3/R-6 279 Kinase 3a
gZR-11 R-3/R-6 285 Kinase 3a
gZR-13 R-1/R6 507 Kinase 2; kinase 3a
gZR-19 R-1/As-2 507 Kinase 2; kinase 3a

111 cZR-7(H)* CDNA (R-1/Mi-as) 3204 P-loop; kinase 2; kinase 3a; GLPL
cZR-12% cDNA (R-1/As-2) 1149 P-loop; kinase 2; kinase 3a; GLPL
cZR-5 CDNA 1891 P-loop; kinase 2; kinase 3a; GLPL
¢ZR-10 CDNA 1563 P-loop; kinase 2; kinase 3a; GLPL
gZR-4 R-1/CC-I 684 P-loop; kinase 2; kinase 3a; GLPL
gZR-5 R-1/R-5 300 Kinase 2
gZR-8 R-1/R-6 519 Kinase 2; kinase 3a; GLPL
gZR-10 R-3/CC-I1 465 Kinase 3a; GLPL
gZR-14 R-3/CC-1I 459 Kinase 3a; GLPL
gZR-15 R-3/As-11 291 Kinase 3a
gZR-16 R-3/CC-1 447 Kinase 3a; GLPL

* Identical sequence obtained from sugar beet genomic and cDNA RGAs. cZR, sugar beet cDNA RGAs; gZR, sugar beet genomic RGAs;
(), putative full-length cDNA RGA-sequences.



extracted and purified using a gel extraction kit (Qiagen, Hilden,
Germany). Fragments were cloned using the pGEM-T vector
(Promega, Madison, WI). Plasmid DNA of the clones was isolated
using a GFX micro plasmid prep kit (Amersham Pharmacia
Biotech, Freiburg, Germany). The plasmid inserts were analyzed by
double digestion with Apal and Pstl. Sequencing of the inserts was
performed using a Li-Cor-sequencer 4000, following the protocol
of Sanger (1977), using IRD800-labeled M 13 forward and reverse
primers (MWG, Ebersberg, Germany) and the SequiTherm EXEL
II Long-Read DNA Sequencing Kit LC (EPICENTRE Technol-
ogies, Madison, WI). Sequences were analyzed using LaserGene
software (DNASTAR, Madison WI).

¢DNA Library Screening and Amplification
of cDNA Ends

A A-Zapll cDNA library, made from roots of the sugar beet line
A906001, was screened with the genomic DNA fragment gZR-3,
amplified using primers R-1 and R-6 (Table 2), according to the
manufacturer’s instructions (Stratagene, CA). Phage-blots were
hybridized with 3*P-labeled DNA probes at 45, 50, 55, and 60°C,
washed twice (0.5 x SSC, 0.2% [w/v] SDS) for 30 min, and exposed
at —70°C for 48 h. Forty positive plaques were obtained in the first
screening. After the second and third rounds, 25 individual plaques
were recovered and used for excision in vivo as described by the
manufacturer (Stratagene). For each positive plaque, four inde-
pendent plasmid clones were sequenced.

Full-length ¢cDNAs were cloned using a SMART RACE kit
(Clontech, Heidelberg, Germany) following the manufacturer’s
instructions. First-strand cDNA was synthesized from 1 pg po-
ly(A)" RNA isolated from roots of the sugar beet line A906001.
Primary RACE products were confirmed by a second round of
PCR using nested gene-specific primers. Positive RACE products
were isolated from agarose gels, subcloned into the pGEM-T vec-
tor, and sequenced as described above.

Multiple Sequence Alignment, Sequence
Similarity Search, and Phylogenetic
Tree Construction

RGAs and known NBS-LRR-type resistance genes from GenBank
were aligned using ClustalW (Thompson et al. 1994) on the Euro-
pean Bioinformatics Institute (EBI) server. Similarity searches
against GenBank (NCBI, Release 130.0) and databases were done
using TBLASTN (Altschul et al. 1997) with NBS and TIR con-
sensus sequences as queries. Two NBS-type consensus sequences
(TIR NBS-HMM and non-TIR NBS-HMM) were generated by the
hidden Markov model (HMM) with NBS_SubDomA and B profiles
(http://niblrrs.ucdavis.edu/ [see supplementary material 1]). The
TIR consensus sequence was generated based on an alignment of
TIR type resistance genes in Group I (Fig. 2). HMM-based and
SAM-T99 database (Park et al. 1998) searches were performed on 12
September 2002. Consensus amino acids at relative positions were
calculated based on multiple alignments of 876 returned sequences
(hits) with cutoffs of less than 0.01. A phylogenetic tree was created
using the 400 amino acids spanning the NBS domains from a full-
length protein sequence alignment (created with ClustalW at EBI)
using the neighbor-joining method with ClustalW at the Pasteur
Institute (settings included Kamura’s correction and Ignore posi-
tions with gaps, bootstrap values of 1000, and two seed numbers).
The tree was drawn using TreeView (Page et al. 1996).

Determining Compositional Gradients Within Genes

Compositional gradients were detected using SAGS (Software of
Analyzing Gene Structure; www.cab.zju.edu.cn/instzzkx/laborate/
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Bioinplant/bioinplant_page.htm). The Codon Usage Database
(http://www.kazusa.or.jp/codon/) was used for pattern analysis of
GC content in the three codon positions and for codon usage in
general. At least 74 coding sequences (CDS) were downloaded
from each of five cereals (Oryza sativa, Zea may, Hordeum vulgare,
Sorghum bicolor, and Triticum aestivum) and seven dicot species
(Arabidopsis thaliana, Medicago sativa, Glycine max, Lycopersicon
esculentum, Brassica napus, Spinacia oleracea, and Beta vulgaris)
(Table 5). For codon usage analysis of R-genes or nIRGAs, four
full-length nIRGAs from sugar beet [cZR-1(f), cZR-3(f), cZR-7(f),
and cZR-9(f)], four disease resistance genes from rice (Pib,
BAA76282; Xa2l, AAC49123; Xal, BAA25068; Pi-ta,
AAKO00132), and five from Arabidopsis (RPM 1, A57072; RPPI3,
T51186; RPS2, A54809; RPS5, AAC26126; RPPI, AACT2979)
were compiled into a codon usage table using the count codon
program at the Codon Usage Database website. Twenty-five full-
length sugar beet protein sequences (including methionine starts
and more than 60 amino acids) from the SWISS-PROT database
were randomly selected for determining the frequency of serines
and alanines using the method described by Wong et al. (2002).

Results

Isolation of Genomic and Expressed nIRGAs from
Sugar Beet

PCR amplification on sugar beet genomic DNA us-
ing each degenerate primer combination (Tables 1
and 2) yielded products of various sizes. Fragments
between 250 and 650 bp in size amplified with P-loop/
kinase-3a, P-loop/GLPL, kinase-2/GLPL, TIR-type,
and non-TIR-type specific primer combinations were
cloned and sequenced. Of 215 cloned fragments, 65
shared sequence homology with NBS-LRR resistance
genes (data not shown). Of these clones, 27 had po-
tential open reading frames encoding at least one
internal motif in addition to the two primer-targeted
motifs of the NBS domain (Table 2). They were
therefore designated sugar beet genomic nlRGAs
gZR-1 to gZR-27. Unexpectedly, no nIRGAs were
obtained using the four TIR type-specific primers.

Expressed RGAs are considered to be potentially
functional genes that may amplify or directly activate
resistance responses. To isolate expressed nlRGAs,
the genomic sequence of gZR-3, which shows the
highest homology at the nucleotide level with both
TIR and non-TIR types of known resistance genes,
was used as a probe to screen a sugar beet cDNA
library under various stringent conditions. In this
screen, 12 distinct nIRGAs, designated cZR-1 to
c¢ZR-12, were identified. Five of these were novel, and
seven corresponded to the genomic nIRGAs cloned.
No introns were detected in the genomic nIRGAs
(data not shown).

On the basis of nucleotide sequence identity, 32
nlRGAs (20 genomic and 12 cDNAs) were classified
into three subfamilies (Table 2). Sequences within a
subfamily share greater than 90% nucleotide se-
quence identity; different subfamilies share less than
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Fig. 1. Multiple sequence alignment of the NBS domains of the
sugar beet nlRGA subfamilies. For each subfamily, two sequences
were chosen randomly as representatives, and the 500-bp consensus
sequences flanking the P-loop and GLPL were selected. A Con-
served motifs of the NBS domains are underlined. Residues that are
identical among subfamilies are shaded, and nucleotide substitu-

65% similarity (Fig. 1A and B). Sequence analysis
using the consensus region of each subfamily revealed
numerous mutations, including nucleotide substitu-
tions and deletion/insertions (Fig. 1A). Nucleotide
substitutions are randomly distributed throughout
sequences within a subfamily, whereas insert/deletion
events are characteristic of individual subfamilies.
Further, identical mutations were shared by nlIRGAs
from different subfamilies (Fig. 1A; arrows).

RACE amplifications were performed to isolate
full-length ¢cDNAs. From the 12 nlIRGA cDNA:s,
four putative full-length sequences were isolated for
cZR-1, -3, -7, and -9, referred to as cZR-1(f), cZR-
3(f), cZR-7(f), and cZR-9(f). No RACE products
were obtained from the remaining eight RGAs. A
homology search revealed that the predicted products
of the four full-length sugar beet nlRGAs share
strong similarities with several NBS-LRR resistance
genes from different species (e.g., Mi [6.5¢” ">, root-
knot nematode resistance protein; Milligan et al.
1998], Gpa2 [5.1¢73!, cyst nematode resistance pro-
tein; van der Vossen et al. 2000], Rx [1.4¢”'®, viral
resistance protein; Bendahmane et al. 1999], 12CI
[9.8¢7%, vascular wilt disease resistance protein; Ori
et al. 1997], Prf and RPM1 (1.0¢7% and 1.9¢7%,
P. syringae resistance proteins [Grant et al. 1995;
Salmeron et al. 1996]), suggesting possible roles in
disease resistance responses. Because the four full-
length RGAs fall into the three nlIRGA groups, they
were chosen as representatives for each nIRGA type
in further analyses (Table 2).

Sequence Alignment Analysis

The amino acid sequences spanning the NBS domains
of sugar beet nIRGAs cZR-I(f), cZR-3(f), cZR-7(f),
and ¢ZR-9(f) were aligned with 20 known NBS-LRR
resistance proteins. All of the crucial motifs of the
NBS domain (P-loop/kinase-1a, kinase-2, and kinase-
3a, and GLPL) are highly conserved among the sugar
beet nIRGAs and the known NBS-LRR resistance
proteins (Fig. 2). The TIR- and non-TIR-type resist-
ance proteins were distinguished by consensus amino
acids in or around the NBS domain (Fig. 2). For ex-
ample, a valine (V) and serine (S) at positions 45 and
46 are characteristic of the non-TIR-type resistance
proteins, whereas a tryptophan (W) or aspartic acid
(D) at position 121 is characteristic of the non-TIR-or
TIR-type proteins, respectively. Differences were also
detected by visual scanning of the sequence alignments

tions within the subfamily are boxed. Arrows indicate mutations
shared by nlRGAs within or among subfamilies. Nucleotide in-
sertions and deletions are represented by dashes. B Cladogram
showing homology within and among subfamilies. Sequence
lengths are shown below.

at positions 320 to 327 and 373 to 376 (Fig. 2). Based
on these differences, the known TIR-type resistance
proteins, RPP1, RPP5, M, L6, and N, cluster into one
group, called Group I by Pan et al. (2000a), whereas
the non-TIR-type resistance proteins selected in this
study, together with the four sugar beet nIRGAs, form
a second group (Group II; Fig. 2). The remaining 28
sugar beet nlRGAs all fall into the non-TIR resistance
gene family as well (data not shown).

TIR and non-TIR disease resistance proteins
contain characteristic Toll-like or coiled-coil N-ter-
minal domains. Therefore, an additional amino acid
sequence alignment analysis was carried out using
only the N-terminal domain. Figure 3 shows that a
coiled-coil structure was predicted from the products
of the four sugar beet nIRGAs with as high of a
probability as that found in the known non-TIR re-
sistance proteins. In contrast, a Toll-like consensus
was found in the Group I gene products but not in
the four sugar beet nIRGAs or the Group II genes
(data not shown). This is consistent with the sequence
alignment analysis (Fig. 2) and confirms that the four
representative sugar beet nIRGAs belong to the non-
TIR-type resistance gene family.

Phylogenetic Analysis

Twenty known disease resistance genes and the four
representative sugar beet nIRGAs were pooled for a
phylogenetic analysis. A phylogenetic tree was cre-
ated on the basis of a 400-amino acid sequence
spanning the NBS domains using the neighbor-join-
ing method (Saitou and Nei 1987). In accordance
with previous reports (Pan et al. 2000a; Cannon et al.
2002), two major branches were found in the phylo-
genetic tree (Fig. 4): the TIR- and non-TIR-type
disease resistance proteins. The four sugar beet nlR-
GAs fall in the non-TIR branch but are distributed
into two subbranches that probably represent diver-
gent recent ancestral genes. Thus, cZR-1(f) and cZR-
9(f) appear to have arisen from an ancestor common
to Prf, Rx, RPP8, and Mi, whereas cZR-3(f) and
c¢ZR-7(f) originated from the ancestral gene from
which 12C1, Xal, and Cre3 arose (Fig. 4).

Analysis of Sugar Beet EST Databases

To address whether TIR-type nIRGAs can be found
in current sugar beet EST databases, we extended our
analyses to search more than 16,000 publicly availa-
ble beet ESTs (released on 15 December 2002). The
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Fig. 2. Multiple sequence alignment analysis of the NBS domains the Pfam hidden Markov model for NB-ARC sequences (http://

of four representative sugar beet nlRGAs in comparison with 20
known disease resistance genes. Conserved residues are shaded by
three shade levels, which indicated conserved percentages of > 90,
>70, and >50% from darkest to lightest. Motifs are defined as in

majority of these ESTs were isolated from a nor-
malized cDNA library made from sugar beet leaf,
developing root, storage root, and inflorescence
(Herwig et al. 2002). Two NBS consensus sequences,
TIR and non-TIR NBS-HMM, were generated and
used as queries. Nine significant nonredundant
hits with E values less than ¢ * were returned
(B1543249.1, BQO060540.1, BQ060608, BQ585814,
BQ3591373, BQ584922, BQ593129, BQ584971, and
BQ585687). All nine, however, were homologues

pfam.wustl.edu/cgi-bin/getdesc’name = NB-ARC; Fourmann et al.
2001). Delineation of Groups I and II (corresponding to TIR and
non-TIR disease resistance genes, respectively) was made according
to Pan et al. (2000Db).

retrieved with the non-TIR NBS-HMM. No repre-
sentative TIR NBS-HMM sequences were detected
(Table 3). To prove the specificity of the queries used,
we tested them against EST databases of rice, Ara-
bidopsis, and cedar (Cryptomeria japonica). Signifi-
cant non-TIR-type hits were obtained from all three
databases, whereas TIR-type homologues were de-
tected only in the dicot plants, A. thaliana and
C. japonica, and not in the monocot rice (Table 3).
These results were consistent with those noted by
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Fig. 3. Multiple sequence alignment analysis of predicted coiled- are: cZR-1(f), 2 regions with p(7) = 1.0; cZR-3(f), p(21) = 0.6, but

coil domains of four representative sugar beet nIRGA proteins in
comparison with those of 12 known disease resistance proteins.
Probabilities of the four sugar beet nIRGAs forming a coiled-coil
structure in their N-terminal domains, using the COILS (Lupas,
1996) and PEPCOIL prediction programs (Institute of Pasteur),

Prf

rx
\ cZR-9(fy BS2 ,
CZRA(T) PibH8 Group II
RPPS L0 HVILRR1

RPPS

Group [

N RPS5

Fig. 4. Phylogenetic tree of the sugar beet nIRGAs and other
disease resistance genes based on the 400-amino acid sequence of
the NBS domain. Sequences were aligned using ClustalW, and the
tree was generated using the neighbor-joining method. Numbers on

Cannon et al. (2002). Using the same queries, we
found both TIR- and non-TIR-type RGAs in the
cedar EST database, which contains only 2438
sequences, roughly one-seventh of the beet EST
database used in this study. Thus, the number of EST
sequences available in the beet databases is probably
not a limiting factor in this study.

To verify our search profiles, a TIR consensus
sequence was generated on the basis of the N-termi-
nal sequences of the disease resistance proteins from
Group I (Fig. 2) and used to query the same EST
databases used in the NBS-HMM searches. Table 4
shows that significant hits were found in the two dicot

for five regions, p(7) = 1.0; cZR-7(f), p(28) = 1.0; cZR-9(f), p(21)
= 0.7. The hepated repeat, where the seven positions are labeled
from a to g, is displayed below the sequences in the coiled-coil
domains. Positions a and d are boxed.

RPM1

CZR-3(f)

RPS2

the branches indicate percentage bootstrap replications (1000).
Arrows indicate the location of sugar beet nIRGAs in the tree.
Groups I and II correspond to TIR and non-TIR disease resistance
gene subfamilies, respectively (Pan et al. 2000b).

plants, with more than 100 from Arabidopsis and 2
from cedar, respectively. In comparison, only 30 hits
from Arabidopsis and 2 from cedar were found in
common in the NBS-HMM and TIR consensus
queries. This variation probably reflects the dynamic
evolution of NBS-LRR disease resistance proteins.
This is in accordance with the results reported by
Jebanathirajah et al. (2002) that at least four proteins
in the Arabidopsis genome contain only TIR domains
without any other identifiable domains.

The search using the TIR consensus sequence
query revealed one additional TIR type homologue
sequence from sugar beet and four from rice EST
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Table 3.
EST databases of sugar beet, rice, Arabidopsis, and redar

Results of the HMM-based database search with TIR and non-TIR NBS domain consensus sequences as queries against current

0. sativa B. vulgaris A. thaliana C. japonica
Non-TIR TIR Non-TIR TIR Non-TIR TIR Non-TIR TIR
Database HMM HMM HMM HMM HMM HMM HMM HMM
GenBank® 5 0 9 14 34 2 4

% EST databases including EST sequences of rice (104,919). Arabidopsis (174,624), C. japonica (2438), and sugar beet (19,610 including
13,581 ESTs recently released from the German Plant Genomics Program, GABI [Herwig et al. 2002]).

Table 4.

Results of the HMM-based database search with TIR consensus sequence as a query against the same EST databases of sugar

beet, rice, Arabidopsis, and redar as used for NBS-HMM search (see Table 3)

Database 0. sativa

B. vulgaris

A. thaliana C. japonica

GenBank 1* 1*

>100 2

1*, TIR-type homologue sequence without conserved NBS domain.

databases (beet: BQ585814 with E-value e >*; rice:
AP003866.2, AAAA01012636.1, AAAA01000037.1,
and CL012502.49 with E-value 7e~*%). However, up-
on further inspection of the sequence, we were unable
to find the conserved NBS domain following the TIR
regions. Therefore, we concluded that these sequences
probably represent another type of TIR-containing
sequence (Jebanathirajah et al. 2002) or a vestige of
the TIR-type NBS-LRR resistance sequences that
were lost throughout evolution. The latter possibility
has also been discussed as possible for the rice ge-
nome (Bai et al. 2002).

We extended the database search into two other
Chenopodiaceae species, Spinacia oleracea and
Suaeda maritima, for which sequence data are
available in GenBank (400 nucleotide and 1291
protein entries are available for Spinacia, and 1008
nucleotide and 1000 EST entries are available for
Suaeda). Search results were negative for both NBS-
HMM and TIR consensus sequences (data not
shown).

Compositional Gradients of GC Content and Codon
and Amino Acid Usage

The similar lack of TIR-type disease resistance genes
in sugar beet and in cereals led us to speculate on a
possible synteny among these genomes. To this end,
we compared the composition of the genomes, in-
cluding GC content, codon and amino acid usage, of
sugar beet genes with that of monocots and dicots.
One recently described property of genes in the
Gramineae is characteristic of gradients in GC con-
tent, codon usage, and amino acid usage along the
direction of transcription, beginning at the junction
of the 5-UTR and the coding region (Wong et al.
2002; Yu et al. 2002).

The compositional gradients of GC content,
codon, and amino acid usage were compared using
the coding sequences (CDS) downloaded from the
Codon Usage Database (http://www.kazusa.or.jp/
codon) according to the method described by Yu et al.
(2002). Figure 5 shows that a gradient of GC content
along the codon region was observed in the cereal
genes but not in the sugar beet or dicot genes. The
pattern of GC content in the sugar beet genes is
clearly divergent from that in the cereals but analo-
gous to that in other dicot species (Fig. 5A). Simi-
larly, a gradient of GC content appeared along the
coding region of the resistance gene Xa/, cloned from
the monocot rice, but not in the dicot sugar beet
RGAs, ¢cZR-7, or the Arabidopsis RPM1 (Fig. 5B).
Comparison of GC contents at the three codon po-
sitions (GC1/GC2/GC3) among different species re-
vealed that sugar beet shares the same GC content
order with other dicots. The relative magnitudes of
GC content were GC1 > GC2 > GC3, which differs
from those of the cereal genes (GC3 > GCI = GC2)
(Fig. 5C). These results are consistent with those re-
ported by Wong et al. (2002). We also attempted to
compare the frequencies of serines and alanines at the
5" ends of gene products (including methionine starts
and more than 60 amino acids) from sugar beet, rice,
and Arabidopsis. Serine and alanine enrichments at
the 5’ ends of dicot and Gramineae genes, as reported
by Yu et al. (2002), however, were not found in this
study, and only a small serine peak appeared at the 5’
ends of the sugar beet genes (Fig. 5D).

In addition, correlation analysis of codon usage on
the basis of the CDS from different species revealed a
significant coefficient of codon usage among sugar
beet and dicot genes but not among sugar beet and
cereal genes (p < 0.05) (Table 5). To determine
possible differences in codon usage within resistance
genes or RGAs, the four full-length sugar beet nlR-
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Fig.5. Analysis of compositional gradients of GC content, codon
usage, and amino acid usage of sugar beet genes in comparison
with cereal and dicot plant genes. A Comparative analysis of GC
content as a function of cDNA position, relative to the start of the
coding region. The data shown are an average of more than 70
coding sequences from sugar and from each of five cereals as well
as of seven dicot plants. B Comparative analysis of GC content
with the predicted coding sequences of cZR-7 from sugar beet, Xa/
from rice, and RPM1 from Arabidopsis. A 200-bp sliding window
was used to filter out the fluctuations in the sequence; C Analysis of

GAs, four known resistance genes from rice, and five
from Arabidopsis were compiled into a table for
comparison. In this context, sugar beet is again more
similar to Arabidopsis than to rice and thus falls into
the same category as dicot plants.
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GC content at three coding positions of genes from sugar beet in
comparison with those of monocot cereal and dicot plant genes.
Shown here are an average of more than 70 coding sequences from
sugar beet and from each of five cereals as well as of seven dicot
plants. D Frequency of occurrence for sugar beet alanine and serine
as a function of cDNA position, relative to the start of the coding
region, and averaged overall protein with a 17-amino acid (AA)
sliding window. When all 20 AA occur with equal probability, the
normalized frequencies are 1. A total of 25 protein sequences was
used.

Discussion

Here we report the isolation and phylogenetic analy-
ses of sugar beet NBS-LRR resistance gene analogues
(nIRGAs), demonstrating the potential of PCR-based
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Table 5.  Correlation analysis of 64-codon usage between monocot and dicot plants

x1 x2 x3 x4 x5 X6 x7 y
x1 1 0 0 0 0 0 0 0
x2 0.937035 1 0 0 0 0 0 0
x3 0.962032 0.934552 1 0 0 0 0 0.000072
x4 0.773006 0.703533 0.767859 1 0 0 0 0.064376
x5 0.941237 0.924095 0.945924 0.846876 1 0 0 0.000466
x6 0.939507 0.881248 0.960441 0.803929 0.951394 1 0 0.008443
x7 0.922172 0.851367 0.936327 0.857372 0.957423 0.9781 1 0.0167
y 0.583099 0.627417 0.4753 0.232598 0.424899 0.326586 0.298192 1

Note: y, monocot plants; x, dicots. x1-x7 are Glycine max (619
CDS), Brassica napus (364 CDS), Spinacia olerecea (210 CDS),
Beta vulgaris (592 CDS), Arabidopsis (4398 CDS), Medicago sativa
(199 CDS), and Lycopersicon esculentum (860 CDS), respectively. y
is average codon usage of five monocot species: Oryza sativa (9482

approaches for cloning resistance gene homologues
from sugar beet. We combined a PCR-based ap-
proach with a cDNA library screening and identified
27 genomic clones and 12 expressed sequences of
NBS-LRR RGAs, including four full-length RGA
sequences. These RGAs, along with available sugar
beet EST databases, enabled us to gain the first in-
sights into the evolution of NBS-LRR-type disease
resistance genes in sugar beet.

Various genetic mechanisms have been discussed
to account for the evolution of R-genes. These
mechanisms include a slowly evolving divergence
hypothesis (Michelmore and Meyers 1998; Stahl et al.
1999) and a rapidly evolving process (Leister et al.
1998; McDowell et al. 1998). Abundant data also
indicate that R-genes and homologous sequences are
clustered in plant genomes. It is believed that clus-
tered RGAs are more likely than isolated genes to be
strongly shaped by frequent gene duplication, loss,
conversion, and ectopic recombination, thus facili-
tating the generation of diversity and specificity in
new R-genes (Ronald et al. 1998). The sugar beet
nlRGAs isolated in this study showed considerable
sequence variation. However, they clustered into at
least three subfamilies. Sequences from within one
class share greater than 90% homology; in contrast,
those from different subfamilies share less than 65%
identity. Most likely, the former sequences represent
gene families from a recent common origin, whereas
the latter represent diverged unique origins. Com-
parative sequence analyses within each of the three
subfamilies suggest that point mutations (substitu-
tions, insertions/deletions) may be the primary source
of divergence of the sugar beet nIRGAs. Thus, in
sugar beet a gradual accumulation of mutations
rather than a rapidly evolving process apparently
accounts for the divergence of resistance mechanisms
against dynamically developing pathogen popula-
tions, as suggested by Michelmore and Meyers (1998)
and Stahl et al. (1999). Considering the high diversity
of non-TIR-type RGAs in plant genomes (Bai et al.

CDS), Zea mays (1300 CDS), Hordeum vulgare (592 CDS), Sor-
ghum bicolor (166 CDS), and Triticum aestivum (542 CDS). The
numbers in the lower left part and upper right part are correlation
coefficients and corresponding testing probabilities, respectively.

2002 and Cannon et al. 2002), additional non-TIR-
type RGAs from sugar beet should be tested to
confirm this hypothesis.

The striking sequence similarities among sugar
beet nIRGAs and R-genes from different angiosperm
species suggest the existence of an ancient common
ancestor of disease resistance genes. The fact that the
sugar beet nIRGAs that were isolated fell into two
diverged subbranches in the phylogenetic tree imply
functional divergence of these sequences in resistance
responses, e.g., either in recognition of pathogen
elicitors or in activating signal transduction pathways
(Aarts et al. 1998b). Taking into account that the four
full-length nIRGAs were cloned from a nematode-
resistant sugar beet line and all show a high homol-
ogy to known resistance proteins against nematode
and virus, respectively, thus functional analyses of the
four full-length nIRGAs, with respect to their roles in
initiating or amplifying various disease resistance
responses to nematode or rhizomania, e.g., may
contribute significantly to the elucidation of the
possible mechanism.

An important finding of this study is that all
nlRGAs isolated fall into the non-TIR NBS-LRR
resistance gene subfamily. The predicted protein
products of nIRGAs contain not only the consensus
amino acid usage for non-TIR-type NBS-domain,
but also the potential to form coiled-coil structures at
their N-termini, a characteristic of the non-TIR-type
resistance gene subfamily. In addition to screening of
a sugar beet cDNA library using a probe that exhibits
high homology at the nucleotide level to both TIR
and non-TIR types of resistance genes, homology
searches using either TIR NBS-HMM or TIR con-
sensus sequences as queries did not return any rep-
resentatives of the TIR NBS-LRR resistance gene
subfamily from the beet EST databases, though they
were readily detected in other dicot EST databases
that served as controls, e.g., the small cedar EST
database, which contains only 2438 sequences. Also,
the four TIR type-specific primers failed to amplify
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Angiosperm Gymnosperm
Divergence !
782
TIR and non-TIR Stage 1
Monocot Dico
Divergence Stage II
Cereal Sugar beet
TIR non-TIR non-TIR TIR TIR non-TIR
Type Type Type Type Type Type
Degeneration Degeneration
Fig. 6. A modified version of a model by Pan et al. (2000a) of the specificity were present. Stage Il involved divergent gene duplica-

evolution of NBS-LRR-type disease resistance genes. At least two
stages are involved in the evolution of NBS-LRR-type resistance
genes. During Stage 1, a few NBS-LRRs with broad spectrum

any TIR-type nIRGAs from the sugar beet genome.
These data suggest an absence, rather than low ex-
pression levels, of TIR-type NBS-LRR resistance
gene homologues in the sugar beet genome. A similar
result was recently reported by Hunger et al. (2003).

Although the TIR and non-TIR/coiled-coil ter-
mini probably function analogously in recruiting
downstream components through protein—protein
interactions and activation of pathogen-dependent
resistance responses, it was suggested that the com-
mon ancestor of plant NBS-LRR resistance genes,
which predates the divergence of angiosperms and
gymnosperms, included a TIR domain (Bold 1977,
Meyers et al. 1999; Pan et al. 2000a). The TIR do-
main is highly conserved across species, and a mod-
erate sequence similarity is also present in domains of
plant NBS-LRR-type disease resistance genes, the
Drosophila Toll/Interleukin-1 receptor (IL-1R), and
the Apaf-1 and Ced-4 genes. The latter genes are
implicated in regulating the animal immune response
and apoptosis, suggesting that regulatory mecha-
nisms of the cell death programs are conserved
among plants, mammals, and other animals. Never-
theless, the number of genes encoding proteins that
contain TIR domains in Arabidopsis (about 135) is
over 10 times that found in human, Drosophila, or
C. elegans genomes (Jebanathirajah et al. 2002). This
difference indicates that expansion, as well as clus-
tering, of these sequences in plant genomes was re-
quired throughout evolution to enhance defense
responses to different pathogens.

One reasonable explanation for the absence of
TIR NBS-LRR disease resistance RGAs in the sugar
beet genome is the loss of this type of sequence over

tion followed by gene diversification after the monocot/dicot sep-
aration. During Stage II, TIR NBS-LRR genes were lost from
cereal and sugar beet genomes.

time. This loss also presumably occurred in cereal
(Meyers et al. 1999; Pan et al. 2000a; Cannon et al.
2002), although no mechanism has been described to
explain the elimination of a dispersed multigene
family from a plant genome. The modern diversity of
NBS-LRR resistance genes is thought to have arisen
from a few ancestral loci. The expansion of a limited
number of ancestral genes, which differed among
plant lineages, may have resulted in either degenera-
tion or complete loss of certain loci (Pan et al. 2000a;
Noir et al. 2001). Indeed, the loci encoding TIR NBS-
LRR resistance genes have been lost, whereas the
non-TIR-type resistance sequences have expanded
and diversified throughout evolution. This scenario
fits well with the uneven distribution of NBS-LRR
sequences in plant lineages and large copy numbers of
genes in modern species (Pan et al. 2000a; Fluhr
2001). A complete loss of TIR sequences in cereals
and in coffee trees (Coffea L.) has been explained as
dramatic examples of this scenario (Pan et al. 2000a;
Noir et al. 2001). Eventually, the occasional and
random mutational events of the ancestral loci, as
found in sugar beet RGAs in this study, may have
contributed to the disappearance of TIR NBS-LRR
resistance genes in plant genomes.

This finding leads to the assumption that TIR
NBS-LRR genes could also have been lost from other
dicot species. Figure 6 illustrates a modified version
of an evolution model of plant disease resistance
genes presented by Pan et al. (2000a). At least two
stages are involved in the evolution of NBS-LRR
resistance genes in the plant kingdom: the presence of
a few NBS-LRRs with broad spectrum specificity
(Stage I) and the presence of resistance genes shaped
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by divergent gene duplication followed by gene di-
versification after the monocot/dicot separation
(Stage II). The loss of TIR type RGAs in the sugar
beet genome implies that the loss of TIR-type re-
sistance sequences is not restricted to cereals or
monocots in general and that the loss of TIR NBS-
LRR genes in cereal species should not be generalized
to all monocots. It was suggested that the loss of
resistance gene clades was a result of either the loss of
monocot-specific RGAs from certain dicot families or
the creation of novel sequences in monocots, thus
providing instances of “‘birth” and ““death” of ancient
lineages of RGAs within particular plant families
(Cannon et al. 2002). The fact that we did not find
any synteny among sugar beet and cereals at the
nucleotide or amino acid levels supports the idea that
sequences were indeed lost from those ancestral loci
in plant genomes, regardless of the type of species. It
is tempting to speculate that these changes reflect
differences in downstream defence signaling path-
ways (Bai et al. 2002).

The loss of TIR-type NBS-LRR sequences in
sugar beet has practical implications for the potential
use of resistance genes in sugar beet and for the un-
derstanding of the evolution of RGAs in general, as
the TIR and the non-TIR NBS-LRR genes trigger
disease resistance responses via different signal
transduction pathways. In Arabidopsis, the TIR-type
resistance genes require a functional EDS/ allele to
activate hypersensitive cell death disease responses,
whereas the non-TIR-type resistance genes require a
functional NDRI allele to activate disease resistance
(Parker et al. 1996; Century et al. 1997; Aarts et al.
1998b). Therefore, further genetic and biochemical
analyses are required to determine whether a mech-
anism analogous to that used by TIR type resistance
genes exists in sugar beet or Chenopodiaceae. Also,
the time of the presumed loss of the TIR type re-
sistance genes in sugar beet remains to be determined;
alternatively, other hypotheses may be tested. It will
be particularly interesting to determine the genomic
organization of nIRGA-clusters and their expression
patterns in relation to disease resistance responses,
e.g., against rhizomania and nematodes.
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