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Key message: R-BPMV is located within a recently expanded TNL cluster in the Phaseolus 22 

genus with suppressed recombination and known for resistance to multiple pathogens including 23 

potyviruses controlled by the I gene. 24 

Abstract 25 

Bean pod mottle virus (BPMV) is a comovirus that infects common bean and legumes in general. 26 

BPMV is distributed throughout the world and is a major threat on soybean, a closely related 27 

species of common bean. In common bean, BAT93 was reported to carry the R-BPMV 28 

resistance gene conferring resistance to BPMV and linked with the I resistance gene. To fine 29 

map R-BPMV, 182 recombinant inbred lines (RILs) derived from the cross BAT93 x 30 

JaloEEP558 were genotyped with polymerase-chain (PCR)-based markers developed using 31 

genome assemblies from G19833 and BAT93, as well as BAT93 BAC clone sequences. 32 

Analysis of RILs carrying key recombination events positioned R-BPMV to a target region 33 

containing at least 16 TIR-NB-LRR (TNL) sequences in BAT93. Because the I cluster presents 34 

a suppression of recombination and a large number of repeated sequences, none of the 16 TNLs 35 

could be excluded as R-BPMV candidate gene. The evolutionary history of the TNLs for the I 36 

cluster were reconstructed using microsynteny and phylogenetic analyses within the legume 37 

family. A single I TNL was present in Medicago truncatula and lost in soybean, mirroring the 38 

absence of complete BPMV resistance in soybean. Amplification of TNLs in the I cluster 39 

predates the divergence of the Phaseolus species, in agreement with the emergence of R-BPMV 40 

before the separation of the common bean wild centers of diversity. This analysis provides 41 

PCR-based markers useful in marker-assisted selection (MAS) and laid the foundation for 42 

cloning of R-BPMV resistance gene in order to transfer the resistance into soybean. 43 

 44 
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Introduction 50 

 51 

Common bean (Phaseolus vulgaris L.) is the most important grain legume for direct human 52 

consumption worldwide, and the most consumed grain legume in Europe with the demand 53 

increasing over the last years (Bellucci et al. 2021). In developing countries (Latin America and 54 

East Africa), dry beans represent a crucial source of protein, carbohydrates, vitamins and 55 

minerals for low income farmers (Broughton et al. 2003; Foyer et al. 2016) 56 

(http://faostat.fao.org/). Common bean is a diploid (2n=2x=22), annual and predominantly self-57 

pollinating species with a relatively small genome (∼600 Mb) (Arumuganathan and Earle 58 

1991). This legume (Fabaceae) species benefits from well described centers of origin and 59 

diversification which makes this plant an attractive model species for evolutionary studies 60 

(Bitocchi et al. 2017). The wild forms of common bean grow from northern Mexico to north-61 

western Argentina (Toro et al. 1990), and are organized in three eco-geographic centers of 62 

diversity: two major (the Andean and Mesoamerican) and a third minor one (wild populations 63 

that grow in northern Peru and Ecuador). About 8000 years ago, two independent domestication 64 

events spawned two gene pools of cultivated bean, namely the Andean and Mesoamerican, 65 

while no domestication occurred in the northern Peru/Ecuador center of diversity (Shii et al. 66 

1980; Gepts and Bliss 1985; Koinange and Gepts 1992). In addition, the Phaseolus genus is 67 

well characterized with five (Phaseolus vulgaris, P. coccineus, P. dumosus, P. acutifolius, and 68 

P. lunatus) of its ∼70 species that have been domesticated (Bitocchi et al. 2017). The 69 

divergence among these five Phaseolus species is relatively recent (~2–4 Ma ago; Delgado-70 

Salinas et al., 2006). In common bean, several genome assemblies are now available. In 71 

particular, the Andean landrace genotype G19833 was sequenced by Schmutz et al. (2014) 72 

providing a great opportunity for the development of molecular markers linked to disease 73 

resistance genes in common bean (Meziadi et al. 2016). In addition, the release of the genome 74 

assembly of the Mesoamerican cultivated line BAT93 gave a boost, not only for molecular 75 

breeding programs but also for understanding the evolution process among the Andean gene 76 

pool and Mesoamerican gene pool (Vlasova et al. 2016). 77 

In the past three decades, marker assisted selection (MAS) has been largely used in 78 

common bean to improve various traits including pathogen resistance (Miklas et al. 2006; 79 

Ferreira et al. 2012; Kelly and Bornowski 2018). The concept consists in introducing specific 80 

resistance (R) genes into one genotype and/or to pyramid R genes to achieve durable resistance 81 
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(Miklas et al. 2006; Ferreira et al. 2012; Mundt 2014). In that context, identification of robust 82 

genetic resistance to infectious pathogens is a major challenge.  83 

To fight against pathogen attacks, plants have evolved multiple immune receptors for 84 

the activation of defense responses (Dodds and Rathjen 2010; Dangl et al. 2013). Nucleotide-85 

binding domain leucine-rich repeat (NLR) proteins are intracellular immune receptors that 86 

monitor pathogen invasion via direct or indirect sensing of effectors derived from pathogens 87 

(Dangl et al. 2013). After recognition, activated NLRs initiate an immune signaling leading to 88 

resistance, called effector-triggered immunity (ETI) (Dangl et al. 2013). These NLR genes 89 

correspond to the major dominant resistant (R) genes described by Harold Henry Flor in the 90 

1940s in the context of the gene-for-gene resistance (Flor 1956). NLR R proteins can recognize 91 

the presence of various disease-causing pathogens including bacteria, oomycetes, fungi, 92 

nematodes, insects, and viruses (Cesari et al. 2014; Kourelis and van der Hoorn 2018; Ngou et 93 

al. 2022). Among this prevalent class of R genes, two subclasses have been identified based on 94 

their N-terminal domain: the Coiled-Coil NLRs (CNLs) and the Toll Interleukin-1 receptor 95 

NLR (TNL) (Meyers et al. 1999, 2003; Tamborski and Krasileva 2020). Genomic analysis have 96 

demonstrated that NLR sequences are abundant and often physically clustered in many plant 97 

genomes (Michelmore et al. 2013; Dangl et al. 2013). These clusters formed by gene 98 

duplication, unequal crossing-over, and ectopic recombination provide a reservoir of genetic 99 

diversity for generating new resistance specificities (David et al. 2009; Tamborski and 100 

Krasileva 2020; Barragan and Weigel 2021; Märkle et al. 2022). Like other crop species, NLR 101 

genes in common bean are often organized in clusters of tightly linked genes such as the B4 102 

CNL cluster located at proximal end of chromosome 4 (Pv04) (Ferrier-Cana et al. 2003, 2005; 103 

Geffroy et al. 2009; David et al. 2009), the Co–2 CNL cluster at distal end of Pv11 (Creusot et 104 

al. 1999; Innes et al. 2008; Chen et al. 2010) and the I cluster at distal end of Pv02 containing 105 

a cluster of TNL sequences (Vallejos et al. 2006). 106 

In common bean, the I resistance cluster is a multi-parasitic resistance cluster (Meziadi 107 

et al. 2016) that controls resistance against 11 viruses [BCMV (Bean common mosaic virus), 108 

BCMNV (Bean common mosaic necrosis virus), ZYMV (Zucchini yellow mosaic virus), PWV-109 

K (Passionfruit woodiness virus-K), WMV (Watermelon mosaic virus-2), CabMV (Cowpea 110 

aphid-borne mosaic virus), ThPV (Thaïland passiflora mosaic virus), SMV (Soybean mosaic 111 

virus), BYMV (Bean yellow mosaic virus), CLYVV (Clover yellow vein virus) and BSMV 112 

(Bean severe mosaic virus)] as well as against the bacteria Pseudomonas syringae pv. 113 

phaseolicola and the fungus Colletotrichum lindemuthianum (Fisher and Kyle 1994, 1996; 114 

Crute and Pink 1996; Morales and Singh 1997; Geffroy et al. 2008; Bello et al. 2014; Tock et 115 
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al. 2017) . Recently, the dominant R-BPMV gene, conferring resistance against Bean pod mottle 116 

virus (BPMV, genus Comovirus, family Comoviridae), was also linked to the I cluster (Pflieger 117 

et al. 2014; Meziadi et al. 2021). Like other comoviruses, BPMV has a bipartite-positive strand 118 

RNA genome consisting of RNA1 and RNA2, which are separately encapsidated in isomeric 119 

particles (Ghabrial 1982). BPMV is distributed throughout the world and is a major threat on 120 

soybean (Glycine max), especially in the United States where all commercially available 121 

cultivars of soybean are susceptible to BPMV (Giesler et al. 2002). At the molecular level, the 122 

I cluster co-localized with a cluster of 7 TNL in G19833 (Schmutz et al. 2014). 123 

Evolutionary relationships between two genotypes of the same and/or different related 124 

species is a key tool for comparative genomics. Related species have a common ancestor but 125 

have undergone independent evolution process. As a result of sequencing efforts, genome 126 

assemblies are available in various legume species including Medicago truncatula, G. max, and 127 

P. vulgaris, as well as P. lunatus and P. acutifolius (Schmutz et al. 2010, 2014; Young et al. 128 

2011; Garcia et al. 2021; Moghaddam et al. 2021). Consequently, the legume family is ideally 129 

suited for comparative phylogenomic approaches, in which phylogenetic inference is combined 130 

with structural genomic analyses (Ammiraju et al. 2008). From an applied point of view, 131 

comparative genomics can be a powerful approach to gene discovery in related species 132 

(McClean et al. 2010). Because common bean is phylogenetically close to soybean, 133 

understanding evolution of R genes in these two related species can offer a better understanding 134 

of genome dynamics and NLR evolution. 135 

 136 

Here, we present the fine mapping of R-BPMV, a dominant R gene conferring resistance 137 

against BPMV using a population of recombinant inbred lines (RILs) derived from a cross 138 

between BAT93 (R) × JaloEEP558 (S). PCR-based markers developed in this study using the 139 

two common bean genome assemblies of G19833 and BAT93, constitute the raw material to 140 

develop markers for MAS for the R-BPMV gene as well as for the other linked resistance genes 141 

at the I cluster. This study was conducted in a favorable context for understanding the evolution 142 

of resistance genes on a short time scale (between two P. vulgaris genotypes of the two different 143 

gene pools) and at longer time scale (between genus Phaseolus, Glycine and Medicago). Thanks 144 

to the comparison of the I cluster corresponding regions in P. vulgaris, G. max and M. 145 

truncatula, we have shown that the I TNL cluster has amplified recently in the Phaseolus genus 146 

as a result of tandem duplications and presents copy number variations (CNV) between 147 

common bean genotypes.   148 
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Materials and methods 149 

 150 

Plant material and growth conditions 151 

An F11 population of 182 RILs, derived from the cross between the Andean landrace 152 

JaloEEP558 and the Mesoamerican breeding line BAT93, was used to map the R-BPMV 153 

resistance gene. This population is composed of 77 RILs used to set up the integrated linkage 154 

map of common bean (Freyre et al. 1998) and 105 additional RILs developed in Orsay (Chen et 155 

al. 2010). G19833, a CIAT germplasm accession, is a landrace ‘Chaucha Chuga’ originally 156 

collected in Peru that belongs to the Andean gene pool of common bean. In addition to BAT93 157 

and G19833, a set of 17 cultivated common bean genotypes (Table 1) from our Orsay collection 158 

as well as 8 wild beans (Table 2) from CIAT (Centro Internacional de Agricultura Tropical; 159 

Colombia) were used for inoculation with BPMV isolate IADi-1. Seedlings were cultivated in 160 

plastic pots filled with moist vermiculite at 23 °C, 75% relative humidity, with 8 h dark and 16 161 

h light during 10–12 days (the stage at which primary leaves are fully expanded).  162 

Viral pathogenicity test 163 

The BPMV strains (BPMV-GFP; BPMV isolate IADi-1) used in this study were previously 164 

described in Pflieger et al. (2014). The BCMNV NL-3 strain from Bello et al. (2014) which traces 165 

back to Drijfhout’s (1978) original collection was used. Inoculations with BCMNV NL-3 strain 166 

were performed in common bean land race JaloEEP558. Mosaic symptoms were observed in 167 

primary inoculated leaves at 7-10 days after inoculation. These leaves were harvested and used 168 

as inoculum. For the inoculation method, infected plants with BPMV-GFP or BCMNV NL-3 169 

strain (fresh leaf or frozen leaf conserved at -80°C) were ground in a mortar with 50 mM 170 

potassium phosphate buffer (pH 7) to make leaf sap. Mechanical inoculations were performed 171 

by rubbing of the primary leaves of plantlets (10- to 12-days old) using carborundum as an 172 

abrasive. After viral inoculation, plants were placed in a growth chamber at 20°C under a 16-h 173 

light/8-h dark cycle under a humidity of 70% and watered with nutrient solution (Pflieger et al. 174 

2015). Seven days after inoculation with BPMV-GFP, plants without GFP fluorescence and 175 

visible symptoms or showing necrotic pinpoint on inoculated leaf were scored as resistant, while 176 

plants with fluorescent local lesions on the inoculated leaf were scored as susceptible. This is 177 

slightly different from Pflieger et al. (2014) where plants were scored as susceptible only when 178 

GFP fluorescence was observed in systemic leaves. For NL-3 BCMNV strain, 7-10 days after 179 

inoculation, plants showing top necrosis were scored resistant and those showing systemic 180 
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mosaic were scored susceptible. Two replicates of all experiments were carried out. The 181 

resistance/susceptible phenotype was assessed on at least 12 seedlings for each RIL or bean 182 

genotype. 183 

GFP imaging 184 

GFP expression in aerial organs was examined using a UV lamp (High intensity 100-Watt long-185 

wave UV lamp; UVP, USA) and photographed using a Canon PowerShot A2300 digital camera.  186 

DNA extraction 187 

Nuclear DNA was isolated as described in Geffroy et al. (1998). In brief, 2 g of leaves were 188 

ground in liquid nitrogen. The powdered tissue was transferred into 50 mL of cold buffer 1 (10 189 

mM Tris pH 7.5; 15 mM KCl; 15 mM NaCl;0.15 mM spermine; 0.5 mM spermidine; 2 mM 190 

EDTA; 0.5% triton-X100 and 4.5% glucose) and filtered through blutex. The filtrate was 191 

centrifuged for 10 min at 2,600 rpm and 4°C and the supernatant was discarded. The pellet was 192 

rinsed with 5 mL of buffer-1 three times and was finally resuspended into 1 mL of distilled water. 193 

Afterwards, a CTAB extraction procedure was performed as described in Doyle and Doyle (1991) 194 

except that the chloroform–isoamyl alcohol extraction step was replaced by a chloroform–195 

octanol (24:1) extraction step. 196 

PCR-based marker design and RILs genotyping 197 

PCR-based markers were designed using G19833 v1.0 198 

(https://data.legumeinfo.org/Phaseolus/vulgaris/genomes/G19833.gnm1.zBnF/) and BAT93 v10 199 

(https://denovo.cnag.cat/bean) genome assemblies using Primer3 version 4.0 software 200 

(http://frodo.wi.mit.edu/primer3/; Rozen and Skaletsky 2000) with default parameters. Twenty-201 

eight primer pairs were designed (listed in Supplementary Tables S2 and S3) mainly in intergenic 202 

regions because they usually present higher frequencies of polymorphism than coding regions. 203 

Primer pairs were designed to amplify about 0.6 to 1 kb with a GC percent of ~50% and were 204 

selected to be locus specific. Primer specificity in the P. vulgaris genome was checked using 205 

custom Perl scripts based on the SPADS program (Thareau et al. 2003). All the primers were 206 

synthesized by Eurogentec Company (Liege, Belgium). These primer pairs were experimentally 207 

tested for amplification and polymorphism between the parental lines BAT93 and JaloEEP558. 208 

PCR reactions were performed using Go Taq DNA Polymerase kit (Promega, Charbonnières-209 

les-Bains, France) using a standard PCR program (start: 94°C for 5 min; amplification: 35 cycles 210 

of 94°C for 30 s, 59–65°C for 45 s, 72°C for 1–2 min; termination for: 72°C for 5 min). PCR 211 

products were resolved on 1% agarose gels containing ethidium bromide, run in 0.5X TBE buffer 212 

https://denovo.cnag.cat/bean
http://frodo.wi.mit.edu/primer3/
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and visualized under UV light. Primer pairs revealing polymorphism between BAT93 and 213 

JaloEEP558 were used to genotype the 182 RILs following the same PCR protocol as described 214 

above.  215 

Genetic mapping of the R-BPMV gene 216 

A Chi-squared (χ2) test was used to evaluate the goodness of fit of observed and expected 217 

segregation ratios. The MAPMAKER software version 3.0 (Lander et al. 1987) was used to map 218 

the R-BPMV resistance gene on the integrated linkage map of common bean using the set of 142 219 

markers as described in Geffroy et al. (2008). Linkage groups were established with a LOD 220 

threshold of 3.0 and a maximum recombination fraction of 0.3. The position of R-BPMV on LG 221 

B2 was estimated with a LOD threshold of 2.0 based on the “try” function. Map distances were 222 

estimated by the Kosambi mapping function (Kosambi 1943). 223 

BAC library construction, screening, PacBio RS II sequencing, and assembly 224 

Bacterial artificial chromosome (BAC) cloning and high-throughput sequencing were used to 225 

isolate genomic regions of P. vulgaris, genotype BAT93. High molecular weight (HMW) DNA 226 

was prepared from young leaves using the method described by Peterson et al. (2000) and 227 

modified as described in Gonthier et al. (2010). In brief, twenty grams of frozen leaf tissue was 228 

ground to powder in liquid nitrogen with a mortar and pestle and then used to prepare megabase-229 

size DNA embedded in agarose plugs. Embedded HMW DNA was partially digested with 230 

HindIII (New England Biolabs, Ipswich, MA, USA), subjected to two size selection steps by 231 

pulsed-field electrophoresis, using a BioRad CHEF Mapper system (Bio-Rad), and ligated to 232 

pIndigoBAC-5 HindIII-Cloning Ready vector (Epicentre Biotechnologies, Madison, WI, 233 

USA). Pulsed-field migration programs, electrophoresis buffer and ligation desalting conditions 234 

were performed according to Chalhoub et al. (2004). The BAT93 BAC library is composed of 235 

18 432 clones with a mean insert size of 143 kb and represents 4,2 genome equivalents. All the 236 

clones were spotted on high-density colony filters and screened by hybridization with 5 237 

radiolabelled probes (Supplementary Table S1).  238 

High-density colony filters were prepared with the genomic BAT93 BAC library using a robotic 239 

workstation QPix2 XT (Molecular Devices, Berkshire, UK). BAC clones were spotted in 240 

duplicate using a 4 × 4 pattern onto 22 × 22 cm Immobilon-Ny+ filters (Molecular Devices). 241 

The whole BAC library was spotted in duplicate on one filter. After incubation at 37°C for 17 h, 242 

filters were processed as follows: (1) denaturation on Whatman paper soaked with a solution of 243 

0.5 M NaOH and 1.5 M NaCl for 4 min at room temperature, and for 10 min at 100°C, (2) 244 
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neutralization on Whatman paper soaked with 1 M TrisHCl pH 7.4, and 1.5 M NaCl for 10 min, 245 

incubation in a solution of 0.25 mg mL−1 proteinase K (Sigma Aldrich) for 45 min at 37°C, 246 

baking for 45 min at 80°C, and (3) fixation by UV on a Biolink 254 nm crosslinker (Thermo 247 

Fischer Scientific, Waltham, MA, USA) with an energy of 120 000 μJoules. Radiolabelling of 248 

probes and hybridization of the filters were performed as described in Gonthier et al. (2010). 249 

Hybridized filters were imaged with a Storm 860 PhosphorImager (GE Healthcare), and 250 

analyses were performed using the HDFR software (Incogen, Williamsburg, VA, USA). 251 

Positive BAC clones detected by hybridization were validated individually by PCR 252 

amplification using the primer pairs used for probes synthesis and by visualization of PCR 253 

products after agarose gel electrophoresis. BAC ends were sequenced using Sanger sequencing 254 

and primers located in the plasmids. 255 

Four BAC clones (29P20; 29I04; 11D15; 46M20), were chosen for sequencing. A pooled 256 

library combining 2 μg of each BAC clone was generated using the standard Pacific 257 

Biosciences library preparation protocol for 8–12 kb libraries. This library was sequenced in 258 

one PacBio RS II SMRT Cell using the P6 polymerase in combination with the C4 chemistry 259 

(sequencing service following the standard operating procedures was provided by IGM 260 

Genomics Center). 261 

Assembly of the PacBio RS II reads was performed following the Hierarchical Genome 262 

Assembly Process (HGAP) workflow. The SMRT® Analysis (v.2.2.0) software suite was used 263 

for HGAP implementation (https://github.com/PacificBiosciences/Bioinformatics-264 

Training/wiki/HGAP). The reads were first aligned using Blast (Blast on Pacific Biosciences 265 

repository website against the Escherichia coli str. K12 substr. DH10B, complete genome). 266 

Identified E. coli reads and low quality reads (read quality < 0.80 and read length < 500 bp) 267 

were removed from the data used for the BAC clone sequence assembly. Vector sequences 268 

were removed before the final assembly process. The correspondence between the BAC 269 

assembly and the BAC clones was done by matching their BAC-end sequences on the ends of 270 

assembled sequences with BLAST. Genbank accession numbers of BAC contigs UTG0 and 271 

UTG1 are XXXX and XXXX, respectively. 272 

BAC sequence annotation 273 

BAC sequences were annotated using an automatic annotation pipeline described in David et al. 274 

(2009). The pipeline uses a combination of gene-finding and sequence homology programs with 275 

known genes and proteins: the two ab initio gene prediction programs FGENESH (Burset and 276 

Guigó 1996) and GeneMarkhmm (Lukashin 1998), and BLAST (Altschul 1997) for the analyses 277 

https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/HGAP
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/HGAP
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against the GenBank nonredundant database. All this information was imported into the 278 

annotation platform Artemis (Rutherford et al. 2000) for further manual analysis and compared 279 

with the annotation provided in Phytozome. Annotation of NLR genes was performed by using 280 

the program NLR annotator (v1) (Steuernagel et al. 2020) and MEME (v4.9.1) (Bailey et al. 281 

2015). 282 

Synteny analysis 283 

Genome sequences and respective gene annotations were downloaded for P. vulgaris G19833 284 

v1.0 (https://data.legumeinfo.org/Phaseolus/vulgaris/genomes/G19833.gnm1.zBnF/), P. 285 

vulgaris BAT93 v10 (https://denovo.cnag.cat/bean), soybean (Glycine max) (https://phytozome-286 

next.jgi.doe.gov/info/Gmax_Wm82_a2_v1), Medicago truncatula (https://phytozome-287 

next.jgi.doe.gov/info/Mtruncatula_Mt4_0v1), Phaseolus acutifolius Frijol Bayo 288 

(https://phytozome-next.jgi.doe.gov/info/Pacutifolius_v1_0), Phaseolus acutifolius W6 15578 289 

(https://phytozome-next.jgi.doe.gov/info/PacutifoliusWLD_v2_0) and Phaseolus lunatus 290 

(https://phytozome-next.jgi.doe.gov/info/Plunatus_V1). Annotation of NLR genes was 291 

performed for all genome assemblies by using the program NLR annotator (v1) (Steuernagel et 292 

al. 2020) and MEME (v4.9.1) (Bailey et al. 2015). SyMAP v4.0 (Soderlund et al. 2011) was used 293 

to identify syntenic blocks between the genomes, using default parameters. 294 

Phylogenetic analysis of TNL sequences  295 

For TNL phylogenetic analysis, we used TNL sequences from the reference genome assembly 296 

G19833 v1.0 (Schmutz et al. 2014), TNL sequences from BAT93 BAC contigs corresponding to 297 

the I cluster (UTG0 and UTG1; this study), and a representative subset of TNL sequences from 298 

M. truncatula. A multiple alignment of amino acid sequences from the NB portion of TNLs (from 299 

the P-loop to the MHD motif) was performed with MAFFT version 6 using the L-INS-I strategy 300 

(Katoh 2005) with default parameters. Alignments were then subjected to maximum likelihood 301 

(ML) analysis using the JTT model as implemented in PhyML (Guindon and Gascuel 2003) 302 

Relative support for clades was assessed with 100 bootstrap replicates.  303 

 304 

 305 

 306 

 307 

  308 
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Results 309 

 310 

Identification of PCR-based markers flanking the R-BPMV resistance gene 311 

The R-BPMV gene is present in genotype BAT93 of P. vulgaris and confers resistance 312 

against BPMV (Pflieger et al. 2014). This gene was previously mapped at distal end of LG 313 

Pv02, between markers DROS3b and D1287, at ~6.9 cM and ~14 cM, respectively, using a set 314 

of 77 RILs derived from a cross between BAT93 × JaloEEP558 (Pflieger et al. 2014) (Fig. 1A). 315 

To identify closer flanking markers, the PCR-based markers IG19M100a and IG19M500b were 316 

designed using the reference genome assembly from G19833 v1.0 and found to be polymorphic 317 

between BAT93 and JaloEEP558 (presence/absence polymorphism). Using the same set of 77 318 

RILs population, IG19M100a and IG19M500b were mapped at 7.5 cM and 5.8 cM from R-319 

BPMV, respectively (Fig. 1A). In G19833 v1.0 genome assembly, the physical distance 320 

between markers IG19M100a and IG19M500b corresponds to an ~2 Mb interval, containing a 321 

cluster of TNL-encoding genes (Fig. 1). 322 

 323 

Fine mapping of the R-BPMV gene 324 

To increase resolution for ‘fine’ mapping the R-BPMV gene, the size of the RILs 325 

mapping population was increased from 77 to 182 by adding 105 additional RILs from the same 326 

BAT93 × JaloEEP558 cross (Chen et al. 2010). These 105 additional RILs were inoculated with 327 

the BPMV-GFP construct derived from BPMV isolate IA-Di1 (Zhang et al. 2010). Resistant 328 

and susceptible phenotypes were scored visually at 7 to 10 days post-inoculation (dpi). The 329 

ratio of susceptible (95 RILs) to resistant (87 RILs) of the total 182 RILs was evaluated using 330 

Chi-squared tests, and the observed segregation ratio fitted the expected 1:1 ratio of susceptible 331 

to resistant plants (χ2= 0.35, p= 0.6) confirming that a single gene is segregating. 332 

The design of additional PCR-based markers, based on G19833 v1.0 genome assembly, 333 

in combination with the 182 RILs population narrowed the target region. R-BPMV was mapped 334 

between markers IG19M201b and IG19M401b at 1.8 and 1.6 cM, respectively (Fig. 1A). The 335 

physical distance between IG19M201b and IG19M401b, according to G19833 genome 336 

assembly, is 169 kb (Fig. 1B). 337 

To identify the R-BPMV corresponding region in BAT93 v10 genome assembly 338 

(Vlasova et al. 2016), IG19M201b and IG19M401b markers were used as queries in BLASTN 339 

analysis against BAT93 v10 genome assembly. Two scaffolds were identified, scaffold 00018 340 

(1.57 Mb) and scaffold 00140 (791 kb) (Fig. 2). A high level of synteny was identified between 341 

scaffolds 00018 and 00140, nearly depleted of TNL, and the corresponding region in G19833 342 
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genome assembly (Fig. 2). In BAT93, the size of the gaps between these two scaffolds 00018 343 

and 00140 is unknown (Fig. 2).  344 

 345 

Because the BAT93 genome assembly is fragmented in the R-BPMV region, a BAT93 346 

BAC library was constructed and screened with PCR-based markers derived from BAT93 347 

scaffolds 00018, 00140 (Supplemental data Table S1). This led to identify 4 positive BAT93 348 

BAC clones presenting a size ranging from 100 to 180 kb. After PCR amplification and 349 

sequencing, these BAC clones were organized into two non-overlapping contigs UTG1 (160 350 

kb) and UTG0 (237 kb) (Fig. 2). Compared to scaffold 00018 and 00140, UTG1 and UTG0 add 351 

77 and 167 kb, respectively (Fig. 2). Manual annotation of UTG1 and UTG0 revealed the 352 

presence of sixteen TNL genes all in the same orientation, 5 on UTG1 and 11 on UTG0 (Fig. 353 

2). Thus, the R-BPMV target region seems to be much larger in BAT93 harboring 16 TNL 354 

compared to G19833 harboring only 7 TNL (Fig. 1C), and this is probably an underestimation 355 

in BAT93 since a gap is still present between UTG0 and UGT1.  356 

To restrict the number of R-BPMV TNL candidate gene(s), additional polymorphic 357 

PCR-based markers were generated using either BAT93 or G19833 sequences and first tested 358 

on genomic DNAs of the two parents BAT93 and JaloEEP558. Nineteen markers positioned 359 

between IG19M201b and IG19M401b were used to genotype the 3 RILs presenting a 360 

recombination event between markers IG19M201b and IG19M401b. Strikingly, co-segregation 361 

was observed between the R-BPMV resistance phenotype and the 16 markers covering the TNL 362 

cluster (Supplementary data Tables S2 and S3; Supplementary data Fig. S1). Therefore, despite 363 

many additional markers, R-BPMV target region was only slightly reduced between markers 364 

M11RB10 and IG19M401b and none of the 16 candidate TNL genes could be excluded as R-365 

BPMV candidate.  366 

 367 

R-BPMV cosegregates with the I resistance gene 368 

R-BPMV was previously linked to the I resistance cluster located at distal end of Pv02 369 

(Pflieger et al. 2014) where several TNL genes were annotated in G19833 (Fig. 1C). This cluster 370 

confers resistance to viral, bacterial and fungal diseases (Meziadi et al. 2016). One R gene 371 

described in this locus confers a hypersensitive systemic necrosis resistance response (HR) to 372 

the NL-3 strain of BCMNV and is known as the I gene (Freyre et al. 1998; Vallejos et al. 2006). 373 

To examine whether the resistance against BPMV and HR resistance to BCMNV segregates as 374 

a single locus, the population of 182 RILs derived from the cross BAT93 × JaloEEP558 was 375 

inoculated with the NL-3 BCMNV strain and phenotyped visually at 7 to 10 dpi. BAT93 which 376 
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carries the dominant allele I, exhibited HR (systemic necrosis phenotype) within 7 dpi, whereas 377 

systemic mosaic (susceptible phenotype) was observed on JaloEEP558 within 10 dpi. The 182 378 

RILs were phenotyped by visual inspection of symptoms and categorized as ‘HR - resistant’ 379 

for systemic top necrosis and ‘susceptible’ for systemic mosaic expression, respectively. Perfect 380 

co-segregation was observed with the 182 RILs for the R-BPMV and I gene HR phenotype with 381 

no recombinant RILs (Fig. 1A). This result confirms that R-BPMV is linked to the ‘I gene’ 382 

within the same TNL gene cluster and suggests that resistance to BPMV and BCMNV is 383 

conferred by either a single gene or by two closely linked genes that segregate as a single locus. 384 

 385 

Origin and evolution of the I TNL cluster 386 

P. vulgaris and M. truncatula are two legume species that diverged ~54 million years 387 

ago (Mya) while P. vulgaris and G. max diverged more recently ~19 Mya (Lavin et al. 2005; 388 

Innes et al. 2008; Stefanović et al. 2009). After the P. vulgaris/G. max divergence, the G. max 389 

genome has undergone a whole genome duplication event, estimated to have occurred ~10 to 390 

14 Mya (Shoemaker et al. 2006). BPMV has been reported to be a major threat to soybean 391 

production in the USA, however, to our knowledge, all commercially available cultivars of 392 

soybean are susceptible to BPMV (Giesler et al. 2002). In order to identify in the soybean 393 

genome, the region corresponding to the I resistance cluster, two “single-copy genes” flanking 394 

the common bean I cluster (Phvul.002G320700 and Phvul.002G324500) were used for 395 

microsynteny analysis (Fig. 3). As expected, two corresponding homeologous regions were 396 

identified in the G. max genome (McClean et al. 2010) on chromosomes 5 and 8. These regions 397 

present a high level of microsynteny over the ~200 kb studied in soybean, with nearly all the 398 

~thirty genes conserved in order and orientation between P. vulgaris and G. max (Fig. 3). 399 

However, strikingly, no TNL gene was annotated in the two corresponding homeologous 400 

regions of G. max (Fig. 3). 401 

To investigate the evolution of the TNL sequences present at the I cluster on a longer 402 

time scale, further microsynteny studies were conducted between P. vulgaris and M. truncatula 403 

(Supplementary data Fig. S2). Two hypotheses were tested: i) TNLs were inserted at the I locus 404 

after P. vulgaris and G. max diverged (gain hypothesis) or ii) alternatively TNLs were lost from 405 

G. max after divergence (loss hypothesis). The same two flanking genes (Phvul.002G320700 406 

and Phvul.002G324500) were used to identify the corresponding region in M. truncatula 407 

genome. Compared to common bean (291 kb), the region corresponding to the I locus is larger 408 

in M. truncatula (427.5 kb). As observed with G. max genome, excluding the TNL, the two 409 

syntenic regions are highly colinear between P. vulgaris and M. truncatula, with 25 out of 30 410 
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genes conserved in order and orientation. Interestingly, contrasting with G. max genome, one 411 

TNL gene (Mt8g105820) was identified in the syntenic region in M. truncatula (Supplementary 412 

data Fig. S2). Phylogenetic analyses showed that this M. truncatula TNL (Mt8g105820) and 413 

TNLs belonging to the I resistance cluster in common bean (G19833, BAT93) are grouped into 414 

one well-supported clade (Fig. 4). This indicates that this unique TNL of M. truncatula and the 415 

TNLs of P. vulgaris from the I cluster are orthologous. Furthermore, the absence of TNLs in 416 

the region syntenic of the I cluster in G. max and the presence of one TNL in M. truncatula 417 

supports the hypothesis of loss of TNLs in G. max. 418 

To better date the amplification of the TNL from the I cluster, we took advantage of 419 

three recently sequenced Phaseolus genomes, namely P. acutifolius (Frijol Bayo, cultivated), 420 

P. acutifolius (W6 15578, wild) and P. lunatus (G27455) (Moghaddam et al. 2021; Wisser et 421 

al. 2021). Like in G. max and M. truncatula, the syntenic region corresponding to the I cluster 422 

was clearly identified in both species with many genes conserved in order and orientation 423 

(Supplementary data Fig. S3). Interestingly, many TNLs were identified in both P. acutifolius 424 

(10 TNLs) and P. lunatus (6 TNLs), suggesting that the TNL amplification at the I cluster 425 

predates the divergence of the Phaseolus species. 426 

 427 

Origin of R- BPMV resistance gene 428 

To gain insight into the origin of the R-BPMV gene, we used a panel of cultivated and 429 

wild common bean genotypes from various geographical origins. Concerning cultivated 430 

genotypes, sixteen genotypes from both Mesoamerican and Andean gene pools were selected 431 

in addition to BAT93, JaloEPP558 and G19833. These genotypes were infected with BPMV-432 

GFP (Table 1). Ten genotypes belonging to both Mesoamerican and Andean cultivated gene 433 

pools were found to be resistant to BPMV (Table 1). Genotyping with MB29530 PCR-based 434 

marker, co-segregating with R-BPMV (Supplementary data Fig. S1; Supplementary data Table 435 

S3), confirms that these 10 genotypes carry the R-BPMV gene (Table 1). Concerning the wild 436 

accessions, five accessions were found to be resistant to BPMV according to their phenotypes 437 

and the presence of R-BPMV gene was confirmed by marker MB29530 profile (Table 2). 438 

Interestingly, these five wild accessions come from various countries covering the three centers 439 

of diversity of common bean namely Andean, Meso-American and Northern Peru/Ecuador 440 

centers of diversity. Altogether, this strongly suggests that the emergence of R-BPMV gene 441 

predates the separation of the wild centers of diversity.  442 

 443 
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Discussion 444 

In order to identify the molecular basis of the R-BPMV resistance gene linked to the I 445 

cluster in common bean, a fine mapping strategy was carried out on a population of 182 RILs 446 

derived from a cross between the Mesoamerican resistant landrace BAT93 and the Andean 447 

susceptible landrace JaloEEP558. This study was conducted in a favorable context since i) RIL 448 

populations are known to be as informative as F2 populations for small genetic distances (Fisher, 449 

1937), ii) the size of the RIL population combined with the high level of polymorphism between 450 

the Andean and the Mesoamerican parents should have allowed a good mapping resolution, iii) 451 

the distal location of the I cluster was also a positive point, since distal regions are highly 452 

recombinant as compared to centromeric regions (Schmutz et al. 2010, 2014). Such a 453 

configuration was present for the successful cloning of the Co-x anthracnose gene (Richard et 454 

al. 2014, 2021). Concerning the I cluster, the present fine mapping strategy was confounded by 455 

suppression of recombination combined with the presence of repeated sequences. However, 456 

results obtained in this study provide important information on both the structural organization 457 

and the evolution history of the I cluster paving the way for future research. 458 

The two common bean genome assemblies for BAT93 (Mesoamerican genotype 459 

carrying the R-BPMV gene) and G19833 (Andean gene pool) constituted important resources 460 

to design markers for the fine mapping of R-BPMV (Schmutz et al. 2014; Vlasova et al. 2016). 461 

Nevertheless, the poor quality of BAT93 genome assembly in the I cluster region, fragmented 462 

in badly assembled small contigs (data not shown), led us to develop a BAT93 BAC library, a 463 

valuable resource not only for the present study but also for future studies for the bean 464 

community. Concerning the I cluster, despite a gap still present in the BAT93 BAC contigs, the 465 

BAC library was crucial since nearly all the 16 BAT93 TNL sequences were identified from 466 

these BAC clones, and not from BAT93 genome assembly (Vlasova et al. 2016), demonstrating 467 

the complexity of this TNL-containing region. PCR-based markers were designed based on 468 

polymorphism identified in the region of interest between G19833 and BAT93. The reference 469 

genotype G19833 belongs to the same gene pool as the susceptible parent JaloEEP558, allowing 470 

the quick development of successful polymorphic markers. However, locus specific markers 471 

were difficult to identify. Altogether, the difficulty to design locus-specific markers and the 472 

poor quality of BAT93 genome assembly (Vlasova et al. 2016) in that region testifies to the 473 

highly repeated nature of the I cluster. The subtelomeric Khipu satellite repeats interleaved 474 

between CNL at the B4 and Co-2 clusters is not present between the TNL genes of the I cluster 475 
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(David et al. 2009; Richard et al. 2013; Chen et al. 2018). Consequently, additional work will 476 

be needed to characterize these intergenic repeats. Nevertheless, the 23 PCR-based markers 477 

developed in the present study constitute the raw material for implementation of marker assisted 478 

selection (MAS) in common bean breeding programs (Supplementary data Tables S2 and S3). 479 

Indeed, numerous disease resistance genes have been linked to the I cluster (Meziadi et al. 2016).  480 

Taking advantage of the genome assembly resources available for P. vulgaris, P. 481 

acutifolius, P. lunatus, G. max, and M. truncatula in a comparative genomic study centered on 482 

the I cluster, we gained insights into the evolution of this TNL cluster on both short time scale 483 

(between two P. vulgaris genotypes) and long time scale (between genus Phaseolus, Glycine 484 

and Medicago). Microsynteny analysis of the region containing the I cluster revealed clear 485 

syntenic regions among these legume species. Even though the most recent common ancestor 486 

between P. vulgaris, G. max, and M. truncatula is dated 54 Mya (Lavin et al. 2005; Cronk et 487 

al. 2006), a high level of microsynteny was observed between the three species for this genomic 488 

region (Fig. 3 and Supplemental data Fig. S2), confirming previous synteny analysis performed 489 

on these legume species (David et al. 2009; McClean et al. 2010). Strikingly, this collinearity 490 

was restricted to non-TNL-encoding genes. Indeed, TNL sequences were present in both P. 491 

vulgaris (7 TNL in G19833) and M. truncatula (1 TNL; Mt8g105820) syntenic regions but they 492 

were completely absent in the two corresponding G. max syntenic regions. Phylogenetic 493 

analysis showed that Mt8g105820 is orthologous to the common bean I TNLs suggesting that 494 

a single TNL has undergone tandem duplications in P. vulgaris but not in M. truncatula and 495 

was lost in G. max. The fact that they are all in the same orientation on the I cluster (Fig. 2) 496 

suggests the TNL cluster derives from tandem duplications probably resulting from unequal 497 

crossing-over events (Barragan & Weigel, 2021; Choi et al., 2016). The identification of the I 498 

TNL cluster in both P. lunatus and P. acutifolius allowed us to date more precisely this TNL 499 

amplification, predating the divergence of the Phaseolus species (~2–4 Ma ago; Delgado-500 

Salinas, Bibler, and Lavin 2006). The identification of the R-BPMV resistance specificity in 501 

wild accessions from the three centers of diversity allowed us to conclude that R-BPMV gene 502 

emerged before the separation of the wild centers of diversity, before domestication. In legumes, 503 

more than three-quarters of NLR expanded by local tandem duplications producing closely 504 

related NLR genes often located at the same cluster (Shao et al. 2014). Ectopic duplications, 505 

producing closely phylogenetically related NLRs genes located distantly on a chromosome or 506 

on different chromosomes (David et al. 2009; Shao et al. 2014), contribute approximately to 507 

less than 20% of new NLR genes loci (Shao et al. 2014). This is probably the case of the TNL 508 
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gene 07G160900 located on the chromosome 07 of P. vulgaris (Schmutz et al. 2014) and found 509 

in the same clade as TNLs of the I cluster (Fig. 4).  510 

In common bean, we identified important copy number variation (CNV) of TNLs in the 511 

I cluster with 7 TNLs in G19833 and at least 16 observed in BAT93, which is an 512 

underestimation since a gap is still present in the BAC contig. This is consistent with previous 513 

RFLP analysis where ~24 TNLs were identified in Sprite and ~12 in Calima (Vallejos et al. 514 

2006). Structural heterozygosity at NLR clusters has been correlated with coldspot of 515 

recombination (Choi et al. 2016). In our study, no recombination event could exclude any of 516 

the 16 TNLs as R-BPMV candidate gene. Since recombination during meiosis is known to be 517 

reduced by structural differences (Barragan and Weigel 2021), the suppression of 518 

recombination observed at the I TNL cluster in the cross between BAT93 x JaloEEP558 is 519 

probably the result of TNL CNV in this genomic region between BAT93 and JaloEEP558. 520 

Sequencing of the I cluster in JaloEEP558 will be conducted to further address this question. 521 

Interestingly, suppression of recombination at the I cluster has already been reported during 522 

attempt to clone the I gene (Vallejos et al. 2006) or the By-2 gene conferring resistance against 523 

BYMV and CLYVV (Hart and Griffiths 2015), despite the use of large F2 populations of 3056 524 

and 552 individuals, respectively.  525 

Since the discovery of resistance against BCMV conferred by the I gene in the early 526 

1930s by Ralph Corbett (Pierce, 1934), resistance to eleven other viruses were linked to the I 527 

gene for a total of resistance to 10 potyviruses and 2 comoviruses. R-BPMV is the second R 528 

gene conferring resistance to a comovirus that was linked to the I gene after the R gene against 529 

CpSMV reported by Morales and Singh, (1997). Despite the difference between comoviruses 530 

and potyviruses, the two groups belong to the same taxonomical family (de Haan et al. 1991). 531 

Consequently, it is possible that a single TNL confers resistance against these various viruses. 532 

In our study R-BPMV co-segregates perfectly with the I resistance gene, so we cannot 533 

distinguish whether a single TNL or two different TNL confer resistance to these two viruses. 534 

Indeed, the distance of 0.7 cM previously reported between I and R-BPMV gene (Pflieger et al. 535 

2014) was due to a missing data instead of a true recombination event.  536 

R-BPMV is a gene of great interest from an agronomic point of view. BPMV has been 537 

reported to be a major threat to soybean production in the USA (Giesler et al. 2002; Hill and 538 

Whitham 2014). To our knowledge, no commercially available cultivars of soybean present 539 

complete resistance to BPMV infection. Indeed, screening of 52 North American ancestral 540 
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soybean lines and examination of all public registration articles through 2002 resulted in no 541 

identifiable resistance against BPMV (Wang et al. 2005). Similar results were reported from 542 

screening of 303 soybean cultivars grown in the mid-southern region of the United States 543 

(Shakiba et al. 2012). Closely related species can show NLR lineage-specific expansions or 544 

contractions (Tamborski and Krasileva 2020). Interestingly, our result show that no TNL 545 

corresponding to the I cluster were present in soybean shedding molecular light on the absence 546 

of BPMV resistance in soybean. Common bean and soybean are two closely related species that 547 

diverged ~ 19 Mya (Stefanović et al. 2009) and presenting high level of synteny (David et al. 548 

2009; McClean et al. 2010). Consequently, R-BPMV from P. vulgaris is a precious resource for 549 

the development of BPMV resistant soybean. Transferring a resistance gene from one species 550 

to another has already proven to be successful in numerous plant species. For example, in 551 

Solanaceae, susceptible tomatoes to Xanthomonas have become resistant after the transfer of 552 

Bs2, an R gene from pepper conferring resistance against the bacteria Xanthomonas (Tai et al. 553 

1999). In potato, the Rpi-vnt1.1 R gene from Solanum venturii and the Rpi-mcq1 R gene from 554 

Solanum mochiquense were transferred to a potato variety (Solanum tuberosum) and showed 555 

excellent field resistance against Phytophthora infestans (Jones et al. 2014). Concerning 556 

monocots, in rice, among 60 R genes encoding NLR proteins in maize, sorghum, and 557 

Brachypodium were transferred into rice lines susceptible to rice blast disease caused by 558 

Magnaporthe oryzae. Fifteen of them conferred resistance to one or more strains of rice blast 559 

disease when expressed in a susceptible rice genotype (Yang et al. 2013). Finally, in the 560 

Fabaceae family, a CNL from Cajanus cajan conferred resistance to Phakopsora pachyrhizi 561 

when expressed in soybean (Kawashima et al. 2016). Thus, it seems feasible to transfer the R-562 

BPMV gene in cultivated soybean genotypes to confer a total resistance against BPMV provided 563 

that the downstream signaling pathway is conserved in soybean and that the resistance is 564 

efficient against the BPMV strains occurring in US soybean fields. Consequently, identifying 565 

which TNL from common bean encodes the R-BPMV R gene remains an important task for the 566 

future. In addition, the resistance mediated by R-BPMV is heat-stable up to 35°C, making this 567 

R gene even more attractive in the context climate change (Meziadi et al. 2021). 568 

Conclusion and future work 569 

The I resistance cluster presents many repeated sequences, as illustrated by the difficulty 570 

to generate locus specific markers and the poor quality of BAT93 genome assembly, combined 571 

with a suppression of recombination. Consequently, these pitfalls prevent the use of a mapped-572 

based cloning strategy to identify the molecular basis of R-BPMV gene. Instead, a strategy based 573 
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on the identification of mutants would be more relevant as implemented with success for the 574 

cloning of the N resistance gene in tobacco by insertional mutagenesis with the maize 575 

transposon Ac (Whitham et al. 1994). In common bean, a tilling population of BAT93 is 576 

available (Porch et al. 2009) and should be screened with BPMV and BCMNV to identify 577 

susceptible mutant(s). This will allow to identify which TNL encode(s) I and R-BPMV R genes 578 

and if a single TNL confers resistance to both viruses or if the resistance is conferred by two 579 

distinct TNL genes. In parallel, the complete sequence of the I cluster should be established in 580 

BAT93 and JaloEEP558 taking advantage of recent sequencing technology based on long reads 581 

such as PacBio HiFi (Wenger et al. 2019). 582 

  583 
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Figure captions and Tables 584 

 585 

Fig. 1 Fine mapping of the R-BPMV gene and identification of flanking markers.  586 

A) Location of R-BPMV gene on Linkage Group (LG) B2 based on BAT93 × JaloEEP558 RILs 587 

population (Pflieger et al. 2014) and identification of flanking markers IG19M100a, 588 

IG19M201b, IG19M401b, and IG19M500b (map distances are indicated between molecular 589 

markers and expressed in Kosambi centi Morgans). B) Location on G19833 genome assembly 590 

(Schmutz et al 2014) of markers IG19M100a, IG19M201b, IG19M401b, and IG19M500b; 591 

physical distances between flanking markers are indicated on the left. C) Chromosome 2 from 592 

G19833 genome assembly presenting the distribution of NLR sequences (pink for TIR-NB-593 

LRR, black for CC-NB-LRR). The region corresponding to the I TNL cluster is circled in red. 594 

The light blue part corresponds to the pericentromeric region. 595 

 596 

Fig. 2 Sequence comparison of the I cluster region, located on chromosome 2, between P. 597 

vulgaris G19833 (left) and P. vulgaris BAT93 (right).  598 

The sequence from G19833 is based on Schmutz et al. (2014). The sequence from BAT93 is 599 

based on Vlasova et al. (2016) (Scaffolds 00018 and 00140) and on the BAC contigs UTG0 600 

and UTG1 (this study). In BAT93, one gap is indicated by two black tipped lines. Putative gene 601 

function is listed on the right of each target region in G19833 and BAT93, respectively. Black 602 

lines indicate significant homology matches between predicted genes. Physical location of 603 

PCR-based markers (IG19M201b, M11RB10, IG19M401b) is indicated by blue lines. 604 

 605 

Fig. 3 Microsynteny analysis of the region containing the R-BPMV / I cluster between P. 606 

vulgaris G19833 and Glycine max. Putative gene function is listed on the right of G19833 607 

target region (middle). In Glycine max reference genome target regions, putative gene function 608 

is listed on the left and the right of the chromosome 08 and the chromosome 05, respectively. 609 

Black lines indicate significant homology matches between predicted genes.  610 

 611 

Fig. 4 Phylogenetic analysis of TNLs genes based on amino acid NB domain sequences 612 

(from P-loop to the MHD motif).  613 

Colored rectangles correspond to TNLs from P. vulgaris G19833 reference genome assembly 614 

(PxxGxxxxxx). TNLs from BAT93 BAC contigs (UTG0 and UTG1; this study) are presented 615 

in rectangles boxed in green (PvI-xxx). Rectangles boxed in blue correspond to TNLs from M. 616 

truncatula (Mtxgxxxxxx). TNLs from the I cluster are highlighted with a double green arrow. 617 

The TNL from M. truncatula (Mt8g105820) located in the syntenic region of the I cluster is 618 

shown by a blue arrow. The TNL from P. vulgaris located on chromosome 7 and 619 

phylogenetically linked to TNLs from the I cluster is shown by a pink arrow. 620 
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 621 

Table 1   Common bean cultivated genotypes screened for BPMV resistance and for 622 

MB29530 marker linked to R-BPMV resistance gene.  623 

Gene pool  Cultivated genotype Phenotype after 

BPMV-GFP 

inoculation 

Presence/absence 

of marker 

MB29530 

Mesoamerican  BAT93 R1 + 

Andean JaloEEP558 S2 - 

Andean  G19833 S - 

- Black Valentine S - 

Andean Kaboon  S - 

Andean MDRK S - 

Andean Perry Marrow S - 

Andean Aiguille verte S - 

- Corel R + 

- Rosinha S - 

Mesoamerican AB136 R + 

Andean AFN R + 

Mesoamerican  Cornell 49242 R + 

Mesoamerican G2333 R + 

Mesoamerican Michelite  S - 

Mesoamerican  Mz R + 

Mesoamerican  Pi207262 R + 

Mesoamerican TO R + 

Andean Widusa R + 
1 R: no GFP, 2 S: GFP in inoculated leaf, + /- : presence or absence of the marker, respectively 624 

 625 

Table 2   Common bean wild genotypes screened for BPMV resistance and for MB29530 626 

marker linked to R-BPMV resistance gene. 627 

Country  Wild genotype Phenotype after 

BPMV-GFP 

inoculation 

Presence/absence 

of marker 

MB29530 

MEXICO G11051 S2 - 

ARGENTINA G19898 S - 

GUETAMALA G19908 S - 

BOLIVIA G23442 R1 + 

ECUADOR G23582 R + 

COLOMBIA  G24404 R + 

MEXICO G23429 R + 

HONDURAS G50722 R + 
1 R: no GFP, 2 S: GFP in inoculated leaf, + /- : presence or absence of the marker, respectively 628 

 629 

 630 
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