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ABSTRACT

Lépez, C. E., Acosta, 1. F, Jara, C., Pedraza, F., Gaitan-Solis, E.,
Gallego, G., Beebe, S., and Tohme, J. 2003. Identifying resistance gene
analogs associated with resistances to different pathogens in common
bean. Phytopathology 93:88-95.

A polymerase chain reaction approach using degenerate primers that
targeted the conserved domains of cloned plant disease resistance genes
(R genes) was used to isolate a set of 15 resistance gene analogs (RGAs)
from common bean (Phaseolus vulgaris). Eight different classes of
RGAs were obtained from nucleotide binding site (NBS)-based primers
and seven from not previously described Toll/Interleukin-1 receptor-like
(TIR)-based primers. Putative amino acid sequences of RGAs were sig-
nificantly similar to R genes and contained additional conserved motifs.

The NBS-type RGAs were classified in two subgroups according to the
expected final residue in the kinase-2 motif. Eleven RGAs were mapped
at 19 loci on eight linkage groups of the common bean genetic map
constructed at Centro Internacional de Agricultura Tropical. Genetic
linkage was shown for eight RGAs with partial resistance to anthracnose,
angular leaf spot (ALS) and Bean golden yellow mosaic virus (BGYMV).
RGA1 and RGA2 were associated with resistance loci to anthracnose and
BGYMYV and were part of two clusters of R genes previously described.
A new major cluster was detected by RGA7 and explained up to 63.9%
of resistance to ALS and has a putative contribution to anthracnose resis-
tance. These results show the usefulness of RGAs as candidate genes to
detect and eventually isolate numerous R genes in common bean.

Disease resistance in plants usually occurs as a race-specific
interaction between a resistance gene (R gene) in the host and a
corresponding avirulence (Avr) gene in the pathogen (14). Using
either map-based cloning or transposon tagging, several R genes
have been isolated from different plant species. Molecular charac-
terization of these genes uncovered common sequence motifs,
even though they confer resistance to a wide spectrum of patho-
gens (that is, viruses, bacteria, or fungi) (6,19).

The presence of conserved domains permitted grouping of R
genes into at least four classes and to propose their possible
function in the defense response as part of signal transduction
pathways (6). The first class of R genes contains Pto, a serine-
threonine protein kinase, which confers resistance to bacterial
speck disease in tomato (31). The second class includes the Cf
family of tomato R genes, which are effective against leaf mold
and encode putative transmembrane receptors with extracellular
leucine-rich repeats (LRR) domains (13,21,49). A kinase group,
associated with a receptor domain that results in a receptor-like
kinase structure, characterizes the third class of genes, including
Xa21, which confers resistance to rice bacterial blight (47). A
nucleotide binding site (NBS) and a stretch of LRRs that charac-
terize most of the functionally described R genes make up the
fourth class, examples of which are N of tobacco, L6 of flax, and
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RPPS5 and RPS2 of Arabidopsis spp. (8,27,34,39,55). They also
have an NBS upstream domain, which is either a region contain-
ing coiled coils (CC) or a Toll/Interleukin-1 receptor-like region
(TIR; so named because of its homology with the cytoplasmic
domain of the corresponding proteins in Drosophila spp. and
mammals).

R genes are clustered in the genome of several species, as
shown by genetic and molecular studies. They display an apparent
multiallelic structure or group as genetically separable loci. Ex-
amples of such complex resistance loci are found in flax (14), let-
tuce (57), barley (22), and common bean (18). Moreover, different
genes within the same cluster that determine resistance to diverse
pathogens have been reported in tomato (12,53). Thus, R genes
are thought to be functionally and evolutionary related. The se-
quences of several R gene clusters from rice (46), tomato (40),
lettuce (32), Arabidopsis spp. (37), and common bean (18) have
shed light on the molecular mechanisms leading to their evolution.

Based on sequence similarity between R genes, a method using
degenerate primers to target the conserved motifs has been
successfully employed to isolate resistance gene analogs (RGAs)
from potato (29), soybean (23,58), rice (30), Arabidopsis spp. (1),
lettuce (45), common bean (18,44), and other monocotyledonous
and dicotyledonous species. Many of the reported RGAs also
were arranged in clusters and showed segregation with known
resistance specificities. Degenerate oligonucleotide primers have
been designed mainly from conserved amino acids in a few NBS
motifs (P-loop and “kinase” or “GLPL” motifs). New, well-con-
served NBS motifs have been proposed (33,38), but the use of
other domains has been limited.

The study of disease resistance in common bean (Phaseolus
vulgaris) is important because it is a major staple crop that is
highly susceptible to diseases such as anthracnose, angular leaf



spot (ALS), and Bean golden yellow mosaic virus (BGYMV).
Anthracnose is caused by the hemibiotrophic fungus Colletot-
richum lindemuthianum, and is the most important fungal disease
of bean throughout the world (42). ALS, caused by the fungus
Phaeoisariopsis griseola, is a serious disease in tropical and
subtropical countries (9). BGYMYV is economically important in
Latin America, and is caused by a geminivirus transmitted by the
whitefly Bemisia tabaci (16).

Studies reporting sources of resistance to anthracnose (2) and
ALS (9) had been concerned primarily with race-specific resis-
tance that follows the gene-for-gene model. However, these fungi
have exhibited considerable pathogenic variation that prevented
durable resistance of single Phaseolus vulgaris lines under field
conditions with sufficient disease pressure. Partial or complete re-
sistance genes then were suggested as a probable source of dur-
able resistance (20). Similarly, screening of germ plasm revealed
only partial (low to moderate) resistance levels to BGYMYV in a
few accessions (16), again indicating that resistance to BGYMV
is controlled largely by additive genes (2). Subsequently, genes for
resistance to BGYMV were combined from several sources to
obtain high levels of resistance.

Recent efforts to better understand bean disease resistance at
the molecular level have led to (i) correlations between R gene
molecular evolution and host—pathogen gene-for-gene coevolution
processes at the population level; the correlations were a result of
identifying a major cluster containing R genes efficient against C.
lindemuthianum and RGAs from different gene pools of common
bean (18); (ii) and evidence for partial resistance against anthrac-
nose and quantitative trait loci (QTL) co-localization with “candi-
date genes” of resistance (17). RGAs also have been found to
underlie some of the R gene clusters for bean rust (44). Clustering
of R genes has been detected at Ur-5, a locus that confers re-
sistance to rust and contains eight tightly linked genes that behave
as a single dominant independently assorting gene block (48).

In this article, we describe the identification of a relatively large
set of RGAs from P. vulgaris, employing polymerase chain reac-
tion (PCR) with degenerate primers based on conserved motifs of
cloned R genes. We not only used the primers designed by Leister
et al. (29,30) to amplify the conserved motifs of the NBS domain,
but we also designed a downstream NBS primer (Motifl) to target
a more complete and specific region. We also used another primer
combination that had not been used for this purpose and which
matches the TIR domain to isolate another type of putative
resistance genes. Eight RGAs were identified as being associ-
ated with QTL for partial resistance to anthracnose, ALS, and
BGYMV. A new major cluster of RGAs is reported along with
two identified previously.

MATERIALS AND METHODS

Plant materials. A population of Fy plants from 87 recombi-
nant inbred lines (RILs) was derived from a cross developed at
Centro Internacional de Agricultura Tropical (CIAT) between
G19833 (Andean genetic pool) and DOR364 (Mesoamerican
genetic pool), which have contrasting responses to different iso-

lates of anthracnose, ALS, and BGYMV. This population had
been used to construct a linkage map (7), which was linked to the
core mapping population described by Freyre et al. (15) by com-
mon restriction fragment length polymorphism (RFLP) markers.

The 87 RILs had been tested previously for resistance to ALS,
anthracnose, and BGYM. Two Andine isolates (3COL and
260COL) and two Mesoamerican isolates (30CRI and 12MEX) of
Phaeoisariopsis griseola, the ALS fungus, were inoculated as
conidial suspensions by spraying onto the first fully expanded
trifoliate leaf according to Pastor-Corrales et al. (41). Similar pro-
cedures were used to evaluate anthracnose resistance except that
seedlings were inoculated instead of adult plants, with six isolates
of C. lindemuthianum, the anthracnose fungus (5SDOM, 235COL,
289COL, 20COL, 43COL, and 77CRI). Data for resistance to
BGYMYV were provided by J. S. Beaver (Department of Agron-
omy and Soils, University of Puerto Rico).

Degenerate primers and PCR conditions. Primers (Table 1)
were designed from the conserved motifs P-loop and GLPLAL of
the NBS domain according to Leister et al. (29). We designed an
antisense primer (Motifl) from the conserved NBS sequence
RNBS-D (33) of the R genes N (tobacco), L6 (flax), and RPP5
(Arabidopsis spp.), which contain the N-terminal TIR domain. As
RNBS-D distinguished TIR and non-TIR NBS sequences (33), it
became obvious that Motifl would amplify NBS sequences
associated with N-terminal TIR domains. Additionally, the TIR
domain itself of N, L6, and RPP5 was compared and two con-
served regions from the Toll/IL-1R superfamily (19) were used to
design a new set of primers (TIR1 and TIRS).

DNA was extracted from leaf tissues, as described by Tohme et
al. (52). PCR reactions were performed for both parents in a total
volume of 50 pl containing 50 ng of genomic DNA, 1X PCR
buffer, 2.5 mM MgCl,, 0.2 mM dNTPs, 0.1 uM of each primer,
and 2.5 units of Tag polymerase (Invitrogen Life Technologies,
Carlsbad, CA). Cycling conditions were initial denaturation at
93°C for 2 min, followed by 35 amplification cycles (93°C for
45 s, 45°C for 45 s, and 72°C for 1 min 20 s) and a final extension
step at 72°C for 10 min before holding at 4°C.

Cloning the PCR products. PCR products were separated by
electrophoresis in a 1.2% low-melting-point agarose (Invitrogen)
gel. Each expected band was eluted and purified with Wizard
PCR-Prep columns (Promega Corp., Madison, WI). PCR-purified
products were cloned into the pGEM-T easy vector system
(Promega Corp.) and transformed in Escherichia coli DH5a cells
by electroporation, following Gibco-BRL instrutions. Approxi-
mately 40 clones derived from each expected band of both parents
were randomly picked. Plasmids were extracted, using a lysis-by-
boiling miniprep protocol, and grouped by restriction digest
patterns, using 4-bp cutting enzymes.

Sequence analysis. Clones from each restriction group were
sequenced, using the Dye Terminator Cycle Sequencing Kit and
an Applied Biosystems Prism 377 DNA sequencer (Perkin-Elmer
Applied Biosystems), and edited with Sequencer (Genecodes, Ann
Arbor, MI). Database searches were performed with the BLASTX
(3) algorithm. Comparisons between sequences were done using
CLUSTAL W (50).

TABLE 1. Degenerate primers used to isolate resistance gene analogs in common bean

Domain, motif Primer? Sequence (5'—>3') Reference
Nucleotide binding site
GGVGKTT S2 GGI GGI GTI GGI AAT ACI AC 29
GLPLAL ASl1 CAA CGC TAG TGG CAA TCC 29
AS3 IAG IGC TIAG IGG IAG ICC 29
FLDIACF Motifl GAA GCA IGC GAT GTC TIAG GAA This work
Toll/Interleukin-1 receptor
(D/E)VFLSF (R/S)G TIR1 GAIGTN TTY TTITCITTY AGI GG This work
PVFYDVDP TIRS IGG GTC IAC GTC GTA GAA IAC IGG This work

2 Motif1, TIR1, and TIRS are names adapted from the corresponding regions described by Hammond-Kosack and Jones (19).
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RFLP analysis. To visualize RFLPs, different clones were used
as probes to hybridize filters containing digested genomic DNA
prepared as follows: approximately 4 pg of genomic parental
DNA was digested with a set of five restriction enzymes (EcoRI,
EcoRV, Xbal, HindIll, and Dral), according to the manufacturer’s
instructions (Invitrogen). Digests were separated on 0.9% gels by
performing electrophoresis at 1 V cm™ for 14 h. The gel was
blotted to Hybond N* membranes (Amersham Pharmacia Biotech,
Piscataway, NJ), and the blots hybridized to *?P-ATP-labeled
DNA probes made by random priming (Amersham Pharmacia
Biotech). After overnight hybridization at 65°C, the blots were
washed once in a solution of 2X SSC (1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) and 0.1% sodium dodecyl sulfate
(SDS) for 10 min, then in 1X SSC and 0.1% SDS for 20 min at
the same temperature. Autoradiography was carried out for 2 to
6 days at —80°C with an intensifying screen.

RFLP segregation was evaluated in the 87 RILs—F, plants from
the cross G19833 x DOR364. Developed markers were added to
the G19833 x DOR364 linkage map developed at CIAT (7) using
MAPMAKER software (version 2.0) (26).

QTL detection. Associations between RGA markers and QTL
for resistance in common bean were tested by a simple linear re-
gression of disease scores on marker genotype class means, using
the single-marker analysis function of the QGENE 3.05 software
(35). The amount of phenotypic variance explained by each RGA
was obtained from the regression coefficient (¥* value) and
associations were considered significant if the P, based on linear
regression, was less than 0.002 (25).

RESULTS

Amplification with degenerate primers and sequence analy-
sis of PCR products. To isolate RGAs in bean, we used four
combinations of degenerate primers (Tables 1 and 2) on genomic
DNA from two bean genotypes. Although some amplifications
showed multiple band patterns, only fragments of the expected
size (Table 2) were cloned. In initial experiments, fragments of
sizes other than the expected also were cloned, but sequencing
revealed that they were not homologous with R genes (data not
shown).

Approximately 100 clones were sequenced. A GenBank search,
performed with the BLASTX algorithm and using clone se-
quences from combinations I to III (Table 2), resulted in

TABLE 2. Assayed primer combinations used to isolate resistance gene ana-
logs in common bean

Expected size

Combination Primers (bp) Classes obtained

I S2 + AS3 ~500 RGAL, RGA2, RGA3
I S2 + AS1 ~500 RGA2

I S2 + Motifl ~680 RGA4—>RGAS

v TIR1 + TIRS ~300 RGA9—->RGALS5

homology with the NBS of R genes or with other RGA sequences
recently cloned from other plant species, using similar PCR-based
approaches. However, sequences from combination IV were
homologous with the TIR domain from R genes used to design the
primers and from putative disease R protein sequences from
Arabidopsis spp. identified through the annotation process of its
genome sequence. Our report is the first on isolating TIR-type
RGAs, using a PCR-based approach.

Clones from combinations I and II were grouped in three
classes of RGAs (RGA1, RGA2, and RGA3). This low frequency
of distinct RGAs prompted us to design combination III to more
efficiently isolate new RGAs. It used an antisense primer (Motif1)
from the conserved NBS sequence RNBS-D (33) of the R genes N
(tobacco), L6 (flax), and RPP5 (Arabidopsis spp.). RNBS-D is
located downstream the GLPLAL motif. Thus, combination III
amplified a longer fragment of 680 bp and produced five new
classes of RGAs (RGA4 to RGAS) (Table 3). Multiple alignments
between the eight RGA classes and three R genes showed that
RGAs possess two additional conserved motifs (kinase-2a and
kinase-3), present in R genes and different from those used to
design the primers (Fig. 1).

Different RGAs were classified by pairwise comparisons of
their deduced amino acid sequences and those of the NBS of
known R genes (Table 3). We used a 55% identity threshold value
to determine those RGA sequences that belonged to the same
family (45). Identities between classes were equivalent to those
between different R genes, although this was not the case for the
pairs RGAI-RGA?2 and RGA4-RGAS5, which were very similar
but not identical (55 and 52% deduced amino acid identity,
respectively). They were considered to be distinct classes because
their hybridization pattern revealed differences that were reflected
in map locations (see below). To make consistent sequence com-
parisons, only the region between the P-loop and GLPLAL motifs
was used. The regions corresponding to the primers S2, AS1, and
AS3 were not included, either, because their genomic sequences
are not yet known for the clones.

The expected 280-bp band was cloned from combination IV,
which targeted the TIR domain of R genes. Deduced amino acid
sequences of TIR-type RGAs were compared and assembled in
seven new classes (RGA9 to RGA15) (Table 4). These RGAs also
showed an internal conserved motif (TIR-2) (33) of R genes not
used to design degenerate primers (Fig. 2). Identities between
TIR-type RGAs and the TIR domain of R genes are higher than in
the case of the NBS (Table 4). This is the result of comparing
shorter sequences. Thus, a threshold value greater than the one
used for the NBS-type RGAs is necessary to classify the TIR-type
sequences.

RFLP mapping of RGAs. Different RGAs were used as RFLP
probes to detect corresponding loci on 87 recombinant inbred
lines (RILs, Fy plants) from the cross G19833 x DOR364. RGA3,
RGAS, RGAL1l, and RGA13 were monomorphic. Seven classes
(classes 3, 5, 6, 8, 9, 11, and 13) detected single copy sequences,
whereas the other eight classes showed complex (4 to 7 bands)

TABLE 3. Pairwise comparisons of nucleotide bind site-type resistance gene analogs (RGAs) from common bean with cloned resistance genes®

Class RGA2 RGA3 RGA4 RGA5 RGA6 RGA7 RGAS L6 N RPS2
RGALI 55 12 10 15 15 8 14 13 18 25
RGA2 . 12 10 13 15 8 16 15 12 23
RGA3 . 13 6 11 12 7 12 5 28
RGA4 . 52 36 25 24 33 20 14
RGAS 36 27 30 24 27 19
RGA6 e 30 32 32 30 16
RGA7 32 26 25 14
RGAS e 28 37 16
L6 30 12
N . 12

2 Values correspond to the percent identity of the deduced amino acid sequences.
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hybridization patterns. The RFLP pattern was different between
classes, as predicted from sequence identities.

A total of 19 loci from 11 RGA classes could be mapped (Fig.
3) on 8 of the 11 linkage groups of common bean. Only one or
two loci were mapped from the complex patterns in classes
RGA1, RGA2, RGA7, RGA12, and RGA14 because not all bands
could be resolved. Some of the RGA loci detected were tightly
linked or cosegregated.

Association between molecular markers and resistance. The
single-marker analysis by linear regression showed that QTL for
resistance to anthracnose, BGYMYV, and ALS were linked to
RGAs from classes 1, 2, 6,7, 9, 12, 14, and 15, which constituted
half of the sequences isolated. These RGAs explained between 9.6
and 63.9% of the variance in resistance.

Some high 7* values were obtained, suggesting the presence of
major genes implicated in resistance to anthracnose and ALS.

Thus, two polymorphic DNA fragments from RGA1 were at a
9-cM interval and were associated with resistance to the anthrac-
nose isolate 43COL. The phenotypic variations explained by these
RGAs (r?) were 41.4 and 23.2%. In the same manner, RGA7 was
associated with a QTL for resistance to the ALS isolates 30CRI
and 12MEX, and explained 47.1 and 63.9% of the phenotypic
variance, respectively. It is noteworthy that the phenotypic varia-
tions explained by RGA1l and RGA7 were the highest in the
regions were they mapped.

RGA7 was associated with resistance to different races of the
same pathogen. This case also was present in RGA9 and RGA12
for ALS and in RGA2 for anthracnose. RGA2a was located in
linkage group 04B in the same region of the PRLB and PRLJ
family of RGAs isolated by Geffroy et al. (18) and linked to
several anthracnose resistance specificities. Here, it is associated
with resistance to a different anthracnose isolate (SDOM, r* =

10 20 30 40 50
RGA4 ~LAKALFNALVNR-—-—--- FEHRSFISNVRQVSSKHDGLVSLQSKIIIDLFHG-TGSP
RGA5 -LAKSLENNLVVHN-=—=-—- FERRSFIPNVRSQVSKHYGLISLONKIRGDLS-G-RKED
RGA6 -LAVAVYNSIADH--——--- FEALCFLENVRETSCKH~GLQHLQSNLLSETV—----GEI
L6 -TAKAVYNKISSC—————- FDCCCFIDNIRETQEKD-GVVVLQKKLVSEILRIDSGSV
RGA8 HCGRFICQIIIS-—-————-— IEASCFLANVKEEHEKQ~-GLDYLRNKLLSEILED--VNP
N ~-TARATFDTLLGRMDSSYQFDGACFLKDIKEN--KR-GMHSLONALLSELLRE--KAN
RGA7 ~LAFSLYERIYH-—-—---- QYDRRCFIDDVSKIYRDS-GLLGVQKQLISQSLNV-—-KNL
RGA1l -LAQHVENDLRVDE-—————-—- AKFDVKVWVCVSDEFDVFKISRAILEAVTKS—-ADDS
RGAZ2 -LAQHVYNDPKIED--—-—---—--—- AKFDIKAWVCVSDHFHVLTVTRTILEAVTDK-TDDS
RGA3 ~LLKKFNNEFLPQ----—-——-- KFYDAVIWVVVSKEADVGSVQQOSIGDKLNVP-VGKW
RPS2 -LMQSINNELITKG-———-——-- HQYDVLIWVOMSREFGECTIQQAVGARLGLS-WDEK
60 70 80 90 100 110

RGA4 SFNDVNVGISAIKGRVSENRVLLVLDDVQDVKQLDALIGK———REWFYDGSCVIITTRD
RGAS LINDISDGISAIRELVQEKRVLLILDDVQDVEQLKFLMGK———REWFCKGSRVVITTRD
RGA6 KLTSVKKGISVIQHRLQOKKILLILDDVDKEEQLOALVGR---PHWFGIGSRVIITTRD
L6 GFNNDSGGRKTIKERVSRFKILVVLDDVQEKFKFEDMLGS———PKDFISQSRFIITSRS
RGAS8 HISTSKVRTTFVMKRLRQKKVLIVLDDVEDP—KKLEYLAA——QHDCLGSGSRVIVTTRD
N YNNEEDGKHQMAS—RLRSKKVLIVLDDIENKDHYLEYLAG——DLDWFGNGSRIIITTRD
RGA7 EICNAIDGTYWVWTRLHNARTLLVLDNVEQGEQLKMFTANRDIRGCVGEGSRVVIISRD
RGA1l ——RDLEMVHRGMKEELTGKKFLLVLDDVENENQPKWEEVQ—KPLVLGVQGSKILVTTRS
RGAZ2 ——GNLEMVHKKLKGKLSGKKFLLVLDDVENERREEWEAVR—TPLSYGAPGSRILVTTRG
RGA3 GGKTINDRAIVLYNFLKRKKFVLMLDGILWER--MDLLKLG-IPIPDMENGSKVIFEFTTRS
RPS2 ——ETGENRALKIYRALRQKRFLLLLDDV@EE——IDLEKTG—VPRPDRENKCKVMFTTRS

Kinase-2 RNBS-B

120 130 140 150 160 170

RGA4 TQOVLTONHVN--ELYEVKGLYASEAQELFSYHALRRNKPPD--NLLSLSEKIISLTG
RGA5 KEILTESYVD--VHYEVKELEFSQGMELFCFHAIRRKEPAE--GFLDLSKQIVEKTG
RGA6 KQLLKCHGVK--RTYEVKELNEENALELLTWKAFKFENEDP--SYKDVLNLAVTYAS
L6 MRVLGTLNENQCKLYEVGSMSKPRSLELFSKHAFKKNTPPS—--YYETLANDVVDTTA
RGA8 KHVLSRG-VD--AIYEVKGLSLHHAVRLFSLNSFGKTYPER--GFEMLSKQAVDHAN
N KHLIEK--ND--TIIYEVTALPDHESIQLFKQHAFGKEVPNE~~NFEKLSLEVVNYAK
RGA7 EHILKTHGVD--DVYQVQOLLSWENAVQLFCRNAFKVNYILD--DYEELAREVLSHAQ
RGA1 KEVASTMRSE-~-~-EYSLOOLQEDDCWKLEFAKHAFRGDCTQLNPECKKIGMKIVKKCK
RGA2 EKVASNMRSK---VHLLKQLEEDECWKVFANHAFKDGDHEFNDELKVIGRRIVEKCD
RGA3 MEVCRNMEANR--CIKVECLAQEEAFELFREKVGEETLNSH~-PEIFPLAQILAKECQ
RPS2 IALCNNMGAEY--KLRVEFLEKKHAWELFCSKVWRKDLLES-~SSIRRLAEIIVSKCG

Fig. 1. Alignment of the putative amino acid sequences of RGA1 to RGAS8 from common bean and the nucleotide binding site of the resistance genes N from
tobacco, L6 from flax, and RPS2 from Arabidopsis spp. using CLUSTAL W. Residues in bold are part of internal conserved motifs as determined by Meyers et
al. (33). The final residue in the kinase-a motif, which can be used to predict the presence of the Toll/Interleukin-1 receptor-like domain, is underlined. The

regions homologous to the primers are not included.
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0.15). RGA2b cosegregated with RGAla, which is itself associ-
ated with resistance to anthracnose isolate 43COL.

In other cases (RGA2a, RGA6, RGA7, and RGA14), the same
RGA showed association with resistance to different pathogens.
As stated above, RGA7 explained the greatest proportion of resis-
tance to ALS. However, it also contributed to resistance to two
isolates of anthracnose (43COL, r* = 0.242; SDOM, r* = 0.12).
RGA2a shared Andean and Mesoamerican partial resistances to
anthracnose and BGYMYV (* = 0.137). In effect, resistance to the
anthracnose isolate SDOM has been identified in the Andean
parent G19833 while resistance to BGYMYV has been detected in
the Mesoamerican parent DOR364.

DISCUSSION

In this work, we isolated 15 classes of RGAs from common
bean, using a PCR-based approach with degenerate primers that
targeted the conserved motifs of the NBS and TIR domains from
different plant R genes. The isolated sequences showed high
homology with previously isolated R genes. Eight were associated
with QTL for resistance to anthracnose, BGYMYV, and ALS.
Therefore, these RGAs are candidates for encoding R genes or are
suitable to detect R loci. This approach also has been successfully
applied to other plants such as Arabidopsis spp., lettuce, pea, rice,
potato, and soybean (1,23,29,30,45,51,58).

The analysis of the NBS domains of different R genes and
RGAs of NBS type suggest classification into either TIR or non-
TIR linked sequences (33,38). The first are characterized by the
presence of an aspartic acid residue (D) at the final portion of the
kinase-2 motif. Examples of these are the genes N and L6. In
contrast, the non-TIR sequences have a tryptophan residue (W) in
the same position and include RPS2, RPM1, and I2C-2. Based on
this criterion, our classes RGA1, RGA2, and RGA3 are predicted
to be non-TIR-containing sequences (Fig. 1).

Additionally, two domains within the NBS distinguish the two
groups of NBS sequences (33). One of them (RNBS-D motif) has
been proposed as a new target of degenerate primers to specifi-
cally isolate NBS sequences without N-terminal TIR domains.
RNBS-D also is conserved enough among TIR-containing se-
quences that we were able to use a novel primer (Motif1) to exclu-
sively isolate RGAs of the TIR-group (classes RGA4 to RGAS)
which contain the aspartic acid residue (D) characteristic of the
group (Fig. 1).

RGAs from the NBS type showed 5 to 55% amino acid
identities to cloned R genes and between them. This level of
similarity is equivalent to that shown between cloned R genes. In
fact, low levels of identities are obtained when NBS sequences of
the TIR type are compared with those of the non-TIR type.
Grouping was made using a stringent 55% threshold (45). How-
ever, in our case, we did have classes with amino acid identities
near the threshold (RGA1-RGA2 and RGA4-RGAS), making it
difficult to establish if they were members of the same group.
Hybridization patterns and map locations were useful in dis-
tinguishing between RGA4 and RGAS.

RGA1 and RGA2 were a particular case. Their hybridization
patterns were very similar, even under stringent post-hybridization
washes. Such similarity indicates that they may share a physical
location, as suggested by the co-segregation of RGAla and
RGA2b at the bottom part of linkage group 11. However, they
also showed different bands, which corresponded to another map
location at linkage group 4 for RGA2a. Therefore, RGA1 and
RGA2 could be members of a large and diverse family that is
located in at least two different genomic regions as duplicated
sequences.

Using the primers designed from the conserved TIR domain of
the genes N, L6, and RPPS5, we obtained a new type of RGAs
from bean (RGA8 to RGA15). We also successfully isolated TIR
RGAs from cassava but not from rice (data not shown), thus

TABLE 4. Pairwise comparisons of Toll/Interleukin-1 receptor-type resistance gene analogs (RGAs) from common bean with cloned resistance genes®

Class RGA10 RGA11 RGA12 RGA13 RGA14 RGAI1S L6 N RPP5
RGA9 53 42 41 69 41 45 46 54 35
RGA10 47 38 58 44 54 46 52 41
RGALll e . 29 49 43 46 41 46 40
RGA12 40 24 28 30 34 23
RGAI13 44 48 49 53 40
RGA14 45 40 51 38
RGALIS 45 44 40
L6 37 34
N 51
2 Values correspond to the percent identity of the deduced amino acid sequences.
10 20 30 40 50 60 70 80
RGAS EDTRKNEVSHLYSALANAGVNTFLDDEKLAKGQQOLKTELWHAIEGSQISVVVESKNYIYSTWCLDELVKIMECHSSRGQVVL -
RGA1l3 GDTRSTFVSHLHSALSNAGVHTFIDAG-LEKGQSLGPELLRAIEGSQIGIVVFSKNYAESGWCLDELAKIAECHRSHGQVVV-
RGA10 EDTRASFTSHLYAALONAGIFVEKDDESLPRGRQISPSLRLAIEQSRISVVVFSKNYAESWWCLKELEKIMECHRTIGRVVI-
N EDTRKTFTSHLYEVLNDKGIKTFQDDKRLEYGATIPGELCKAIEESQFATIVVESENYATSRWCLNELVKIMECKTRFKQTVI—
RGA14 EDSRYNFTANLFKALSDKGIHSFFDDDKLESGEEITATLVKAIEESRIAIVVLSPNYASSSFCLDELATILHCKTKGLLVI-—
RPP5 VDVRKIFLSHLLKALDGKSINTFIDHG-IERSRTIAPELISAIREARISIVIFSKNYASSTWCINELVEIHKCEFNDLGQOMVI -
L6 PDTREQFTDFLYQSLRRYKIHTFRDDDELLKGKEIGPNLLRAIDQSKIYVPIISSGYADSKWCLMELAEIVRRQEEDPRRIIL
RGAl1l PDTIRNSFVDHLSSHLLRKGIFVENDNHELOKGESISPOLLQAIQHSRLSIIVFSENYASSTWCLDEMAAIAYCKQRSDHTVE-
RGALS5 ADTRTINFTNHLLNALTQKSISVFID-YELTKGDYIWPVLARAIEGSRVSIVVISESYASSSWCLKELEHILOFRRTRGMVVI-~
RGAl12 ADIGRKLVSHLHSVLLOAQVKTLMKEENLQEGMELEEHMR-AIAATKIAIIVFSKSYTESTCCLFQLEKIIECFETFGQIIL~-
TIR-1 TIR-2
(continued)

Fig. 2. Alignment of the putative amino acid sequences of the Toll/Interleukin-1 receptor (TIR)-type resistance gene analogs (RGAs) with the TIR domains of N
(tobacco), L6 (flax), and RPP5 (Arabidopsis spp.). Amino acids in the conserved motifs TIR-1 (adjacent to those used to design the primer) and TIR-2 (33) are

shown in bold. The regions homologous to the primers are not included.
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confirming that the TIR-containing R genes are specific to
dicotyledons and not found in monocotyledons (33).

The 15 RGAs were mapped at 19 loci in eight linkage groups.
Eight classes were mapped in genomic regions containing QTL
associated with resistance to anthracnose, ALS, and BGYMV. As
mentioned above, the phenotypic variance explained by these
RGAs ranged from 9.6 to 63.9%. The high value of phenotypic
variance explained by RGA1 and RGA?7 for resistance to isolates
of C. lindemuthianum and ALS, respectively, suggests the in-
volvement of a major gene in these QTL. Conversely, RGA2 is
linked to partial resistance to BGYMYV in linkage group 4, which
may represent a minor gene for resistance because of the low r2.

This study demonstrates that QTL for resistance are associated
with sequences exhibiting structural characteristics of R genes
(RGAs), which agrees with the hypothesis that the mechanism of
qualitative and quantitative resistance may be similar (28). There
are several earlier reports that demonstrate the association
between RGAs and QTL (17,43).

The RGAs from classes 1 and 2 were mapped at the bottom part
of linkage group 11, which is associated with resistance to
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anthracnose. This is the same mapping region of the sequences
ORF1, c¢D7, and cD8 obtained by Creusot et al. (10) from bean
genomic and cDNA clones. ORF1, cD7, and ¢cD8 are NBS and
LRR-type sequences and represent members of a related family
located in the vicinity of the Co-2 R gene against anthracnose
(24). Therefore, RGA1, RGA2, ORF1, cD7, and cD8 are mem-
bers of a related family, although their amino acid identities are
not as high as expected for sequences of the same family, sug-
gesting a relatively rapid evolution for this R gene cluster. Further-
more, assays to isolate NBS of the non-TIR class using specific
primers yielded sequences of different members of the RGA1 and
RGA2 classes, confirming the abundance of sequences in this
family.

RGA?2 also was mapped in linkage group 4 and partially con-
tributes to resistance against the BGYMYV and the 5SDOM anthrac-
nose isolate. The family of PRLJ and PRLB RGAs has been
located in this region (17), associated with a major QTL that
explained 70% of resistance to strain 45 of C. lindemuthianum and
to the loci of three anthracnose-specific R genes (Co-9, Co-y, and
Co-z). Interestingly, BLASTN searches in the GenBank for RGA
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Fig. 3. Linkage map of common bean from the cross DOR364 x G19833 showing the positions of resistance gene analog (RGA) loci. Only the bean linkage
groups (vertical lines) containing RGAs (right, bold) along with a portion of the complete set of markers (right) are included here. Rectangles to the left
represent approximate locations of quantitative trait loci (QTL) associated with resistance to different diseases: Ant = anthracnose, ALS = angular leaf spot, and

BGYMYV = Bean golden yellow mosaic virus.
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classes 1 to 8 showed that only the RGA2-type sequences have
been reported from bean before. RGA2 corresponds to the PRLB
and the PRLJ family of RGAs. Identities between them and
RGA2 range from 85 to 92% at the nucleotide level, and they are
located at the same locus detected by RGA2. Taken together, these
results show that these sequences belong to a family of clustered
R genes that contains specificities against at least two diverse
pathogens (fungi and viruses). In addition, resistance to BGYMV
comes from DOR364 (Andean gene pool) and to anthracnose
(isolate 5SDOM) from G19833 (Mesoamerican gene pool),
reinforcing the idea that this cluster existed before the geographic
separation of the gene pools of cultivated bean (18).

RGAT7 constitutes a new cluster of RGAs on linkage group 10
and is associated to one or two major genes conferring resistance
to different ALS isolates and a minor gene contributing partial
resistance to anthracnose isolate SDOM. No genes for resistance
to anthracnose have been located on linkage group 10 (24);
therefore, RGAs are useful to discover R gene clusters that, in
other ways, will be overlooked. This interesting cluster is current-
ly being studied in depth to determine its physical structure and
implications in ALS resistance.

Geffroy et al. (18) identified a major cluster containing R genes
that are efficient against C. lindemuthianum and RGAs from
different gene pools of common bean. In this work, we also have
detected this cluster and the isolation of different RGAs has led to
the identification of another two major R gene clusters that con-
tain not only different anthracnose specificities but also deter-
minants of resistance to the pathogens causing BGYM and ALS
(virus and fungus). These results agree with previous studies
showing that RGAs are part of clusters of related sequences and
are co-localized with resistance loci, a pattern of genomic organi-
zation characteristic of R genes. For instance, the Xa2/ locus in
rice consists of at least eight sequences spanning 230 kb (56), the
M locus of flax contains 15 or more sequences spread over a
distance of less than 1 Mb (4), and the Dm3 cluster of lettuce
consists of at least 24 non-TIR NBS-LRR sequences that span
approximately 3.5 Mb (32). Analysis of BAC clones containing
RGAT7 has confirmed the multigenicity of this cluster (I. F. Acosta
and C. E. Lopez, unpublished data).

Clustered R genes conferring resistance to diverse pathogens or
different strains of the same pathogen also have been determined
by genetic analysis (11). Thus, tight linkage between a viral and a
bacterial disease resistance genes (I and R3) has been detected in
common bean (11). Recently, in potato, a region of 200 kb was
demonstrated to correspond to a single resistance gene cluster of
four R gene-like sequences, where one corresponded to the Rx/
gene responsible for resistance to Potato virus X and another to
the nematode R gene Gpa2 (54). Thus, separate members of the
same R gene cluster can evolve to confer resistance to unrelated
pathogen species.

Several RGA classes were not linked to anthracnose, ALS, or
BGYMV resistance. They could actually be part of R genes
conferring resistance to other isolates or even different pathogens
from those tested in this study. Similar results were obtained in
Arabidopsis spp., maize, and lettuce where some RGAs were not
located in known R loci (1, 45). As an alternative, they could be
involved in other events of plant-microbe interaction, such as
symbiosis. This idea has been proposed in pea, where four RGAs
were mapped in regions of the genome containing sym genes
involved in the pea-rhizobia symbiosis to form nitrogen-fixing
root nodules, characteristic of legumes as common bean (51). An
association between the QTL for resistance to some bacterial
diseases and symbiotic nitrogen fixation has been observed in
common bean (36).

Conversely, not all of the disease resistance specificities data
used in this study were associated to RGAs (data not shown),
indicating that resistance can be determined for a different type of
R gene or that the set of RGAs from common bean is not yet
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complete. This conclusion is supported by the relatively large
number of different RGAs contained in the complete genome of
Arabidopsis spp. (5). Therefore, new screenings are necessary to
isolate the remaining RGAs from common bean because they are
a probable source of new, valuable data and markers.

RGAs are advantageous candidate genes that help to locate re-
sistance specificities and clusters of R genes. Here, we show their
effectiveness in bean because some of them are associated with
resistance to fungal and viral diseases. The finding that several
RGAs constitute large complex families is an indicator of how
difficult it is to recombine genes within clusters, one of the major
concerns for breeders. Now, RGAs can be used as molecular
markers in breeding; for example, in the analysis of germ plasm,
as has been suggested (45). Additionally, they are good starting
points for the physical characterization and isolation of R gene
clusters.
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