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Abstract: Plant NLR resistance genes provide some of the most extreme examples of polymorphism 15 
in eukaryotic genomes, rivalling even the vertebrate major histocompatibility complex. 16 
Surprisingly, this is also true in Arabidopsis thaliana, a predominantly selfing species with low 17 
heterozygosity. Here, we investigate how gene duplication and intergenic exchange contribute to 18 
this extraordinary variation. RPP8 is a three-locus system that is configured chromosomally as either 19 
a direct-repeat tandem duplication or as a single copy locus, plus a locus 2 Mb distant. We 20 
sequenced 48 RPP8 alleles from 37 accessions of A. thaliana and 12 RPP8 alleles from A. lyrata to 21 
investigate the patterns of interlocus shared variation. The tandem duplicates display fixed 22 
differences and share less variation with each other than either shares with the distant paralog. A 23 
high level of shared polymorphism among alleles at one of the tandem duplicates, the single-copy 24 
locus and the distal locus, must involve both classical crossing over and intergenic gene conversion. 25 
Despite these polymorphism-enhancing mechanisms, the observed nucleotide diversity could not 26 
be replicated under neutral forward-in-time simulations. Only by adding balancing selection to the 27 
simulations do they approach level of polymorphism observed at RPP8. In this NLR gene triad, 28 
genetic architecture, gene function and selection all combine to generate diversity. 29 

Keywords: NLR gene; molecular evolution; intergenic gene conversion; gene duplication; copy 30 
number variation  31 

 32 

1. Introduction 33 

Nucleotide-binding and leucine-rich repeat immune receptors (NLR) genes comprise a major 34 
component of the plant innate immune system that confers variant-specific resistance to a wide 35 
spectrum of pathogens, including viruses, bacteria, fungi and oomycetes. Over evolutionary time, 36 
NLR genes have adaptively duplicated to produce a large, functionally diverse gene family. In 37 
Arabidopsis thaliana, at least 250 NLR genes are known to be distributed across the genome [1], though 38 
the majority are located in clustered tandem arrays. Duplicated gene copies are assumed to persist as 39 
reservoirs for functionally distinct pathogen recognition alleles, and provide sources for generating 40 
novel specificities by mutation and/or intergenic recombination [2]. Consequently, individual NLR 41 
loci have also diversified, harboring the highest levels of nucleotide diversity known for functional 42 
genes in plant genomes [3]. With hundreds of NLR genes present in plant genomes, high levels of 43 
functional divergence, and high polymorphism levels, the combinations of NLR gene alleles possible 44 
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within an individual plant rivals the diversity present at the vertebrate major histocompatibility 45 
complex. 46 

 NLR genes encode receptor proteins that have thus far been found to recognize pathogens 47 
through three major mechanisms. They can detect pathogen-released effector molecules by direct 48 
binding with a canonical NLR domain [4-6]. They can also detect effectors indirectly, by recognizing 49 
changes to host proteins or products affected by these proteins [7-10]. Finally, they can detect 50 
pathogen effectors using a NLR-incorporated integrated domain that resembles domains of that 51 
pathogen effector’s target [11-13]. Recognition of pathogen-derived signals is, in large part, conferred 52 
by a leucine-rich repeat domain (LRR), which typically has multiple repeats of a subdomain — 53 
XXLXLXXXX — that form a solvent exposed beta-sheet structure [7]. The LRR peptide domain has 54 
been subject to strong positive selection (40% of genes in [14]; a similar percentage in [1]). LRR 55 
diversity is achieved at the genome level through gene duplication and adaptive divergence of NLR 56 
genes, and at the population level by retention of allelic variants at individual loci.  57 

Gene duplication and intergenic exchange play central roles in both genomic and population 58 
genetic processes to produce NLR gene diversity. Yet, evolutionary investigations of NLR genes 59 
generally ignore the dependency between the processes giving rise to genetic architecture and those 60 
giving rise to polymorphism, and instead focus on one or the other. Genomic and comparative 61 
evolutionary analysis have been employed to characterize the genetic architecture and structural 62 
evolution of NLR genes. Traits such as the number of NLR genes, their locations within the genome, 63 
and patterns of deletion, duplication, and divergence have been probed to reveal a history of how 64 
gene family members have expanded and diverged (e.g., [1,3,14-23]). In Arabidopsis thaliana, these 65 
genome-wide studies have found evidence for genomic clustering of 50-70% of NLR genes [1]. 66 

Studies of polymorphism, primarily in singleton NLR genes, have provided important insights 67 
into mechanisms of selection. Wide-ranging patterns of nucleotide-level and presence-absence 68 
polymorphism have been uncovered, indicating nuanced effects of balancing and positive selection, 69 
diversifying selection, negative frequency dependent selection, and costs of resistance [24-31]. A 70 
study of LRR polymorphism in 27 “single-copy” NLR loci in 96 A. thaliana accessions found evidence 71 
for balancing selection maintaining within-locus polymorphism in one third of genes [32]; it also 72 
reported evidence for recent selective sweeps.  73 

Some NLR loci in A. thaliana harbor a large number of allelic variants [25] (largely based on 74 
sequences of the LRR), and for these the mechanism(s) generating or maintaining allelic diversity is 75 
less well understood, including whether copy number dynamics and intergenic exchange may have 76 
a role. In fact, the majority of NLR genes are now known to have copy number variation in A. thaliana 77 
[1]. This pioneering study attempts to identify all NLR’s in 65 A. thaliana accessions and then 78 
characterize nucleotide diversity in identifiable orthogroups (465 in total), but without a gene’s copy 79 
number status.  80 

The majority of NLR genes reside in clusters of related genes in A. thaliana and the majority are 81 
present in only a subset of accessions [1,33]. Little is known about the interplay between genomic 82 
processes shaping the complement and architecture of these genes and the variation they harbor 83 
individually. Duplicated and repetitive genomic regions are poorly assembled and resolved by the 84 
commonly utilized short reads generated by next generation sequencing (NGS) [34], and even long-85 
read sequencing cannot yet successfully resolve many duplicated NLR sequences to specific genomic 86 
locations [1]. Segmental duplications with high sequence homogeneity (> 90%) are pervasive features 87 
of eukaryotic genomes [35-38]. NGS methodology likely underestimates rare sequence exchange 88 
events between them and cannot describe the impact these events have on the levels and patterns of 89 
shared polymorphism within and between paralogous genes. Our study attempts to fill this gap in 90 
knowledge in a relatively simple multi-copy NLR gene subfamily.  91 

Intergenic gene conversion (IGC), or non-crossover sequence exchange between paralogous loci, 92 
is expected to increase levels of nucleotide (π) and haplotypic diversity compared to loci that do not 93 
undergo intergenic exchange [39-42]. At its maximum, IGC beyond a critical threshold rate has a 94 
multiplicative effect on the expected nucleotide diversity at a locus in direct proportion to the number 95 
of other loci with which it exchanges sequences [41]. IGC may be especially important in a selfing 96 
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species, where the rate of exchange of sequences by classical crossing over to produce novel alleles 97 
can be strongly reduced. IGC in duplicated genes can also retard the loss of conditionally 98 
advantageous alleles from the population by preserving them from non-selective loss by genetic drift 99 
or genetic hitchhiking. In NLR genes, where multiple resistance alleles can be favored at a locus by 100 
balancing selection via fluctuating or frequency-dependent selection [43,44], IGC is an independent 101 
mechanism that can further promote the preservation of alleles in the population. 102 

This study represents the first explicit attempt to investigate the full suite of mechanisms that 103 
act on duplicated NLR genes, including chromosomal dynamics, selection and intergenic exchange. 104 
We describe the population genetic patterns of polymorphism in a simple NLR gene family, RPP8, 105 
which nonetheless has many features of genomic architecture that may be under selection to maintain 106 
NLR gene diversity. RPP8 is an NLR gene subfamily that consists of three paralogs, one of which is 107 
a presence/absence polymorphism (CNV) segregating at an intermediate frequency. Two of the 108 
paralogs are arranged as a direct tandem repeat; the third locus is located approximately 2 Mb distant. 109 
IGC has been documented between the distant paralogs [45]. RPP8 is also exceptional in having 110 
multiple resistances mapped to the locus; alternative alleles of RPP8 have been shown to resist an 111 
oomycete and two distinct viruses [7,46,47].  112 

We estimate IGC rates between all three RPP8 paralogs. We extend site frequency spectrum 113 
methodology for analyzing two-copy gene families to test for and describe IGC in three-copy gene 114 
families and use this methodology to determine how recombination shuffles molecular variation 115 
between RPP8 family genomic locations. We describe patterns of polymorphism in the RPP8 gene 116 
family, focusing on high nucleotide diversity, that are strikingly different from the genome on 117 
average, and different from single-copy NLR genes. And, we explore the features of RPP8 genomic 118 
architecture and IGC that increase nucleotide diversity by extending a gene duplication population 119 
genetic simulation platform, SeDuS [48], to model our three-copy system. Overall, the study allows 120 
us to explore interactions between selection, copy number, IGC rate, and genomic architecture. 121 

2. Materials and Methods  122 

2.1. Plant Material 123 

Accessions were selected to provide a representative set from across the geographic range of A. 124 
thaliana from our collections and from the Ohio Stock Center (Table S1). A. lyrata seeds were obtained 125 
from the seed collections of D. Jacobson. 126 

2.2 Genotyping 127 

The RPP8 gene family of A. thaliana consists of three paralogs with two common genomic 128 
architectures. Paralogs one and two (P1 and P2, P1 is At5g43470) are located at 17.4 Mb on 129 
chromosome five, and paralog three (P3) is located 2.25 Mb proximal to these paralogs on the same 130 
chromosome, at 19.6 Mb (P3 is At5g48620; Figure 1a). At the genomic location at 17.4 Mb, some 131 
ecotypes of A. thaliana have a tandem duplication of the locus, which we will refer to as RPP8 D1 and 132 
D2. A second common chromosomal haplotype carries only one copy of the gene, herein designated 133 
RPP8 S. We refer to the S/D1 equivalently as the paralog P1, and D2 as the paralog P2 (Figure 1b). At 134 
P3, there is also rare copy number variation (0-2 copies) [45]; however, by far the most common 135 
haplotypes are two-copy (RPP8(S), At5g48620(1-copy)) and three-copy (RPP8(D1,D2), At5g48620(1-136 
copy)) genotypes. 137 

  138 

.CC-BY 4.0 International licenseunder a
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which was notthis version posted July 8, 2019. ; https://doi.org/10.1101/694240doi: bioRxiv preprint 

https://doi.org/10.1101/694240
http://creativecommons.org/licenses/by/4.0/


Genes 2019, 10, x FOR PEER REVIEW 4 of 41 

 

 

 

Figure 1. Signatures of intergenic gene conversion (IGC) in the RPP8 gene family in Arabidopsis 139 
thaliana. RPP8 refers to the entire gene family, including all three paralogs. D1,D2 and S refer to 140 
specific chromosomal types. P1, P2, and P3 refer to specific paralogs, and green, blue, and orange 141 
represent P1, P2, and P3, respectively. (a) Positions of the coding sequence of RPP8 and At5g48620 142 
(P3) on chromosome 5. (b) Homology of loci in the RPP8 gene family. Positions are shown in 143 
kilobases, relative to the start codon of the first paralog at that chromosomal location. Exons of RPP8 144 
loci are shown as boxes; dashed line indicates deleted regions; orange line indicates regions of P3 with 145 
no paralogy to P1 or P2. (c) Expected and observed linkage disequilibrium (LD) decay from [49] and 146 
in three RPP8 paralogs. (d) Schematic of IGC rate estimates and directionality between RPP8 paralogs 147 
most consistent with the SFS and LD results from (c), (e), and Figures S5-S7. (e) Modified site 148 
frequency spectrum (SFS) between all three RPP8 paralogs. Plot shows the frequencies of derived 149 
SNPs specific to a paralog or shared with one or both other paralogs. 150 

RPP8 paralogs from 37 accessions of A. thaliana and two individuals from one ecotype of A. lyrata 151 
were genotyped with PCR. A subset of 17 A. thaliana individuals and one A. lyrata individual were 152 
Sanger sequenced for the full gene and flanking regions, and the remainder were sequenced only for 153 
the most highly polymorphic 1038 bp LRR region. PCR primers used to genotype and sequence 154 
RPP8(S), RPP8(D1,D2) and At5g48620(1-copy) in A. thaliana and A. lyrata can be found in Table S2, 155 
and a schematic of all three paralogs and all rounds of PCR can be found in Figure S1. Prior to PCR 156 
genotyping, individuals of each ecotype were grown in the greenhouse and leaf tissue was flash 157 
frozen in liquid nitrogen. DNA was extracted using a modified CTAB mini-prep protocol [50] and 158 
DNA was purified by 9% PEG and 0.7M NaCl. For products 1kb in size or less, PCR was performed 159 
in 20 µL containing 20 ng of template DNA, 0.2 µM of each primer, 0.15mM dNTPs, 1 U TAQ 160 
polymerase, 1.2 µL of 25mM MgCl2 and 2 µL 10x PCR buffer. Products were amplified in a MJ 161 
Research PTC-200 thermocycler using the following thermal profile: 94 °C for 180 s, 35 cycles of 94 162 
°C for 30 s, 55 °C for 40s, and 72 °C for 60s, followed by 72 °C for 180s. For PCR products larger than 163 
1kb, the Expand Long Template System (Roche) was used. The PCR reaction was identical except for 164 
containing 0.25mM dNTPs, 0.8 U enzyme and 2 µL 10x buffer 3 with 22.5 mM MgCl2. The following 165 
thermal profile was used for long PCR products: 93 °C for 120 s, 10 cycles of 92 °C for 10s, 57 °C for 166 
30s, and 68 °C for 120s, 20 cycles increasing each step at 68 for 10s, followed by 68 °C for 240s. 167 

Three rounds of PCR were used to distinguish the one-copy (S) and two-copy (D1,D2) variants 168 
of RPP8 (Figure S1, Table S2). In the first round, RPP8-D2 specific primers B3f and P6r were used to 169 
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generate a 971bp PCR product for D variants or no product for S variants. In the second round, a two-170 
copy genotype was re-confirmed using primer pair P15f and P6r to generate a 5.5kb PCR product 171 
that encompassed parts of paralogs D1 and D2 and the entire 4.3kb intergenic region. For one-copy 172 
genotypes, no product was produced. In the third round, the presence (or absence) of the (D1,D2) or 173 
S genotype was confirmed with long PCR reactions using variant-specific primers, AC1f or P3f and 174 
I24r for D1, B3f and B20r for D2, and AC1f and BC20r for S, as given in Table S2 (Figure S2).  175 

For half of the accessions, an 8 kb fragment of At5g48620 was amplified using primers K1f and 176 
K22r (Figure S1, Table S2). For the remaining accessions, overlapping 2kb and 6kb fragments of 177 
At5g48620 were amplified by the primer pairs of P7f and K22r and K1f and P8r. We did not 178 
investigate whether At5g48620 might be duplicated in any accession; we found no evidence that the 179 
procedure amplified anything other than a single copy of the locus. The genotype of A. lyrata was 180 
determined by primer pair P15f and P6r and subsequent sequencing. 181 

2.3 Sequencing 182 

To amplify paralogs of the RPP8 family, multiple sets of primers were designed from the low 183 
polymorphism regions of the two sequenced copies of RPP8 (D1 and D2) in Ler-0 and one sequenced 184 
copy of RPP8 (S) and P3 in Col-0 (Table S3) [7]. To sequence all variants of P1, P2, P3, and their 185 
flanking regions, the long PCR products from genotyping were cut and extracted from gels to provide 186 
templates for short PCRs. The overlapping PCR products for each gene were sequenced directly using 187 
ABI cycle sequencing, Bigdye chemistry, and an ABI 377 automated sequencer. D1 sequence in Ler-188 
0 aligned with RPP8-Ler sequence from [7], while D2 sequence in Ler-0 aligned with RPH8A. 189 

In A. lyrata, no primers amplified sequence from intergenic or flanking regions, which meant 190 
that individual paralogs could not be distinguished with these primers. A long PCR product that 191 
spanned the D1 and D2 genes and contained the full intergenic sequence was cloned and partly 192 
sequenced to aid in primer design. Of 16 primer sets designed between primers in adjacent ORFs and 193 
conserved primers in RPP8, one pair gave a long PCR product, which was sequenced to obtain the 5’ 194 
flanking region and the full D1 coding sequence. The complete D2 coding sequence and 1 kb 3’ 195 
flanking regions were produced by anchored PCR. 196 

2.4 Data Analysis 197 

Paralogs of RPP8 were aligned with Muscle and manually refined to minimize sequence 198 
mismatches. To obtain a general picture of the population genetics of this small gene family, Ka:Ks 199 
ratios, synonymous and nonsynonymous π in the coding region and framed LRR region, divergence 200 
from A. lyrata, and sliding window analyses of π and Tajima’s D were determined with DNAsp [51].  201 

We used three methods to test for the presence of IGC between each pair of RPP8 paralogs. 202 
Previous work has found IGC between P1 and P3, but this work did not consider IGC between P1 203 
and P2 at RPP8, nor between P2 and P3. In addition, the GENECONV methodology previously used 204 
to detect IGC at RPP8 underestimates the IGC rate because it relies on the identification of specific, 205 
sufficiently long gene conversion tracts, which decrease in abundance when the gene conversion rate 206 
is high and thus gene conversion tracts overlap [52]. Instead of GENECONV, we used two alternative 207 
methods to explore and describe patterns of IGC within and between the loci (phylogeny 208 
reconstruction and extent of linkage disequilibrium) and an analysis of the site frequency spectrum 209 
(SFS) to estimate its rates [52]. For phylogeny reconstruction in this highly recombining gene family, 210 
we used maximum parsimony, a method that does not assume a shared history for the entire 211 
sequence in question, but rather reflects sequence similarity within the region. Maximum parsimony 212 
trees of the coding sequence excluding the LRR and trees of the LRR alone were constructed to 213 
contrast the evolution of these portions of the RPP8 sequence. IGC can also be detected through an 214 
analysis of linkage disequilibrium (LD), which is reduced as IGC increases [53]. LD values within 215 
and between loci were determined in R and plotted using the R package ‘LDheatmap’ (v099.5).  216 

To estimate IGC rates between the paralogous RPP8 loci, site frequency spectra between all 217 
possible pairs of loci were compared to theoretical expectations [40]. A SFS describes the frequencies 218 
of two types of derived polymorphism segregating within a population: polymorphisms shared 219 
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between two paralogous loci and polymorphisms specific to one paralog [40]. To infer ancestral and 220 
derived polymorphisms for RPP8, maximum parsimony trees of the coding sequence and of the 221 
entire sequenced region were constructed in PAUP* using RPP8 alleles of A. lyrata as the outgroup 222 
[54]. Ancestral state reconstruction of the basal node of RPP8 alleles in A. thaliana was used to 223 
determine the ancestral and derived states of each SNP. SFS of derived SNPs in all three paralogs 224 
were then calculated in R. SFS from data were obtained for each RPP8 locus (sample size ranging 225 
from n = 7 to n = 16 alleles). Theoretical SFS were obtained from [40] for three IGC rates: C = 0.2, 1, or 226 
5, where C is the number of IBC events in the population per generation. For these theoretical SFS, 227 
sample size n = 10, and the number of crossover events in the population per generation R = 1. 1000 228 
SFS distributions were produced from the observed data for a sample of n = 10 alleles using random 229 
gamma distributions for each SNP with a scale parameter set to 1 and a size parameter equal to each 230 
SNP’s allele frequency times 10. Kolmogorov-Smirnov statistics were calculated for each of the 1000 231 
SFS distributions compared to each of three theoretical distributions. Each resampled SFS was 232 
counted as closest to the expected distribution to which it had the minimum Kolmogorov-Smirnov 233 
distance. Thus, for each of the six pairs of SFS between the three members of the RPP8 gene family, 234 
there were 1000 resampled datasets binned as closest to one of three expected spectra, with gene 235 
conversion rates of 0.2, 1, and 5. Chi-squared tests of these counts were conducted to determine 236 
significance.  237 

Given that the number of alleles sampled is small, we calculated the probability that a 238 
segregating site in each SFS category had zero sampled alleles using the equation:  239 

f(i,m) = f(0,m) = e-mmi/i!, (1) 

where m is the average number of an allele in the sample and i is the number of an allele in the 240 
sampled category. The rarest SFS categories had only 15 or 19 segregating sites (Shared, not in P3; 241 
and Shared, not in P1) and m of (2.24, 2.63) and (1.63, 1.80). Thus, for these sites, we likely sampled 242 
only 81% - 93% of all segregating sites in this category, missing 2-4 sites. The most common SFS 243 
category (shared, not in P2) had 137 sites and m = (3.49, 3.72, 4.64). For this category, we likely sampled 244 
97-99% of segregating sites, and missed 1-4 sites total. We thus judged that the sample size was 245 
sufficient to discriminate between the three theoretical distributions using 1000 resampled SFS 246 
distributions. To determine the distribution of shared and specific derived polymorphisms across the 247 
sequenced region, SFS were additionally replotted as derived SNP frequencies against position across 248 
the sequenced region. This allowed us to distinguish regions undergoing distinct patterns of IGC. 249 

2.5 Forward-in-time Simulations of Polymorphism 250 

SeDuS is a forward-in-time simulator designed to investigate the interplay of interlocus gene 251 
conversion and crossovers in segmental duplications under a neutral scenario [48,53]. Here, we 252 
modified this program, kindly provided by the authors, to simulate polymorphism in a three-copy 253 
gene family with realistic parameters for RPP8, with two closely linked duplicates (here copies one 254 
and two) and a distant third duplicate (here copy three), undergoing gene conversion at unequal 255 
rates. This modified simulator allowed us to explore a range of theoretical scenarios, including 256 
varying exchange type and parameter values, to determine the highest levels of nucleotide diversity 257 
possible under neutral processes for a three-copy gene family with IGC. We then further modified 258 
the program to allow for balancing selection for a copy number polymorphism.  259 

SeDuS assumes a Wright-Fisher diploid population evolving under neutrality. Each individual 260 
is represented by a single pair of homologous chromosomes. At the simulation outset, each 261 
chromosome is composed of two blocks (copy one, and single-copy spacer) of equal length L. During 262 
a burn in phase (phase I), these blocks undergo mutation at rate µ and crossovers at rate R, where R 263 
is the number of events in the population in that block per generation. During phase II, a duplication 264 
event takes place in which the copy one block from a randomly chosen chromosome is copied to the 265 
right of the single-copy spacer. This duplication is conditioned to fixation following a neutral 266 
trajectory, after which, in phase III, neutral evolution with mutation and crossover occurs. During 267 
phase II and III, the original and duplicated blocks exchange information via IGC, which occurs at a 268 
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rate C in all chromosomes carrying the duplication, where C is the number of IGC events in the 269 
population per generation. 270 

We introduce five new features to SeDuS to better simulate the evolution of the RPP8 gene 271 
family. First, we extend the simulator to model a three-copy gene family by including a second, 272 
unrelated spacer at the outset of the simulation, and by adding two additional phases to the 273 
simulation. During phase II, the “copy one” block is duplicated to the right of spacer one and left of 274 
spacer two. After phase III, a third duplicated block, copy three, is randomly selected, as in phase II, 275 
from the copy one block of a randomly chosen chromosome and introduced to the right of spacer 276 
two. In phase IV of the model, this duplication is conditioned to fixation following a neutral 277 
trajectory. In phase V, the neutral evolution of the five-block chromosome occurs, with mutation as 278 
in the original SeDuS and block-specific crossover rates, R. In phase IV and V, the copy one, two, and 279 
three blocks exchange information via IGC, which occurs at a total rate C in pairs of chromosomes 280 
carrying the duplication, which are selected randomly from the population to be the donor and 281 
acceptor of an IGC tract.  282 

Second, we allow the proportions of IGC between the three duplicated blocks to vary and add 283 
directionality in the amount of exchange between blocks. To do this, IGC occurs at a total rate C, and 284 
the frequency at which different pairs of copies of the gene family are chosen to be IGC tract donors 285 
and acceptors are independently specified as fractions of the total rate C. In our unequal exchange 286 
scenario, we summed the values of IGC estimated for RPP8 paralogs to obtain C and divided each of 287 
the six estimates of IGC between pairs of RPP8 paralogs by C to obtain specific pairwise exchange 288 
fraction. This allowed copy three to undergo IGC with copy one at a higher rate than with copy two, 289 
as we observe at RPP8. 290 

Third, we introduce non-tandem duplications by specifying block-specific rates of crossover, RC 291 
for each block representing copy one, two, and three, and RS1 and RS2 for single copy spacer blocks 292 
one and two. We then alter RS1 and RS2 relative to RC, allowing, for example, the specification of a 293 
tandem duplication by a RS1 equivalent to that of a 3 kb region in A. thaliana and an unlinked 294 
additional duplicated block with a RS2 equivalent to that of a 2.25 Mb region in A. thaliana, the same 295 
spacing as the RPP8 gene family.  296 

Fourth, we introduce selfing as in [55], by specifying the fraction of reproductive events, s, in 297 
which a chromosome chooses to pair with itself or its sister chromosome, as opposed to picking 298 
another chromosome at random from the population. This involved the reduction of C, RS1, RS2, and 299 
RC by a factor of (1-s) to obtain “effective” IGC and crossover rates.  300 

Fifth, we introduce balancing selection at copy two for a presence-absence polymorphism by 301 
introducing an additional phase, phase VI, after the fixation of the three copies, in which copy two is 302 
constrained to have a frequency of 50%. This order of events was chosen due to the ancestral presence 303 
of three orthologs of RPP8 in A. lyrata, and the subsequent creation of a CNV for D2 in A. thaliana. 304 
Selection in RPP8 may not be balancing selection for a CNV, and instead may take the form of 305 
negative frequency-dependent selection based on RPP8 functionality, or some other form. However, 306 
incorporating balancing selection for a CNV has characteristics similar to diversifying or negative-307 
frequency dependent selection, while still being possible to generate in this modeling framework. In 308 
phase VI, a randomly chosen chromosome loses its copy two block, and two haplotypes, one with all 309 
three copies present, and one with only copy one and three present, form a population with a CNV. 310 
This population is then simulated to evolve with selection for both haplotypes to be maintained at 311 
approximately 50% frequency.  312 

We used this extended version of SeDuS to vary individual parameters while holding other 313 
parameters constant at levels observed for RPP8 in A. thaliana. The full sets of parameter values used 314 
in each simulation can be found in Supplementary Tables S3-S6. Generally, population size was held 315 
at N = 100, RC was held at 3.2 (equivalent to a 4kb block, or four times the estimate of the population 316 
recombination rate, ρ, found for a 1kb block found in [49]), RS1 was held at 2.4 (equivalent to a 3kb 317 
block), RS2 was held at 1600 (functionally unlinked, equivalent to a 2 Mb block), C was held at 8.4 (the 318 
sum of the estimates for all six types of IGC at RPP8), s was held at 0.97 (the estimate of selfing in A. 319 
thaliana from [56], µ was held at 0.001, IGC tract length was the default, 100bp, and the IGC exchange 320 
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type was unequal exchange, using the relative frequencies estimated for RPP8. To explore the effects 321 
of specific parameters on nucleotide diversity in the gene family, three parameters were varied 322 
individually: paralog spacing, RS2, to simulate recombination in regions between 2kb and 20Mb in 323 
size; IGC rate, C, at 8 levels between 0.2 and 2000 events per generation; and exchange scenario, to 324 
consider both an equal exchange and the unequal exchange scenario observed for RPP8 for IGC tract 325 
movement. We also considered the interaction between the fraction of selfing individuals, s, varied 326 
between 0 and 0.999, for three different values of C: 0.2, 8.4, and 200. A plot of example SeDuS outputs 327 
can be found in Figure S2. 328 

We obtained equilibrium estimates for nucleotide diversity in phase III, V, and VI of the 329 
simulation by taking the average nucleotide diversity for 200 or more simulations for the generations 330 
where the majority of models had reached equilibrium. For phase III, this was between generations 331 
4,300 and 6,500 and gave estimates of nucleotide diversity for two-copy gene families; for phase V, 332 
this was between generations 11,000 and 16,000 and gave estimates of nucleotide diversity for 333 
neutrally evolving three-copy gene families; and for phase VI, this was between generations 21,000 334 
and 26,000 and gave similar estimates for three-copy gene families with copy two under balancing 335 
selection for a CNV. We divided these estimates by the average nucleotide diversity estimate for the 336 
single copy spacer one in generations 3,000 through 15,000 to obtain the multiple of the single copy 337 
region reached by two and three copy gene families.  338 

3. Results 339 

3.1. Variation in RPP8 Genomic Architecture, Phenotypes, and Sequence  340 

We genotyped 37 A. thaliana accessions for the presence or absence of each of the three paralogs 341 
of RPP8, then obtained sequence data for the entire paralogous region (4788bp) for 31 RPP8 paralogs: 342 
eight S, seven D1, seven D2, and nine P3 alleles (Table S1), and sequence data for the LRR for 17 343 
additional paralogs: three S, two D1, eleven D2, and one P3 alleles (Table S1). These sample sizes 344 
were sufficient for reasonable estimation of population genetic parameters (Figure S3). We also 345 
obtained resistance data to the downy mildew pathogen Hyaloperonospora arabidopsidis for sixteen 346 
accessions, including twelve with full sequence data and four with LRR sequence data for S or D2 347 
(Table S1). We first describe gross features of individual RPP8 paralogs: CNVs, within-gene insertions 348 
and deletions, and potential for functionality. We then discuss genotype-specific features, such as 349 
patterns of resistance to H. arabidopsidis and the evidence for particular crossover or IGC events 350 
between S and D1,D2 genotypes. Finally, we explore population genetic patterns of polymorphism 351 
and IGC.  352 

 Our genotyped sample of 37 A. thaliana accessions yielded 14 single copy variants (S alleles) 353 
and 23 two-copy variants (D alleles D1 and D2) of RPP8 (Figure 1b). The RPP8 P3 locus was absent 354 
in one of 37 accessions, indicating copy number variation at this locus. S and D1,D2 CNVs were 355 
widely distributed throughout the species’ range, with both variants present in accessions of 356 
European, Asian, African, and North American origin. (Table S1). D variants were more common in 357 
European samples, though they were not at a significantly higher frequency than the average CNV 358 
frequency (68% D1,D2; binomial p = 0.11) and S variants were more common in North America (12% 359 
D1,D2; binomial p = 0.013; Table S1). To determine if CNV type or continent of origin were statistically 360 
dependent on the phylogenetic relationships between the alleles sampled, we determined the 361 
phylogenetic signal for both of these traits. CNV type had a significantly overdispersed phylogenetic 362 
signal for a sequence similarity tree of the LRR codons of RPP8 (Bloomberg’s K = 0.504, p = 0.038, 363 
Figure S4), and a marginally significant phylogenetic signal for overdispersion on a tree of the non-364 
LRR codons of RPP8 (Bloomberg’s K = 0.389, p = 0.059). This indicated that alleles were more likely 365 
to be closely related to individuals of a different CNV class than alleles of the same CNV class. 366 
Continent of origin had no significant phylogenetic signal on a tree of either the LRR or the non-LRR 367 
codons of RPP8 (Bloomberg’s K = 0.267; 0.291; p values = 0.69; 0.46), indicating that this sample 368 
evolved randomly with respect to continent of origin. Thus, this sample was suitable for obtaining a 369 
global view of the population genetics of RPP8 paralogs (Figure S3, S4). A. lyrata possesses the D1,D2 370 
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tandem duplication of RPP8 and one copy of P3, indicating that the triplication of RPP8 predated this 371 
speciation event. We did not find S variants in the small sample of A. lyrata. 372 

We next examined the potential for functionality for the 31 alleles with complete sequence data. 373 
Within these alleles, Ler-0 had a nonsense mutation in P3, but no alleles had a frameshift mutation. 374 
Based on a comparison with RPP8 orthologs in A. lyrata, there were six sites with amino acid 375 
insertion, and 20 sites with in-frame deletion. The majority of coding sequence insertions (4/6) were 376 
found in more than one sampled allele, while the majority of deletions were singletons (14/20). Within 377 
the introns, there were 32 different indels of varying lengths, 23 of which were found in more than 378 
one sampled allele. No indels were found near the borders of intron two, but P1 and P3 shared a 13bp 379 
deletion directly adjacent to the 5’ border of intron one, and P3 samples also had 14bp and 15bp 380 
deletions at this border. These deletions did not compromise the GT-AG intron splicing motif for 381 
intron one, and thus we consider it unlikely that these samples retain and translate intron one as a 382 
result of this deletion. RPP8 paralogs were on average 905 +/- 3 amino acids in length, with a range 383 
of 895-910 amino acids. Despite these differences in length, all RPP8 paralogs retained most alignable 384 
homologous protein-coding residues and all but one had the potential for functionality in NLR gene 385 
mediated recognition of pathogens. 386 

We compared the RPP8 genotype to phenotypic evidence for downy mildew resistance for 387 
sixteen accessions, including twelve that had complete RPP8 paralogous sequence data and four that 388 
had LRR sequence data. Of the twelve, four were susceptible and eight were resistant; of the four 389 
with LRR data, three were susceptible and one resistant (Table S1). There was no correlation between 390 
RPP8 copy number and downy mildew resistance. Five of nine RPP8 D variants and three of six RPP8 391 
S variants were resistant. The Cvi-0 variant without P3 was also resistant. There were no sequenced 392 
indels or amino acid variants within either the coding region or the LRR of S or D1 (the copy with 393 
allelic variation for downy mildew resistance/susceptibility), nor within either S, D1, or P3, that 394 
segregated perfectly with resistance; in fact, every site had at least two exceptions in correlations 395 
between single SNPs and resistance. Resistance and susceptibility had no phylogenetic signal on a 396 
tree of either the non-LRR and LRR region of RPP8 (Bloomberg’s K = 0.247; 0.282, p = 0.89, 0.72), with 397 
almost every paralog from a susceptible plant most similar to a resistant RPP8 allele (Figure S4). This 398 
phylogenetic distribution of resistance is consistent with multiple, independent losses (or gains) of 399 
downy mildew resistance in different alleles of RPP8. This resistance data is also inconsistent with a 400 
one SNP:one phenotype model of trait evolution [57]. 401 

    We found a staggeringly large number of segregating sites — 470 in total — in the full dataset, 402 
consisting of 31 fully sequenced alleles (17 accessions). We determined the number of fixed 403 
differences and frequencies of shared, derived polymorphism for each RPP8 paralog to infer the 404 
propensity for allele-specific recombination in meiosis [41,58,59]. The number of segregating sites 405 
within paralogs ranges from 174-358 (Table 1). Intuitively, loci with a history of intergenic 406 
recombination should have few, if any, fixed differences, and derived allele frequencies should be 407 
positively correlated, with a linear relationship. RPP8 S and D1 alleles had no fixed SNP differences 408 
and a large number (316) of shared derived polymorphisms. In contrast, S and D2 alleles had 27 fixed 409 
SNP differences (Table 2) and a smaller number (183) of shared derived polymorphisms (Table 3). 410 
Allele frequencies of shared polymorphisms were strongly correlated between S and D1 alleles 411 
(R2=0.70) and less correlated between S and D2 alleles (R2 = 0.14; Table S7). These data indicate that S 412 
alleles pair (and exchange sequence via crossovers) predominantly with D1 alleles during meiosis 413 
and suggest that ectopic crossovers between S and D2 alleles are relatively infrequent. We thus treat 414 
S and D1 alleles as one homologous gene, P1, in subsequent sections, and D2 alleles as a paralogous 415 
gene (P2).  416 

Table 1. Polymorphism within the coding and leucine-rich repeat region (LRR) of RPP8 paralogs. 417 

 All coding sites (2766 bp) LRR (888 bp) 
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 Segregating 

sites (S)1 

Average 

Number of 

SNPs/allele 1 

Number of 

Unique 

Haplotypes 

Segregating 

sites (S)1 

Average 

Number of 

SNPs/allele 1 

Number of 

Unique 

Haplotypes 

P1 358 108.0 15/15 254 61.2 20/21 

S 276 109.3 8/8 153 54.2 11/11 

D1 246 103.4 7/7 212 68.0 9/10 

D2 174 80.5 7/7 162 51.8 17/19 

P3 302 110.8 9/9 179 63.7 9/10 

all 470 118.0 31/31 327 60.4 45/50 
1 Values were determined excluding gaps in pairwise comparisons only. 418 

Table 2. Fixed derived SNPs in the sequenced duplicated region at locus X, rows, not segregating at 419 
locus Y, columns. 420 

In X, not in Y1 S D1 D2 P3 

S - 0 27 0 

D1 0 - 14 0 

D2 4 0 - 3 

P3 4 0 27 - 
1 There are 470 segregating sites when all 31 sequenced paralogs of the RPP8 gene family are included. 421 

Table 3. Number of shared derived polymorphisms in the sequenced duplicated region between locus X, rows, 422 
and Y, columns. 423 

In X and Y 1 S D1 D2 P3 

S - 316 183 326 

D1 - - 161 307 

D2 - - - 162 
1 There are 470 segregating sites when all 31 sequenced paralogs of the RPP8 gene family are included. 424 

Despite the clear homology of RPP8 paralog protein coding sequence, there was considerable 425 
pairwise genetic distance within and between paralogous RPP8 alleles. At the nucleotide sequence 426 
level, there was an average of 5% pairwise coding sequence diversity. At the amino acid level, there 427 
was even higher coding sequence diversity: 9.14% pairwise diversity on average, equivalent to 82 (+/- 428 
15) different amino acids between different alleles of RPP8. Surprisingly, there were no fixed SNP 429 
differences between D1 and P3 loci, and only four fixed differences between S and P3 loci (Table 2). 430 
S, D1, and P3 alleles had a similar number of shared polymorphisms (Table 3) and strongly correlated 431 
frequencies of shared polymorphisms (Table S7). This indicates the presence of sufficient sequence 432 
exchange between the distant duplicates P1 and P3 to maintain homogenization of alleles. This 433 
exchange could not be mediated by ectopic crossing over, as this would lead to the loss of sequence 434 
between P1/P2 and P3 (or the loss of ~300 genes), which has never been observed. Instead, sequence 435 
homogenization between P1 and P3 must occur by IGC. 436 

3.2. Rates of IGC between RPP8 Paralogs 437 

IGC has been observed previously between P1 and P3 [45]. We tested for evidence of IGC 438 
between all three paralogs in three ways: linkage disequilibrium (LD), the allelic site frequency 439 
spectra (SFS), and phylogenetic inference (for reasons elaborated in the Methods). Using SFS, we also 440 
estimated C, or the rate of sequence exchange or IGC events in the population per generation. 441 

IGC reduces LD to an extent that increases with the rate of IGC in that region [53]. 442 
Recombination hotspots within a region undergoing IGC are also theorized to further reduce LD, but 443 
only in the hotspot region [53]. However, P1/P2 and P3 have lower than average recombination rates 444 
in A. thaliana [60]. This is likely due to the presence of a CNV in the mapped heterozygote, which 445 
could suppress crossover events [61,62]; alternatively, it could be due to the high nucleotide diversity 446 
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at these loci, which has been observed to reduce crossover frequency in heterozygotes [63]. The 447 
pattern of LD within members of the RPP8 gene family did not vary substantially within the 448 
sequenced region for any paralog and was thus not consistent with predictions of a recombination 449 
hotspot (Figure S5). In contrast, the LD measures, r2, were significantly less than the genome-wide 450 
expectation for the entire length of the sequenced region of P1 (Figure 1c). The average r2 between 451 
SNPs 1 kb apart in P1 was 0.078 (+/- 0.13), significantly less than the r2 of 0.52 measured genome wide 452 
for SNPs 1 kb apart in A. thaliana [49]. P2 also had reduced LD between SNPs 1kb apart, 0.232 (+/- 0. 453 
25), though LD at distances greater than 1kb was not significantly different than that of the genome 454 
on average (Figure 1c). The average r2 between SNPs 1kb apart in P3 was 0.167 (+/- 0.20), and r2 values 455 
were significantly less than genome-wide expectations for SNPs 2 kb apart or less (Figure 1c). After 456 
the duplication breakpoint 3’ of P3, r2 values became more typical of the genome-wide average 457 
(Figure S5), and r2 values were not atypical between D1 and D2, nor between P1/P2 and P3. 458 
Qualitatively, mild reductions in LD are theorized to result when C is close to one event per 459 
generation, and strong reductions in LD when C >> 1 [53]. The observed pattern of LD was consistent 460 
with a low rate of IGC between the other two paralogs and P2, and a high rate of IGC (C > 1) between 461 
P1 and P3. 462 

    SFS between pairs of loci undergoing IGC can be informative about the rate of sequence 463 
exchange, C [40]: as C increases, SFS are expected to have more shared SNPs and fewer (or no) 464 
differences between paralogs. To compare rates of IGC for paralogs with theoretical expectations, we 465 
constructed SFS between each pair of paralogs, which resulted in six SFS, or two SFS per pair. These 466 
SFS showed the frequencies of SNPs in the first, “acceptor” paralog that were either shared with the 467 
second, “donor” paralog or specific to the acceptor paralog (Figure S6). We randomly drew 1000 468 
subsets of SNPs to create bootstrapped distributions of observed SFS. We compared these spectra 469 
with expected spectra for duplicates undergoing gene conversion at three rates: C = 0.2, 1, and 5 [40]. 470 
The two SFS with P1 as the donor paralog were most similar to the expected SFS where C = 1 (95.5% 471 
and 98.7% of bootstrapped distributions; p < 2.2e-16). The two SFS with P2 as the donor paralog were 472 
most similar to the expected SFS where C = 0.2 (85.5% and 97.7% of bootstrapped distributions; p < 473 
2.2e-16), while the SFS with P3 as the donor and P1 as the acceptor was most similar to the expected 474 
SFS where C = 5 (88.1% of bootstrapped distributions; p < 2e-16). The SFS data were consistent with 475 
C of 1 or higher between P1 and P3, and with a lower rate, of 0.2 to 1, between P2 and the other 476 
paralogs (Figure 1d). 477 

    To better visualize and interpret IGC at RPP8, we created a novel three-copy SFS. This three-478 
copy SFS included frequencies of derived SNPs specific to individual paralogs, or private SNPs; 479 
derived SNPs that were shared with only two of the three paralogs, and derived SNPs that were 480 
shared in all paralogs (Figure 1e). To determine if frequencies of shared and specific polymorphisms 481 
varied in different regions of the RPP8 homologous sequence, we also plotted the frequencies of 482 
derived private and shared SNPs against position in the gene for all combinations of paralogs (Figure 483 
S7). In a three copy SFS, private derived SNPs at high frequencies indicate regions where IGC does 484 
not occur. No private SNPs, or SNPs unique to a single paralog, were fixed in the duplicated region 485 
of RPP8 (Figure 1e; S7j-l). Most private SNPs were found at low frequencies: only 2% of private 486 
derived alleles were the major allele, and 86% of private SNPs occurred in just one or two of the 487 
sampled sequences. These data were consistent with the occurrence of IGC across the entire 488 
duplicated region of RPP8. We observed many SNPs shared between two paralogs that were not 489 
found in the third (Figure 1e; S7d-i). Just as a SFS indicates the relative frequency of IGC events 490 
between a single pair of paralogs, differences in the numbers of shared polymorphisms in three-copy 491 
polymorphism frequency plots indicate the relative frequency of IGC events between different pairs 492 
of paralogs. Most SNPs shared between two of the three paralogs were not shared with P2 (234 SNPs 493 
not shared with P2; 51 not shared with P3; 15 not shared with P1, Figure 1e). Very few SNPs were 494 
shared between P2 and P3 but not with P1, and these SNPs were found at low frequencies (Figure 495 
1e). The data indicate that the most common type of IGC is between P1 and P3, then between P1 and 496 
P2, and least commonly between P2 and P3.  497 
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Polymorphism is unevenly distributed across the RPP8 locus. The third exon, which encodes the 498 
LRR, has approximately twice the density of the SNPs shared between the three paralogs than the 499 
non-LRR regions: 60% of the shared SNPs were found in the third exon, which is 35.8% of the length 500 
of the homologous region, and 40% of shared polymorphisms were found in the LRR, which is 20.7% 501 
of the length of the homologous region (Figure S7a-c). In fact, all 31 fully sequenced alleles contained 502 
different haplotypes in the LRR region, reflecting the enormous allelic diversity and SNP 503 
polymorphism in this region of the gene, more than any singleton NLR gene (Table 1, Figure S8d). 504 
Because the majority of shared polymorphism was located in the region surrounding the LRR region, 505 
we hypothesized that diversifying selection is maintaining distinct functional haplotypes in this 506 
domain. 507 

To explore the potential for diversifying selection in the LRR versus the remainder of the protein, 508 
we compared two maximum parsimony trees, one constructed with hypothesized LRR codons from 509 
[7], and one with the non-LRR codons (Figure 2). These two trees revealed strikingly different 510 
branching patterns. In particular, the non-LRR portion from the three paralogous loci mapped to the 511 
tree consistent with independent evolution, with significantly more phylogenetic signal for paralog 512 
number than expected by chance (Bloomberg’s K = 1.073, p = 0.001, Figure S4). D1 and S alleles were 513 
interspersed on the tree, as expected for a single recombining locus (the P1 locus). There was little 514 
evidence of sequence exchange between P1 and P3: the P3 alleles formed a nearly monophyletic clade 515 
within the P1 alleles, except for one D1 allele (Figure 2a). The non-LRR branching pattern was 516 
consistent with a duplication event from S or D1 to create P3. As P3 shares flanking sequence with 517 
the upstream region of D1, it was likely derived from this paralog before the split of A. thaliana and 518 
A. lyrata. There was no evidence for sequence exchange between P1 and P2; the P2 alleles formed a 519 
monophyletic outgroup to the remaining RPP8 paralogs (Figure 2a).  520 

In contrast, the LRR tree supported an entirely different evolutionary history (Figure 2b). Here, 521 
there was less phylogenetic signal for paralog number than expected by chance (Bloomberg’s K = 522 
0.325, p = 0.048, Figure S4), and S, D1, P2, and P3 alleles were all distributed paraphyletically across 523 
the tree, with low proportions of bootstrapped branch support for many deeper nodes in the 524 
consensus sequence tree. The largest clade was of four P3 alleles. The LRR tree supported frequent 525 
gene conversion events between P3 and P1 alleles: most P3 alleles had P1 alleles as their closest 526 
relative on the tree (Figure 2b). It also supported gene conversion events between D1 and P2 alleles: 527 
P2 alleles clustered into two smaller clades that each had D1 alleles as the clade’s closest outgroup 528 
(Figure 2b). 529 
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Figure 2. Bootstrap consensus trees for the maximum parsimony phylogenies of the leucine-rich 530 
repeat region (LRR) and non-LRR regions of the three RPP8 paralogs, P1, P2, and P3. Clades 531 
comprised of alleles from one paralog are boxed. Green, blue, and orange boxes represent P1, P2, and 532 
P3, respectively. The percentage of replicate trees in which the associated taxa clustered together in 533 
the bootstrap test (5000 replicates) are shown next to the branches; values less than 5 are not shown. 534 
(a) Sequence similarity tree of the non-LRR region. 239 out of 1701 sites were parsimony-informative. 535 
(b) Sequence similarity tree of the framed LRR region for the same accessions as in (a). 236 out of 1019 536 
sites were parsimony-informative. 537 

To further explore the allelic diversity and evolution in the LRR region, we sequenced an 888 bp 538 
region containing the 12 distal-most LRR repeats of RPP8 for 17 additional alleles (Table S1). Most 539 
alleles (45 of 50) had unique haplotypes in the LRR region (Table 1). A tree of these sequences also 540 
demonstrated high levels of paraphyly in alleles from different genomic locations (Figure S9). P3 541 
alleles again had P1 alleles as their closest relatives, and P2 alleles had D1, S, and P3 alleles as their 542 
closest relatives. In addition, alleles from the same populations did not necessarily fall into the same 543 
clades or closely related clades. In three cases, we sequenced two or more P2 LRR from individuals 544 
isolated from the same population: two NFE-, three Pu-, and three Kz- alleles (as well as one NFE- 545 
and one Kz- allele from P1). Two pairs of alleles had identical haplotypes within the population; the 546 
remaining alleles had distinct haplotypes and pairwise nucleotide diversity of 5.1-6.9%, which was 547 
similar to between population comparisons (0.0626 +/- 0.018). With the exception of the two pairs 548 
with identical haplotypes, all alleles from the same population were paraphyletic on the tree (Figure 549 
S9). These results indicated that similar levels of diversity and a huge number of distinct alleles have 550 
been maintained both within and between populations.  551 

3.3. Signatures of Selection in RPP8 Paralogs 552 

In a predominantly selfing species such as A. thaliana, IGC between duplicates may be an 553 
important mechanism for moving new mutations onto different genetic backgrounds. In selfers, loci 554 
are typically homozygous, and given the age of the RPP8 duplication event (originating prior to the 555 
split between A. thaliana and A. lyrata), the haplotypes at the paralogous loci should be distinct. With 556 
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diversifying selection as a driving force, duplication and IGC may carry an additional selective 557 
benefit for selfers in both generating and spreading variation. To test this hypothesis, we looked for 558 
signatures of positive and balancing selection acting on RPP8 paralogs in A. thaliana. 559 

We explored the rate of RPP8 protein evolution by comparing the Ka:Ks ratio generated for 560 
comparisons of A. thaliana and A. lyrata alleles to the distribution of all genes shared between A. 561 
thaliana and A. lyrata [64,65]. Across the entire coding region, Ka:Ks ratios within paralogs varied 562 
between 0.53 and 0.61 (Table 4), higher than 91-94% of the Ka:Ks distribution in A. thaliana. The high 563 
Ka:Ks ratio within RPP8 was due to a large Ka relative to the genome-wide values; Ks values were not 564 
within the tail of the expected distribution (Table 4). Within the LRR, Ka:Ks ratios varied between 0.75 565 
and 0.97 (Figure 3a; Figure S10), higher than 96-98% of the Ka:Ks distribution. Amino acid diversity 566 
was highest within the 14 LRR subdomains of the LRR, particularly at the hypervariable “X” sites in 567 
the XXLXLXXXX LRR subdomain (Table 5). For these residues, the frequency of derived amino acid 568 
changes was 2.4 to 16-fold higher than the genomic background rate (Figure 3; Table 5). On average, 569 
20-40% of “X” residues 2-6 in each LRR subdomain were derived, polymorphic residues, reflecting 570 
substitution rates 5 to 16-fold higher than typical. Nor were these derived amino acids simply single 571 
derived polymorphisms at high frequencies: “X” residues 2-6 had, on average, 2.8 to 3.5 amino acids 572 
segregating at each LRR subdomain (Table 5), with up to 7 amino acids segregating at some residues. 573 
This is indicative of positive selection for the retention of amino acid replacement changes in the LRR.  574 

Table 4. Within-paralog synonymous and nonsynonymous nucleotide diversity (π) and divergence 575 
(K) for the entire coding region and the leucine-rich repeat region (LRR). 576 

 Coding Region LRR 

 πs πa πa/ πs Ks Ka Ka/Ks πa/ πs Ka/Ks 

Genome 

Average 1 
0.005 

(0.004-0.006) 

0.0014 0.23 0.13 

(0.02,0.24) 
0.025 

(0, 0.12) 

0.19 

(0,0.07) 

n/a n/a 

P1 0.0429 0.0355 0.829 0.143 0.0789 0.527 1.56 0.746 

P2 0.0341 0.0279 0.815 0.130 0.0823 0.612 2.27 0.965 

P3 0.0459 0.0383 0.830 0.144 0.0814 0.538 1.06 0.751 
1 Average values for these variables for all coding regions in the genome are shown in this row, and 95% 577 

confidence intervals, where available, are shown in parentheses. 578 

.CC-BY 4.0 International licenseunder a
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which was notthis version posted July 8, 2019. ; https://doi.org/10.1101/694240doi: bioRxiv preprint 

https://doi.org/10.1101/694240
http://creativecommons.org/licenses/by/4.0/


Genes 2019, 10, x FOR PEER REVIEW 15 of 41 

 

 

 

Figure 3. Sliding windows of within-species polymorphism and divergence between Arabidopsis 579 
thaliana and A. lyrata for paralog P1 at RPP8. Plots for paralogs P2 and P3 can be found in Figures S10-580 
S12. Grey boxes above the plots represent positions of exons of P1. Vertical lines indicate exon 581 
boundaries, as shown in the schematic above each plot. The leucine rich repeat region (LRR) is also 582 
indicated. (a) πa:πs and Ka:Ks within A. thaliana and between A. thaliana and A. lyrata. Black and dark 583 
grey dashed horizontal lines indicate average levels of πa:πs and Ka:Ks within A. thaliana and between 584 
A. thaliana and A. lyrata; light grey dashed line is the 95% right-hand tail for Ka:Ks. (b) Tajima's D. (c) 585 
Synonymous nucleotide diversity. The black horizontal dashed line indicates the average level of 586 
nucleotide diversity within A. thaliana; the line width is the confidence interval for average nucleotide 587 
diversity. 588 

Table 5. Coding sequence diversity in the hypervariable (“X”) sites of the 14 leucine-rich repeat 589 
(LRR) subdomains in 30 alleles in the RPP8 gene family. Table shows the number of derived amino 590 
acids, typically out of 30, present at each amino acid residue in each LRR of all 30 fully sequenced 591 

RPP8 paralogs. 592 

LRRa 1b 2 3 4c 5d 6 7 8e 9 10f 11 12 13 14 

Average 

fraction derived 

(~Ka)g 

Fold 

increase 

over 

genomic Ka 

(C.I.)h 

Distinct 

amino acids 

(C.I.)i 

l 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0.007 +/- 0.002 0.3 1.1 (1, 1.5) 

x 0 0 0 0 0 0 0 2 0 0 0 4 0 0 0.014 +/- 0.003 0.6 1.2 (1, 2) 

x 0 0 0 0 0 0 3 1 1 1 0 0 0 0 0.014 +/- 0.002 0.6 1.2 (1, 2) 

l 0 0 0 0 0 0 0 0 0 7 0 0 1 0 0.019 +/- 0.004 0.8 1.1 (1, 2) 

x 0 0 0 0 6 0 4 0 0 0 4 14 0 0 0.067 +/- 0.01 2.7 1.4 (1, 2) 

x 0 0 0 1 7 0 1 0 1 0 0 0 0 0 0.024 +/- 0.004 1 1.3 (1, 2) 
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l 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0.002 +/- 0.001 0.1 1.1 (1, 1.5) 

X 21 0 0 0 0 1 2 0 0 0 0 0 1 0 0.06 +/- 0.013 2.4 1.4 (1, 2) 

X 11 1 1 4 1 7 26 5 12 16 0 1 1 0 0.205* +/- 0.018 8.2* 2.9* (1.5, 4.5) 

L 8 0 0 1 2 0 2 0 1 6 0 1 0 0 0.05 +/- 0.006 2 1.6 (1, 2.5) 

X 25 4 10 10 9 22 17 28 2 3 13 22 0 3 0.4* +/- 0.022 16* 3.5* (2, 5.5) 

L 2 0 0 4 5 6 1 18 1 21 1 0 0 0 0.14* +/- 0.016 5.6* 1.9 (1, 3) 

X 25 2 12 12 0 0 3 7 11 3 18 0 8 12 0.269* +/- 0.018 10.8* 2.9 (1, 5) 

X 0 3 25 3 11 0 0 6 3 18 18 10 2 5 0.248* +/- 0.019 9.9* 3.3* (1.5, 5.5) 

X 21 0 0 10 18 0 1 7 1 18 18 13 0 0 0.255* +/- 0.02 10.2* 2.8 (1, 5) 

X 4 0 11 6 2 0 0 18 0 0 0 6 14 0 0.145* +/- 0.014 5.8* 1.9 (0.5, 3.5) 

x 0 0 1 9 19 2 0 9 0 15 0 0 0 0 0.131 +/- 0.015 5.2 1.7 (1, 3) 

x 0 0 0 8 0 12 4 11 0 0 7 0 0 1 0.102 +/- 0.011 4.1 1.6 (1, 3) 

x 0 0 0 7 0 0 1 10 0 3 0 0 0 0 0.05 +/- 0.007 2 1.6 (0.5, 3) 

x 0 0 0 2 3 2 1 7 0 2 13 3 0 0 0.079 +/- 0.009 3.2 1.6 (1.5, 2.5) 

x 0 0 0 0 0 0 4 3 0 0 0 0 0 1 0.019 +/- 0.003 0.8 1.2 (1, 2) 

x 0 0 0 0 1 0 1 3 
 

0 1 0 0 0 0.015 +/- 0.002 0.6 1.3 (1, 2) 

x 
 

0 0 0 1 
 

0 18 
 

0 0 0 0 0 0.058 +/- 0.016 2.3 1.2 (1, 2) 

x 
 

8 
 

0 
  

1 3 
 

0 0 0 1 0 0.048 +/- 0.01 1.9 1.4 (1, 2) 

x 
 

0 
 

0 
  

0 1 
 

0 0 
  

1 0.01 +/- 0.002 0.4 1.1 (1, 2) 

x             0 0           1 0.011 +/- 0.006 0.4 1.3 (1, 2) 

*Values where the confidence interval did not overlap the confidence interval for genome. 593 
 aBold, capitalized X and L represent the LRR subdomain, which encompasses the putative beta 594 
strand/beta turn region involved in pathogen recognition. X and x represent any site.  595 
bThis LRR is proposed as an update to McDowell and Dangl 1998. It fits the LRR motif criteria and better 596 
matches the pattern at the other 13 LRR subdomains. In addition, one (n = 7) indel was not included. 597 
cOne rare (n = 1) indel was not included in the analysis of all 14 LRRs. 598 
dThe ancestral state reconstruction was changed from a stop codon to K for one amino acid in this LRR. 599 
eOne rare (n = 1) indel was not included in the analysis of all 14 LRRs. 600 
fOne site in this LRR was not included in the analysis of all 14 LRRs, because it was unique to this LRR. 601 
gThe average fraction of nonsynonymous amino acids (Ka) at that site across all LRRs. 602 
hThe fold increase in the fraction of nonsynonymous amino acid changes relative to the typical genomic 603 
nonsynonymous amino acid changes (Ka), and the 95% confidence interval for that value. 604 
iThe average number of amino acids segregating at that site across all 14 LRRs, and the 95% confidence 605 
interval for that value, rounded to the nearest 0.5 amino acids. 606 

If RPP8 alleles are being maintained under balancing selection, positive values of Tajima’s D 607 
might be expected. But, duplicates undergoing IGC are theorized to have an underdispersed 608 
distribution of Tajima’s D compared to the single-copy gene case, with more than 95% of values 609 
within the region undergoing IGC falling between negative one and one in the neutral case, rather 610 
than between negative two and two [40]. As predicted by this work, a sliding window analysis of 611 
Tajima’s D found no regions with values above or below +/- 1.5 (Figure 3b; Figure S11). 23% of 612 
windows in P2 had Tajima’s D’s above 1.0, however, with these windows all localizing within coding 613 
regions, and especially the LRR. In contrast, for P1 and P3 23% and 24% of 300 bp windows, again 614 
mainly in the LRR, had a Tajima’s D below -1.0. The data are suggestive of positive or purifying 615 
selection acting on the LRR of P1 and P3, and with balancing selection acting at P2. 616 

3.4. Nucleotide diversity 617 

Gene duplicates undergoing IGC are theorized to have up to two times the level of synonymous 618 
nucleotide diversity (πs) in both copies relative to single copy genes [41]. However, values of πs and 619 
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nonsynonymous nucleotide diversity (πa) for the three paralogs were far higher than two times the 620 
single-copy expectations, even within the intron. πs within and between the coding regions of the 621 
paralogs varied between 0.0333 and 0.0597, 6-12 times the genome average of ~0.005 (Table 4,5); and, 622 
5.5-10 times the 5% tail of the distribution of π for a set of 800 single copy regions [65]. 623 
Nonsynonymous nucleotide diversity (πa) within the coding region of the paralogs was 20-27 times 624 
the genome average of ~0.0014 (Table 4). Ratios of πa / πs were also higher than the genome average, 625 
particularly in the LRR (Figure 3a; Figure S10). A sliding window analysis of nucleotide diversity 626 
across each paralog showed that it varied between 2-15 times the genome average for P1, 0.5-12 times 627 
the genome average for P2, and 0.9-18 times the genome average for P3 (Figure 3c; Figure S12). The 628 
700 bp intron sequence 5’ of the LRR had πs levels 3.7, 2.7, and 4.6 times the genome average for P1, 629 
P2, and P3, respectively (Figure 3c; Figure S12). The LRR had πs levels 10.3, 9.1, and 14.1 times the 630 
genome average, while the non-LRR coding region had πs levels 6.1, 4, and 5.5 times the genome 631 
average, only slightly higher than the intronic region. Nucleotide diversity was also higher for RPP8 632 
than for the majority of single-copy NLR genes (Figure S8c, S13c). Interestingly, no comparisons of 633 
πs between paralogs were significantly different (Table 6). Synonymous divergence between A. 634 
thaliana and A. lyrata in the RPP8 region was not in excess of genome-wide expectations, indicating 635 
that a high mutation rate was not responsible for increasing nucleotide diversity or πs in these regions 636 
(Table 6). Instead, diversifying selection appears to be acting on all LRR subdomains within the LRR 637 
region. 638 

Table 6. Synonymous nucleotide diversity (πs) in the coding region between locus X, rows, and Y, 639 
columns, and the standard deviation in πs. 640 

X / Y S D1 D2 P3 

S 0.0477 ± 0.0100 0.0449 ± 0.0079 0.0537 ± 0.0067 0.0526 ± 0.0130 

D1 - 0.0392 ± 0.0110 0.0559 ± 0.0076 0.0476 ± 0.0138 

D2 - - 0.0333 ± 0.0156 0.0597 ± 0.0140 

P3 - - - 0.0451 ± 0.0195 

3.5. Simulation of Neutral Evolution and Balancing Selection at RPP8 641 

To simulate the effects of genomic features of the RPP8 gene family on nucleotide diversity, we 642 
modified SeDuS, a two-locus forward-in-time simulator of population genetics in a duplicated gene 643 
family undergoing IGC [48], to accommodate three loci. We used SeDuS to vary the effect of paralog 644 
number, paralog spacing, IGC rate (C), IGC directionality, and selfing, all with and without selection 645 
to maintain a CNV, to determine which effects might lead to πs levels 3-13 times the genome average, 646 
as seen for RPP8. Under neutrality, our simulation results confirmed our intuition that a three-copy 647 
system can have three times the nucleotide diversity of a one-copy system (Figure 4b). However, this 648 
level was only reached for three-copy gene families when C was unrealistically high (C ≥ 200). 649 
Variation in paralog spacing and IGC directionality had little effect on nucleotide diversity observed 650 
for each copy under neutral processes (Figure 4a,c). Under neutral processes, high levels of selfing 651 
led to a reduction in nucleotide diversity from three to two times the single copy average for 652 
intermediate IGC rates (Figure 5b), but minimally reduced nucleotide diversity from three times the 653 
single copy average for very high and very low levels of IGC (Figure 5a, 5c). No neutral scenario led 654 
to the level of nucleotide diversity seen in the LRRs of RPP8; the maximum nucleotide diversity seen 655 
was ~3.2 times the single copy average (Figure 5b, c). 656 
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Figure 4. Simulation results for two and three copy gene families undergoing intergenic gene 657 
conversion with varying distance between copy two and copy three and varying IGC rates. Each point 658 
represents the average equilibrium nucleotide diversity from 200 independent extended SeDuS 659 
simulations. Nucleotide diversities relative to a single copy locus for one copy (grey), two copy 660 
(black), and three copy (green, blue, and orange are copies one, two, and three, respectively) systems 661 
are shown. Open circles represent simulations with equal exchange between copies, while open 662 
triangles represent simulations with unequal exchange between the three copies. (a-c) Neutrality. (d-663 
f) Balancing selection maintaining copy two at 50% frequency within the population. (a,d) Varying 664 
the distance between copy two and copy three. (b,e) Varying the total IGC rate. (c,f) Varying the total 665 
IGC rate and the type of IGC tract exchange. 666 

 

 

Figure 5. Effect of selfing fractions and IGC rates for two and three copy gene families undergoing 667 
intergenic gene conversion. Each point represents the average equilibrium nucleotide diversity from 668 
200 independent extended SeDuS simulations. Nucleotide diversities relative to a single copy locus 669 
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for one copy (grey), two copy (black), and three copy (green, blue, and orange are copies one, two, 670 
and three, respectively) systems are shown. (a-c) Neutrality. (d-f) Balancing selection maintaining 671 
copy two at 50% frequency within the population. (a,d) IGC rate = 0.2. (b,e) IGC rate = 8.4. (c,f) IGC 672 
rate = 200. 673 

We next simulated balancing selection at copy two, the simulated tandem duplicate linked to 674 
copy one, by introducing a copy number polymorphism at copy two maintained at 50% frequency in 675 
the population. Though the occurrence of IGC between paralogs of RPP8 prevents a conventional 676 
interpretation of Tajima’s D with respect to balancing selection on D2, we were still interested in 677 
modeling the effects of this common CNV as if there was selection for its maintenance. We reasoned 678 
that, if the copy number variation at D2 was under balancing selection, then this should generate an 679 
increased level of polymorphism at P1, which is tightly linked to P2. A long-maintained reduction in 680 
the number of copies of P2 could also contribute to the halving of average diversity observed at P2 681 
relative to the other paralogs (Table 6). Third, a copy number polymorphism could explain the 682 
asymmetry in the IGC rates we see between the paralogs: fewer copies of P2 should be reflected in 683 
IGC rates as a lower estimated rate of IGC with P2, which we observe in our IGC rate estimates 684 
(Figure 1d).  685 

Our simulation results showed that balancing selection acting on a CNV on P2 gave large 686 
increases in equilibrium nucleotide diversity for both the linked and distant copy of the gene family 687 
(Figure 4d-f). The distance between duplicates analogous to P2 and P3 had a minimal effect on 688 
nucleotide diversity for P1 and P3, and no effect at distances 200kb and greater. When the IGC rate 689 
was less than 1, balancing selection increased nucleotide diversity at P1 to 12 - 13 times the level of 690 
single copy regions, depending on the type of IGC exchange. Intermediate levels of gene conversion 691 
gave the smallest increase in nucleotide diversity, while high levels of gene conversion (C ≥ 200) 692 
increased nucleotide diversity to 4 - 5 times the level seen for single copy regions, depending on the 693 
gene copy in question. The introduction of unequal rates of IGC and balancing selection did not 694 
influence the levels of nucleotide diversity at the three paralogs, except for a small increase in 695 
nucleotide diversity at copy one for low IGC rates (C = 0.2) (Figure 4f). Very high levels of selfing 696 
caused nucleotide diversity at both copy one and copy three to increase (Figure 5d-f). Selfing also led 697 
to a strong increase in nucleotide diversity in copy one when IGC rate was low (Figure 5d). We note 698 
that using parameters estimated for the RPP8 gene family leads to a similar halving of nucleotide 699 
diversity in the copy with a CNV relative to the other two copies (3-4x vs 2x), though the absolute 700 
level of nucleotide diversity was less than half that observed at RPP8.  701 
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4. Discussion 702 

The evolutionary trajectory of duplicated genes is contingent on the frequency of sequence 703 
exchange between copies [42,59]. Just as speciation occurs more readily in allopatry, without gene 704 
flow [66], under neutral processes, gene duplicates that do not exchange sequence will quickly 705 
diverge from one another. Selection can likewise drive divergence among duplicates. In contrast, 706 
duplicates with even infrequent sequence exchange can become a factory for the generation of novel 707 
alleles. Duplicates with IGC will furthermore share more polymorphisms for a longer duration, as 708 
they evolve in concert [39,40,67]. Our study is a first attempt to investigate how these forces combine 709 
to influence the population genetics of an NLR gene. 710 

We chose RPP8 in A. thaliana to investigate the role of intergenic gene conversion on patterns 711 
and levels of genetic variation because the loci encoding this gene display at once three distinct forms 712 
of chromosomal duplication. First, one chromosomal type exists as a direct-repeat tandem 713 
duplication, with the two loci, D1 and D2, separated by only five kilobases. Exchange between the 714 
tandem copies in this chromosomal type is expected to be relatively frequent. A second chromosomal 715 
type has lost one copy of the gene, so that there is also a simple form of copy number variation at 716 
play. The single-copy allele, S, can exchange sequences with D1 and D2, either by intragenic crossing 717 
over or by gene conversion, when in a heterozygote carrying both chromosomal types. In A. thaliana, 718 
these heterozygotes are expected to be relatively rare, as the fraction of effective within-locus 719 
recombination events is ca. 3% of the total recombination rate [55,56]. Finally, there is a third copy of 720 
the gene, P3, located on the same chromosome, 2 Mb away from D1,D2 and S. A physical distance of 721 
this magnitude is not expected to present an obstacle for intergenic exchange with D1,D2 or S; the 722 
IGC rate is usually negatively correlated with the distance between paralogs and positively correlated 723 
with paralog sequence similarity [68-70]. A 2 Mb distance between loci gives rise to a reasonably high 724 
crossing over rate, approximately 2%: intergenic exchanges that create novel alleles within a 725 
chromosome can then be reshuffled across chromosomes at a reasonable frequency by crossing over. 726 
With these expectations, RPP8 presented itself as a rich but tractable system to explore how 727 
duplicative and recombinational processes have influenced the variation, and potentially the 728 
evolution of a locus under strong selection. 729 

We found that there is little shared variation between the tandem duplicates D1/S and D2 730 
relative to the distant duplicates D1/S and P3, an unexpected finding that requires explanation. We 731 
can reject outright the possibility that intergenic exchange between duplicates in RPP8 is rare, i.e., 732 
occurs at too low a frequency to prevent the divergence of the two loci. In fact, there is extensive 733 
sharing of SNP variation between D1/S and P3, though the two loci are separated by megabase, rather 734 
than kilobase distance. This would suggest that P1 and P2 likewise have the capacity for intergenic 735 
exchange that is not realized. Permanent heterozygote advantage between P1/P2 alleles is a plausible 736 
hypothesis for the selective advantage of differentiation between P1/P2 alleles; under this hypothesis, 737 
selection to maintain a permanent heterozygous configuration of alleles opposes intergenic 738 
exchanges that homogenize the two loci. This may be an example, therefore, of incipient, or even 739 
stable permanent heterozygote advantage with occasional intergenic exchange.  740 

Second, D1 and S are essentially indistinguishable from one another, with no fixed differences 741 
and 316 shared SNPs (Table 3). This is also an unexpected finding because direct exchange between 742 
these chromosomal types should be relatively rare; it requires intragenic recombination in an 743 
outcrossed heterozygote carrying both chromosomal types. The alleles at D1 and S also exhibit 744 
extensive reshuffling of SNPs, unlike the typical situation in A. thaliana, where loci tend to carry many 745 
fewer distinct haplotypes [55,71].  746 

The major clue as to how this variation is shuffled between D1 and S comes from the additional 747 
observation that the physically distant locus, P3, shares the same constellation of SNPs (Figure 1e, 748 
Table 3). This is thus a three-locus gene-exchange circuit. Sufficiently frequent intrachromosomal 749 
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gene exchange between D1 and P3 on the one chromosomal type, and between S and P3 on the other 750 
chromosomal type, coupled with sufficient crossing over between D1 or S and P3 in heterozygotes, 751 
can complete the circuit connecting the two paralogs on the two chromosomal types. This possibility 752 
is borne out by our simulations, as further elaborated below.  753 

A remaining feature of the genetic architecture requiring explanation is the lack of a duplicate 754 
on the chromosomal arm containing S. We posit that if alleles at P1 and P2 carry distinct specificities 755 
against pathogens, then perhaps P2 alleles (but not P1 alleles) exhibit a cost under certain conditions, 756 
such as in the absence of pathogens, as we previously found for RPM1 and RPS5 [30,31]. If so, the 757 
structural presence/absence polymorphism for P2 might be an adaptive chromosomal configuration 758 
in that deletions minimize the metabolic (or other) costs associated with expressing an NLR allele 759 
[30,31,72,73]. It is also possible that P2 and P3 have no canonical function in pathogen resistance, but 760 
instead exist to increase diversity at P1, the only paralog with mapped resistance specificities. 761 
However, given the extent to which variation is shared between P1 and P3, P3 may well share 762 
resistance functions with P1 and/or have generated novel resistance specificities. In principle, it 763 
should be possible to experimentally manipulate the configuration of alleles present at P1, P2, and P3 764 
to test these hypotheses. 765 

To summarize how this diversity is generated, while tandem duplicates P1 and P2 experience 766 
only a low level of intergenic exchange, perhaps due to selection to maintain permanent 767 
heterozygosity, extensive intergenic exchange between the D1/P3/S triad provides for an enlarged 768 
reservoir of variation compared to a single-copy locus, and the reshuffling of variation enables the 769 
continuous generation of diverse, novel alleles.  770 

The question then becomes, how is this variation maintained? Pathogen-mediated selection can 771 
lead to the maintenance of an extreme diversity of alleles, as seen at both plant and animal disease 772 
resistance loci [74]. There are three proposed mechanisms by which this occurs: heterozygote 773 
advantage, fluctuating selection and rare-allele advantage [75]. In single copy genes in a selfing 774 
species, heterozygote advantage cannot have an important role in increasing allelic diversity. We 775 
suggest that the unusual features of RPP8 polymorphism result from the interaction between IGC 776 
and pathogen-mediated selection, and that this interaction has generated an allelic series that can 777 
confer recognition to multiple Avr genes. The presence of three or more RPP8 paralogs undergoing 778 
IGC makes the presence of multiple distinct copies of RPP8 in an individual a virtual certainty. This 779 
creates a larger reservoir for the maintenance of variation within this gene family, and thus increases 780 
the age of alleles at the locus by allowing the persistence of older alleles in the reservoir. 781 

Permanent heterozygosity by gene duplication [76] restores the possibility that heterozygote 782 
advantage could select for diversity at RPP8. Most theoretical models which include heterozygote 783 
advantage as the only mechanism to generate polymorphism and consider realistic temporal 784 
distributions of fitnesses can maintain only two to eight unique alleles at a single locus [77,78]. 785 
Nevertheless, the extreme allelic diversity at RPP8 is consistent with theoretical expectations for 786 
stable equilibria caused by heterozygote advantage alone, as an outcome when there is little 787 
difference in fitness among heterozygotes [77].  788 

Multiple observations support selection on the LRR of at least one paralog to generate protein 789 
coding diversity at the population level. The Ka:Ks ratio for each paralog is higher than 96 - 98% of 790 
the genome on average in the LRR, and slightly lower outside of the LRR, indicating diversifying 791 
selection acting on the LRR (Figure 3a; Figure S10). In addition, a huge variety of alleles are retained 792 
at each paralog: each fully sequenced allele is a unique haplotype, with levels of nucleotide diversity 793 
9-14 times the genomic average within the LRR and 4-6 times the genomic average in the coding 794 
region outside of the LRR (Figure 3c; Figure S12). At the hypervariable residues in each of the 14 LRR 795 
subdomains, the frequency of derived amino acids was 5 - 16 fold higher than the genomic average, 796 
strongly indicative of diversifying selection for novel functionalities (Table 6). An interaction between 797 
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IGC and selection on the LRR is consistent with our observation that the proportion of shared 798 
polymorphism segregating at all three paralogs is greatest in the LRR (Figure S7), and with the highly 799 
paraphyletic distribution of allele genomic locations observed in the sequence similarity tree of the 800 
LRR rather than non-LRR codons (Figure 2). Note that IGC would not have to be concentrated on the 801 
LRR for such a pattern to occur; rather, diversifying selection could favor the maintenance of IGC 802 
events that overlap the LRR region, while the remainder of the gene could be evolving neutrally.  803 

Under neutrality, the reservoir of variation maintained by multiple RPP8 paralogs on multiple 804 
chromosomal types undergoing IGC was predicted to be larger than that of a single copy gene. We 805 
wanted to determine whether the depth of this reservoir was sufficient to account for the levels of 806 
polymorphism we observed at RPP8. We therefore conducted neutral forward-in-time simulations 807 
of the evolution of a three copy gene family with different IGC and selfing rates. Neutral simulations 808 
with three copies of the gene family were close to the levels of nucleotide diversity seen in the introns 809 
of RPP8 paralogs, but were lower than levels in coding regions, even with the unrealistically high 810 
rates of IGC necessary to maximize nucleotide diversity under neutrality (Figure 4).  811 

In an effort to achieve higher levels of diversity, we simulated balancing selection for 812 
maintenance of a CNV at P2. We used this type of selection to simplify the modeling but note that 813 
the effects of balancing selection, driven by costs, and frequency dependent selection acting on 814 
resistance specificities, would be equivalent. Balancing selection was effective in 815 
increasing  nucleotide diversity at both P1 and P3. The increase in nucleotide diversity was 816 
minimized for intermediate rates of IGC, and was most similar to the levels of nucleotide diversity 817 
seen in the non-LRR coding sequence rather than the LRR coding sequence. Low rates of IGC and 818 
high rates of selfing both increased nucleotide diversity at P1 to levels seen at RPP8 but failed to 819 
increase nucleotide diversity at P2 and P3 to that seen for the gene family (Figure 5d). Regardless, 820 
our simulations indicate that balancing selection acting at one locus can increase diversity at both 821 
linked and unlinked genes that are undergoing IGC.  822 

Our simulations find that the distance between loci has almost no effect on the level of 823 
polymorphism created in such a system, meaning that both tandemly duplicated clusters and distant 824 
duplicates may be undergoing similar processes that lead to increased diversity. However, we note 825 
that this model does not take into account known effects of chromosomal interference at distances 826 
shorter than 200 kb. Chromosomal interference is known to reduce crossovers and the number of 827 
double-strand breaks, thus also reducing the number of noncrossover events [79]. Regardless, the 2 828 
Mb distance between the RPP8 paralogs is an order of magnitude greater than 200 kb. The opposite 829 
orientation and large distance between the paralogs might allow IGC to occur by chromosomal 830 
looping to form interhomolog joint molecules during recombination, similar to how homeologous 831 
chromosomes interact in polyploid species. 832 

NLR genes in many plant species are present in large, tandem arrays, which are frequently 833 
located on the ends of chromosomes, far from the pericentromeric suppression of recombination 834 
[15,16,18,20-23]. Ectopic crossovers are often invoked as a likely mechanism to generate NLR gene 835 
diversity in these clusters [16,20,80]. However, evidence for ectopic crossover events involving gene 836 
gain or loss have thus far rarely been observed in studies of NLR gene polymorphism [81-84], and 837 
crossovers are known to be suppressed in such regions [61,62]. In addition, for the singleton NLR 838 
genes RAC1 and RPP13, strong negative relationships have been observed between nucleotide 839 
polymorphism in heterozygous NLR genes and crossover frequency [63]. Crossover inhibition, which 840 
can lead to a preponderance of non-crossover events such as IGC, is thus likely to be particularly 841 
strong near complex NLR gene families, due to both structural and nucleotide polymorphism in these 842 
regions. IGC can also generate novel haplotypes and has been previously reported between NLR 843 
gene paralogs [45,85,86]. In conclusion, we propose that IGC may be a common feature for NLR genes 844 
under diversifying selection and in gene clusters. 845 
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Supplementary Figures and Tables 879 

 880 
Figure S1. Regions amplified with PCR to sequence RPP8 alleles in A. thaliana. Positions are shown in 881 
kilobases, relative to the start codon of the first paralog at that chromosomal location. Exons of RPP8 loci 882 
are shown as boxes. The three rounds of PCR are aligned below the region they amplified. 883 
 884 

 885 
Figure S2. Example extended SeDuS output for the six simulated phases. Lines represent the average of 886 

100 simulations given specific rates of crossover within and between duplicates (RC, RS1, RS2), and number 887 

of IGC events per generation (C). Nucleotide diversities relative to a single copy locus for one copy (grey) 888 

and three copy (green, blue, and orange are copies one, two, and three, respectively) systems are shown. 889 

(a) R = 3.2 for all five chromosomal blocks simulated, equivalent a tandem triplication of a gene the size of 890 

RPP8; C = 200. (b) RC and RS1 of 0.096 for four of five chromosomal blocks simulated; RS2 of 60 for the spacer 891 

between copy 2 and copy 3 (equivalent to P2 and P3 of RPP8); C = 2. 892 
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 893 

 894 

Figure S3. The number of RPP8 alleles sequenced was sufficient to capture variation in the number of 895 

segregating sites (a), nucleotide diversity (b), and the fraction of unique haplotypes (c). Plots show 896 

population genetic parameters measured for various subsets of numbers of fully-sequenced alleles used in 897 

this study (See Table S1). 898 

 899 

 900 

Fiugre S4. Traits mapped onto (a-e) the 1701bp non-leucine rich repeat sequence, with 239 parsimony-901 

informative sites and (f-j) the 1019bp leucine-rich repeat sequence, with 236 parsimony-informative sites. 902 

(a,f) Alleles from accessions with duplicated (cyan) and singleton (green) variants of RPP8. (b,g) Alleles 903 

from accessions European (black), North American (red) and other (green) locations of origin for the 904 

accessions sequenced for paralogs of RPP8. (c,h) Alleles from accessions which were resistant (black) and 905 

susceptible (red) to Hyaloperonospora arabidopsidis. (d,i) Allele locations in the genome – P1 (green), P2 906 
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(cyan), and P3 (orange). (e,j) Accession names and allele locations for each allele in the phylogenies in (a-907 

d) and (f-i), respectively. 908 

 909 
Figure S5. Linkage disequilibrium (LD) within and between the three members of the RPP8 gene family. 910 

Green, blue, and orange boxes represent positions of exons of P1, P2, and P3, respectively; red line indicates 911 

the 3’ region of At5g48620 with no homology with other members of the RPP8 gene family. (a) LD within 912 

and between D1 and D2 variants and P3. (b) LD within and between P1 and P3 variants.  913 

 914 

Figure S6. Site frequency spectra (SFS) between pairs of RPP8 paralogs compared to the most similar  915 
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expected SFS from [40]. Green, blue, and orange represent observed SFS in paralogs P1, P2, and P3, 916 

respectively, while grey represents the expected SFS. (a-b) SFS between P1 and P2 showing frequencies of 917 

derived alleles in P1 and P2, respectively. (d-e) SFS between P1 and P3 showing frequencies of derived 918 

alleles in P1 and P3, respectively. (g-h) SFS between P2 and P3 showing frequencies of derived alleles in P2 919 

and P3 respectively. (c,f,i) Two-dimensional heatmap representations of the data shown in (a-b), (d-e), and 920 

(g-h), respectively.  921 

 922 
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Figure S7. Polymorphism frequencies by site, out of 470 segregating sites within the RPP8 gene family. 923 

Plots show the frequencies of derived SNPs shared with other paralogs or specific to that paralog against 924 

the position of the SNP on the sequence. Green, blue, and orange boxes represent positions of exons of 925 

paralogs P1, P2, and P3, respectively. Dotted blue lines show the intron and exon boundaries. Dotted red 926 

line shows the downstream duplication boundary for At5g48620. Red points represent fixed derived alleles. 927 

(a-c) Shared polymorphisms found in all three members of the RPP8 gene family; frequencies of each 928 

shared SNP in P1, P2, and P3, respectively. (d-i) Polymorphisms shared between two RPP8 paralogs that 929 

were not observed in the third. (d-e) Polymorphisms shared between P1 and P2; frequencies in P1 and P2, 930 

respectively. (f-g) Polymorphisms shared between P1 and P3; frequencies in P1 and P3, respectively. (h-i) 931 

Polymorphisms shared between P2 and P3; frequencies in P2 and P3, respectively. (j-l) Polymorphisms 932 

specific to each of the three RPP8 paralogs; SNP frequencies in P1, P2, and P3, respectively.  933 

Figure S8. The distributions of population genetic summary statistics were higher for RPP8 than for 934 

singleton NLR genes. Plots show the number of segregating sites and segregating sites per 500 bp (a,b), 935 

nucleotide diversity (c), and the fraction of unique haplotypes (d). These population genetic parameters 936 

were measured for ~1kb regions of the leucine-rich repeat (LRR) for 50 RPP8 paralogs. [32] conducted 937 

Sanger sequencing on ~1kb regions of the LRR for 56 to 92 accessions and for 27 singleton NLR genes. 938 

Information on the accessions compared can be found in Table S1. RPP13 and RPP8 are both labeled; RPP13 939 

is frequently an outlier among singleton NLR genes. RPP8 values are highlighted in red. 940 

 941 
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  942 
Figure S9. Sequence similarity tree of the 888bp leucine-rich repeat (LRR) sequence obtained for 50 alleles 943 

of the A. thaliana RPP8 gene family and 12 alleles of the A. lyrata RPP8 gene family. Clades comprised of 944 

alleles from one paralog are boxed. Green, blue, and orange boxes represent RPP8 paralogs P1, P2, and P3, 945 

respectively. 228 sites were parsimony-informative. 946 
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  947 

Figure S10. Sliding window analysis of within-species polymorphism and divergence between A. thaliana 948 

and A. lyrata in the coding region for paralogs P2 and P3 of RPP8. Blue and orange boxes above the plots 949 

represent positions of exons of P2 and P3, respectively. Vertical lines indicate exon boundaries, as shown 950 

in the schematic above each plot. The leucine-rich repeat region (LRR) is also indicated. Orange and blue 951 

dashed horizontal lines indicate average levels of πa:πs and Ka:Ks within A. thaliana and between A. thaliana 952 

and A. lyrata; grey dashed line is the 95% right-hand tail for Ka:Ks. (a) Paralog P2 at RPP8. (b) Paralog P3 at 953 

At5g48620.  954 

 955 

Figure S11. Sliding window analysis of Tajima's D across the sequenced regions for paralogs P2 and P3 of 956 

RPP8. Blue and orange boxes above the plots represent positions of exons of P2 and P3, respectively. 957 

Vertical lines indicate boundaries of coding regions of RPP8, as shown in the schematic above each plot. 958 

The leucine-rich repeat region (LRR) is also indicated. (a) Paralog P2 at RPP8. (b) Paralog P3 at At5g48620.  959 
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 960 

Figure S12. Sliding window analysis of nucleotide diversity across the sequenced regions for paralogs P2 961 

and P3 of RPP8. Blue and orange boxes above the plots represent positions of exons of P2 and P3, 962 

respectively. Vertical lines indicate boundaries of coding regions of RPP8, as shown in the schematic above 963 

each plot. The leucine rich repeat region (LRR) is also indicated. The horizontal dashed line indicates the 964 

average level of nucleotide diversity within A. thaliana; the line width is the confidence interval for average 965 

nucleotide diversity. (a) Paralog P2 at RPP8. (b) Paralog P3 at At5g48620.   966 

 967 

 968 
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Figure S13. The distributions of population genetic summary statistics were higher for RPP8 than for 969 

singleton NLR genes. Plots show the number of segregating sites and segregating sites per 500 bp (a-b), 970 

nucleotide diversity (c), and the fraction of unique haplotypes (d). Parameters were measured for 11 7-11 971 

allele subsets of 20 ~1kb regions of the leucine-rich repeat (LRR) of RPP8 alleles that also had singleton NLR 972 

genes sequenced in [32]. [32] conducted Sanger sequencing on ~1kb regions of the LRR for 7-11 accessions 973 

that were in this study, and sequenced 27 singleton NLR genes. Information on the accessions compared 974 

can be found in Table S1. RPP13 and RPP8 are both given distinct colors; RPP13 is frequently an outlier 975 

among singleton NLR genes. 976 

Table S1. Genotypes of sampled accessions. 977 

Species Accession P1 P2 P3 

Genotype 

RPP8, 

At5g48620 

H. 

arabidopsidis 

phenotype 

Location of 

Origin 

Stock 

Number 

In 

Bakker 

et al., 

(2006) 

A. 

thaliana Bur-0 

P; 

fulla 

P; 

fulla 

P; 

fulla Db, P3c Rd Ireland 7058 yes 

  GR24 P; full P; full P; full D, P3 R USA   no 

  Ler-0 P; full P; full P; full D, P3 R Germany 7213 yes 

  Wu-0 P; full P; full P; full D, P3 Sd Germany 7415 no 

  Zu-0 P; full P; full Pe D, P3 S Switzerland 7417 no 

  Cvi-0 P; full P; full Δe D, Δe R 

Cape Verde 

Islands 8281 yes 

  Inv P; full Pe P D, P3 /f England   no 

  NFE3 P; full P P D, P3 / England   no 

  Kz-13 

P; 

LRRg 

P; 

LRRg P D, P3 / Kazakhstan 6830 no 

  Tamm-07 

P; 

LRR 

P; 

LRR P D, P3 / Finland   yes 

  Ct-1 Pe P; full P D, P3 R Italy 6910 yes 

  Ang-0 P 

P; 

LRR 

P; 

LRRg D, P3 / Belgium 6992 no 

  Bla-2 P 

P; 

LRR P D, P3 S Spain   no 

  Cul-1 P 

P; 

LRR P D, P3 S England 5733 no 

  Kz-1 P 

P; 

LRR P D, P3 / Kazakhstan 6930 yes 

  Kz-7 P 

P; 

LRR P D, P3 / Kazakhstan   no 

  NFE13 P 

P; 

LRR P D, P3 / England   no 

  Pu-16 P 

P; 

LRR P D, P3 / 

Czech 

Republic   no 

  Pu-23 P 

P; 

LRR P D, P3 / 

Czech 

Republic 8361 yes 

  Pu-4 P 

P; 

LRR P D, P3 / 

Czech 

Republic   no 

  Kz-4 P P P D, P3 / Kazakhstan   no 

  Pu-5 P P P D, P3 / 

Czech 

Republic   no 

  Pu-8 P P P D, P3 / 

Czech 

Republic   no 

  Col-0 P; full Δe P; full Sb, P3 S USA 6909 yes 

  Lip-0 P; full Δ P; full S, P3 R Poland 8325 no 

  Mt-0 P; full Δ P; full S, P3 / Libya 6939 yes 

  Pog-0 P; full Δ P; full S, P3 R Canada 7306 No 

  RF-4 P; full Δ P; full S, P3 S USA   no 

  Anh-3 P; full Δ P S, P3 / Germany   no 

  Kas-1 P; full Δ P S, P3 R India 7183 yes 

  Di17 P; full Δ /g S, /g R France   no 
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  HS-12 

P; 

LRR Δ P S, P3 / USA   no 

  NFC-5 

P; 

LRR Δ P S, P3 / England   no 

  Tsu-0 

P; 

LRR Δ P S, P3 S Japan 7373 yes 

  AB-27 P Δ P S, P3 / USA   no 

  FM-15 P Δ P S, P3 / USA   no 

  UP-14 P Δ P S, P3 / USA   no 

A. lyrata CE (3 ind.) P; full P; full P; full D, P3 / USA   no 

 CH (4 ind.) P; full P; full P; full D, P3 / USA   no 

aP; full represents an accession with the full coding sequence for the RPP8 paralog at that genomic location 978 
(Sequences of Ler-0, Col-0 and Di17 came from GeneBank). This sequence data is used in Figures 1-3, Tables 1-979 
5, Fig S3-S5 and S6-S8, and Table S7. 980 
bD represents the chromosomal haplotype carrying RPP8 tandem variants (D1,D2); S represents single copy 981 
RPP8 variants.  982 
cP3 represents the chromosomal haplotype carrying at least one copy of At5g48620.  983 
dR represents accessions resistant to H. arabidopsidis; S represents susceptible accessions. 984 
eP represents the presence of a paralog at this genomic location; ∆ represents the absence of a paralog. 985 
f / designates no genotyping and/or no phenotyping for this paralog or accession. 986 
gP; LRR represents sequencing for just an 888bp region comprising 12 of 14 leucine-rich repeats for that 987 
paralog. This sequence data, along with the 888bp region from the full sequences, was used for Tables 1 and 4 988 
and Fig S5. 989 

  990 
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Table S2. Target location and sequence of primers that amplified RPP8 paralogs.  991 

Primer1 Location: relative to start 

codon of gene 

Sequence (5’ -3’) 

B3f 

AC1f2 

BC20r 

I24r 

P3f 

P5f 

P6r 

P7f 

P8r 

P9f 

P10r 

P11f 

P12r 

P15f 

P16r 

P20r 

K1f 

K22r 

6826 –447 

-1001 -982 

11798 4525 4570 

5481 

-44, 7229 -44 -44 

452, 7715 443 452 

534, 7797 525 534 

975, 8236 966 975 

1038, 8298 1026 1038 

1327, 8593 1321 1327 

2150, 9415 2141 2150 

2524, 9800 2527 2530 

2641, 9917 2644 2647 

3473, 10748 3476 3479 

3648, 10924 3650 3655 

4441, 11687 4414 4459 

GGGAAGAAGATGCCTGGGAGTGA 

GATCAATGCAGCGAAGGTGTA 

CACCAATCTGAACTGAAACCTAC 

AGTTTTAGTTTTGATGTATGTG 

GTTCTTGTACTGGTTCATCGTAG 

AGGGAGATCCGACAAACGTAT 

TGAACATCATTCTCCACCAAA 

CCCTAGCATGAGAAACACAAA 

CAGCATGTATCCCAACACCTT 

CTAAAAACGTATGGTAATCCA 

GATCCATCGTAAATCCCTTCT 

TTGCTCAGGGTGTTGGATCTT 

GTTCCGCATAGTAGAAGGTAG 

ACAAAGTCCAACACATTCCCG 

CTTCTTGGTCTTTCCTGCATC 

TGTTGTTACTAGAAGGCATGGTC 

1 The locations and sequences of primers are based on Ler-0 sequence (accession no. AF089710) for gene D2 & 992 

At5g48620, or based on Col (AF089711) in GeneBank;  993 

2 Sequence of Primer AC1 came from accession AB025638 in GeneBank. 994 

 995 

Table S3. Parameter sets for Figure 4a and 4d, extended SeDuS runs varying the distance between the second 996 
and third copy of the simulated gene family. 997 

 ~2 kb ~20 kb ~200 kb ~2 Mb ~20 Mb ~200 Mb ~2 Gb ~20 Gb 

N 100 100 100 100 100 100 100 100 

RC 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 

RS1 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 

RS2 1.6E00 1.6E01 1.6E02 1.6E03 1.6E04 1.6E05 1.6E06 1.6E07 

C 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 

s 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 

µ 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Exchange 

type 

unequal unequal unequal unequal unequal unequal unequal unequal 

 998 

Table S4. Parameter sets for Figure 4b and 4e, extended SeDuS runs varying the total IGC rate within the 999 
simulated gene family. 1000 

 C = 0.2 C = 1 C = 2 C = 5 C = 8.4 C = 20 C = 200 C = 2000 

N 100 100 100 100 100 100 100 100 

RC 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 

RS1 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 

RS2 1.6E04 1.6E04 1.6E04 1.6E04 1.6E04 1.6E04 1.6E04 1.6E04 

C 0.2 1 2 5 8.4 20 200 2000 

s 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
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µ 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Exchange 

type 

equal equal equal equal equal equal equal equal 

 1001 

Table S5. Parameter sets for Figure 4c and 4f, extended SeDuS runs varying both total IGC rate and IGC 1002 
directionality within the simulated gene family. 1003 

 C = 0.2 C = 0.2 C = 2 C = 2 C = 20 C = 20 C = 200 C = 200 

N 100 100 100 100 100 100 100 100 

RC 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 

RS1 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 

RS2 1.6E04 1.6E04 1.6E04 1.6E04 1.6E04 1.6E04 1.6E04 1.6E04 

C 0.2 0.2 2 2 20 20 200 200 

s 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 

µ 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Exchange 

type 

equal unequal equal unequal equal unequal equal unequal 

 1004 

Table S6. Parameter sets for Figure 5, varying the fraction of individuals that self within the population. C was 1005 
0.2 for Figure 5a and 5d, 8.4 for 5b and e, and 200 for 5c and f. 1006 

 Outcrossing -> Increasing Selfing  

N 100 100 100 100 100 100 100 

RC 106.56 105.6 96 80 53.333 26.67 10.67 

RS1 79.92 79.2 72 60 40 20 8 

RS2 59940 59400 54000 45000 30000 15000 6000 

C 0.2; 8.4; 

200 

0.2; 8.4; 200 0.2; 8.4; 200 0.2; 8.4; 200 0.2; 8.4; 200 0.2; 8.4; 200 0.2; 8.4; 200 

s 0.001 0.01 0.10 0.25 0.50 0.75 0.90 

µ 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Exchange 

type 

unequal unequal unequal unequal unequal unequal unequal 

 Outcrossing -> Increasing Selfing   

N 100 100 100 100 100 100  

RC 8.53 5.33 3.2 2.13 1.07 0.1066  

RS1 6.40 2.13 2.4 1.60 0.80 0.08  

RS2 4800 3000 1800 1200 600 60  

C 0.2; 8.4; 

200 

0.2; 8.4; 200 0.2; 8.4; 200 0.2; 8.4; 200 0.2; 8.4; 200 0.2; 8.4; 200  

s 0.92 0.95 0.97 0.98 0.99 0.999  

µ 0.001 0.001 0.001 0.001 0.001 0.001  

Exchange 

type 

unequal unequal unequal unequal unequal unequal  

 1007 

Table S7. R2 values for linear models of the correlation in SNP frequencies for shared polymorphisms in the 1008 
sequenced duplicated region for comparisons between locus X, rows, and Y, columns. 1009 

X / Y D1  D2 P3 

S R2 = 0.673** R2 = 0.0699** R2 = 0.506** 

D1  R2 = 0.0458* R2 = 0.473** 

D2   R2 = 0.04313* 

* represents correlations significant at the < 0.01 level;  1010 
** and bolded values represent correlations significant at the < 0.001 level. 1011 

1012 
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