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 23 

Abstract 24 

Plants have powerful defence mechanisms, and extensive immune receptor repertoires, yet 25 

crop monocultures are prone to epidemic diseases. Rice is susceptible to many diseases, such 26 

as rice blast caused by Magnaporthe oryzae. Varietal resistance of rice to blast relies on 27 

intracellular nucleotide binding, leucine-rich repeat (NLR) receptors that recognize specific 28 

pathogen molecules and trigger immune responses.  In the Yuanyang terraces in south-west 29 

China, rice landraces rarely show severe losses to disease whereas commercial inbred lines 30 

show pronounced field susceptibility. Here, we investigate within-landrace NLR sequence 31 
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diversity of nine rice landraces and eleven modern varieties of indica, japonica and aus using 32 

complexity reduction techniques. We find that NLRs display high sequence diversity in 33 

landraces, consistent with balancing selection, and that balancing selection at NLRs is more 34 

pervasive in landraces than modern varieties. Notably, modern varieties lack many ancient 35 

NLR haplotypes that are retained in some landraces. Our study emphasises the value of 36 

standing genetic variation that is maintained in farmer landraces as resource to make modern 37 

crops and agroecosystems less prone to disease. 38 

 39 

Introduction 40 

Plant immunity requires timely activation of defence mechanisms, based upon detection of 41 

pathogen molecules via either cell-surface or intracellular immune receptors. Evasion of 42 

detection enables pathogens to proliferate and cause disease. When pathogens encounter large 43 

populations of genotypically identical and susceptible crop plants, rapid pathogen propagation 44 

and crop destruction can occur. Resistance (R) genes usually encode intracellular NLR 45 

(nucleotide binding, leucine-rich repeat) immune receptors which detect specific pathogen 46 

effectors (virulence factors) and confer the innate ability to recognise pathogens. Most plants 47 

carry hundreds of NLR-encoding genes1 and display extensive variation at R gene loci. In 48 

host-parasite coevolution, extensive standing variation at these R- genes is critical to cope 49 

with evolutionary diversity in pathogens, which enables sustainable resistance in natural host 50 

populations2. 51 

Genetic diversity in hosts for pathogen recognition can slow epidemics. Variation 52 

between host genotypes in their resistance to different pathogen strains reduces the risk that 53 

the host population is overcome by a single pathogen strain3,4,5. Importantly, population-level 54 

resistance can be thought of as an emergent property resulting from diversity in immune 55 
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receptor repertoires, and a single “perfect” genotype cannot capture this property.  In contrast, 56 

standard plant breeding practice in modern agriculture requires varieties to display uniformity 57 

and reliable performance over a wide range of environments. Such properties of modern 58 

agroecosystems are incompatible with population-level heterogeneity in immune receptor 59 

repertoires. Traditional farming systems tend to rely on genetically heterogeneous mixtures of 60 

traditional varieties, referred to as landraces6, and they often provide effective and sustainable 61 

disease control7. For example, traditional farmers in the Yuanyang terraces in Yunnan (south-62 

west China) cultivate rice landraces that rarely show severe losses to infectious diseases8,9.  63 

About 200 landraces10 are maintained by a traditional social organization involving sporadic 64 

seeds exchange between farmers11. Furthermore, farmers subconsciously carry out varietal 65 

selection by not planting varieties that were heavily impacted by disease in the previous 66 

season11.  This social organization may have contributed to R gene heterogeneity in two ways: 67 

(1) by enhancing spatiotemporal variation in R gene repertoires and intensifying selection 68 

through selective planting, and (2) by increasing gene flow (through the exchange of seeds). 69 

Both processes may have contributed to resistance durability in rice populations grown in the 70 

Yuanyang terraces. 71 

Modern farming practices have profound coevolutionary implications, and these can 72 

be best understood in the light of population genetic theory12-15. During coevolution, 73 

adaptations in one species provoke counter-adaptations in the coevolving species. 74 

Consequently, the direction and intensity of natural selection constantly change16. Assuming 75 

that both antagonists possess sufficient genetic variation to fuel these continuous adaptations, 76 

none of the interacting species gains a sustained fitness advantage. Balancing selection 77 

maintains genetic polymorphisms in host resistance genes due to spatiotemporal variation in 78 

selection pressures posed by the pathogens. In other words, different genetic variants (e.g., 79 

alleles or haplotypes) are favoured in different places and different times, meaning that 80 
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genetic polymorphism can be maintained long-term. This is known as the trench-warfare 81 

model17. Importantly, this also limits the infection incidence (i.e., the number of infected 82 

hosts), because the susceptible host genotype is locally and/or temporally continuously 83 

replaced by a genotype that is resistant to the prevailing pathogen strain. The composition of 84 

the prevailing pathogen strains is itself variable. This makes antagonistic coevolution a zero-85 

sum game with no knockout winners or losers.  86 

In contrast, if there is insufficient host genetic variation, a pathogen strain that can 87 

overcome the defences of the predominant host genotype is likely to cause damaging 88 

reductions in host fitness if the population lacks any resistant host plants. If the host 89 

population survives, the susceptible genotype may be lost completely (because of the 90 

unrestrained, exponential increase of the winning pathogen strain). In turn, this tends to result 91 

in a turnover of sequence variation, and this type of host-parasite coevolution, which matches 92 

the experience of plant breeders releasing new varieties that are monocultures, is known as 93 

the arms-race model17. Modern crops consisting of genetically near-uniform host plants are 94 

ill-equipped to face the co-evolutionary challenges posed by diverse, rapidly evolving 95 

pathogens with a trench-warfare model. Rather, they are forced into an arms-race that requires 96 

a continuous input of novel resistant varieties developed by plant breeders (as well as 97 

agrichemical disease-control measures) to keep pace with their rapidly evolving pathogens. In 98 

other words, the standing variation implied by the trench-warfare model is a “recycle-and-99 

reuse” strategy that is sustainable, whereas the arms-race model uses sequence variation in a 100 

disposable fashion, making it less sustainable. In this study, we examine this coevolutionary 101 

hypothesis (see ref. 2 for an excellent review). 102 

We report here on a study to examine whether indica landraces of the Yuanyang 103 

terraces might show relatively elevated levels of diversity in their NLR immune gene 104 

repertoires, hypothesising that traditional farming practices are better than modern breeding at 105 
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conserving variation. We use RenSeq sequence capture18 to enrich NLR sequences prior to 106 

sequencing, and we designed a set of biotinylated bait sequences to capture NLR-encoding 107 

immune receptors, based on reference genomes of O. sativa ssp japonica and O. sativa ssp 108 

indica (herein referred to as japonica and indica, respectively).  All rice genotypes were 109 

assessed using Illumina sequencing of captured NLRs. We evaluated RenSeq data from 11 110 

japonica, aus, and indica inbreds, and we compared these data to those from 38 accessions 111 

from seven different landraces from the Yuanyang terraces. We evaluated presence/absence 112 

variation and sequence diversity. These analyses revealed a marked depletion of NLR 113 

polymorphisms in the japonica and indica inbred lines and substantial within-landrace NLR 114 

sequence heterogeneity that likely underpins the relatively low incidence of rice blast in 115 

Yuanyang terraces19. We discuss the demographic events and evolutionary forces that can 116 

explain these data. 117 

 118 

Results 119 

Data generation 120 

We selected 49 Asian rice (Oryza sativa) accessions for RenSeq analysis, representing seven 121 

indica landraces (36 accessions), two japonica landraces (two accessions), and eleven modern 122 

varieties of indica, japonica, and aus (11 accessions). Landrace accessions were sampled in 123 

2014 and 2015 in the fields of traditional rice farmers in three villages from the Yuanyang 124 

rice terrace region in Yunnan. RenSeq baits were designed to hybridize with 761 NLR-coding 125 

sequences from japonica and indica rice. To generate a baseline against which to identify 126 

features of polymorphism in genes of interest, 68 accessions were also characterized using 127 

genotyping-by-sequencing (GBS), representing nine landraces and 28 modern varieties 128 

(Supplementary Table 1). After standardizing the number of reads, read-mapping, SNP 129 
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calling, and masking of paralogous calls or other SNPs with excess heterozygosity, the 130 

RenSeq dataset included 40,530 biallelic SNPs (reference sequence: 596 genes, 2.4 Mb) and 131 

the GBS dataset 199,130 biallelic SNPs (reference sequence: 42,031 genes, 99.6 Mb). 132 

 133 

Population subdivision 134 

To understand the genetic relationships among rice subspecies and landraces, and to 135 

investigate signatures of natural selection at the intraspecific level, we inferred population 136 

structure from RenSeq and GBS data using complementary approaches that make no 137 

assumption about Hardy-Weinberg equilibrium and are therefore appropriate to analyse 138 

structured or inbred populations. Both clustering analyses with the SNMF software20 139 

(Supplementary Figure 1) and neighbor-net phylogenetic networks21 (Figure 1) revealed 140 

consistent patterns that split genetic variation primarily by type of rice: aus, modern temperate 141 

japonica, modern tropical japonica, modern indica, indica landraces, japonica landraces. 142 

Within indica landraces, accessions from the same variety tended to cluster together, except 143 

for three Acuce accessions that clustered with Baijiao accessions, and one Baijiao accession 144 

that clustered with Hongyang2 (Figure 1; Supplementary Figure 1). Note that by plotting the 145 

two networks in the same scale, the GBS network would be much more compact than the 146 

RenSeq network. This indicates that the level of differentiation is higher at NLRs compared to 147 

the remainder of the genome, consistent with directional (positive) selection on the NLRs. 148 

Clustering analyses further revealed that Acuce accessions V18 and B06, and 149 

Hongjiao accession H05, had mixed ancestry in multiple clusters at most K values 150 

(Supplementary Figure 1), and did not branch with other accessions from the same varieties in 151 

the neighbor-net network (Figure 1). These accessions likely represent genetically 152 

introgressed (hybrid) lineages. 153 
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 154 

Demography of modern varieties and landraces 155 

We used GBS sequences in non-NLR genes to explore how population history shaped 156 

patterns of genome-wide polymorphism in the different rice populations. Nucleotide diversity 157 

(π) differed significantly between populations (Kruskal-Wallis test: H=11330.1, d.f.=6, p 158 

<0.001), and most post-hoc pairwise comparisons were statistically significant (p<0.001; 159 

Mann-Whitney tests with Bonferroni-Holm correction; Supplementary Figure 2). Seven 160 

indica landrace accessions harbored almost as much nucleotide diversity (from π=0.00089/bp 161 

to π=0.00108/bp across 30 random resamples including only one accession per population) as 162 

eleven modern indica varieties (π=0.00107/bp), and more nucleotide diversity than seventeen 163 

modern japonica varieties (π=0.00060/bp; Figure 1C; Supplementary Figure 2; 164 

Supplementary Table 2; Supplementary Figure 3). Nucleotide diversity in individual 165 

landraces ranged from π=0.00018/bp in Xiaogu to π=0.00075/bp in Acuce (Figure 1C; 166 

Supplementary Figure 2; Supplementary Table 2; Supplementary Figure 3). These patterns of 167 

polymorphism indicate that farming practices have maintained a relatively high level of 168 

genome-wide standing variation in landraces. 169 

The frequency distribution of polymorphisms, as measured by Tajima’s D, indicated 170 

that modern landraces and varieties have experienced distinct evolutionary and/or 171 

demographic processes. The average D across GBS loci was close to zero across all indica 172 

landraces as a group (from D=-0.046 to D=0.249 across 30 random resamples including only 173 

one accession per population), indicating mutation-drift equilibrium. In other words, there is 174 

no evidence of selection or significant demographic changes across the indica landraces. In 175 

contrast, at the scale of individual landraces, the average D indicated an excess of low 176 

frequency variants in Acuce (D=-0.339), Baijiao (D=-0.242), Xiaogu (D=-0.095), and a shift 177 

toward higher frequency alleles in Hongjiao (D=0.686) and in the two populations of modern 178 
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varieties (indica: D=0.444; japonica: D=0.473) (Supplementary Table 2; Supplementary 179 

Figure 2). This indicates that the individual landraces have followed distinct demographic 180 

histories and/or selection pressures and represent distinct populations with unique 181 

evolutionary histories. 182 

To more accurately estimate the demographic history of the different rice groups, we 183 

used coalescent simulations within an Approximate Bayesian Computations (ABC) 184 

framework22 to compare demographic models. Posterior probabilities supported different 185 

demographic models for individual landraces. The best-supported models were an exponential 186 

growth model for Acuce and Baijiao, a bottleneck model for Xiaogu, and a two epochs model 187 

with population contraction for Hongjiao (Supplementary Table 3; Supplementary Figure 4). 188 

For indica landraces as a group, the constant size model was the best supported, while two 189 

epochs model with population contraction had higher posterior probabilities for indica and 190 

japonica. Different landraces had different population dynamics, likely due to changes in their 191 

popularity with farmers. Nevertheless, when considering the landraces as a single 192 

metapopulation, the demography of rice in the Yuanyang terraces remained constant, with 193 

temporal changes experienced by distinct landraces cancelling each other out. This suggests 194 

that the traditional agroecosystem kept the total metapopulation size relatively constant over 195 

centuries.  196 

The area occupied by modern varieties is much larger than the terraces of Yuanyang, 197 

which implies that the modern varieties have a larger census population size than all landraces 198 

combined. However, our demographic modelling points to a decreasing population size, 199 

which reflects the fact that modern agroecosystems are based on the cultivation of a limited 200 

number of related genotypes. Despite their larger census population size, the modern varieties 201 

are likely to experience more genetic drift and/or selective sweeps than the landraces, which 202 
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exposes modern varieties to genomic erosion23. In the following, we use the demographic 203 

histories inferred from GBS loci as baselines to test for selection at NLRs. 204 

 205 

Linking NLR diversity to function and presence/absence variation 206 

Before testing the impact of selection at NLRs, we first examined the factors accounting for 207 

the molecular variability of NLRs. To test whether variation was evenly distributed among 208 

the different protein domains of NLRs, we used INTERPRO to define domains and computed 209 

summary statistics at the scale of domains. Nucleotide diversity (π) and the ratio of non-210 

synonymous to synonymous nucleotide diversity (πN/πS) differed significantly between 211 

protein domains both at the species-wide scale (Kruskal-Wallis test: H=18.4, d.f.=3, p=0.001 212 

for π; H=20.4, d.f.=3, p=0.0004 for πN/πS; Figure 2) and at the scale of individuals varieties 213 

and landraces (Supplementary Table 4; Supplementary Figure 5). Nucleotide diversity at the 214 

leucine-reach repeats (LRR) was significantly higher than nucleotide diversity at the coiled-215 

coil (CC), and nucleotide-binding (NBARC24) domains (Post-hoc Mann-Whitney test: 216 

p=0.016 and p =0.037, respectively; Figure 2A), and the πN/πS at the LRR was significantly 217 

higher than πN/πS at the CC domain (Post-hoc Mann-Whitney test: p=0.0006; Figure 2A). 218 

Nucleotide diversity in coding sequence was most strongly correlated with nucleotide 219 

diversity in LRR compared to nucleotide diversity in the CC or NBARC domain (Figure 2B). 220 

We conclude that LRR variation is the best predictor of NLR molecular diversity, consistent 221 

with the central role of the LRR domain in recognition, and thus in trench warfare coevolution 222 

with cognate ligands. 223 

We used normalized read mapping depth to investigate the impact of presence/absence 224 

variation on the molecular variability of NLRs. At the species level, we found significant 225 

positive correlations between presence/absence diversity and nucleotide diversity 226 
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(Spearman’s rank correlation coefficient ρ=0.25, p<0.001) (Figure 3A). Species-wide 227 

nucleotide diversity π was significantly higher in core NLRs compared to accessory NLRs 228 

(π=0.00455 for core NLRs, π=0.00338 for accessory NLRs; core NLRs are present in all 229 

accessions of all subsamples of two accessions from a given population; Figure 3B), and the 230 

same pattern was observed at the population level except in Xiaogu (Mann-Whitney U tests, 231 

p<0.0001; Supplementary Figure 6). The maintenance of greater nucleotide diversity in core 232 

NLRs compared to accessory NLRs suggests stronger balancing selection could be acting on 233 

core NLRs. 234 

NLRs showed remarkable levels of presence/absence variation. Approximately 50% 235 

of the NLRs (358 NLRs out of the 596 NLRs used as reference sequences for read mapping) 236 

were present in all accessions of all populations of modern varieties and landraces, and these 237 

can be considered species-level core-NLRs. Of the remainder, ca. 30% were present in less 238 

than 90% of all accessions (Figure 3C). At the population level, the number of core-NLRs 239 

was similar in modern varieties (451 in japonica, 465 in indica) and in landraces (460 in 240 

Acuce, 482 in Xiaogu, 473 in Baijiao, 459 in Hongjiao; Figure 3D), and most NLRs that were 241 

core in a given population were core in all populations (Supplementary Figure 6). 242 

Interestingly, though, the variation in number of NLRs per population was higher in landraces 243 

than in modern varieties (Figure 3E).  Presence/absence variation in NLR repertoires was 244 

significantly higher for landraces from different populations (median = 73) than for modern 245 

varieties of different japonica types (median = 65), (Mann-Whitney, W = 513434.0, 246 

p=0.0104). In other words, two randomly picked plants from two landraces differ more in 247 

their NLR repertoire than two randomly picked plants from temperate or tropical rice 248 

populations. All NLRs from the chromosome 7 of the indica reference genome were missing 249 

in all accessions of Acuce and Xiaogu (Supplementary Figure 6). Population-level presence 250 
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frequency distributions followed the same reversed L-shaped distribution at the species-wide 251 

level (Supplementary Figure 6).  252 

 253 

Impact of balancing selection on overall NLR variation.  254 

Comparisons of nucleotide diversity (π) at NLRs between landraces and varieties further 255 

revealed statistically significant differences between indica modern varieties and individual 256 

landraces, as well as between indica modern varieties and indica landraces as a group (i.e., 257 

measured using only one seed per bag of seeds) (Kruskal-Wallis test: H=814.1, d.f.=6, 258 

p<0.0001; Mann-Whitney post-hoc tests in Supplementary Figure 7). Individual landraces 259 

(“bag of seeds”) harbored 7% (in Xiaogu) to 56% (in Acuce) of the total nucleotide diversity 260 

measured in modern indica. Even more remarkably, a single “bag of seeds” of Xiaogu and 261 

Acuce contained 17% to 134%, respectively, of the nucleotide diversity measured in all 262 

modern japonica. Seven indica landraces displayed similar or significantly higher nucleotide 263 

diversity (from π=0.00343/bp to π=0.00436/bp, across 30 independent resamplings of one 264 

accession per “bag of seeds”) than four modern indica (π=0.00343/bp) and six modern 265 

japonica (π=0.00144/bp; Figure 2; Supplementary Table 2; Supplementary Figure 7). The 266 

observed differences in nucleotide diversity indicate that traditional breeding of landraces 267 

maintained higher molecular diversity at immune receptors than breeding and improvement of 268 

modern varieties. This result thus corroborates the demographic analysis, showing that 269 

modern varieties experienced more genomic erosion than the landraces. Given that the census 270 

population size is likely to be larger for the modern varieties, the difference in genomic 271 

erosion is likely to be the result of differences in selection pressures. In particular, modern 272 

varieties may have experienced more intense directional selection (potentially resulting in 273 

selective sweeps), and/or conversely, landraces may have experienced more balancing 274 

selection that maintained diversity at their NLRs.   275 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 8, 2022. ; https://doi.org/10.1101/2022.12.05.519081doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.05.519081
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 12

To test for balancing selection at NLRs as a group, we corrected for the deviation from 276 

the standard demographic equilibrium by simulating datasets of similar number of sequences 277 

and loci as the observed NLR datasets according to the best supported demographic models 278 

estimated from GBS data. Nucleotide diversity π observed in RenSeq data was higher than 279 

expected in all populations (p<0.0001) and Tajima’s D was higher than expected in all 280 

populations (p<0.0001) except Xiaogu and Hongjiao (p=0.115 and p=0.293, respectively; 281 

Supplementary Figure 8). Higher nucleotide diversity at NLRs was also supported by 282 

comparisons between GBS sequences from NLR and non-NLR genes (Supplementary Table 283 

5). Assuming that the mutation rate is not elevated at NLRs, these findings indicate that in 284 

both modern varieties and landraces, balancing selection has maintained molecular variation 285 

at NLRs. This analysis thus rules out that directional selection (or selective sweeps) has 286 

resulted in more severe genomic erosion of NLRs in modern varieties. (Note that this does not 287 

preclude the possibility that directional selection in modern varieties may have eroded genetic 288 

diversity elsewhere in their genome). Next, we examined whether landraces may have 289 

experienced more balancing selection than modern varieties, which is an alternative 290 

hypothesis that could explain their relatively elevated NLR diversity.  291 

 292 

Search for NLRs under balancing selection 293 

To identify NLRs under balancing selection, we mapped the observed values of nucleotide 294 

diversity π and Tajima’s D of each NLR on the joint density of (π, D) expected under 295 

selective neutrality while accounting for the demographic history of each group. NLRs were 296 

identified as under balancing selection if falling in the top 5% of π and D values calculated on 297 

datasets simulated under the best supported demographic models. Five and 19 NLRs were 298 

identified as being under balancing selection in modern indica and japonica, respectively 299 

(Supplementary Table 6). Across all individual landraces, on average 35.3 NLRs were 300 
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identified to be under balancing selection in 30 resamplings of one accession per landrace 301 

(standard deviation: 3.3; range: 31 – 41; Figure 4A; Supplementary Table 6). This analysis 302 

conclusively shows that overall, NLRs in landraces appear to be under stronger balancing 303 

selection compared to NLRs in modern varieties, and this could explain why the NLR 304 

diversity of landraces is so highly elevated. 305 

Fourteen NLRs deviated from selective neutrality in all 30 resamplings. Chromosome 306 

11 harbored most of the NLRs under balancing selection, with one NLR in indica, five NLRs 307 

in japonica and five to eleven NLRs in 30 resamplings of indica landraces (Supplementary 308 

Figure 9. Three NLRs (BGIOSGA022757, BGIOSGA024307, BGIOSGA033570) were 309 

under balancing selection in both japonica and indica landraces and one NLR 310 

(BGIOSGA028563) was under balancing selection in both indica and indica landraces 311 

(Supplementary Table 6). 312 

πmax, which represents the maximum number of pairwise differences and measures the 313 

maximum depth of gene genealogies, was significantly higher in all 30 resamplings of indica 314 

landraces than modern indica and japonica varieties (one-sided Mann-Whitney U tests; 315 

p<0.05; Figure 4B), indicating that indica landraces have kept older NLR alleles than modern 316 

varieties. For instance, unlike landraces, modern indica varieties lacked NLRs with πmax in the 317 

range 0.089-0.145, which corresponds to a minimal allelic divergence of T=6.8 million years 318 

(assuming πmax=2µT, with µ=6.5e-9/bp25). NLRs had deeper genealogies in indica landraces 319 

(across 30 resamplings: average πmax: 0.0317-0.0319, median πmax: 0.0204-0.0225, max πmax: 320 

0.103) than in modern indica or japonica varieties, which showed more recent common 321 

ancestry of alleles (in indica, average πmax: 0.013, median πmax: 0.014; max πmax: 0.019; in 322 

japonica, average πmax: 0.029, median πmax: 0.020, max πmax: 0.078; Figure 4C). These 323 

patterns indicate that, compared with landraces, ancient NLR polymorphisms have been lost 324 

due to more severe genomic erosion in modern varieties.   325 
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Among NLRs under balancing selection in indica landraces featured gene RGA4 326 

(BGIOSGA034263), which is involved in resistance to rice blast. RGA4 was under balancing 327 

selection in 22 out of 30 resamplings of one accession per landrace, and displayed relatively 328 

high values of nucleotide diversity π and Tajima’s D in indica landraces (across 30 329 

resamplings: average π= 0.0062, standard deviation π=0.0005; percentile range π=[69.7%-330 

80.4%], D=1.925, standard deviation D=0.51, percentile range D=[31.9%-97.0%]) as well as 331 

in modern indica (π=0.0051, percentile(π)=79.1%, D=0.887, percentile(D)=65.1%) and 332 

japonica varieties (π=0.0053, percentile(π)=82.9%, D=0.302, percentile(D)=40.2%). 333 

Maximum-likelihood gene genealogy revealed standing variation exclusive to the landraces at 334 

RGA4 (Figure 5A). The high molecular diversity detected at RGA4 was mostly driven by the 335 

LRR domain in indica landraces, and the LRR and NBARC domain in modern indica 336 

varieties (Figure 5B). In addition to RGA4, five other NLRs, out of the 32 NLRs with a 337 

signature of balancing selection in indica landraces, were involved in head-to-head pairs of 338 

NLRs, which is more than expected by chance (Fisher exact test, p=0.0014). More generally, 339 

paired NLRs harbored significantly more nucleotide diversity, and more anciently diverged 340 

alleles than other NLRs in indica landraces (Supplementary Figure 10; one-sided Mann-341 

Whitney tests with Bonferroni-Holm corrections; π: H=3063.0, p=0.030; πmax: H=4727.0, 342 

p=0.006). Nucleotide diversity values within head-to-head pairs were also correlated (π: 343 

Spearman’s ρ=0.76, p=0.005) (Supplementary Figure 10). Such signatures of coevolution 344 

were not observed for the RGA4/RGA5 pair. RGA5, the NLR which binds to effectors AVR-345 

Pia and AVR-CO39, was polymorphic at the species level, but monomorphic in indica 346 

landraces and modern japonica and indica. RGA5 was also less frequent than RGA4: while 347 

RGA4 was detected in all 49 accessions, RGA4 was present in only 22. 348 

 349 

Impact of recurrent directional selection on NLR variation.  350 
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Pathogen-mediated balancing selection is likely to be ancient, which is suggested by the 351 

observed deep gene genealogies of NLRs. To examine this further, we identified NLRs with 352 

signatures of adaptation acting over longer time periods in modern varieties and landraces. 353 

We therefore used a Bayesian extension of the McDonald-Kreitman test implemented in the 354 

SnIPRE program26. In particular, we compared polymorphism and divergence at synonymous 355 

and non-synonymous sites in NLRs for which an orthologous sequence could be identified in 356 

the outgroup O. barthii. In both indica landraces and modern indica varieties, we detected 357 

widespread purifying selection against strongly deleterious mutations in almost all NLRs. 358 

Purifying selection thus reduces the genetic load in almost all NLRs, indicating that their 359 

nucleotide sequence is functionally constrained. Nevertheless, between one to four NLRs 360 

from the 285 polymorphic NLRs with outgroup data showed evidence of directional selection 361 

across the 30 resampled groups of indica landraces (Supplementary Table 7; Supplementary 362 

Figure 11). Three NLRs (BGIOSGA027982, BGIOSGA040540, BGIOSGA024574) showed a 363 

consistent signature of directional selection, being flagged up in >14 of the 30 resampled 364 

groups of indica landraces (Figure 6). In contrast, none of the NLRs displayed significant 365 

directional selection in modern indica and japonica (Figure 6). Apparently, some NLRs show 366 

evidence of adaptive evolutionary change, possibly in response to changes in pathogen 367 

pressures, but this signature is only observed in indica landraces, not in modern indica and 368 

japonica. 369 

Differences between the landraces and modern varieties were also revealed when 370 

analysing and comparing the selection coefficient γ and the constraint coefficient 1 – f using 371 

the SnIPRE program. Both statistics were significantly different between indica landraces and 372 

modern indica varieties in 28 and 30 resampled indica landraces groups, respectively (Mann-373 

Whitney U tests, p<0.05; Supplementary Table 7). Furthermore, the mean values of both 374 

coefficients were greater in indica landraces than modern indica varieties for all 30 resampled 375 
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groups (Figure 6; Supplementary Figure 11). Again, these analyses suggest that more 376 

adaptive evolutionary changes are occurring in the indica landraces than in the modern 377 

varieties. Our data are consistent with the hypothesis that NLR diversity plays a role in 378 

population-level resistance against rice pathogens, and suggest that landraces also provide a 379 

rich source of additional recognition capacities that could be recruited into modern varieties. 380 

 381 

Discussion 382 

We used a combination of RenSeq sequence capture and Illumina sequencing to provide a 383 

comprehensive overview of nucleotide polymorphism at NLR-encoding loci in 49 accessions 384 

of O. sativa. In all modern and landrace populations, nucleotide diversity at NLRs was 385 

consistently higher than at other loci characterized using genome complexity reduction 386 

sequencing, and significantly higher than predicted from models of neutral evolution fitted to 387 

the other loci. NLRs thus appear to be highly variable in plant genomes at the intraspecific 388 

level, similar to other types of immune receptors outside the kingdom Plantae27-30. The high 389 

diversity of NLRs is consistent with their involvement in coevolutionary interactions with 390 

pathogen-derived ligands that impose strong selection on NLRs17,31. Pathogen-mediated 391 

selection can result in balancing selection (which maintains diversity), and/or directional 392 

selection (which results in changes in variation). If directional selection changes across time 393 

and space, for example due to changes in the composition of local pathogen communities, 394 

directional selection can act like balancing selection, and help to maintain diversity 16. 395 

Fundamentally, whether selection is directional or balancing determines the mode of 396 

coevolution; it leads to a Red Queen arms race with tit-for-tat changes and a transient 397 

polymorphism, or it may result in a trench warfare model with a long-lasting standing 398 

variation and balanced polymorphisms17.  399 
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Not all NLRs are hypervariable, and the observed range in patterns of diversity 400 

included ~20% loci without polymorphism. Lack of diversity might reflect the fact that some 401 

NLRs can contribute to downstream signaling32, which may impose strong purifying selection 402 

to maintain the function. However, no helper NLRs have been functionally defined in grasses.  403 

Some NLRs such as ZAR1 have a broadly conserved role in detecting effector manipulation 404 

of protein kinases involved in signal transduction. We are skeptical that the number of rice 405 

NLRs we observed that show little diversity can be thus explained.  Strong directional 406 

selection (e.g., by a ubiquitous, dominant pathogen) can also reduce variation by fixing a 407 

(likely temporarily) selectively favoured allele. The correlation between the diversity of the 408 

coding sequence of NLRs with the diversity of their LRR domains suggests that the main 409 

driver of the diversification of NLRs is the selective pressure exerted on this domain, and 410 

therefore on the recognitional capacity of the NLR. 411 

Another important observation is that indica landraces carry significantly more 412 

nucleotide diversity at NLRs than modern indica and japonica varieties. Similarly, the 413 

presence/absence variation in number of NLRs per population was also higher in landraces 414 

than in modern varieties. The high diversity is not only observed at the scale of the 415 

agroecosystem, but it is also observed within landraces; there is as much nucleotide diversity 416 

in nine individual lines from the 'Acuce' accession as in six japonica modern varieties. In 417 

other words, nine individual plants of a landrace may possess as much NLR diversity as what 418 

could be found among billions of individuals of modern japonica. The lack of diversity in 419 

modern varieties is evidence of substantial genomic erosion, and it is likely to have negative 420 

coevolutionary consequences for the long-term sustainability of disease-resistant rice. 421 

We show here that balancing selection is an important driver of the high diversity in 422 

NLRs of landraces. Both in modern varieties and landraces, balancing selection has elevated 423 

nucleotide diversity at the NLRs relative to that elsewhere in the genome. However, after 424 
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controlling for differences in demographic histories, we found a greater number of genes 425 

under balancing selection across indica landraces than in the modern varieties. We also found 426 

that, compared to landraces, modern varieties are depleted in ancient polymorphisms that 427 

have been maintained by balancing selection. This observation is consistent with the evidence 428 

of stronger balancing selection (i.e., higher the selection coefficient γ), and with the fact that 429 

several NLRs were only found to be under balancing selection in indica landraces. 430 

In addition to genes under balancing selection (i.e. genes with an excess of nucleotide 431 

diversity) being exclusively found in indica landraces, we also identified three genes under 432 

recurrent directional selection (i.e. genes with an excess of non-synonymous substitutions) 433 

that were unique to this group. The number of genes under strong directional selection is 434 

likely underestimated as only 285 NLRs displayed outgroup data and could thus be included 435 

in the analysis. Regardless of this limitation, we were surprised to find fewer signals of 436 

directional than balancing selection in NLRs in general, as modelling of finite populations 437 

also suggests that signatures of directional selection are more likely to be observable than 438 

signatures of balancing selection33. We also did not expect to detect evidence for directional 439 

selection only in landraces and not in modern varieties. Naively, one might expect arms race 440 

coevolution to be more widespread in modern agroecosystems, where NLRs with new 441 

resistance specificities are deployed and quickly overcome (boom-and-bust dynamics). 442 

However, such coevolution could also play a role in traditional agroecosystems, where 443 

farmers have used the same landraces for centuries, being able to select from a multitude of 444 

landraces. The resistance breaking of a single NLR allele is then of little concern because 445 

there are other varieties with different alleles that confer resistance. The susceptible allele 446 

may then be replaced, or at least reduced in prevalence, leaving a signature of directional 447 

selection, but without risk to rice harvest. Although this is a plausible hypothesis, we must 448 

note that these differences in numbers of NLRs under positive selection could partly be 449 
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because our ability to detect directional selection may be reduced in modern varieties due to 450 

their lower diversity. 451 

An interesting case of an NLR under balancing selection in the landraces is RGA4. 452 

RGA4 is a helper NLR that interacts functionally with the sensor NLR RGA5, which 453 

recognizes the Magnaporthe oryzae effectors AVR-Pia and AVR1-CO39 or with the sensor 454 

NLR Pias-2 that detects the sequence-unrelated M. oryzae effector AVR-Pias34-37. RGA5 455 

carries a non-canonical heavy metal-associated (HMA) domain after its LRR that directly 456 

binds AVR-Pia and AVR1-CO39 which is crucial for their detection38,39. Pias-2 harbors a 457 

completely different integrated domain40 of unknown function (DUF761) whose role in 458 

effector recognition remains unknown37. The canonical NLR domains of RGA5 and Pias-2 459 

have limited sequence similarity (59.8 % identity) while the RGA4 alleles coupled either with 460 

RGA5 or with Pias2 are highly identical (96.6 %) and functionally interchangeable. The 461 

RGA4/RGA5 and Pias1/Pias2 haplotypes also occur in wild rice species together with four 462 

additional RGA5 alleles that have even other integrated domains37. Population genetics and 463 

comparative genomics analyses indicate that balancing selection maintains these multiple 464 

RGA4/RGA5 alleles with contrasting recognition specificities across speciation in multiple 465 

species of the Oryza genus35,37. Our study shows that such balancing selection occurs also at 466 

the population level, within landraces, thereby potentially providing complementary 467 

protection against isolates with different virulence effectors. Interestingly, previous work has 468 

shown that in the Yuanyang terraces the effector AVR-Pia is absent from most M. oryzae 469 

isolates collected on indica landraces while it occurs at high frequency in isolates from 470 

japonica rice, on which it confers a gain in virulence9. Here, we report that RGA4 is present at 471 

high frequency and under strong balancing selection in indica landraces, with high diversity 472 

in the LRR domain. Under the interaction model described above, it is probably RGA5 or 473 

Pias-2 that are the main targets of coevolutionary interactions with fungal effectors and the 474 
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signatures of balancing selection detected in RGA4 are a byproduct that results from 475 

compensatory changes in the helper induced by coevolution-driven changes in the sensors. 476 

The lack of variation detected in the CC domain is consistent with the fact that RGA4 and 477 

RGA5 interact through this domain36. Why then would compensatory changes take place in 478 

the LRR? One possibility is that RGA4 is not solely a helper NLR and has some other 479 

important function related to the response to other effectors, and thus that the observed 480 

changes in LRR are in fact not all driven by selection on its head-to-head partner. 481 

Rice NLRs show not just SNP variation, but also presence/absence variation. Our data 482 

are summarized in Fig 3. When all accessions are compared, a slight majority of NLRs (~ 350 483 

/ ~ 600) are present in all investigated accessions (Fig 3A, Fig 3C- note the log scale in Fig 484 

3C). A few NLRs are present in a minority of accessions. Other researchers have classified 485 

the conserved and presence/absence variable NLRs as “core” and “dispensable” 41, though we 486 

would argue that since polymorphism for recognition capacity underpins resistance and 487 

selects against specialist races of Magnaporthe oryzae42,43, the term “dispensable” conveys a 488 

misleading impression of lack of utility. Remarkably, presence/absence variation within land 489 

races mimics SNP variation, in that variation in number of NLRs within land races was higher 490 

than in japonica or indica varieties. 491 

In aggregate, our work shows that rice NLRs represent a highly variable gene family, 492 

and that this variability is particularly high in landraces from the Yuanyang terraces. We 493 

found hints in the data for positive selection, but indications of balancing selection were more 494 

evident and pervasive than indications of directional selection. Therefore, the data tend to 495 

provide more support to the trench warfare hypothesis over the arms-race hypothesis as a 496 

general coevolutionary model for this class of genes. Integrated domains and LRRs seem to 497 

be the preferred target of balancing selection, consistent with their role in the recognition of 498 

pathogen-derived ligands. The effect of trench warfare is visible in the maintenance of high 499 
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values of the πmax statistic in the landraces, which indicates the maintenance of ancient NLR 500 

alleles in these populations. Understanding how elevated NLR diversity and enrichment in 501 

older alleles reduce the burden of disease in traditional agroecosystems may help re-502 

engineering modern crops and agroecosystems to make them less conducive to extant and 503 

emerging diseases. 504 

 505 

Materials & Methods 506 

Design of a rice RenSeq bait-library and application to explore NLR diversity  507 

RenSeq analysis was performed on 49 rice accessions (Supplementary Table 1), representing 508 

seven indica landraces (36 accessions), two japonica landraces (two accessions) and eleven 509 

modern varieties of indica, japonica and aus. The nine landraces were represented by thirty-510 

eight accessions, which are part of a rice diversity collection (single panicle descendants) 511 

established in 2014 and 2015 by sampling individual plants in the fields of traditional rice 512 

farmers in three villages (Xiaoshuijing, Xinjie, Qingkou) in the Yuanyang rice terrace region 513 

in Yunnan province (China). Thirty-one landrace accessions were selected as representatives 514 

of the genetic diversity of four major landraces cultivated in this region: Acuce (7 accessions), 515 

Baijiao (9 accessions), Hongjiao (8 accessions) and Xiaogu (8 accessions). Three accessions 516 

correspond to the Hongyang2 variety, a true breeding line bred from landrace germplasm and 517 

widely cultivated in the Yuanyang terraces in recent years. Three accessions are glutinous 518 

rice: Zinuo (indica), Huangpinuo (japonica) and Nuogu (japonica). Japonica rice is cultivated 519 

on limited surfaces in the Yuanyang terraces, ca. 5% of total rice acreage. The eleven modern 520 

varieties were selected in a collection44 representative of the world-wide rice phenotypic and 521 

genetic diversity (temperate japonica: four varieties, tropical japonica: three varieties, indica: 522 

four varieties, aus: one variety).  523 
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We designed a bait library capable of hybridizing to a wide variety of Asian rice 524 

NLRs. We characterized the NLR complements in the genomes of the japonica rice reference 525 

variety Nipponbare (MSU Rice Genome Annotation Project Release 745) and the indica rice 526 

reference variety 93-1146  by three different approaches: (1) searching NBARC domain-527 

coding sequences (containing Pfam|PF00931 motif) in the CDS of both genomes with 528 

PFAMSCAN
47; (2) identifying NLRs among CDS of both genomes with NLR PARSER v1 529 

48using default parameters followed by removing those with an NBARC domain coding 530 

sequence shorter than 500 or longer than 1100 nucleotides; (3) recovering the NLR 531 

repertoires identified by Luo et al.49 in the Nipponbare and 93-11 genomes and filtering them 532 

for presence the NBARC domain (Pfam|PF00931). Redundancy within the japonica and the 533 

indica NLR gene sets was removed by positional information of the corresponding genes. In 534 

addition, to further remove redundancy in the NLR repertoire, NLRs whose NBARC -coding 535 

sequences were more than 95% identical between japonica and indica NLRs or among indica 536 

NLRs were removed by keeping the homolog with the longest NBARC domain. From the 537 

resulting set of 761 NLR sequences, 21,000 baits of 120 nucleotides and with 20 bp overlap 538 

were designed using a proprietary script from Arbor Bioscience (https://arborbiosci.com/). 539 

These oligos were aligned to the Nipponbare and 93-11 genomes with BLASTN and 540 

oligonucleotides with more than 10 perfect matches per genome were excluded.  541 

Genomic DNA was extracted from two weeks-old rice seedling using a CTAB 542 

method50. Enrichment and library preparation were carried out as described in Witek et al.18,51. 543 

Post-enrichment samples were sequenced using Illumina HiSeq 2500. We mapped RenSeq 544 

reads against a reference set of NLR sequences identified in Ensembl Plants Genes database 545 

(O. sativa indica ASM465v1 version 43, O. sativa japonica ASM465v1 version 45) using the 546 

BioMart utility to filter gene IDs with Interpro entry IPR002182 (NBARC domain). To avoid 547 

redundancy among sequences caused by orthology between O. sativa indica and O. sativa 548 
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japonica, and because 36/38 of the landraces included in our dataset are of indica type, we 549 

determined orthology relationships between O. sativa indica and O. sativa japonica 550 

sequences, and retained a final set combining all O. sativa indica sequences with O. sativa 551 

japonica sequences having no ortholog in O. sativa indica (Supplementary Table 8). Blast-n 552 

analysis revealed that 593 of the 596 reference sequences had a minimum identity of 69% 553 

with sequences used as baits (Supplementary Table 8).  554 

Raw Illumina paired-end reads from 49 rice accessions were aligned to the FASTA 555 

file of 596 NLR gene sequences using BOWTIE v2.3.552 with the option –very-sensitive and the 556 

rest all defaults to produce 49 BAM files that were then sorted using SAMTOOLS (v1.9) 557 

tool53,54. 558 

Illumina sequencing of captured RenSeq sequences provided 3,702,690 pairs of 559 

paired-end reads per accession on average (standard deviation: 4,462,281; min: 937,145; max: 560 

27,528;626; Supplementary Table 9; Supplementary Figure 12). Variability in the number of 561 

reads, in particular between landraces and domesticates, had an impact on the proportion of 562 

sites covered and the coverage (Supplementary Figure 13; Supplementary Figure 14). In order 563 

to reduce the impact of the heterogeneity in the number of reads in our analysis of 564 

presence/absence and nucleotide diversity, we standardized our dataset to the same level of 565 

average sequencing depth, by randomly subsampling 937,145 pairs of reads for landraces and 566 

2,342,863 pairs of reads for domesticates (937,145 is the number of pairs of reads of the less 567 

deeply sequenced accession V11; 2,342,863 is 937,145*2.5). This procedure reduced 568 

coupling between the number of reads and sequencing depth statistics (Supplementary Figure 569 

13; Supplementary Figure 14), as observed by computing the standard deviation of 570 

sequencing depth across NLRs, which decreased from 219.3 to 10.8 (Supplementary Figure 571 

15 Supplementary Table 9).  572 
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NLRs present copy number variation, so a substantial fraction of heterozygous calls is 573 

expected to result from hidden paralogy. Alleles at the same NLR locus can also vary in their 574 

affinity to sequencing baits, which can also influence the detection of heterozygosity. To 575 

identify and remove erroneous calls caused by hidden paralogy while controlling for allele 576 

imbalance, we used a SNP caller that explicitly models these two features. SNP calling was 577 

carried out using READS2SNP 2.055-57 using 2592 combinations (Supplementary Table 10) of 578 

the following parameters: min (minimal number of reads required to call a genotype), th1 579 

(minimal posterior probability required to call a genotype), par (filtering for SNPs caused by 580 

hidden paralogy), th2 (maximal p-value required to reject a paralogous SNP), aeb (accounting 581 

for allelic expression bias), fis (inbreeding coefficient), bqt (filtering out positions of quality 582 

below threshold), rqt (filtering out reads of mapping quality below threshold). To select the 583 

best combination of SNP calling parameters, we computed the number of segregating sites (S) 584 

and inbreeding coefficient (Fis) at NLRs for the group of four indica varieties in each of the 585 

2592 SNP sets and compared with the values obtained for six random samples of four indica 586 

accessions from the three thousand rice genome dataset, referred to as 3KRG indica reference 587 

datasets 58. We computed the Euclidian distance between (Fis,S) estimated for the indica 588 

group in the 2592 SNP sets and for the three thousand rice genomes (3KRG) dataset, and by 589 

minimizing this distance we selected the “best” (or most comparable) SNP dataset with the 590 

lowest deviation from the 3KRG dataset. SNPs occurring in NLRs in Ref. 58 were identified 591 

by mapping protein sequences of our reference set of NLR against their older version of the 592 

93-11 genomic sequence using Exonerate59. Four hundred eighty-eight of our reference set of 593 

519 NLRs could be identified. Summary statistics S and Fis were computed using the Python 594 

package scikit-allel v. 1.3.360. On average, inbreeding coefficient in the 3KRG indica 595 

reference datasets was Fis=0.62 (standard deviation: 0.02) and number of segregating sites 596 

was S=14707 (standard deviation: 1059). The closest of the 2592 Reads2snp datasets was 597 
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dataset 286 (Fis=0.63, S=15016), obtained with the following parameters: min=10, th1=0.95, 598 

par=1, th2=0.001, aeb=False, Fis=0.99, bqt=40, rqt=20 (Supplementary Figure 16.  599 

 Rice is a selfing species and accessions were subjected to single seed descent before 600 

sequencing, so the number of heterozygous calls per SNP was expected to be much lower 601 

than postulated by Hardy-Weinberg equilibrium. Although the -par option in Reads2snp 602 

removed most SNP calls caused by hidden paralogy, SNPs with excess heterozygosity within 603 

populations remained in the dataset. In particular, plotting observed heterozygosity (Hobs) 604 

against the minor allele frequency (p) revealed SNPs with no or very few homozygous 605 

alternate calls, distributed along the Hobs=2p line, likely caused by gene duplications present 606 

in certain accessions (Supplementary Figure 17). SNPs with excess heterozygosity were 607 

removed using the same criterion as in ref. 58, by filtering out, in each landrace and rice 608 

subspecies, sites where observed heterozygosity was more than ten times the most likely 609 

value for a given frequency and inbreeding rate (Supplementary Figure 17). After filtering, 610 

summary statistics computed across the six 3KRG indica reference datasets (average 611 

[standard deviation]: Fis=1 [0], S=10200 [898]) remained very close to those computed on 612 

READS2SNP dataset 286 (Fis=1, S=10051). Reference NLR sequence used for SNP calling 613 

represented 2,423,478 bp. After masking 56,894 paralogous calls and SNPs with excess 614 

heterozygosity, the selected SNP set included 41,422 SNPs, of which 40,530 were biallelic. 615 

 616 

Empirical distribution of genome-wide polymorphism 617 

To generate a baseline against which to identify features of polymorphism in genes of 618 

interest, we used previously published data for 68 accessions previously characterized61-63 619 

using genotyping-by-sequencing (GBS), representing nine landraces and 28 modern varieties 620 

(Supplementary Table 1). GBS reads were mapped using bowtie v2.3.552 (option –very-621 

sensitive) against genic sequences predicted in the reference O. sativa indica genome 93-11 622 
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(Ensembl Genomes 45). SNP calling was carried out using READS2SNP 2.055-57 the same set of 623 

parameters as selected for RenSeq, but relaxing constraints on sequencing depth and mapping 624 

quality: min=3, th1=0.95, par=1, th2=0.001, aeb=False, Fis=0.99, bqt=10, rqt=10. Of the 625 

99,576,191 bp of genic reference sequence, 30,918,075 bp were covered by at least three GBS 626 

reads passing quality filters. After masking 121,672 paralogous calls and SNPs with excess 627 

heterozygosity, the selected SNP set included 200,098 SNPs, of which 199,128 were biallelic. 628 

The number of non-NLR genes characterized was 25,102 on average, and ranged from 8,968 629 

(temperate japonica) to 30,875 (Hongjiao).  630 

 631 

Presence absence variation. The depth at each position of a NLR gene in each rice cultivars 632 

was obtained from the sorted BAM files using command depth in SAMTOOLS. This depth 633 

values at all positions in a NLR gene is used to calculate a mean depth across the NLR gene. 634 

This gave a mean depth for each NLR gene in each rice cultivars. Each NLR mean depth was 635 

then normalized by taking the overall mean from all NLR gene mean depths in each rice 636 

cultivar, divide each NLR gene mean depth by overall mean depth and then multiplied by 637 

100. The formula used was: = (NLR mean depth/Overall Mean) x 100. Jack-knife estimates 638 

of the coefficient of variation were obtained using the astropy.stats package in Python. 639 

 640 

Population subdivision. Clustering and phylogenetic network analyses were performed on 641 

biallelic SNPs. Clustering in K ancestral populations was performed using sNMF20. The K 642 

value ranged from 2 to 15 and each sNMF run was repeated 10 times. CLUMPAK
64 was used to 643 

process sNMF output.  Neighbor-net networks were built using SPLITSTREE 521. Phylogeny of 644 

RGA4 using RAxML v. 8.2.1265.  645 

 646 
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Polymorphism and divergence. Summary statistics of variation were computed using Python 647 

package EGGLIB 3 (https://www.egglib.org/) after generating pseudo-alignments using the 648 

table of SNPs (in VCF format) and reference sequences. 649 

Fisher exact, Kruskal-Wallis and Mann-Whitney tests were computed with SCIKIT_POSTHOCS 650 

0.6.6 and SCIPY 1.8.0 in PYTHON 3.6. To estimate summary statistics at functional domains, 651 

the coordinates of functional domains was obtained using InterPro, as implemented in 652 

Ensembl’s Biomart. 653 

 654 

Assessing the impact of sampling effort on measures of molecular variability. To assess the 655 

capacity of RenSeq to measure genetic diversity at NLRs, we compared read mapping 656 

statistics and measures of sequence variability estimated from RenSeq with estimates 657 

obtained from GBS, using a rarefaction approach to overcome potential biases related to 658 

differences in sample size. Average nucleotide diversity reached 90% of its maximum value 659 

with a pseudo-sample size of with 23 randomly selected accessions (Supplementary Figure 660 

18), indicating that the majority of nucleotide diversity at NLRs has been uncovered with 661 

RenSeq data. Haplotype richness, in contrast, reached 90% of its maximum value with 39 662 

accessions (Supplementary Figure 18), suggesting that the molecular diversification of NLRs 663 

occurs not only by mutation but also by recombination and gene conversion66. Rarefaction 664 

analysis of GBS data revealed that our dataset is sufficient to reliably characterize 665 

genomewide levels of polymorphism (Supplementary Figure 18). 666 

 667 

Demographic modeling. To determine if patterns of variation at NLRs departed from selective 668 

neutrality, we performed coalescent simulations to correct for deviation from demographic 669 

equilibrium (i.e. constant population size). We used an approximate Bayesian computation 670 

(ABC) framework 22 to identify the historical demographic model accounting for most 671 
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features of the data at GBS loci without invoking selection. The most supported model served 672 

as a null hypothesis to test for selective neutrality at NLRs. ABC relies on the comparison 673 

between summary statistics calculated from observed data and the same statistics calculated 674 

from coalescent simulations under different demographic models. We used the folded 675 

frequency spectrum as the summary statistics, as computed using the scikit-allel60. For each 676 

group of landrace and modern rice, five models were compared: (i) the standard neutral model 677 

determined by a single parameter N1, the effective population size, (ii) an instantaneous 678 

bottleneck model 67, parameterized by the initial effective population size N1, the start of the 679 

bottleneck T and the strength of the bottleneck ST, which corresponds to the time period 680 

during which coalescence events are collapsed, (iii) an exponential growth model 681 

parameterized by the initial effective population size N1, the final effective population size 682 

N2 (N2<N1), the start of population growth T1, the end of population growth T2 (T2>T1), 683 

and the growth rate being computed as log(N2 / N1) / (T2-T1), (iv) a two epochs population 684 

contraction model parameterized by the initial effective population size N1, the final effective 685 

population size N2 (N2>N1), the time of population change T. A two epochs population 686 

expansion model was initially included in analyses, but finally dropped as no simulations 687 

were accepted under this model for any dataset.  Prior distributions are given in 688 

Supplementary Table 11. Simulations were performed using MSPRIME
68-70 assuming a 689 

recombination rate of 1e-8/generation/bp. Model selection and parameter estimation were 690 

performed using the R ABC package 71. We simulated 1 million multilocus datasets for each 691 

model and population. Posterior probabilities of demographic scenarios were computed using 692 

the rejection (“rejection”) and the multinomial logistic regression method (“mnlogistic”) 693 

methods with a tolerance rate of 0.5%. Cross-validation for model selection based on 100 694 

simulations per model at tolerance level 0.5% revealed that our ABC framework could 695 

efficiently distinguish between the different demographic models (Supplementary Table 12).  696 
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Goodness-of-fit analyses 72 indicated that models with the highest posterior probabilities 697 

provided a good fit to the data for all groups and populations (Supplementary Table 13. To 698 

further check the fit of the models with highest posterior probabilities to the observed, we 699 

performed posterior predictive checks 71. For the best supported model of each 700 

population/group, the posterior distribution of each parameter was binned in twenty classes, 701 

random values were sampled by randomly picking classes and drawing values assuming a 702 

uniform distribution within the class. One thousand datasets of the same sample size and 703 

sequence length as GBS sequences were simulated per population/group in MSPRIME using the 704 

sampled multivariate parameters. For all populations/groups, the best supported models were 705 

able to reproduce the observed values of π and Tajima’s D, confirming their goodness-of-fit 706 

(Supplementary Figure 19). 707 

 Selective neutrality at NLR genes was tested by simulating null distributions using the 708 

most supported demographic models inferred from GBS data. To generate null distributions, 709 

10000 datasets of the same sample size and sequence length as NLR sequences were 710 

simulated in MSPRIME by sampling multivariate parameters from posterior distributions using 711 

the same procedure as for posterior predictive checks. 712 

 713 

Directional selection 714 

The SnIPRE framework uses a generalized linear mixed model to estimate the influence of 715 

mutation rate, species divergence time, constraint, and selection effects on polymorphism and 716 

divergence. Genome wide effects are incorporated into the analysis as fixed effects, while 717 

individual gene effects are incorporated as random effects, which allows to combine 718 

information across genes and increases power to detect the effects of selection on a gene-by-719 

gene basis. We focused our analyses on the selection effects, which reflect the selection 720 
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coefficients (γ), and the constraint (or non-synonymous) effects, which reflects mutational 721 

constraint (1-f, f being the proportion of non-synonymous mutations that are not lethal).  722 

 723 

Data availability 724 

RenSeq sequencing data are available in NCBI under accession number PRJEB23459. Single-725 

nucleotide polymorphism datasets are available in Zenodo (doi: 10.5281/zenodo.7386472) 726 
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 732 

 733 

Figure 1. Analysis of nucleotide diversity separates modern varieties and landraces, and 734 

reveals high standing genetic diversity in landraces compared to modern varieties. Population 735 

subdivision was inferred from 49 and 68 accessions, for GBS (A) and RenSeq (B), 736 

respectively, representing 13 varieties or landraces shown with different colors. Neighbor-net 737 

phylogenetic networks estimated with SPLITSTREE 21
 for GBS and RenSeq data. Reticulations 738 

in the network indicate phylogenetic conflicts caused by homoplasy. SPLITSTREE analysis was 739 

based on 31,770 biallelic SNPs with less than 80% missing data for RenSeq data, and 60,166 740 

biallelic SNPs with less than 50% missing data for GBS data. Panel (C) represents bar plots of 741 

nucleotide diversity π in RenSeq data (NLRs) and GBS data (other genes). The ‘indica 742 

landraces’ group includes one randomly chosen accession per individual landrace; one out of 743 
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30 resamples of one accession per landrace is included in the plot, and summary statistics for 744 

the remaining 29 resamples are presented in Supplementary Table 2. Error bars represent the 745 

standard error. Comparisons between NLRs and other genes: **p<0.01, ***p<0.001 (Mann-746 

Whitney U-tests). Comparisons between indica or japonica and the group of indica landraces 747 

for NLRs and other genes were all significant (Mann-Whitney U-tests in Supplementary 748 

Figure 2 and Supplementary Figure 7). 749 

 750 

 751 

Figure 2. Patterns of nucleotide variation in NLR genes. (A) Species-wide nucleotide 752 

diversity (π) and ratio of non-synonymous to synonymous nucleotide diversity (πN/πS) in full 753 

coding sequence (CDS) and functional domains (CC: coiled-coil; ID: integrated domain40; 754 

NBARC: nucleotide-binding domain24; LRR: leucine-rich repeats). (B) Correlation between 755 

nucleotide diversity in domains and full coding sequences. In panel (A), a number of data 756 

points were cropped from the nucleotide diversity plot for visually optimal presentation, but 757 
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included in statistical tests. In boxplots, dashed black line is mean, solid black line is median. 758 

The letters a and b above the boxplots indicate whether the distributions are similar (when 759 

sharing the same letter), or significantly (p<0.05) different, based on a Mann-Whitney test. In 760 

panel (B), ρ is Spearman’s rank correlation coefficient (***p<0.0001) 761 

 762 

 763 

 764 

 765 

Figure 3. Presence-absence variation of 596 NLRs in 49 rice accessions. (A) Species-wide 766 

nucleotide diversity (π per bp) vs. presence frequency of NLRs; ρ is Spearman’s rank 767 

correlation coefficient (***p<0.001). (B) Species-wide nucleotide diversity (π per bp) in core 768 

and accessory NLRs, ***p<0.001; Mann-Whitney posthoc test with Holm-Bonferroni 769 

correction; in box-plots dashed black line is mean, solid black line is median. (C) Distribution 770 

of NLR presence frequency. (D) numbers of core (dark), accessory (light) and missing (white) 771 

NLRs, a core (missing) NLRs being present (absent) in all accessions of all subsamples of 772 
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two accessions from a given population. (E) Jackknife estimates of coefficient of variation in 773 

number of NLRs present, with error bars representing confidence intervals. The ‘indica 774 

landraces’ group includes one randomly chosen accession per individual landrace; one out of 775 

30 resamples of one accession per landrace is included in the plot.  776 

 777 

 778 

 779 

Figure 4.  NLRs in indica landraces display signatures of balancing selection and enrichment 780 

in long-lived alleles. (A) Tajima’s D and nucleotide diversity π in NLRs from modern 781 

japonica varieties, modern indica varieties and indica landraces; lines represent kernel density 782 

estimates of summary statistics computed on 1000 datasets simulated for each NLRs, with 783 

datasets being of the same sample size and sequence length as NLR sequences; simulations 784 

were carried out by sampling multivariate parameters from posterior distributions of the best 785 

supported demographic models; (B) πmax in modern indica varieties and indica landraces, 786 

computed for all NLRs; (C) πmax in modern indica varieties and indica landraces, computed 787 

for all NLRs under balancing selection. Kernel density estimate plots were produced using the 788 

Python package Seaborn 0.11.2. πmax represents the maximum number of pairwise differences 789 

and measures the maximum depth of gene trees. *p<0.05, ***p<0.001, one-sided Mann-790 

Whitney tests with Bonferroni-Holm correction. The ‘indica landraces’ group includes one 791 
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randomly chosen accession per individual landrace; one out of 30 resamples of one accession 792 

per landrace is included in the plot. 793 

 794 

 795 

 796 

Figure 5. Balancing selection at RGA4. (A) Maximum likelihood phylogenies. Stars indicate 797 

haplotypes exclusive to landraces (B) Nucleotide diversity π and Tajima’s D in full coding 798 

sequence (CDS) and functional domains. The ‘indica landraces’ group includes one randomly 799 

chosen accession per individual landrace; one out of 30 resamples of one accession per 800 

landrace is included in the plot.  801 

 802 

 803 

 804 
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 805 

Figure 6. SnIPRE estimates of recurrent directional selection in 285 NLRs with outgroup 806 

data. (A) Selection and constraint effects in indica, (B) Selection and constraint effects in 807 

japonica, (C) Selection and constraint effects in indica landraces, (D) Selection coefficients in 808 

indica, japonica and indica landraces, (E) Constraint coefficients in indica, japonica and 809 

indica landraces. The selection effects reflect the selection coefficients (γ), with γ>0 810 

indicating positive selection and γ<0 negative selection. The constraint (or non-synonymous) 811 

effects reflect mutational constraint (1-f, f being the proportion of non-synonymous mutations 812 

that are not lethal). The ‘indica landraces’ group includes one randomly chosen accession per 813 

individual landrace; one out of 30 resamples of one accession per landrace is included in the 814 

plot, and results for the remaining 29 resamples are presented in Supplementary Figure 11 815 
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