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Expression of two soybean resistance gene candidates shows
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Abstract The cloning of several plant genes directly in-
volved in triggering a disease resistance response has
shown that numerous resistance genes in the nucleotide
binding site (NBS)/leucine-rich repeat (LRR) class have
similar conserved amino acid sequences. In this study,
we used a short soybean DNA sequence, previously
cloned based on its conserved NBS, as a probe to identi-
fy full-length resistance gene candidates. Two homolo-
gous, but genetically independent genes were identified.
One gene maps to the soybean molecular linkage group
(MLG) F and a second is coded on MLG E. The first
gene contains a 3,279 nucleotide open reading frame
(ORF) sequence and possesses all the functional motifs
characteristic of previously cloned NBS/LRR resistance
genes. The N-terminal sequence of the deduced gene
product is highly characteristic of other resistance genes
in the subgroup of NBS/LRR genes which show homolo-
gy to the Toll/Interleukin-1 receptor genes. The C-termi-
nal region is somewhat more divergent as seen in other
cloned disease resistance genes. This region of the F-
linked gene contains an LRR region that is characterized
by two aternatively spliced products which produce
gene products with either a four-repeat or a ten-repeat
LRR. The second cloned gene that maps to soybean
MLG E contains 1,565 nucleotides of ORF in the N-ter-
minal domain. Despite strong homology, however, the 3’
region of this gene contains several in-frame stop codons
and apparent frame shifts compared to the F-linked gene,
suggesting that its functionality as a disease resistance
gene is questionable. These two disease resistance gene
candidates are shown to be closely related to one another
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and to the members of the NBS/LRR class of disease re-
sistance genes.
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Introduction

Ground-breaking work employing both map-based and
transposon tagging strategies has resulted in the cloning
of anumber of disease resistance genes (for areview see
Baker et al. 1997). Severa of these genes, including N
from tobacco (Nicotiana tabacum) (Whitham et al.
1994), L6 from flax (Linum usitatissimum) (Lawrence et
al. 1995), and Rps2 from Arabidopsis (Bent et al. 1994)
contain short amino acid sequences that are highly con-
served.

Yu eta. (1996) designed degenerate primers from
two of these conserved sequences corresponding to the
p-loop and kinase-3a coding regions. These conserved
motifs are part of the nucleotide binding site (NBS) por-
tion of disease resistance genes, N and Rps2. At least 11
different NBS classes were identified by Yu et a. (1996)
by amplifying corresponding sequences of about 340 bp
from soybean containing similar conserved sequences. In
asimilar study conducted by Kanazin et a. (1996), addi-
tional soybean sequences were characterized by amplify-
ing soybean products using degenerate primers corre-
sponding to the p-loop and undefined GLPLAL regions.
Additional homology-based studies have been published
by groups working with such diverse species as potato
(Solanum tuberosum) (Leister et al. 1996), tomato (Lyco-
persicon esculentum) (Ohmori eta. 1998), common
bean (Phaseolus vulgaris) (Rivkin 1999), Arabidopsis
(Aarts etal. 1998; Speulman eta. 1998), sunflower
(Helianthus annuus) (Gentzbittel etal. 1998), lettuce
(Lactuca sativa) (Shen et a. 1998), and the grain crops,
rice (Oryza sativa), wheat (Triticum aestivum), barley
(Hordeum vulgare), and maize (Zea mays) (Collins et al.
1998; Leister et al. 1998; Seah et al. 1998).
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In soybean, several NBS sequence classes have been
mapped to regions of the genome where resistance genes
have previously been identified. At least five classes
have been shown to be associated with one region of mo-
lecular linkage group (MLG) J, near resistance genes
Rmd, and Rps2 (Kanazin etal. 1996; Yu etal. 1996).
Similarly, two NBS classes map to a resistance gene
cluster on MLG F that includes the Rsv1, Rps3, Rpv, and
Rpgl loci (Yu et a. 1996).

Several recent studies have shown that these sequenc-
es obtained by degenerate primer amplification are use-
ful for identifying full-length disease resistance genes. In
Arabidopsis the Rpp8 gene which confers downy mildew
(Pernospora parasitica) resistance was cloned using a
smaller amplified sequence that contains a portion of the
leucine-rich repeat (LRR) domain similar to that of the
Arabidopsis resistance gene, Rpml (McDowell etal.
1998). This sequence was shown to cosegregate with the
Rpp8 locus. Physical identification of a full-length gene
sequence was facilitated by BAC and YAC analyses, and
the gene was shown to be Rpp8 by genetic complemen-
tation. A structural homolog of Rpp8 which does not
confer resistance to downy mildew was identified 3.7 kb
downstream of Rpp8.

In lettuce the chromosomal region containing the
Dm3 locus conferring resistance to downy mildew
(Bremia lactucae) was investigated using a degenerate
primer-amplified sequence from lettuce which corre-
sponds to the NBS region from previously cloned
NBS/LRR resistance genes (Meyers eta. 1998). Ge-
nomic BAC analysis revealed no less than 22 unique but
highly homologous genes or pseudogenes in a 3.5-Mb
region near Dm3. One of these open reading frame
(ORF) sequences has been identified as a strong candi-
date to be the Dm3 gene.

Following analysis of the various NBS sequences
cloned from soybean (Yu et al. 1996), it was determined
that one of these clones, called NBS5, could represent a
sequence from an important gene involved in disease re-
sistance. NBS5 is 36.4% similar to the NBS region of the
N gene based on deduced amino acid structural compari-
son. Its close proximity to a cluster of resistance genes
on the soybean MLG F, including Rsvl, Rpv, Rpgl, and
Rps3, makes it a potentially important candidate se-
guence that might represent a functional resistance gene.
In this genomic region of MLG F, there are two known
classes of NBS sequences. One class, represented by
NBS61, is a high-copy repeated gene family which maps
to multiple loci in this resistance gene cluster. The other
class, represented by NBS5, is essentially single copy
upon Southern hybridization. This suggests that this par-
ticular gene might prove to be more easily cloned than
some other high-copy, multi-gene family, NBS clones.

The objectives of our research are to investigate the
expression of genes which correspond to the 336-bp
NBS5 sequence and to then characterize these genes as
candidate members of the NBS/LRR class of disease re-
sistance genes.

Materials and methods
Library screening

Two lambda cDNA libraries and one lambda genomic library were
screened in this study. The first cDNA library was constructed by
Clontech (Palo Alto, Calif.) using the lambda TriplEX™ vector.
The cDNA were produced from mRNA of 10-day-old leaf tissue
of greenhouse-grown plants of soybean line L81-4420. The cDNA
for construction of this library were obtained by reverse transcrip-
tion (RT) using both random and poly-T primers. A second library,
obtained from Stratagene (La Jolla, Calif.), was constructed in the
lambda Uni-zap XR™ vector. This library was produced from
mMRNA obtained from 12-day-old epicotyl tissue of greenhouse-
grown plants of the cultivar Williams 82. In this library, only poly-
T primer was used for cDNA construction. The genomic library
was constructed from cv. Williams 82 by Stratagene using the
lambda FixI1™ vector.

Libraries were planted out onto 150-mm plates according to
the manufacturers’ protocols. Positive plaques were identified by
transfer to Nylon membranes, followed by hybridization with
[32P]-labeled probe, NBS5 (and later the partial cDNA clone
L2-5i). Briefly, Magnalift (MSI, Westboro, Mass.) nylon mem-
branes were positioned onto freshly grown plates for 3-4 min.
They were then washed for 5 min in a denaturing buffer (1.5 M
NaCl, 0.5 N NaOH) followed by a 5-min wash in a neutralization
buffer (1.5 M NaCl, 0.5 M Tris-HCI, pH 7.5). Finaly, the lifts
were rinsed in 2xSSC before being dried and baked at 90°C for
2 h. Lifts were then prehybridized for 20 h (1 M NaH,PO,, 1 M
Na,HPO,, 1 M PB buffer, 5xDenhardt’s solution, and 5 mg/ml
salmon sperm DNA). Random-primer-labeled probe was added to
the buffer and the lifts were incubated for 20 h at 65°C. Lifts were
then washed twice for 5 min with cold low-stringency buffer
(2xSSC, 0.5% SDS), followed by a 15-min wash with a higher
stringency buffer (0.5xSSC, 0.1% SDS) at 65°C, and a second 5-
min wash under the same conditions. Lifts were covered with
plastic wrap and exposed to Kodak (New Haven, Conn.) Xomat
X-ray film for 8-24 h. Positive plagues were excised from primary
plates and were screened a second time using 90-mm plates of a
low plague density to isolate single positive plagues.

Evaluating positive clones

Lambda cDNA positives were converted to plasmid according to
the manufacturer’s protocol for further analysis. Lambda DNA
from the FixI1™ genomic library was extracted using the Promega
Wizard™ lambda DNA extraction kit, or conversely by ZnCl,
precipitation according to Ming-Tsan et al. (1998).

Linkage mapping

Positive cDNA clones were mapped in two soybean populations.
The population V71-370xP1407162 (hereafter referred to as the
VP population) was primarily used for identifying the map loca-
tion of positive clones. This population of 149 individuals (Maug-
han et al. 1996) contains over 400 mapped loci covering all 20
molecular linkage groups (Saghai Maroof, unpublished). A second
population from the cross PI96983xL ee68 (hereafter referred to as
the PL population) was used for fine mapping of MLG F around
the disease resistance gene cluster. This population contains 243
F, individuals segregating for the Rsvl SMV resistance locus and
has at least 40 markers placed in this region of MLG F.

Parental diagnostic and F, Southern blots were prepared as
previously described (Yu etal. 1996). Briefly, 8 pg of parental
and/or F, DNA was digested with enzymes Dral, EcoRI, EcoRV,
Hindlll, Xbal, and Tagl according to manufacturer’s protocols
(Gibco-BRL, Rockville, Md.). Digested DNA was then separated
on a 1% agarose gel at 70-90 mAmps for 14-16 h. The DNA was
transferred to Hybond™ nylon membrane (Amersham, Piscata-
way, N.J.) by Southern blotting with 0.4 M NaOH buffer. Screen-



ing blots were hybridized with a-[32P]-dCTP random-primer la-
beled probe (Ambion, Austin, Tex.). Hybridizing bands were visu-
alized by autoradiography on Kodak Xomat™ film. Bands were
mapped based on genetic distances calculated by MAPMAKER 4.0
at LOD 3.0 (Lander et al. 1987).

DNA sequencing

Positive cDNA clones were sequenced either at the University of
Georgia Molecular Genetics facility using an ABI373, or in-house
using an ABI377 DNA sequencer (PE Applied Biosystems, Foster
City, Calif.). Plasmid template was prepared by a standard alka-
line-lysis procedure followed by purification using Qiaexll (Qia-
gen, Vaencia, Cdlif.). Sequencing was performed based on PE
Applied Biosystems' recommendations using dye-labeled termina-
torsin a cycle sequencing reaction. Sequence assembly and analy-
sis was conducted using L asergene software from DNAstar (Madi-
son, Wis.).

Results

Identification of two types of cDNA clones mapping
to E and F homoeol ogous chromosomal regions

In an initial screening of a cDNA library from the line
L81-4420 with the NBS5 probe, a 5 partia length
cDNA was isolated and characterized. This partial
cDNA was used for subsequent hybridization to a second
cDNA library of cv. Williams 82. Approximately 1.44
million plagues were screened from this library. A total
of 19 putative positives were excised for secondary anal-
ysis. Several identical duplicated cDNA clones were de-
tected in the screen. Of the 19 origina positives, 8
unique large-insert positives were evaluated by hybrid-
ization to diagnostic blots and by sequence analysis.

The 8 positives evaluated were L9, L10, L20a, L21,
L26, L28, L29, and L33. All of the clones evaluated
showed similar banding patterns when hybridized to a
set of diagnostic blots, but the clones could be separated
into two distinct groups. Clones L20a, L26, and L 28 hy-
bridized strongly to the same polymorphic restriction
fragment (Southern-blotted DNA from the parents of the
VP population digested with EcoRI), which had previ-
ously been mapped to MLG F using NBS5 as a probe
(Fig. 1A). The other 5 clones hybridized weakly to this
same restriction fragment. Conversely, these 5 clones hy-
bridized strongly to a second polymorphic fragment to
which L20a, L26, and L28 hybridized very weakly (Fig.
1B). This band mapped to a previously identified ho-
moeologous region on MLG E (Shoemaker et al. 1996).
Based on these observations we deduced that these 8
cDNA clones represent sequences from two unique loci.
One gene sequence corresponding to NBS5 is coded for
on MLG F, while a second gene sequence, homoeol og-
ousto NBS5, is coded for on MLG E.

Of the 8 cDNA clones, 5 were completely sequenced
(L20a, L21, L28, L29, and L33), and 3 were partially se-
quenced (L9, L10, and L26). Sequence analysis indicates
that in fact the 8 sequenced clones do fall into the same
two distinct sequence classes as previously determined
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Fig. 1A, B Southern blot of genomic DNA from the mapping par-
ents V71-370 (V) and P1407162 (P) digested with the restriction
enzyme EcoRI. A Hybridization with the putative F-linked cDNA
L20a shows strong hybridization to a single polymorphic band
mapping to the F-linkage group (solid arrows) and weak hybrid-
ization to a polymorphic band mapping to the E-linkage group
(broken arrows). B Hybridization with the putative E-linked
cDNA L33 shows weak hybridization to the F-linked band (solid
arrows) and strong hybridization to the E-linked band (broken ar-
rows)

by hybridization pattern. L20a, L26, and L28 share an
identical 3" sequence, and L9, L10, L21, L29 and L33
similarly share an identical 3° seguence. Six of the
clones contain only a partial 3" sequence and not the 5
start site of the postulated full-length gene. Based on ho-
mology comparisons with previously cloned genes, 2 of
the clones, L20a and L33, were postulated to be full-
length clones, representing the F-linked and E-linked
classes, respectively.

Evaluation of the full-length, F-linked gene

The F-linked resistance gene candidate is best represent-
ed by the full-length cDNA clone, L20a, which has an
insert size of 3,697 nucleotides, including a 19-nucleo-
tide poly-A tail. The putative start site is located at posi-
tion 73, and the ORF extends to a stop codon at position
3,354 for atotal length of 3,279 nucleotides. This trans-
lates to a 1,093-amino acid protein. The clone contains
344 nucleotides of 3" untranslated sequence. Hybridiza-
tion of L20a with diagnostic Southern blots shows the
expected F-linked restriction fragment length polymor-
phism (RFLP) pattern.

Sequence analysis indicates that L20a shares numer-
ous conserved defined and undefined motifs with NBS-
LRR-type resistance genes (Table 1). It contains the
Toll/Interleukin-1 receptor (TIR) homologous region that
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Table 1 Regions of conservation shared by soybean cDNA L20a and other NBS/L RR-type disease resistance genes

Consensus sequence? L20a AA position Homology motif Homology shared with
YDVFLSFRGXDTR 14-22 Toll homology N, M, L6, Rppl, Rpp5, Rps4
KGIXTFxDD 40-48 N, M, L6, Rppl, Rpp5, Rps4
LxxAIxxS (RK) axaaaa Sx 61-92 Toll homology N, M, L6, Rppl, Rpp5, Rps4
(NG) YAXSXWCLXEL (AV) x1
VaPaFYDVDPSXQTGx (YF) xKAFXK 103-128 N, M, L6, Rppl, Rpp5, Rps4
WRXALXXaAxaxG 144-156 N, M, L6, Rppl, Rpp5, Rps4
DaVGa (ED) xHa (ED) xaaxxL 188-204 N, M, L6, Rppl, Rpp5, Rps4
00 GIXGMGGaGKTToA (RK) Aa (FY) 214-233 p-loop N, M, L6, Rppl, Rpp5, Rps4, 12,
Rpml, Rps2, Cre3, Rps1D
LOQxxoa SEaaR 261-271 N, M, L6, Rppl, Rpp5, Rps4
LxxK (RK) aLaVLDDV (DW) 291-304 Kinase-2 N, M, L6, Rppl, Rpp5, Rps4, 12,
Rpml, Rps2, Cre3, Rps1D
GS(RK) aaa TTR 322-330 Kinase-3a (putative) N, M, L6, Rppl, Rpp5, Rps4, 12,
Rpml, Rps2, Cre3, Rps1D
aYEVxxaSxxx (AS) axLFxx (HK) AF 343-366 N, M, L6, Rppl, Rpp5, Rps4, 12,
Rpml, Rps2, Cre3, Rps1D
GLPLALK (VT) aGSxL 385-397 N, M, L6, Rppl, Rpp5, Rps4, 12,
Rpm1, Rps2, Cre3, Rps1D
L (KR) aSYDxL 424-431 N, M, L6, Rppl, Rpp5, Rps4, 12,
Rpml, Rps2, Cre3, Rps1D
KxaFL (DY) (IC) A (ICL) F (FP) 439-446 N, M, L6, Rppl, Rpp5, Rps4, 12,
Rpml, Rps2, Cre3, Rps1D
Lxx (RK) SLaxa 473-481 N, M, L6, Rppl, Rpp5, Rps4
axMHDLaDaGREIVR 487-502 N, M, L6, Rppl, Rpp5, Rps4
PGKRSRaOXXXEDXX0LXXXT 509-529 N, M, L6, Rppl, Rpp5, Rps4
axxaxxLRxa 555-564 N, M, L6, Rppl, Rpp5, Rps4

a Amino acids in parentheses denote alternate residues at a postion. a indicates an aliphatic amino acid, and x indicates any amino acid

is characteristic of one subgroup of NBS/LRR genes.
The NBS region is highly indicative of this class of re-
sistance genes. In addition the C-terminal region con-
tainstwo LRRs of six and four repeats, respectively, sep-
arated by a small spacer sequence (Fig. 2B). Based on
clustal alignment analysis (Higgins and Sharp 1989),
L20a is most similar to N, a virus resistance gene from
tobacco, sharing 26% sequence similarity (Fig. 3). It is
least similar to Xal, a bacterial blight resistance gene
from rice, sharing only 12% similarity.

Using the cDNA clone L20a as a probe, we isolated
Williams 82 genomic clones. Sequencing of the entire
L20a genomic region showed that this gene contains
three introns occurring between the TIR and NBS re-
gions, the NBS and LRR regions, and the LRR and C-
terminus regions. These introns are 107, 262, and 102
nucleotides, respectively. The first two introns occur in
locations identical to other NBS/LRR genes, including N
and L6.

There is strong evidence to suggest that a fourth in-
tron is alternately spliced out of the F-linked gene. This
sequence of 545 nucleotides which is not spliced out of
the L20a cDNA is spliced out of another partial F-linked
cDNA clone, L28. Polymerase chain reaction (PCR) am-
plification of this portion of the F-linked gene from ge-
nomic DNA indicated that the missing 545 nucleotides
were the result of alternate splicing rather than homolo-
gous transcribed genes. Interestingly, this aternatively
spliced-out region codes for the first of the two LRR re-
gions which make up the COOH LRR portion of the
gene product.

Evaluation of the full-length, E-linked clone

Sequencing of the second positive cDNA clone, L33,
which best represents the E-linked gene, indicated that it
too represents a full-length sequence which is highly
similar to the F-linked gene. L33 is 3,525 nucleotides in
length including a 15-nuclectide poly-A tail. The start
site for this clone begins at position 82. The open read-
ing frame only extends to position 1,646, however. At
this point, there is a single stop codon followed by an in-
tron-like sequence that is highly similar to the second in-
tron of L20a. Following this intron-like sequence are
remnant ORFs which are highly similar to the 3" ORF of
the F-linked gene (Fig. 4). With the exception of the first
1,565 nucleotides of the ORF sequence, this clone does
not contain a continuous translatable sequence. By com-
paring the sequence of L20a with L33, one could detect
the continuation of the translated sequence that shifts
frames multiple times and even includes two point muta-
tions to a stop codon. Notably, the aternative intron
which is retained in L20a is not present in the tran-
scribed L33 sequence. These differences are immaterial
in the L33 cDNA however, since it is clear that this por-
tion of the gene is not translated. Based on this sequence
data the E-linked gene does not code for a full-length re-
sistance gene candidate protein product like the F-linked
gene but instead codes for a truncated protein product
that contains only the TIR homologous region and the
NBS region.
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Fig. 2A—C Deduced amino MSKAVSESTDIRVYDVFLSFRGEDTRRSFTGNLYNCLEKRGIHTFIGDYD 50
acid sequence of the full-length FESGEEIKASLSEAIEHSRVFVIVFSENYASSSWCLDGLVRILDFTEDNH 100
F-linked resistance gene candi- RPVIPVFFDVEPSHVRHQKGIY GEALAMHERRLNPESYK VMK WRNALRQA 150
date as represented by the ANLSGYAFKHGDGYEYKLIEKIVEDISNKIKISRPVVDRPVGLEYRMLEV 200
cDNA clone, L20a. A N-termi- DWLLDATSLAGVHMIGICGIGGIGKTTLARAVYHSAAGHFDTSCFLGNVR 250
nal region showing conserva- DDVCHLDDLRALYGSPOWFGPGSRVITTRDRHL LKAHGVDKVYEVEVLA 350
tion with those regions that are ' 32
homolodous to tﬁg Drosophila NGEALELLCWKAFRTDRVHPDFINKLNRAITFASGIPLALELIGSSLYGR 400
Toll andghum an Inter] eukipn-l GIEEWESTLDQYEKNPPRDIHMALKISFDALGYLEKEVFLDIACFFNGFE 450
derlined) and th LAEIEHILGAHHGCCLKFHIGALVEKSLIMIDEHGRVQMHDLIQQMGREI 500
genes (underlined) and those VRQESPEHPGKRSRL WSTEDIVHVLEDNTGTCKIQSIILDFSKSEKVVQW 550
motifs that make up the nucleo- DGMAFVKMISLRTLIIRKMFSKGPKNFQILKMILEWWGCPSKSLPSDFKPE 600
tide binding site region includ- KLAILKLPYSGFMSLELPNFLHMRVLNFDRCEFL TRTPD 639
ing the p-loop, kinase 2, and ki-
nase 3aregions (bold). B Leu-
;'qr(‘)‘\',lvri'r?htgp?at re?;%ﬂ of L20a B L F piL keL fF o Cen L ve IH ds 663
edg |mp;er y con- Vef L dk L e M nF e C sk L e FP p 686
served repeats of approximate- I k L ts L e I nL sh Css L vs FP ei 709
ly 24 residues. The L 20a con- Lgk M en ! th L s T - Y ta I sk LP ns 732
sensus sequence is shown be- Il're L w L g L eL b C g M vqg LP ss 755
low the repeats in bold. An x I'vt L re L ev L s 1 cq C e L - FS 776
denotes any amino acid, and an kqdedvknkslimpssylkqvnlwscsisdefidtg 812
a denotes any aliphatic amino Law F an V ks L d L s A mm F i LP sc 833
acid. Consensus sequence of [ g¢ C 11 L rk L y L dy C th L he IR g 859
LRRs from the cloned disease [ ppn L e L sa I r C t L kd L dla VP e 885
resistancega‘]esllzcl N, Rps2l Tk G c L g L i L dd C en L q IR 907
and L6 areshownln_b_oldlnthe e xx L xx L x L x L x C xx L xx «aP L20a consensus
dotted box. C Remaining C-ter- ey
minal portion of the L20a gene : L xx L x I xC xx « xx aP noc |
product 3 g
"L xx L xx L xx L x L XXXXX L xx LP N 1
% ¢ xx L x L x L x « XXXXX « xx oPf Rps2 E
i axx L xx L xx L x L «xxC L6 5
C GIPPSIEFLSATNCRSLTASCRRMLLKQELHEAGNKRYSLPGT 950
RIPEWFEHCSRGQSISFWFRNKFPVISLCLAGLMHKHPFGLKPIVSINGN 1000
KMKTEFQRRWFYFEFPVLTDHILIFGERQIKFEDNVDEVVSENDWNHVVV 1050
SVDVDFKWNPTEPLVVRTGLHVIKPKSSVEDIRFIDPYKPTFL 1093
L20a (soybean) 1000 2000 3000
N (tobacco) y T 1 I I L20a
RPP5 (arabidopsis) N
RPP1a (arabidopsis) \
Rps4 (arabidopsis) N
L6 (flax)
T M (flax) 1000 - \
Cre3 (wheat) ~
Rps1-D (maize)
>?a1 (rice) AN
12¢c-1 (tomato)
|2¢-2 (tomato) 2000 ~
RPM1 (arabidopsis) \
RPP8 (arabidopsis) .
T L RPS2 (arabidopsis) N
Rps5 (arabidopsis) ~N
RGC2B/Dm37? (lettuce) 3000 e
278.0 : . . | | \\
250 200 150 100 50 0 S
L33

Fig. 3 Phylogenetic tree showing relatedness of the various
NBS/LRR disease resistance genes with the F-linked soybean
gene represented by L20a. The tree was constructed after align-
ment of the deduced L20a amino acid sequence with other
NBS/LRR gene products using the Clustral method

Fig. 4 Dotplot diagram comparing the nucleotide sequence of the
F-linked gene, represented by L20a, with the E-linked gene, repre-
sented by L33. Lines in the diagram signify stretches of nucleotide
seguence which share greater than 75% identity. The first break in
the line represents an intron spliced out of the L20a cDNA which
is retained in the L33 sequence. The second break shows an alter-
nately spliced intron which is retained in L20a. This sequence is
not present in the L33 cDNA
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Discussion

Using the soybean NBS5 clone, we have identified a
full-length disease resistance candidate gene. After com-
pletely sequencing this gene, as represented by the L20a
cDNA clone, we conducted sequence comparisons to de-
termine the relatedness of this clone to other cloned dis-
ease resistance genes (Fig. 3). This gene clearly belongs
to the class of plant disease resistance genes that contain
an NBS and LRR. The L20a clone most closely resem-
bles the N gene cloned from tobacco that confers resis-
tance to tobacco mosaic virus. Sequence similarity be-
tween these two genes is 26%. This gene is in a sub-
group of NBS-LRR resistance genes, which includes N,
L6 (flax), M (flax), Rppl (Arabidopsis), and Rpp5 (Arab-
idopsis). All of these gene products contain a N-terminal
motif which is similar to the Drosophila Toll and inter-
leukin-1 receptor proteins. The similarities of these dis-
ease resistance genes to L20a range from 20.4% to 26%.
A second subgroup of NBS-LRR genes which includes
Rps2 (Arabidopsis), Roml (Arabidopsis), Rpp8 (Arab-
idopsis), 12 (tomato), Xal (rice), and the putative Cre3
gene (wheat) and Dm3 gene (lettuce) are similar to L20a
in the range of 11.6% to 14.6%.

The N-terminal region of the translated F-linked gene
suguence contains numerous conserved motifs, both de-
fined and undefined, that are shared by the members of
the NBS/LRR class of disease resistance genes. These
include the p-loop, kinase-2, and putative kinase-3a re-
gions as defined by Lawrence et al. (1995), who also de-
scribed other undefined regions of amino and conserva-
tion. All the potentialy significant conserved motifs
shared between L20a and other cloned resistance genes
that are present in the N-terminal half of the protein are
listed in Table 1.

In addition to N-terminal conservation in the putative
protein product, there are conserved characteristics in the
COOH-terminal region, which further suggest a disease
resistance role for this gene product. Like all genes in
this class, this soybean gene contains a region that re-
sembles the common LRR found on al NBS-LRR resis-
tance genes in this portion of the protein product (Fig.
2). While no two LRRs in this superfamily of genes are
identical, all share commonalities of structure. LRRs are
hypothesized to play a role in protein-protein interac-
tions, which suggests that this portion of the gene is in-
volved in pathogen recognition (Baker et al. 1997). It is
perhaps not surprising then that all of these resistance
genes show dlightly different LRR patterns, lending to
their various specificities.

It is interesting to note that the F-linked gene actually
contains an alternate splice site in the LRR region. Gene
products like L20a whose tranglation includes this se-
guence contain two similar LRRs of six and four repeats,
consecutively. Other gene products like the partia
cDNA, L28, have this region spliced out and thus con-
tain only afour-repeat LRR. It is tantalizing to speculate
at the role this may play in disease resistance. Alternate
splicing has been investigated in the flax L6 gene and the

tobacco N gene (Ayliffe et al. 1999). With L6, the alter-
nate splicing results in truncated products that do not
contain an LRR. It is of interest to note that in the L20a
gene the reading frame is retained in the intron region
such that two transcripts, both of which contain an LRR
region, are produced. Severa studies have implicated the
LRR region as being involved in pathogen recognition
(Elliset a. 1997; Jones and Jones 1997).

Soybean is thought to be derived from an allotetra-
ploid progenitor (Hymowitz and Singh 1987), therefore
it is not surprising that we identified a paralogous coding
sequence on MLG E. Shoemaker et al. (1996) have pre-
viously reported an extensive region of homoeology be-
tween the soybean E and F linkage groups. It is apparent
from the sequence data that this paralogous gene on E is
not a complete resistance gene as NBS-LRR disease re-
sistance genes are understood. Instead, it seems to re-
present the genetic degradation of a resistance locus.
That is to say, a number of mutations are evident in the
E-linked gene, as represented by L33, which result in
frame shifts and stop codons, as compared to the F-
linked gene.

The entire LRR portion of the E-linked gene product
is presumably not translated, even though it isretained in
the transcribed mRNA. It is interesting to note, however,
that the N-terminal region of this E-linked gene remains
intact. There is an uninterrupted ORF through the entire
portion of the gene that is highly conserved in other
NBS-LRR resistance genes. This portion of the gene
codes for the NBS region that is postulated to be in-
volved in signal transduction following triggering of the
defense response. This conservation of ORF sequence
could indicate some potential role for this truncated pro-
tein product. In the L6 and N resistance genes, transcrip-
tion of truncated genes which only contain the NBS re-
gion have been observed (Dinesh-Kumar eta. 1995;
Lawrence et a. 1995). These truncated products have
been postulated to be involved in the regulation of tran-
scription. Ayliffe et al. (1999) further speculate that with
L6, these truncated products could act in trans from ho-
moeologous regions based on transformation experi-
ments. The observation of truncated products which are
transcribed in soybean could add credence to this theory.

An apparent disease resistance gene having been
identified in soybean, the next major goal remaining is
the identification of the pathogen interaction in which
the L20a gene is involved, if any. There is the likelihood
that the L20a sequence cloned from cv. Williams 82 rep-
resents a susceptible alele, in which case transformation
experiments would be pointless. Pedigree information
does not mention the presence of any resistance genesin
Williams 82 that are known to be present on MLG F,
with the exception of Rpgl, conferring resistance to bac-
terial blight. Preliminary studies by Ashfield etal.
(1998) indicate that there is genetic distance between
Rpgl and NBS5. We have conducted sequence analysis
on the F-linked gene from a number of lines in soybean
which carry various resistance genes and aleles from the
F linkage group cluster (data not reported). Evidence



from sequencing Rps2 from several Arabidopsis linesin-
dicated that resistant alleles have highly conserved se-
guences, while susceptible aleles tend to be more diver-
gent as a group (Caicedo etal. 1999). Our sequence
comparisons show that the F-linked gene is highly con-
served between lines and, thus, this sequence informa-
tion from multiple soybean lines has not been informa-
tive with respect to the nature of this resistance gene.
Further studies will have to be conducted in order to de-
termine the nature of this apparent disease resistance
gene in soybean.
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