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Most plant disease-resistance genes (R-genes) isolated so far encode proteins with a nucleotide binding site (NBS)
domain and belong to a superfamily. NBS domains related to R-genes show a highly conserved backbone of an amino
acid motif, which makes it possible to isolate resistance gene analogues (RGAs) by degenerate primers. Degenerate
primers based on the conserved motif (P-loop and GLPL) of the NBS domain from R-genes were used to isolate
RGAs from the genomic DNA of sweet potato cultivar Qingnong no. 2. Five distinct clusters of RGAs (22 sequences)
with the characteristic NBS representing a highly diverse sample were identified in sweet potato genomic DNA.
Sequence identity among the 22 RGA nucleotide sequences ranged from 41.2% to 99.4%, while the deduced amino
acid sequence identity from the 22 RGAs ranged from 20.6% to 100%. The analysis of sweet potato RGA sequences
suggested mutation as the primary source of diversity. The phylogenetic analyses for RGA nucleotide sequences
and deduced amino acids showed that RGAs from sweet potato were classified into two distinct groups—toll and
interleukin receptor-1 (TIR)-NBS-LRR and non-TIR-NBS-LRR. The high degree of similarity between sweet potato
RGAs and NBS sequences derived from R-genes cloned from tomato, tobacco, flax and potato suggest an ancestral
relationship. Further studies showed that the ratio of non-synonymous to synonymous substitution within families was
low. These data obtained from sweet potato suggest that the evolution of NBS-encoding sequences in sweet potato
occur by the gradual accumulation of mutations leading to purifying selection and slow rates of divergence within
distinct R-gene families.

[Chen G, Pan D, Zhon Y, Lin S and Ke X 2007 Diversity and evolutionary relationship of nucleotide binding site-enconding disease resistance gene
analogues in sweet potato (I[pomoea batatas Lam.); J. Biosci. 32 713-721]

1. Introduction

Recently, more than 50 disease-resistance genes (R-genes)
that confer resistance to diverse pathogens have been
isolated from a wide range of plant species by map-based
cloning or transposon tagging (Dong et al 2001; Yi et al

2002). Amino acid sequence comparisons among these
R-genes have revealed striking structural similarities,
and conservation of specific domains that participate in
protein—protein interactions and signal transduction (Dong
et al 2001; Xu et al 2005). So far, these R-genes have
been grouped into five classes based on the structure of
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their predicted protein products: the nucleotide-binding
site (NBS)-leucine-rich repeat (LRR), protein kinase,
extracellular leucine-rich repeat transmembrane (eLRR-
TM), LRR and toxin reductase (Dong et al 2001; Yi et
al 2002; Hammond-Kosack et al/ 1997; Luo et al 2000).
Among these, the NBS-LRR class occurs in large numbers
in the plant genome. Depending on the presence or absence
of a toll and interleukin-1 receptor (TIR) domain at the N-
terminal domain of the protein, this class of R-genes can be
subdivided into TIR and non-TIR classes. Non-TIR NBS-
LRR proteins contain N-terminal coiled-coil (CC) or leucine
zipper (LZ) domains, corresponding to helical structures
that are thought to play an important role in interactions
with other molecules in the signal transduction pathway.
TIR and non-TIR R-genes can be anticipated on the basis
of characteristic domains present in the NBS-LRR domain.
For example, RNBS-A-TIR (LQKKLLSKLL) and RNBS-
D-TIR (FLHIACFF) are found exclusively in the TIR
subclass, whereas RNAS-A-non-TIR (FDLxAWCCVSQxF)
and RNBS-D-non-TIR (CFLYCELPED) occur only in
the non-TIR subclass. In addition, the single amino acid
residue at the final position of the kinase-2 motif can also
be used to distinguish the two classes (TIR or non-TIR):
tryptophan (W) and aspartic acid (D) are present in the non-
TIR and TIR-type proteins, respectively (Meyers ef al 1999;
Pan et al 2000; Kanazin et al 1996; Lee et al 1996; Wang
et al 2005; Noir et al 2001; Bayram et al 2005; Martinez
et al 2004; Xu et al 2005; Irigoyen et al 2004; Yaish et al
2004; Leeuwen et al 2005; Leister e al 1996). Although the
NBS-LRR class R-genes contain many conserved domains,
the whole sequence similarity among the NBS-LRR class of
R-genes is so low that it is very difficult to detect by cross-
hybridization.

The conserved domains of R-genes provide opportunities
for designing degenerate primers and isolating resistance
gene analogues (RGAs) by the polymerase chain reaction
(PCR) strategy from plant genomes. At present, NBS-LRR
type RGAs have been isolated from very diverse species of
plants by this approach (Hinchliffe et a/ 2005; Deng et al
2000; Tu et al 2003; Yaish et al 2004).

A high mutation rate is present in many plant pathogens
which makes individual R-genes ineffective. Therefore, the
ability of plant species to survive over evolutionary time
might depend on their ability to maintain and generate
useful levels of diversity at resistance loci. Functionally
diverse R-genes are often clustered in plant genomes.
Previous studies have shown that DNA rearrangements play
a key role in the evolution of R-gene loci, allowing plants to
generate novel resistance to match the changing patterns of
pathogen virulence. It was reported that point mutations
and in-dels are also reasons for the diversity of R-genes
(Meyers et al 1999; Pan et al 2000; Noir et al 2001). The
evolution of R-genes remains largely unexplored, but
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useful information has recently been gained from molecular
genetic analyses.

Sweet potato (I[pomoea batatas Lam.) is a member
of the family Convolvulaceae, Genus Ipomoea, section
batatas. 1t is the only hexaploid (2n=6x=90) in this section.
Sweet potato is China’s fourth most important food crop
after rice, wheat and maize. It produces a stable yield
under a wide range of environmental conditions and is
cultivated in more than 100 countries. China accounts for
roughly 80% of the world’s production. Sweet potato is
widely used as food and animal feed, and is processed into
starch, liquor and a variety of other industrial products,
but yields are strongly affected by various disease-causing
organisms such as fungi, nematodes, viruses, etc. (FAO
2002). Although some molecular markers of disease
resistance in sweet potato have been reported, the complex
genetic background of sweet potato makes it difficult to
associate molecular markers with disease-resistance genes.
Since there are as yet no reports of the molecular cloning of
putative resistance genes from sweet potato, the main aims
of the present study were the isolation and characterization
of RGAs from sweet potato and the assessment of their
evolutionary relationship.

2. Materials and methods
2.1 Plant material and DNA extract

Sweet potato cultivar ‘Qingnong no. 2’°, which is highly
resistant to the knot nematode was used. DNA was extracted
from young leaflets using the modified 2.0% (w/v) cetyl
trimethyl ammonium bromide (CTAB) protocol, as
described by Guo et al (2002).

2.2 Primers and PCR conditions

A large set of degenerate primers was designed according to
the P-loop and GLPL motifs of the R-genes cloned. These
primers are listed in table 1.

PCR was carried out in a total volume of 20 I containing
50 ng of template DNA, 10 mM TRIS-HCI (pH 8. 3), 50 mM
KCl, 2.0 mM MgCl,, each dNTP at 100 zM, each primer at
0.3 uM, and 1.0 U of Tag DNA polymerase (TAKARA Bio
Inc.). PCR was performed in an Eppendorf Mastercycler
gradient thermal cycler. PCR cycling conditions were: 5 min
at 94°C, 35 cycles (45 s at 94°C, 50 s at 55 °C, 1min 30 s at
72°C), 10 min at 72°C.

2.3 Cloning and sequencing of PCR products

PCR amplification products were separated by
electrophoresis on 1.5% TAE—agarose gels and stained with
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Table 1. Degenerate primers used in amplification

Primer name  Conserved amino acid domain Sequence (5" to 3")

F1 P-loop (GGV/I/MGKTT) GGHDYVGGKAARACWAC

F2 P-loop (GMGGV/I/SGKTT) GGDATGVSVGGHDYVGGKAARAC
F3 P-loop (GGV/I/MGKTT) GGNGGNRTHGGNAARACHAC

F4 P-loop (GGV/I/MGKTT) GGNGTNGGNAARACNAC

F5 P-loop (GGV/I/MGKTT) GGNGGNGTNGGNAANACNAC

F6 P-loop (GGV/I/MGKTT) GGNGGNRTNGGNAARACNAC

R1 hydrophobic domain (GL/FPL/FA/VL) AKWGCYARRGGDARYCC

R2 hydrophobic domain (GL/FPL/FA/VL) GCMRCCARAGGMARYCC

R3 hydrophobic domain (GL/FPL/FA/VL) AGNGCHAGNGGYAANCC

R4 hydrophobic domain (GL/FPL/FA/VL) AANGCHAGNGGYAANCC

RS hydrophobic domain (GL/FPL/FA/VL) AGIGCHAGNGGNAGNCC

R6 hydrophobic domain (GL/FPL/FA/VL) ARNWYYTTVARDGCVARWGGVARWCC

Fx, forward primer; Rx, reverse primer; I, deoxyinosine ; M, A/C; W, A/T; S, C/G; Y, C/T; K, G/T; V, A/C/G; H,

A/C/T; D, A/G/T; B, C/G/T; R, A/G

ethidium bromide for visualization. Bands of the expected
size (approximately 500 bp) were excised from the gel and
purified using the PCR Fragment Recovery Kit (TAKARA
Bio Inc.). The obtained DNA was cloned using the
pMD-18T cloning kit (TAKARA Bio Inc.) and transformed
into Escherichia coli DHS5a. Recombinant plasmid
DNA was extracted using alkaline lysis, and digested with
double digestion to verify the presence of the expected
insert.

Unique clones were determined using an ABI
PRISM 377 DNA sequencer (TAKARA Bio Inc.). The
nucleotide sequences of sweet potato RGAs have been
deposited in the GenBank Database under Accession
Nos DQ251184, DQ272296, DQ272297, DQ303440-
DQ303442, DQ341401-DQ341403, DQ341405-DQ341
408, DQ377949-DQ377957.

2.4 Sequence analysis

Nucleotide sequence analysis and translation to the
corresponding amino acid sequence were performed
using DNAMAN software (version 6.0.) package
(www.lynnon.com). Similarity searches were performed
with the BLASTX and BLASTP programs on the website of
the National Centre for Biotechnology Information (NCBI).
Multiple alignments were performed with the ClustalW1.8
software (Thompson ef al 1994) and DNAMAN software
(version 6.0) packages. Phylogenetic and molecular
evolutionary analyses were conducted using the MEGA
software (version 3.1) (Kumar et al 2004). The bootstrap
value was used to evaluate the reliability.

3. Results

3.1 Isolation of RGAs from sweet potato by PCR using
degenerate primers

Thirty-six primer combinations (table 1) were used to
amplify sweet potato genomic DNA. However, only three
primer combinations (F2—R2, F3—R2, and F6-R1 generated
a band about 500 bp in size from the sweet potato genomic
DNA. The approximately 500 bp band from each primer
combination was close to the fragment size expected based
on the sequences of the N, Gro-4 and RPS2 genes; therefore,
these bands were cloned. Restriction analyses of inserts
of randomly selected clones showed that the 500 bp DNA
band from all three primer combinations contained target
fragments. Cloning and characterization of the amplicons
obtained revealed that each band was made up of many RGA
sequences. A total of 40 unique clones (10 from the F2—R2,
15 from the F3-R2 and 15 from F6-R1 combinations)
were sequenced. In all cases, amplified bands were made
up of many sequences of different sizes. Analysis of the 40
sequences using the BLAST algorithm demonstrated that 22
of the sequences (6 from the F2-R2, 8 from the F3—R2 and
8 from F6-R1 combinations; designated RGA-1 to RGA-
22, respectively) had marked similarity to the NBS domains
encoded by known plant R-genes or RGAs isolated from
other species in the GenBank database. The other clones
showed a similarity to retrotransposon sequences or gave no
significant matches. Sequence analysis of the NBS clones
showed that each of the 22 RGA sequences contained a
single uninterrupted open reading frame (ORF). Their
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deduced amino acid sequences showed the internal motifs
characteristic of the NBS-LRR gene class. Kinase-2 and
kinase-3a motifs were present in all NBS sequences from
sweet potato, although in some sequences there were minor
amino acid substitutions. No putative splicing sites were
detected in these clones.

3.2 Diversity analysis of sweet potato RGAs

The diversity of the NBS-type RGAs isolated from
sweet potato was analysed, and 22 nucleotide sequences
obtained using three degenerate primer combinations
were included in the analysis. Sequence identity among
the 22 RGA nucleotide sequences ranged from 37.2%
to 99.4%, while the identity of the deduced amino acid
sequences from 22 RGAs ranged from 14.3% to 100%
(table 2).

A neighbour-joining phylogenetic tree based on these
RGA nucleotide acid sequences is shown in figure 1. The 22
sweet potato RGA sequences were grouped into five clusters
or families (A—E), all of which were highly supported by
bootstrap values. Cluster A was composed of 15 members,
while the other clusters consisted of only one or two
members (figure 1).
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Theratio of non-synonymous to synonymous substitutions
(K, /K ratio) reveals whether sequence polymorphism
supports diversifying (K,/K>1) or purifying (K,/K<1)
selection. The K, /K ratio among five distinct clusters (A, B,
C, D, E) of triplets encoding amino acid sequences in sweet
potato ranged from 0.19 to 0.77.

3.3 Comparative analysis of sweet potato RGAs and
cloned R-genes

To establish the origin and elucidate the evolution of sweet
potato RGAs, phylogenetic relationships between amino
acid sequences deduced for sweet potato RGAs and cloned
R-gene products from other species were analysed. The
analysis was conducted using the NBS region sequences of
the following R genes in the GenBank database: N (U15606)
and M (U73916) from tobacco, Mi-1.2 (AF039682) and
Prf (U65391) from tomato, Gpa2 (AF195939) and Gro-4
(AY196151) from potato, L1/ (AF093641) from flax, RPP8
(AF089710) and RPMI (AAF27008) from Arabidopsis. A
multiple alignment of amino acid sequences deduced from
22 sweet potato RGAs and NBS region sequences of the
R-genes mentioned above is shown in figure 2. From the
alignment of amino acid sequences, a neighbour-joining
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RGA20

RGA21

RGA2

100 [ RGA3

L. rcas
RGA7

100

E [

a3

RGA1T0

Figure 1.

Neighbour-joining phylogenetic tree for RGA nucleotide sequences isolated from sweet potato. Branch labels from A to E

correspond to families of closely related RGA sequences. The numbers on the branches indicate bootstrap values (1000 iterations).
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Kinas:

(— RGA9 .. GGVGKTTI AKANVYEKI NG. NMFDGNCFLGDVRS KCLEKGCAGLKCLQEQLLCKI LLTTK. .. VEVDNVDEGI SLI ERRLRAKKVLI VI DDI DSEI Q. LNALAG. . ERNWFG 103
RGAL1 . . GGVGKTTI AKAVYEKI NG. MFDGNCFLGDVRS KCLEKGCAGLKCLQEQLLCKI LLTTK. .. VEVDNVDEGI SLI ERRLRAKKVLI VI DDI DSEI Q. LNALAG. . ERNWFG 103
RGA8 . . GGVGKTTI AKAVYEKI NG. NMFDGNCFLGDVRS KCLEKGCAGLKCLQEQLLCKI LLTTK. .. VEVDNVDEGI SLI ERRLRAKKVLI VI DDI DSEI Q. LNALAG. . ERNWFG 103
RGAL GNVGGAGKTTI AKANVYEKI NG. MFDGNCFLGDVRS KCLEKGCAGLKCLQEQLLCKI LLTTK. . VEVDNVDEGI SLI ERRLRAKKVLI VI DDI DSEI Q. LNALAG. . ERNWFG 105
RGAS GNVTGAGKTTLANAVFNQI YR. TFDGS CFLGDVGKEYANEGHVGLKRLQEQLLCKI LR. KS LKVDHVAEGI SLI KERLGLKKVLI VVDDVDLESQ. LDALVG. . DRNWFG 104
RGAIS .. GGVGKTTLAKAI FNQI SG. TFESSCFL. DVRSECSKVGS VGLTCLQKQLLCNTLRPMR. FEVNHVDEGI SLVKERLGFKKVLI VVDDVDLESQ. LDALVG. . DRNWFG 102
RGA4 GNVGGVGKTTLAKAVENQI YR. SFDGS CFLGDVRQKCLDGDRAALKCLQEQLLCDTLNRKT. .. WEVHNVDRGI SLI KERLGLKNVLI VVDDVEDKSQ. LDALVG. . ERDWFG 105
RGAI8 .. GGVGKTTI AKAVFNQI YR. SFDGS CFLGDVRQKCLDGGRAALKCLQEQLLCDTLNRKT. .. LEFHNVDRGI SLI KERLGLKNVLI VVDDVEDKS Q. LDALVG. . ERDWFG 103
RGA14 . . GGVGKTTLAKAVFNQI YR. SFDGS CFLGDVRQECVDGGRAGLKRLQEQLLCKTLNI RK. .. LKVHHVDEGI SLI KRRLGQKKVLI VVDDVEDKS Q. LDALVG. . DRDWFG 103
RGAL7 . . GGVGKTTLAKAVFNQI YR. SFDGS CFLGDVRQECVDGGRAGLKCLQEQLLCKTLNI RK. .. LKVHHVDEGI SLI KRRLGQKKVLI VVDDVEDKS Q. LDALVG. . ERDWFG 103

nOnTIR< RGAI3 . GGVGKTTLAKAVFNQI YR. SFDGS CFLGDVRQECVDGGRAS LI CLHEQLLCKTLNI KR. .. LKVHHVDEGI SM KRRLPQKKVLI VVDDVEDKS Q. . ERDWG 103
RGAI2 FL. DVRSECS KGGS AYLNQLQKQLLCKTLKTTR. .. FEVDNVDEGI SLI KLRLGLKRLLI VVDDVDHES Q. 5. . ECNWFG 102
RGAL9 'FLADVRS KCLDGYS AGLRHLQTQLLCKTLETTR. . FDVDHVDEGI SLI KLRLGLKKLLI VVDDVDHES Q. ERDWFG 103
RGAI6 .. GGVGKTTLAKAVFENKI YR. . . . .. MFQGFSFLADVRSK. . . ... . GLDHLQEKLLRETLKTKK. FEVDNVHRGI SLVKQRLGFKKLLVVVDDVNHI SQ. . EPNWFG 96
RGA22 .. GGVGKTTLAKAI YNLSFQ. . . ... KFESCCFI ANI RSQASDG. YNGLVRLQEKLLCKTLHGKK. LEI DNVDEGI SLI KERLRSKS VLI VLDDI DDTRQ. . QRNWFG 102
Gro-4 .. QFQGACFLHEVRDRSA. . . KQGLERLQEI LLSEI LVVKK. .. LRI NDSFEGANVQKQRLQYKKVLLVLDDVDHI DQ. LNALAG. . EREWFG 102
N GNVGGVGKTTI ARAI FDTLLGRNDS S YQFDGACFLKDI KEN. . . . . KRGVHSLQNALLSELLR. EK. . . ANYNNEEDGKHQNVAS RLRSKKVLI VLDDI DNKDHYLEYLAG. . DLDWFG 106
RGA20 .. GGNGKTTVAKVAYNLNYD. . . . . . RFEGSCFLVNVREASEI . . PNGLVGLQKQI FENI LKGRE. ... ELI FNTDEGI I KI KDAI GNKKVFI VFDDVDQLEL. LDALI G. . ARDWFS 101
RGA21 RFDGGCFLANVRETSRK. . PNGLVELQREI LSCI LNRKH. . . . . . ERI LSVEEGVAKLKDANFYRRI I LI LDDVDQVEL. LDAIT GS. TRDLFN 102
L1 CFDCCCFI DNI RETQE. . . KDGVVVLQKKLVSEI LRI DSG. . . . SVGFNNDS GGRKTI KERVSRFKI LVVLDDVDEKFK. FEDVLG. . SPKDFI 104

M HFDRCCF VDNVRANQEQ. . VGFTNDS GGRKM KERVSKSKI LVVLDDVDEKFK. FEDI LG. . CPKDFD 103

— RGA3 HFQHRVWVTVSETFK. . .. ... NMGFTPLKDFVI ST LSKQRYI I VLDDVWSFDV. WYTI KYA. FPRQK. 106
RGAG . HFQHRVRVTVSET NMVGPTPLKDFVI ST LSKQRYI I VLDDVW FDV. WYTI KYA. FPRQK. 106
RPMI GNVGGS GKTTLS ANI FKS QS VRR. HFES YAWVTI SKSYV. . I EDVFRTM KEFYKEADTQI PAELYSLGYRELVEKLVEYLQSKRYI VVLDDVWITGL. WREI ST A. LPDGI . 106
Mi-1.2 GVPGSGKTTLAYKVYNDKS VSR. HFDLRAWCTVDQGYD. . DKKLLDTI FSQVSG. S. . .. .. DSNLSENI DVADKLRKQLFGKRYLI VLDDVWDTTT. LDELTRP. FPEAK. 929

TIR< Prf GVPGLGKTTLAKKI YNDPEVTS . RFDVHAQCVVTQLYS. . WRELLLTI LNDVLEPS. . . . DRNEKEDGEI ADELRRFLLTKRFLI LI DDVWDYKV. WDNLCMC. FSDVS. 100
Gpa2 GNVGGI GKTTLAAKLYSDPYI VS RFDI RAKATVSQEYC. . . . . VRNVLLGLLSLTSD. . . . .. E. ... PDYQLADQLQKHLKGRRYLVVI DDI WTTEA. WDDI KL.C. FPDCD. 94
RPP8 GNVGGI GKTTLARQVFHHDLVRR. . . . HFDGFAWVCVSQQFT. . . . . .. QKHVWQRI LQELQPHD. . . . . GDI LQVDEYALQRKLFQLLEAGKYLVVLDDVWKKED. WDVI KAV. FPRK. . 100
RGA2 GVGGVGKTTLAKHI YNQVLKNE. . SHVNVYWVTVS QDFN. I RKLQDDI I RTVGVT. . ... ... I SEENEEQRAAI LRNHLVKNNVVLVLDDVWDNI P. LEKLGVP. LRVK. . 97
RGA7 .. GGVGKTTLAKRVYEDPLVVA. RFDHCAWTTVSQEVN. . . . . LRQI LCSLLWSI ERG. . . .. MSTDGS TDCNLAHKLRRHLNMGQRYLI VVDDVWETGV. WDYLTR. . . . . CNMF 94
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Kinase-3

Figure 2. Multiple alignment of amino acid sequences of sweet potato RGAs with the NBS domains of other plant-resistance genes. The
positions of the aspartic acid (D) and tryptophan (W) residues characteristic of TIR and non-TIR sequences in the kinase-2, respectively, are
indicated with an arrow head. Mutual domains are denoted by the line below. The alignment was constructed with DNAMAN 6.0.

phylogenetic tree was constructed which separates the five
families into two distinct groups (figure 3). The first group
contains RGA2, RGA3, RGA6, RGA7, RGA10 and non-
TIR R proteins RPP8, RPM1, Mi-1.2, Prf and Gpa2. In
addition, the kinase-2 motif (LLVLDDVX) in the non-TIR-
type sequences has the characteristic amino acid residue
tryptophan (LLVLDDVW) which was absent in TIR-NBS-
type sequences (Meyers et al 1999). The second group
includes RGA1, RGA4, RGA5, RGA9, RGA11-RGA22
and other known TIR-NBS-LRR proteins Gro-4, N, L11,
M. Most of these have aspartic acid (D) as the final amino
acid in the kinase-2 motif, corresponding to TIR-NBS
sequences. In the deduced amino acid sequences of sweet
potato RGAs, P-loop, kinase-2, kinase-3a and GLPL motifs
were found.

In addition to the phylogenetic analysis, searches in the
GenBank database using the BLAST algorithm confirmed
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that sweet potato RGA sequences are closely related to the
NBS regions of R-genes cloned in other species.

4. Discussion

4.1 Isolation of sweet potato NBS-encoding RGAs

by different PCR strategies

By using degenerate primer combinations (F2-R2, F3-R2,
and F6-R1) from NBS-conserved motifs of cloned plant
disease-resistance genes, five distinct families of RGAs
representing a wide range of diversity were isolated from
the sweet potato genome. In addition to the NBS sequences
found in this study, the amplification of retrotransposon-
related sequences is likely to result from the high copy
number of such sequences in plant genomes. For example,
previous research showed that retrotransposons constitute at
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Figure 3. Neighbour-joining tree based on alignment of amino acid sequences of sweet potato RGAs and the NBS region of isolated
disease-resistance genes. The numbers on the branches indicate bootstrap values (1000 iterations).

least 50% of the maize genome. The PCR-derived sequences
were identified as RGAs or fragments of R-genes based on
conserved motifs characteristic of the NBS-type R-gene.
A single uninterrupted ORF and conserved motifs such as
P-loop, kinase-2, kinase-3a, GLPL were found among 22
sweet potato RGA sequences. Most of the sweet potato
RGAs were also closely related to the NBS sequences of
Arabidopsis.RPPS and RPM]I, tomato Mi-1.2, and tobacco
N. Thus, some of them may encode resistance gene products
of unknown specificity.

NBS sequences are abundant in plant genomes. Genomic
DNA sequence analyses reveal that there are about 660
putative NBS-LRR type disease-resistance genes in the rice
(Oryza sativa) genome, and about 200 in the Arabidopsis
genome (Meyers ef al 1999; Han et al 2005) and our results
reveal that a number of NBS-type sequences are also present
in the sweet potato genome. Whether these sequences
originate from different alleles spread over the hexaploid
genome or from paralogous genes in each haploid genome

set 1s not known. Future research will be directed towards
elucidating this issue.

4.2 Diversity and evolutionary relationship of sweet
potato NBS-encoding RGAs

RGAs encoding an NBS motif have been successfully
isolated from a broad range of plant species. To the best of
our knowledge, results from this research provide the first
view of the complexity and diversity of RGAs in sweet
potato. Sequence identity among the 22 RGA nucleotide
sequences ranged from 37.2% to 99.4%, with the highest
value for RGA11 and RGAS, and the lowest for RGA10 and
RGAZ21. Itis likely that RGA 11 and RGAS8 might have arisen
from a recent duplication of a common ancestor gene, and
that RGA10 and RGA21 may represent divergent origins.
It is believed that duplicated RGA sequences in a given
plant genome are probably subject to unequal crossing-over
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events for generation of diversity. However, so far, clear
evidence is lacking for the genetic events or mechanisms
responsible for the complexity and diversity of RGAs in the
plant genome. The high degree of similarity between sweet
potato RGAs and NBS sequences derived from R-genes
cloned from tomato, tobacco, flax and potato suggest an
ancestral relationship. Furthermore, all of the sweet potato
RGAs isolated were grouped into two types: TIR-NBS-LRR
and non-TIR-NBS-LRR. Seventeen of the 22 sweet potato
RGAs belong to the TIR-NBS-LRR type. This also supports
the view that TIR-NBS-LRR and non-TIR-NBS-LRR R-
genes occur in dicot species (Meyers et al 1999).

Molecular data are increasingly consistent with the
idea that plants have R-genes arrayed in complex clusters.
Indeed, clustering of R-genes and homologous sequences
may facilitate the generation of diversity and new resistance
specificities (Noir ef a/ 2001) The source of genetic variation
within R-genes has been the subject of much discussion
(Meyers et al 1999; Pan et al 2000; Kanazin et al 1996; Lee
et al 1996; Wang et al 2005; Noir ef al 2001; Bayram et al
2005; Martinez et al 2004; Xu et al 2005; Irigoyen et al 2004;
Yaish et al 2004; Leeuwen et al 2005; Leister et al 1996;
Kumar et al 2004). Two main important genetic mechanisms
including a slowly evolving divergence hypothesis and a
rapidly evolving process have been proposed to account for
the evolution of R-genes (Xu et al 2005). The results also
provide clues to the putative mechanisms that may have
contributed to the evolution of R-genes in sweet potato. Point
mutations, insertions or deletions in the regions between the
conserved motifs were observed and these types of genetic
variations might constitute the primary source for RGA cluster
divergence in sweet potato. Taking these into consideration,
the evolution of NBS-type genes in sweet potato appears to
favour a slowly evolving divergence mechanism rather than
a rapidly evolving one (Xu ef a/ 2005).

Analyses of the ratio of synonymous and non-synonymous
nucleotide acid substitutions (K /K ) (i.e. 0.19-0.77) for all
sweet potato RGA families show that these are similar to
NBS domains from R-genes and suggest that the sweet potato
NBS domain is subject to purifying rather than diversifying
selection, which is consistent with earlier proposals (Meyers
et al 1999; Noir et al 2001; Xu et al 2005).

This is the first study aimed at analysing the diversity
and evolutionary relationship of RGAs within the genome
of sweet potato to facilitate an understanding of the role of
potential R-genes, and to isolate functional R-genes from
sweet potato.
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