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Abstract
Plants and their pathogens coevolve over long time periods, and the history of coevolution is recorded in

plant genes that confer pathogen resistance. Many of these code for Nucleotide-binding Leucine rich

Repeat proteins (NLRs), which are crucial for distinguishing friends from foes and triggering potent

defense responses. Advances in the ability to sequence genomes from many different species as well as many

genomes from the same species reveal that 1) the number of NLR genes differ widely between species,

and 2) NLR genes may exhibit extensive nucleotide variation as well as presence/absence polymorphism

within species. The “birth-and-death process” is thus a generally useful framework for describing NLR

gene evolution. In the light of the latest insights into the genomic features associated with NLR gene

diversity, we aim here to evaluate the contribution of forces involved in NLR gene family evolution

and presence/absence variation: mutation, recombination, gene duplication and deletion, and natural

selection. To do so, we highlight novel combinations of population genomics methods and statistics that

can provide an improved framework for describing NLR gene family evolution in the genome space,

especially accounting for selective processes stemming from their function within resistance gene networks

and the resulting quantitative defense response.
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Introduction17

With advances in sequencing technologies, especially single molecule long reads with rapidly declin-18

ing error rates, we are gaining an unprecedented view of the organization of plant genomes and gene19

families. This resolution of genome assemblies generated with long reads not only surpasses those20

generated with short reads but also those produced with legacy technologies such as BAC tiling paths21

and Sanger sequencing. Such assemblies reliably and accurately distinguish individual gene copies of22

multi-copy gene families, resolving the diversity between individual copies, while also uncovering23

the extent of large and small genomic arrangements. This allows one to summarize the occurrence24

of gene copy number variation (CNV) and presence-absence variation (PAV) within and between25

populations and paves the way for pan-genomic analyses at the intra- and inter-specific levels (Table26

1). However, a comprehensive understanding of the evolutionary mechanisms driving gene families27

in the genome space is still lacking, as theory and methods of analysis currently lag behind the28

acquisition of long-read sequencing data. Indeed, while population genetics theory has been very29

successful in developing statistical methods, for example, using diffusion and coalescence models, to30

explain patterns of polymorphisms in unique regions, it largely fails when it comes to proposing31

mechanistic models for how more complex regions of the genome diversify. A major reason for32

this is the reliance on the Markovian assumption of recombination to model genealogies along the33

genome, which is not fully accounting for additional processes including duplications, inversions,34

deletions, conversions, non-equal recombination (that is intergenic recombination between paralogs),35

and transpositions. Therefore, we argue that new statistical methods, firmly grounded in an extended36

theory of evolutionary and population genomics, are required. Those methods would aim to infer and37

dissect the importance of the various forces shaping gene family evolution, explaining the dynamics38

of genomic change within and across species. To motivate such developments, we focus here on a39

case study of the NLR (NBS-LRRs, Nucleotide-binding Leucine rich Repeat proteins) gene family40

in plants, which is highly variable in gene copy number and well-studied within and across-taxa.41

NLRs are an important component of the plant immune system (Pradeu et al. 2024). Like42

other organisms, plants interact with a diverse array of microbes and invertebrates, entering into43

mutualistic, commensalistic or parasitic relationships. Of particular interest are repeated cycles of44

antagonistic interactions with pathogens, as encapsulated by the “Red Queen” metaphor (Van Valen45

1973, Dawkins and Krebs 1979). The resulting reciprocal adaptation, or coevolution (Thompson46

2005, Burdon and Laine 2019, Milgroom 2023), occurs on the host side at genes responsible for47

pathogen recognition and defense activation, including the NLR genes, and on the pathogen side48

in genes for so-called effectors, which are recognized by NLR proteins, as well as other genes49
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responsible for pathogen success (Dodds and Rathjen 2010). To understand the factors that play a50

role, it is essential to distinguish between the different timescales at which processes occur (Table 1).51

At short timescales of up to a few years, epidemiological dynamics (and environmental conditions)52

define disease prevalence and severity, and thus selective pressures (Agrios 2024, Milgroom 2023,53

Burdon and Laine 2019). This timescale is the realm of so-called boom-and-bust cycles of pathogen54

populations observed in agriculture (Agrios 2024), and of ecological-evolutionary (eco-evo) dynamics55

in wild systems (Boots et al. 2014). These eco-evo cycles generate neutral and selective evolutionary56

forces that act over a period of a few years to a few millennia (Tellier, Moreno-Gámez, and Stephan57

2014, Živković et al. 2019). The resulting genomic footprints can be studied within the framework58

of conventional population genetics, applying well-established theoretical concepts to within-species59

polymorphism data. Extending this timescale up to millions of years yields the evolution of genome60

structure and genome space, which can be observed by following between-species divergence and61

synteny (Lynch 2007). The birth-and-death scenario proposed by Michelmore and Meyers over62

two decades ago (Michelmore and Meyers 1998) provides a general coevolutionary framework for63

understanding the evolution of NLR gene families and individual NLR gene copies, linking these64

different ecological, evolutionary and genomic timescales. The fast evolution and high turnover of65

NLR genes is reflected in an above genome average nucleotide diversity (e.g. Bakker et al. 2006,66

Clark et al. 2007, Prigozhin and Krasileva 2021, Stam et al. 2019), varying numbers of partial or67

complete gene copies (copy number variation, CNV) and a high level of presence-absence variation68

(PAV) (Lee and Chae 2020,Van de Weyer et al. 2019, Teasdale et al. 2025,Silva-Arias et al. 2025).69

In the following, we first describe the classic evolutionary and genetic mechanisms that underpin70

and fuel the NLR gene birth-and-death process (Michelmore and Meyers 1998): mutation, recombi-71

nation, genetic drift, selection, and gene duplication/deletion. Second, we evaluate the importance72

of these processes in the light of recent findings made available by improved genome data quality73

in plants (especially in Arabidopsis thaliana). Concomitantly, we suggest a set of statistical analyses74

and guidelines for studying NLR gene diversity (at the homolog and nucleotide levels) and inferring75

the relative importance of the various acting evolutionary forces. We also highlight open questions76

arising from these new studies. Finally, based on recent theoretical work and new insights on the77

molecular characterization of NLR gene networks, we propose an update to the definitions and78

effects of population genetics selective processes. We therefore hope to show a way for how to79

develop an integrated eco-evo quantitative view of NLR (and other) gene family evolution in the80

plant genome space.81
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What is the NLR birth-and-death process?82

The Red Queen hypothesis posits that rapidly evolving pathogens that make use of multiple, redundant83

and overlapping mechanisms to colonize their hosts lead to continuous cycles of reciprocal adaptation,84

without either the host or the pathogen prevailing in the long term. As the host evolves resistance,85

the pathogen jettisons genes for molecules recognized by the host, deploying instead alternative86

molecules for successful infection. In response, the host evolves new means that can suppress the87

pathogen until the pathogen again changes its genetic makeup. The defining feature is negative88

frequency-dependent selection generating allele frequencies that fluctuate over time. In the Red89

Queen scenario (or trench warfare) genetic diversity is maintained in both host and pathogen. In90

contrast, under the arms race situation, both host and pathogens rely on continuous innovation rather91

than recycling of existing variation. While the timescales over which alleles persists in a population92

differs under the two scenarios (Tellier, Moreno-Gámez, and Stephan 2014,Brown and Tellier 2011),93

common to both situations is that new genetic diversity needs to be generated. This variability can94

be generated by various mechanisms: 1) Mutation at the nucleotide level (point mutation, small95

insertion-deletions). 2) Recombination reshuffling variability between homologous copies of NLRs,96

with unequal recombination reshuffling variation between recently diverged copies in the same97

gene cluster, and gene conversion doing the same, but between more distant paralogous copies. 3)98

Gene duplication or deletion occurring by DNA break and repair, sometimes associated with the99

activity of transposable elements (TEs), generating presence/absence variation (PAV) at single genes100

or duplicated copies. 4) Unequal recombination between sets of paralogous copies further enhancing101

copy number variation (CNV) and driving the expansion of the gene family. Variation is removed102

primarily by genetic drift but also by costs such as autoimmunity, which can be the consequence of103

NLR gene truncations, NLR overexpression or inappropriate interactions between NLR and other104

immune genes (Freh et al. 2021).105

Three types of selection occur at a given NLR locus. Positive selection, due to negative indirect106

frequency-dependent selection (FDS; Tellier and Brown 2007), generates selective sweeps when an107

NLR variant provides an advantage, for example, by activating effective defense against a common108

pathogen. FDS is indirect, as the fitness of host alleles depends on the parasite allele frequencies and109

vice and versa, and negative, as rare alleles have an advantage against common alleles. This yields110

over several cycles of selection the so-called arms race dynamics (Bergelson et al. 2001, Woolhouse111

et al. 2002). Negative selection (or purifying selection) removes deleterious variants, for example,112

if mutations at a given NLR locus incur a cost of resistance (Tian et al. 2002, Freh et al. 2021) or113

activate auto-immunity (Freh et al. 2021). Balancing selection, due to stable coevolutionary cycles114
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(fluctuating selection) driven by negative indirect FDS in large populations, can generate the so-called115

trench warfare dynamics at the NLR locus (Stahl et al. 1999). While costs of resistance and virulence116

are necessary for balancing selection to occur, these are not sufficient and additional characteristics117

of natural systems (negative direct FDS, Tellier and Brown 2007) are required such as spatial and118

temporal heterogeneous selection (review in Brown and Tellier 2011), diffuse coevolution (Karasov119

et al. 2014) or epidemiological feedbacks (Boots et al. 2014). Negative direct FDS occurs when the120

fitness of an allele depends negatively on its own frequency (Tellier and Brown 2007).121

These evolutionary processes and mechanisms drive the birth-and-death process of NLR genes,122

thereby shaping variation in the composition of the NLR gene family between individuals, popula-123

tions and species. When the birth of an NLR occurs via gene duplication, the fate of each paralogous124

copy depends on these neutral and selective processes (e.g. Innan and Kondrashov 2010). Balancing125

selection at one NLR locus for several resistance alleles can favour gene duplication and the subsequent126

subfunctionalization of each copy to recognize different pathogen effectors or effector alleles (Van127

der Hoorn, De Wit, and Joosten 2002). Neo-subfunctionalization can also occur through selection128

at one copy for recognition of new pathogen variants (arising by mutation, recombination or gene129

conversion). In both cases, diversifying selection occurs and is observed across the different NLR130

paralogous gene copies (Innan and Kondrashov 2010, Otto, Zheng, and Wiehe 2022). Pseudoge-131

nization (by mutation, recombination or gene conversion) may inactivate one NLR copy, which132

becomes free to evolve a new function or may be lost. Ultimately, an NLR copy undergoes gene133

death either by deletion or by non-functional pseudogenization following genetic drift or selection134

against deleterious copies/alleles (Michelmore and Meyers 1998). Copies/alleles become deleterious135

when they exhibit high fitness costs that are not compensated by providing ad hoc resistance to a136

pathogen (Stahl et al. 1999,Tellier and Brown 2007), or when they inadvertently trigger autoimmune137

responses (Freh et al. 2021). In this framework, the number of NLR gene copies in the genome138

and their polymorphism (at the CNV levels, a.k.a. the pan-NLRome) depends thus on the balance139

between the rates of gene birth and death. For the plant host to cope with the fast adaptation of their140

pathogens, it is classically expected that higher mutation, recombination, and gene duplication rates141

may be advantageous in generating more variable NLR genes, which in turn would promote higher142

levels of CNV reflecting the NLR gene turnover rate.143

How to identify structural NLR variation in the genome?144

The first task to study NLR diversity and dynamics is to identify NLR variation. While whole-145

genome short read sequencing or NLR Ren-seq coupled with short or long reads provides some146



6 Towards a quantitative view of the NLR gene family evolution in the genome space

insights into NLR CNVs (e.g. Stam et al. 2019, Van de Weyer et al. 2019, Seong et al. 2020, Silva-147

Arias et al. 2025, S.-X. Li et al. 2025), such analyses suffer from mapping uncertainty and reference148

biases. The clustering of NLR genes in the genome and the quantification of the family members and149

the nucleotide diversity can be assessed based on their NB-ARC domain (Prigozhin and Krasileva150

2021, Silva-Arias et al. 2025); but the resolution of CNV remains error-prone (Silva-Arias et al. 2025).151

Long-read assemblies are much better at disentangling paralogous sequences, with the caveat that152

near-identical copies, especially in heterozygous and polyploid genomes, continue to be challenging153

(Cheng et al. 2021, Rhie et al. 2021, Rautiainen et al. 2023). The use of new bioinformatic methods154

for pan-genomes including massive pair-wise comparisons (Igolkina et al. 2025) and genome graphs155

(Garrison et al. 2024) has become instrumental in accounting for genome rearrangements occurring156

in the NLR gene family (see the recent review by Bao and Weigel 2025). However, while genome157

graphs are useful representations, they describe only the outcome of evolution and do not allow158

directly for the inference of the causal mechanisms and evolutionary forces underpinning a given159

graph. We suggest that an important aim of future research must be to integrate genome graphs160

with population genomics theory – which should also improve parameter choices that have to be161

made when building genome graphs.162

An example of how long-read assemblies improve our understanding of the genomic landscape163

of NLR genes comes from a comparison of 17 A. thaliana accessions (Teasdale et al. 2025). This study164

introduced the concept of an NLR neighborhood, defined as a region that contains at least one NLR165

in at least one of accession. It revealed a higher-than-expected density of transposable elements (TEs),166

which may indicate a role of TEs in gene duplication and/or deletion. So far, this is, however, merely167

a correlation: are NLR loci more prone to attracting TE insertions or allowing for TE mobilization,168

or is TE fixation driven by hitch-hiking (see below linked selection) due to evolutionary (selective)169

changes at NLR genes? Furthermore, NLR gene families appear varied in their diversity (Teasdale170

et al. 2025), and there do not appear to be single metrics that fully capture NLR diversity. For171

example, the RPP13 gene is highly diverse in sequence but not in isoforms or copy number, whereas172

the DAR4 gene exhibits the opposite pattern, while the RPP4 gene consistently shows extreme values173

for most metrics. This suggests that certain NLR genes and families have perhaps primary roles in174

dealing with slowly changing pathogen threats, while others have higher potential for adaptability in175

the face of fast evolving pathogens (Bakker et al. 2006, Laflamme et al. 2020, Prigozhin and Krasileva176

2021, Sutherland et al. 2024 in A. thaliana, Stam et al. 2019 in Solanum chilense). A central aim of the177

present study is to provide a roadmap for revealing and quantifying this heterogeneity in NLR gene178

evolutionary trajectories and the underlying mechanisms.179
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Is the high genetic diversity of NLR genes due to higher mutation rate?180

Based on phylogenetic reconstruction of A. thaliana NLR families from 62 long-read assemblies of181

NLR loci, Prigozhin and Krasileva 2021, define two categories of NLR genes: 1) highly variable NLR182

genes (hvNLRs) encoding proteins with unusually high amino acid diversity and 2) low variability183

NLR genes (non-hvNLRs), which presumably experience stronger purifying selection. A follow-184

up-study (Sutherland et al. 2024) found that hvNLRs exhibit higher expression levels, lower gene185

body cytosine methylation, and closer proximity to TEs than non-hvNLRs. As expected, hvNLRs186

have elevated synonymous and nonsynonymous nucleotide diversity (i.e. πS and πN, respectively,187

see Table ), higher Tajima’s D values (see Table ), and are preferentially found in chromatin states188

associated with an increased probability of per-site mutation (based on the estimates in Monroe189

et al. Nature 2022). While purifying (negative) selection to maintain a specific function is likely190

weaker at hvNLRs than non-hvNLRs (along with the associated background selection, see below),191

these analyses do not tell us whether balancing selection or positive selection drives hvNLR diversity,192

as relaxed purifying selection (and weak linked selection) or neutral evolution would generate193

similar footprints of nucleotide diversity. An analysis of the paralogous assignments and clustering194

of hvNLRs is required (for which genome graphs could help, see above) to assess the duplication195

(paralogous) status of the hvNLRs, as duplicated genes should more easily accumulate mutations196

due to (neo-)subfunctionalization (Innan and Kondrashov 2010). In addition, as more complete197

genomes become available, it will become possible to ask whether hvNLR loci feature individual alleles198

(haplotypes) that undergo purifying selection, i.e., whether diversity (and the speed of evolution)199

at these loci is discrete or continuously distributed. We also suggest that quantitative analyses of200

the selection strength can now be performed both for entire NLR subfamilies (e.g., TIR-NLRs,201

CC-NLRs, CCr-NLRs) or categories (hvNLRS versus non-hvNLRs, single genes or clustered genes,202

or canonical NLRs and truncated NLRs) via the estimation of the distribution of fitness effects (DFE,203

Keightley and Eyre-Walker 2007) and the percentage of adaptive mutations (method in Sendrowski204

and Bataillon 2024, applications in Grandaubert, Dutheil, and Stukenbrock 2019). While DNA205

mutations are generally considered to be non-targeted with respect to their genomic location and206

their functional consequence, there are rare cases in which targeted rearrangements of the DNA207

sequence occur, which enhance the probability for adaptive changes (review in Hanlon, Cagan,208

and Eves-van den Akker 2025). Nonetheless, based on published results (Van de Weyer et al. 2019,209

Prigozhin and Krasileva 2021, Sutherland et al. 2024), we cannot yet conclude whether or not the210

latter applies to NLR genes. We thus caution against the general claim that NLR genes exhibit higher211

per-site mutation rates than the rest of the genome.212
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Are meiotic recombination and gene conversion specifically elevated at NLR loci?213

Following the tenets of the Red Queen hypothesis (Van Valen 1973, Barton and Charlesworth 1998),214

sexual reproduction, and especially meiotic recombination (introducing chromosome arm exchanges215

and gene conversions), is expected to be an important evolutionary mechanism for generating216

new genotypes in hosts (and pathogens). The shuffling of existing nucleotide diversity generates217

novel multi-locus haplotypes with every generation. Moreover, if recombination occurs within218

clusters or genes, it can even create new NLR cluster or allelic variants. The situation for NLRs219

remains, however, unclear, as recent insights challenge the idea that increased meiotic recombination220

is underlying the high diversity of NLR genes (or gene clusters) and thereby drive accelerated221

evolution of NLR genes. Studies in A. thaliana have shown that the frequency of meiotic crossovers222

in R-gene regions does not deviate greatly from genome-wide average (Choi et al. 2016). Although223

meiotic crossovers occur in NLR gene clusters, occasionally even forming recombination hotspots,224

the overall crossover rates within these clusters typically align with genome-wide averages (Choi225

et al. 2016). Notably, structural rearrangements, which are hallmarks of complex NLR gene clusters226

(Jiao et al. 2021), inhibit recombination, resulting in extensive recombination suppression across these227

regions. The lack of elevated crossover frequency, coupled with the likely suppression of crossovers228

due to massive structural variation, suggests that crossovers recombination alone may not be the main229

driver behind the rapid diversification of NLR genes in A. thaliana. Alternative mechanisms involving230

gene duplication and copy number variation as prerequisites, such as (meiotic or somatic) gene231

conversion (Hörger et al. 2012 in wild tomato) between NLR paralogs or unequal recombination232

(e.g., as seen at MHC loci in animals, Otto, Zheng, and Wiehe 2022), may be additional drivers of233

NLR gene evolution. Yet, their occurrence and frequency have to be quantified with high-quality234

genome assemblies, preferably using a collection of genomes from both more closely and more235

distantly related accessions, since excessive structural variation will reduce opportunities for unequal236

crossovers. Note that population genetics models of gene conversion (Innan 2003, Thornton 2007)237

and unequal recombination (Otto, Zheng, and Wiehe 2022) exist and can be used to generate238

predicted polymorphism patterns (SNPs) across paralogs, which in turn can be used to infer the rate239

of gene conversion (Hörger et al. 2012, Table ).240

How many different types of selection act at NLR genes?241

Since the discovery of plant resistance loci encoded by NLR genes, numerous studies have utilized242

polymorphism data to evaluate the occurrence of positive selection (arms race) versus balancing243

selection (trench warfare dynamics) both at functionally defined loci as well as NLRs genome wide.244
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To keep the list of references to a reasonable number, we mention here only a few systems and studies.245

Early efforts based on PCR amplification and Sanger sequencing have been conducted in A. thaliana246

(Stahl et al. 1999, Bergelson et al. 2001, Bakker et al. 2006), wild tomato species (Rose, Michelmore,247

and Langley 2007, Hörger et al. 2012) or common bean (De Meaux et al. 2003). These initial studies248

found clear footprints of selection only at a few loci. With the advent of new sequencing technologies249

and improved methods for carrying out selection scans (see Table ), this picture has not significantly250

changed (see Q. Wu et al. 2017, Stam et al. 2019, Wei, Silva-Arias, and Tellier 2023). As predicted251

by theory (Brown and Tellier 2011, Tellier, Moreno-Gámez, and Stephan 2014), arms races may not252

be that common in natural systems, which is very different from agricultural crop systems. Looking253

at this from the other side, it was found that pathogen population of wild plants might indeed be254

stable over very long time scales, with diversity among them driven as much by pathogen-pathogen255

antagonism as by plant-pathogen interactions (Shalev et al. 2022, Backman et al. 2024). However,256

typical polymorphism footprints of balancing selection are more subtle to uncover (than selective257

sweeps), as they depend on the local recombination rate and the time during which selection acted to258

maintain variation (Stahl et al. 1999,Tellier, Moreno-Gámez, and Stephan 2014, Charlesworth and259

Jensen 2021). In other words, balancing selection is more easily uncovered if it underlies variation260

that is maintained across species after speciation. On the flip side, such signals can be difficult to261

detect, because recombination over a long time will reduce the size of the segments generating the262

signals; in extreme cases, only a single nucleotide polymorphism might be left, which can be difficult263

to distinguish from technical artifacts andrecurrent mutations. A special situation was described for264

an outcrossing species, Capsella grandiflora, and a sister species, C. rubella, that had only very recently265

diverged from it, such that shared blocks of polymorphism were still large (Gos, Slotte, and Wright266

2012, Bachmann et al. 2019, Koenig et al. 2019). Trans-species SNPs are very unevenly distributed267

along the genome and strongly enriched in immune-related loci, strongly suggesting balancing268

selection at NLR and other immune genes. Many of the trans-species SNPs could be reproduced in269

a comparison with a third, also selfing species, C. orientalis, that had apparently undergone a very270

recent, very strong genetic bottleneck (Koenig et al. 2019). While intriguing, a note of caution271

comes from a study that showed how the heterogeneous distribution of genomic regions with high272

nucleotide diversity (and ancestral polymorphism) in the genome of selfing species could also be273

attributed to the process of transition from outcrossing to selfing (Strütt et al. 2023). This means that274

such footprints of trans-species polymorphism may also be generated by other processes, such as a275

transition in reproductive mode, without the action of balancing selection. The original analysis276

(Koenig et al. 2019) was based on short-read data, and reconstructing entire haplotypes with long277
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reads should greatly help to further resolve the mutational history and structural variation at the loci278

in question and confirm what type of selection has acted on these.279

What is the effect of linked selection around NLR genes?280

A consequence of the heterogeneity in recombination rates (Choi et al. 2016, Jiao et al. 2021) and in281

the strength of positive, negative and balancing selection along the genome is that the genomes is282

replete with regions that experience linked selection due to hitch-hiking and background selection,283

which in turn affects local nucleotide diversity and population genetics statistics beyond the focal loci284

that are under selection (Charlesworth and Jensen 2021, Table ). The effect of linked selection is more285

pronounced in species with long-range linkage disequilibrium, such as selfing species (A. thaliana,286

Arabis ssp., Capsella rubella), compared to outcrossers (Solanum chilense, Capsella grandiflora). Linked287

selection has several, often overlooked consequences for the study of NLR genes, gene clusters and288

duplicates.289

First, linked selection leads to per-site recombination rate and nucleotide diversity becoming290

correlated (demonstrated in Begun and Aquadro 1993 and in A. thaliana by Lian et al. 2022). This291

correlation stems from meiotic recombination reducing the effect of linked selection (decreased292

linkage disequilibrium) around the selected sites (Begun and Aquadro 1992, Charlesworth and Jensen293

2021). The effect (Begun and Aquadro 1993, Charlesworth and Jensen 2021). The effect of linked294

selection can be, for example, uncovered by analyzing measures of synonymous to non-synonymous295

polymorphisms (πN/πS, Table ) while accounting for local genomic recombination rates (Campos296

et al. 2014). When recombination is low, higher linkage disequilibrium and stronger linked selection297

generate so-called genetic draft around selected loci by which a genomic region exhibits footprints298

of neutral evolution (Table ), albeit with reduced nucleotide diversity (Achaz and Schertzer 2023).299

Furthermore, reduced recombination enhances the Hill-Robertson effect (Hill and Robertson 2007)300

by which selection at the focal locus influences the efficacy of selection at neighboring loci/genes. In301

other words, a locus under positive selection or negative selection can influence adjacent loci that are302

under the opposite type of selection. The polymorphism pattern in the adjacent loci would thus not303

produce the expected footprints of selection (Table ). Deciphering the evolutionary history of NLR304

genes, which can be found in tandem arrangements or in gene clusters, may prove to be particularly305

difficult in species with long-range LD. The correlation in nucleotide diversity or other neutrality306

tests (Table ) between tandem or duplicated NLRs should be interpreted with caution, as it may307

not reflect co-adaptation of genes but rather correlation due to linked selection. When analyzing308

NLR gene evolution over phylogenetic timescales, recombination and linked selection also play a309
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role, affecting the accuracy of phylogenetic reconstruction of the history of tandem NLR genes310

or members of NLR gene clusters. We note that the sensitivity of phylogenetic methods to infer311

selection via the dN/dS (Table ) ratio does depend on recombination rate (Kryazhimskiy and Plotkin312

2008). To our knowledge, it has not yet been fully assessed how sensitive to recombination (and313

potential biases) the tools are that are used to infer episodic measures of selection along a phylogeny314

(as used in Sutherland et al. 2024). Accounting for recombination rate (and linked selection) is thus315

a prerequisite for studying the possible co-adaptation of NLR genes in tandem or in clusters. For316

example, the strength, prevalence, and consequences of linked selection and co-adaptation between317

NLR genes are likely to differ between A. thaliana, a selfing species, and the outcrossing wild tomato318

S. chilense (see discussion in Silva-Arias et al. 2025).319

How many NLR genes are pseudogenized?320

A key feature of the birth-and-death process is the intermediate step of pseudogenization of NLR321

genes. The assessment of pseudogenization faces, however, several issues. First, there are many322

examples of both recently truncated NLR alleles or of bona fide NLR genes that lack many, or even323

most of the canonical NLR domains, such as TIR-only genes, that are clearly functional (Barragan324

and Weigel 2021). In addition, while the progressive accumulation of mutations might lead to325

eventual complete removal of a gene from the genome, pseudogenized NLR genes could act as326

a reservoir of diversity (for subsequent neofunctionalization). It has been investigated whether327

pseudogenized NLR genes are likely to evolve neutrally by comparing the ratio of non-synonymous328

to synonymous changes in genes and pseudogenes in A. thaliana and cultivated rice (Zou et al. 2009).329

While not all NLR genes could be resolved in this study due to the lack of long-read sequencing data,330

the authors observed 1) that many genes annotated as pseudogenes are actually subject to purifying331

selection, 2) that some apparent pseudogenes are expressed (albeit at a low level), and 3) that there is332

a positive correlation between the size of gene families with different functional domains and the333

number of pseudogenes. We suggest that by combining the methods described above and in Table ,334

we can dissect the various evolutionary forces driving evolution of NLR genes that may or may not335

be true pseudogenes and infer the rate of neofunctionalization.336

What is the relative importance of neutral versus selective forces?337

The efficacy of any type of selection depends on the effective population size, that is, the amount of338

genetic drift. This is encapsulated in the drift barrier concept (Lynch 2007), which states that the339

evolution of. mutation rates is constrained by the opposing effects of natural selection and genetic drift.340
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High mutation rates are deleterious to the genome, and low mutation rates decrease a population’s341

adaptability (Lynch 2007, Hanlon, Cagan, and Eves-van den Akker 2025). Therefore, it can be342

expected that an optimal mutation rate is reached for the genome of a given species, and possibly for343

different types of genes, if genetic drift is not too strong. In A. thaliana, the mutation rate may be only344

marginally higher for NLR genes than for other genes in the genome, if at all (see above), but this345

rate remains unknown for other plant species. We speculate that the small local population size and346

high selfing rate in A. thaliana generate relatively strong genetic drift (and LD), possibly limiting the347

ability of fine tuned mutation rates at NLR genes to evolve. We also note that the efficacy of selection348

for positive mutations and against deleterious mutations (purifying selection) is likely to be weaker349

in A. thaliana compared to outcrossing plant species. This could mean that mildly deleterious (costly)350

NLR gene copies may remain in the genome for extended periods, appearing thus as segregating351

PAVs/CNVs in A. thaliana, whereas they would be more quickly lost from the entire population in352

outcrossers with stronger purifying selection. In addition, advantageous NLR genes that confer353

pathogen resistance may not always become rapidly fixed (and remain polymorphic as CNVs) for a354

long period if local selection is weak compared to drift. In addition, certain combinations of alleles at355

unlinked NLRs can be deleterious (Bomblies and Weigel 2007), which could increase the strength of356

purifying selection against NLRs that have otherwise no positive function in the organism. In species357

that mostly self, this effect is expected to be negligible, but it might be more relevant in obligate358

outcrossers.359

A second process to consider is meiotic recombination. As for mutation, there are advantages360

and disadvantages to recombination (Barton and Charlesworth 1998), and the optimum rate of361

homologous recombination at NLR genes must be determined by the strength of genetic drift (as362

it constrains the efficacy of selection). However, contrary to the Red Queen hypothesis, meiotic363

recombination in A. thaliana does not appear to be higher at NLR genes than in the rest of the364

genome (Choi et al. 2016), and thus other mechanisms such as gene duplication, deletion, and unequal365

recombination may be necessary to generate the observed NLR gene clusters and large NLR gene366

families. NLR gene duplicates need to diverge by mutation to undergo subfunctionalization or367

neosubfunctionalization (see above), a process that is slowed down by gene conversion and by the low368

effective population size and thus mutational input in A. thaliana. These various mechanisms (Figure369

1) collectively provide a general explanation for the large number of CNVs found at NLR genes in370

A. thaliana (Van de Weyer et al. 2019, Lee and Chae 2020, Teasdale et al. 2025) versus outcrossing371

species (such as S. chilense; Silva-Arias et al. 2025).372
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How do NLR genes evolve in the context of gene networks and clusters?373

Ultimately, we aim to integrate the previous insights from population genomics with recent molecular374

insightss on the function of NLR genes (Figure 1). As NLR genes function as part of gene networks,375

one can predict heterogeneity in selective constraints across genes. For example, more conserved376

NLR genes (such as the genes coding for the NRC clade; C.-H. Wu et al. 2017; Stam et al. 2019; Sakai377

et al. 2024) are likely to be more pleiotropic and have more connections to downstream signalling (and378

be under stronger purifying selection), whereas sensor NLR genes involved in effector recognition379

may be more peripheral in such networks (and under weaker purifying selection). NLR gene380

network’ structures are likely organized around host genes coding for key guardee proteins that381

are targeted by pathogen effectors for their function in plant physiology, development or defense382

response. The type of genes involved in defense response such as those coding for guardee (an effector383

target), guard (resistance protein monitoring a guardee) and decoy (resistance protein which chiefly384

recognizes pathogen effector) could thus be understood in the context of gene networks, multilocus385

epistatic interactions and trade-offs for effector binding and signaling (Weiner et al. PNAS 2025).386

This epistasis between NLR genes defines the strength and type of selection occurring at these loci387

(positive, negative, and balancing) as well as the inherent evolutionary constraints. We speculate that388

neofunctionalization of gene copies of more connected NLR genes in the networks may explain389

the evolution of guard and decoy coding genes, as gene duplication can free one copy for further390

specialization and refinement of the effector detection function (Van der Hoorn, De Wit, and Joosten391

2002, Dodds and Rathjen 2010, Adachi, Derevnina, and Kamoun 2019). This process is arguably392

most visible in the evolution of Integrated Domains (IDs), where duplicated guardee domains are393

integrated directly into the NLR architecture (Yang et al. 2022, Y. Li et al. 2024). Duplicated gene394

copies of peripheral genes of the NLR networks may also (neo-)subfunctionalize if selection pressure395

is strong enough. Duplicated pairs or paralog NLRs, which subfunctionalize, could be found as396

genes coding for sensor and helper. In other words, the topology of these functional networks397

would determine the physical arrangement of NLRs in the genome, for example co-functioning398

pairs (sensor/helper) would be maintained in tight physical clusters (head-to-head orientation). Due399

to the relatively high linkage disequilibrium and linked selection in A. thaliana, the sensor and helper400

genes are expected to exhibit similar population genetics statistics (Table , Van de Weyer et al. 2019).401

In line with this idea, there is evidence for the evolution of NLR gene clusters and duplicates starting402

from a duplicated pair of sensor and helper NRCs in the Asteroid family (Sakai et al. 2024).403

Following up from the organization of NLR gene networks (C.-H. Wu et al. 2017, Sakai et404

al. 2024), the quantitative nature of NLR recognition (Weiner et al. 2025) and the evolutionary405
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theory of gene network evolution (Wagner 1996, Fierst and Phillips 2015 and reference therein,406

Wei et al. 2024, Pouzet and Le Rouzic 2024), we suggest two hypotheses that can be tested using407

evolutionary analyses of gene families. 1) The change of core (well-connected and pleiotropic)408

NLR genes (such as NRC genes) in networks would allow large steps of adaptation, for example409

recognition of new pathogens with new host target gene (guardee), but at the price of possible loss410

of signaling competence for upstream sensors and/or of control of the resistance pathway (yielding411

autoimmunity). 2) The change of peripheral (less connected) NLR genes would result in recognizing412

additional pathogen effectors without destabilizing the networks, but these changes would be limited413

to altering recognition specificity (e.g., via LRR variation or ID acquisition). NLR gene duplication,414

mutation, recombination, and CNV would then be under the selective constraint defined by the415

structure and robustness of the NLR defense networks and the quantitative nature of NLR recognition416

and activation (Weiner et al. 2025).417

Conclusion418

Our contribution aims to pave the way for a theory of the evolution of genomic space at intra-419

and inter-population and species levels, with specific application to gene families (NLR genes) in420

plants. We emphasize the need for analyses of high-quality (long-read assembly) datasets, linking421

intra-population to inter-species pan-genomes, building on new bioinformatic tools and emerging422

topics in population genomics theory.423
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Box 1: Ten open ecological and evolutionary questions in NLR gene research

We formulate the following questions as guidelines arising from the studies mentioned

in the text (which are mainly based on A. thaliana).

1. What is the mutation rate at NLR genes in plant species?

2. What are the recombination rates at NLR genes in selfing versus outcrossing species?

3. Which polymorphism patterns are found at NLR genes in tandem arrangements in species

with higher or lower linkage disequilibrium (selfing or outcrossing)?

4. Is the extent of PAV and CNV of NLR genes different in plant species with different life-

history traits and ecological contexts (the latter defining the rates of genetic drift, mutation,

recombination and gene duplication/deletion)?

5. What is the extent and occurrence of pseudogenization in NLR genes? How does this relate

to plant life-history traits and the ecological context?

6. What is the number, structure, connectivity, size, and redundancy of NLR gene networks

in different plant species?

7. Do NLR gene network topologies depend on the ecological context?

8. Is the position of individual NLR genes in the networks related to their recognition of

pathogens, mutualists and/or regulation of interactions with the (soil, leaf,. . . ) microbiome?

9. What type of selection occurs at which gene in the NLR gene networks?

10. Does the process of NLR evolution follow a punctuated equilibrium (saltationary) model

of evolution with the speed of evolution (and diversity) being discretely distributed across

loci? Alternatively, is the distribution of evolutionary rates more continuous across NLRs?
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Figures658

Figure 1. Overview of the different evolutionary forces and constraints driving NLR gene family evolution. The environ-

ment of a given NLR gene comprises the external abiotic and biotic factors, as well as the genomic space of the considered

host plant, including the organization (number and localization) of NLR (homologs and paralogs).
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Table: Timescales of epidemiology, population genomics and evolution659

Table 1. Timescales of epidemiology, population genomics and evolution

Timescale [years] Process Data used Theoretical framework

one to a few Epidemiological dynamics Disease prevalence and

severity

Epidemiology

up to a few thou-

sand

Ecological-evolutionary dynamics

(agriculture: boom-and-bust cy-

cles)

Within-species polymor-

phism

Population genetics

(micro-evolution)

millions Evolution of genome structure and

genome space

Between-species diver-

gence and synteny

Macro-evolution

Table: Summary of population genomics analyses to interrogate the evolution of NLR genes and660

clusters661

To keep the list of references manageable, we refrain from citing all publications and method papers662

referenced in the table. We direct readers to textbooks (Wiuf and Hein 1997, Charlesworth and663

Charlesworth 2010, Hartl and Clark 2023) and the reference manual of state-of-the-art population664

genomics methods (Dutheil 2020). Recommendations to perform population genomics analyses665

rigorously are found in Johri et al. 2021, Bourgeois and Warren 2021 and in ad hoc chapters of666

Dutheil 2020. Software recommendations can be found in Bourgeois and Warren 2021 and we only667

indicate here recent additions: ngsLD (Fox et al. 2019), eSMC2 (Sellinger et al. 2021), and SMβC668

(Korfmann et al. 2024).669

Table 2. Summary of population genomics analyses to interrogate the evolution of NLR genes and clusters

Type of

analysis

Data required Computation of measure

(statistics)

General description and interpretations

Genetic di-

versity for

SNPs or

structural

variants

Genomic data

for several indi-

viduals (SNP or

SV calls) with

SV coded as PAV

(bi-allelic state)

Pairwise nucleotide diver-

sity (π), Watterson Theta

(Θw)

Diversity per gene is a function of the effective

population size (Ne), determining the effect of

genetic drift and mutation input, past demo-

graphic events, and selective effects. Nucleotide

diversity is positively correlated with local re-

combination, as high recombination decreases

the negative effect of linked (positive or nega-

tive) selection on nearby variants.
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Table 2. Summary of population genomics analyses to interrogate the evolution of NLR genes and clusters

Type of

analysis

Data required Computation of measure

(statistics)

General description and interpretations

Recombi-

nation

Linkage disequilibrium

(LD) (r2 is a correlation

coefficient between pairs

of loci)

Linkage disequilibrium is a measure of meiotic

recombination along the genome. Effective re-

combination depends on the effective popula-

tion size (Ne) and per-site recombination rate

which may vary along the genome (for exam-

ple lower in centromeric regions). LD mea-

sure should indicate also if neighboring genes

(e.g. tandem NLRs) are linked in their evolution

by chance.

Neutrality

tests

Genomic data for

several individ-

uals (SNP calls)

with outgroup

species for SNP

polarization.

Tajima’s D, Fu and Li’s D,

Fay and Wu’s H

Tajima’s D and other neutrality tests measure the

deviation of the Site Frequency Spectrum (SFS),

that is the distribution of polarized allele fre-

quencies per genomic region (or locus), to the ex-

pected neutral distribution. Selective processes

acting at peculiar loci are seen as outliers for

these statistics compared to the genome-wide

distribution. Past demographic events and vari-

ation in recombination rates along the genome

should be counted when scanning for selection

outliers or nearby loci (e.g. tandem NLRs).

Gene con-

version

Genomic data

for several in-

dividuals at

paralogs (SNP

calls) with out-

group species for

SNP polarization.

Joint SFS for both par-

alogs

The joint SFS computation for shared and private

allele frequencies between paralogs allow to in-

fer the occurrence of gene conversion. This can

allow to derive threshold and expected distribu-

tion for neutrality tests to assess the occurrence

of positive or balancing selection at paralogs.
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Table 2. Summary of population genomics analyses to interrogate the evolution of NLR genes and clusters

Type of

analysis

Data required Computation of measure

(statistics)

General description and interpretations

Neutrality

tests with

outgroup

Genomic data for

several individ-

uals (SNP calls)

with outgroup

species for SNP

polarization at

coding regions.

πN, πS, ratio πN /πS,

McDonald-Kreitman (MK)

test, Hudson-Kreitman-

Aguade (HKA) test, ω,

Distribution of Fitness

Effects (DFE) estimation

Nucleotide diversity at synonymous (πS) and

non-synonymous (πN) sites and the ratio (πN

/πS) measure selective or relaxed constraints

at coding regions. These are influenced by the

effective population size (Ne) and drift, past de-

mographic events as well as recombination rate

and selective processes (negative and positive

selection). The MK and HKA tests do compare

polymorphism versus substitutions at coding re-

gions, assuming synonymous sites are nearly

neutral. An extension of the MK test is the infer-

ence of the percentage of sites under positive se-

lection (ω) and the distribution of fitness effects

which is inferred based on the SFS of synony-

mous and non-synonymous sites. The strength

of genetic drift, the amount of recombination

and effect of linked selection are key determi-

nants of the ω and DFE estimates.

Selection

across

phy-

logeny

Genomic data for

several species

(coding regions)

KA (dN), KS (dS), ratio

KA/KS (dN/dS)

The substitution rates at synonymous (KS or dS),

non-synonymous (KA, dN) and their ratio (KA/KS

or dN/dS) indicate long-term deviations from the

neutral evolution at coding genes. These are

computed over phylogenetic timescales when

comparing several species.

Genetic

differen-

tiation

between

popu-

lations

(popu-

lation

structure)

Genomic data

for several indi-

viduals (SNP or

SV calls) with

SV coded as PAV

(bi-allelic state)

Indices of fixation or popu-

lation differentiation: for

SNPs FST, Jost’s D, dXY,

and for SV (FST or VST).

Population structure and gene flow between

populations, as well as genetic drift and selective

events (local adaptation), influence the values

of measures of differentiation. Outlier genes for

high differentiation compared to the genome dis-

tribution may indicate positive selection for local

adaptation, while low differentiation compared

to the genome-wide distribution may indicate

balancing selection. The footprints of popula-

tion differentiation depend on the rate of recom-

bination.
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Table 2. Summary of population genomics analyses to interrogate the evolution of NLR genes and clusters

Type of

analysis

Data required Computation of measure

(statistics)

General description and interpretations

Inference

of neutral

demo-

graphic

and

spatial

processes

Genomic data

for several indi-

viduals (SNP or

SV calls) with

SV coded as PAV

(bi-allelic state)

Based on nucleotide diver-

sity, LD, and population

differentiation.

A wide range of methods build on nucleotide di-

versity and LD distribution along the genome

to infer the past demographic and population

structure of a population. Based on such infer-

ence, one can predict the threshold for outlier

loci for various neutrality tests to detect selective

events. Such thresholds should account for vari-

ation in recombination rate and possible linked

selection effects.

Genome

scans for

positive

selection

Genomic data for

several individ-

uals (SNP calls)

with outgroup

species for SNP

polarization

Based on nucleotide diver-

sity and linkage disequilib-

rium per genomic region

These methods scan the genome to detect

genes/regions under positive selection. The

threshold for outlier regions is dset based on

the inference of past demographic events and

population structure.


