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Abstract

Although the transition to selfing in the model plant Arabidopsis thaliana involved the
loss of the self-incompatibility (SI) system, it clearly did not occur due to the fixation of a
single inactivating mutation at the locus determining the specificities of SI (the S-locus).
At least three groups of divergent haplotypes (haplogroups), corresponding to ancient
functional S-alleles, have been maintained at this locus, and extensive functional studies
have shown that all three carry distinct inactivating mutations. However, the historical
process of loss of SI is not well understood, in particular its relation with the last
glaciation. Here, we took advantage of recently published genomic re-sequencing data in
1,083 Arabidopsis thaliana accessions that we combined with BAC sequencing to obtain
polymorphism information for the whole S-locus region at a species-wide scale. The
accessions differed by several major rearrangements including large deletions and inter-
haplogroup recombinations, forming a set of haplogroups that are widely distributed
throughout the native range and largely overlap geographically. ‘Relict’ A. thaliana
accessions that directly derive from glacial refugia are polymorphic at the S-locus,
suggesting that the three haplogroups were already present when glacial refugia from
the last Ice Age became isolated. Inter-haplogroup recombinant haplotypes were highly
frequent, and detailed analysis of recombination breakpoints suggested multiple
independent origins. These findings suggest that the complete loss of SI in A. thaliana
involved independent self-compatible mutants that arose prior to the last Ice Age, and
experienced further rearrangements during post-glacial colonization.
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58 Introduction
59 The transition from outcrossing to self-fertilization (selfing) is one of the most
60 frequent evolutionary processes in flowering plants (Stebbins 1974, Barrett 2002, Igic et
61 al. 2008, Shimizu and Tsuchimatsu 2015). Although selfing may lead to inbreeding
62  depression, it has advantages via reproductive assurance (Darwin 1876), and also has
63 automatic transmission advantage (Fisher 1941). In obligate outcrossers, self-
64 fertilization is often avoided by post-pollination genetic self-incompatibility (SI) (Igic et
65 al. 2008, De Nettancourt 2001, Takayama and Isogai 2005); thus the transition to selfing
66  necessarily involves the loss of the SI system.
67 Given its evolutionary prevalence, the loss of SI has been a major research focus for
68 plant evolutionary biologists (Igic et al. 2008, Charlesworth and Charlesworth 1979,
69 Uyenoyama et al. 2001, Busch and Schoen 2008, Gervais et al. 2014). SI systems
70  generally consist of genes determining self-recognition specificities and other genes
71 involved in signaling pathways that lead to pollen rejection when pollen and pistils
72  express cognate specificities (de Nettancourt 2001, Takayama and Isogai 2005). The
73 male and female specificity genes are generally tightly linked at a single genetic locus
74  (the S-locus) with multiple highly diverged alleles segregating (called S-alleles, S-
75  haplotypes or S-haplogroups, de Nettancourt 2001). In the Brassicaceae, where the SI
76  system has been extensively studied, the S-locus receptor kinase (SRK) and the S-locus
77  cysteine-rich proteins (SCR; also called S-locus protein 11, SP11) determine the female
78 and male specificities, respectively. A few other genes involved in the signaling pathway
79 downstream of SRK have also been identified, such as the M-locus protein kinase
80 (MLPK), the ARM-repeat Containingl (ARC1), and the exocyst subunit Exo70A1 (Stone
81 etal. 2003, Murase et al. 2004, Samuel et al. 2009, Indriolo et al. 2012; but see Kitashiba
82 etal.2011).
83 Arabidopsis thaliana has been studied extensively as a model for the loss of SI
84  (Kusaba et al. 2001, Nasrallah et al. 2002, Nasrallah et al. 2004, Sherman-Broyles et al.
85 2007, Liu et al. 2007, Tang et al. 2007, Shimizu et al. 2008, Tsuchimatsu et al. 2010,
86  Dwyer et al. 2013). A. thaliana is self-compatible and predominantly selfing (Abbott and
87  Gomes 1989, Platt et al. 2010, Bomblies et al. 2010), while closely related species such as
88 A. lyrata and A. halleri are mainly obligate outcrossers and posess the ancestral
89  Brassicaceae SI system (Mable et al. 2003, Llaurens et al. 2008). Analysis of the SRK gene
90 identified three highly divergent but non-functional S-haplogroups in A. thaliana: A, B
91 and C (Shimizu et al. 2008). Functional sequences very similar to each of these three S-
92  haplogroups were found in the outcrossing relatives A. Iyrata and A. halleri,
93 demonstrating that the A. thaliana alleles derive from distinct ancestral S-alleles
94  (Bechsgaard et al. 2006).
95 A major challenge in the study of the loss of SI has been determining the sequence of
96 events, and in particular distinguishing primary inactivating mutations from secondary
97  decay after initial loss of function (Igic et al. 2008, Busch and Schoen 2008, Tsuchimatsu
98 etal 2010, Boggs et al. 2009). Sequence analysis of the S-locus region identified several
99  gene-disruptive mutations in both SCR and SRK (Kusaba et al. 2001, Nasrallah et al. 2004,
100 Tangetal. 2007, Shimizu et al. 2008, Tsuchimatsu et al. 2010). When functional copies of
101 these genes from A. lyrata were transformed into A. thaliana, SI reactions were restored
102  in several accessions (Nasrallah et al. 2002, Liu et al. 2007, Dwyer et al. 2013, Boggs et al.
103  2009), suggesting that the mutations in the S-locus genes may have been responsible for
104  the loss of SI in A. thaliana, although the contribution of other loci such as ARCI and
105 PUBS8 remains controversial (Indriolo et al. 2012, Indriolo et al. 2014, Nasrallah and
106  Nasrallah 2014, Goring et al. 2014). One study described a 213-bp inversion of the SCR
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107  gene in haplogroup A and reported that restoring the ancestral arrangement was
108  sufficient to restore functional SI (Tsuchimatsu et al. 2010). This result suggested that
109  degradation of SCR was one of the primary mutations responsible for the loss of SI.
110  However, the inversion is not fixed in the species: it is restricted to accessions carrying
111  haplogroup A (Tsuchimatsu et al. 2010). In parallel, several structural rearrangements
112  of the S-locus have been reported, including inter-haplogroup recombination between
113  haplogroups A and C as well as large deletions encompassing S-locus genes (Sherman
114  Broyles et al. 2007). While these rearrangements could obviously disrupt the gene
115 functions and therefore may have contributed to the evolutionary loss of SI, they too
116  may simply represent secondary decay after the loss of SI.

117 To chart the historical degradation of the S-locus, it is essential to have a detailed
118 view of polymorphism of the whole region from geographically widely distributed
119 samples. However, this is challenging because the S-locus region has extremely high
120  nucleotide diversity, structural rearrangements and repetitive sequences that make
121 traditional sequence analysis impracticable (Guo et al. 2011, Goubet et al. 2012).
122 Previous studies in A. thaliana were based on small numbers of short fragments
123  obtained by PCR-based genotyping, Sanger sequencing, or DNA gel blotting for a limited
124  set of accessions (Nasrallah et al. 2004, Sherman Broyles et al. 2007, Tang et al. 2007,
125  Shimizu et al. 2008, Boggs et al. 2009).

126 Recently, whole-genome information has become publicly available for more than
127  one thousand worldwide accessions in A. thaliana (Cao et al. 2011, Gan et al. 2011, Long
128 etal 2013, The 1001 Genomes Consortium 2016). We took advantage of these data to
129  explore species-wide polymorphism of the whole S-locus region. We disentangled the
130  complicated mutational history of this region by making use of the raw read sequences
131 from natural accessions. First, as a reference for the short-read mapping, we obtained
132 the full S-locus sequence of haplogroup C, to complement the existing sequences for A
133 and B (Tang et al. 2007, AGI 2000; but see also Dwyer et al. 2013) and we functionally
134  characterized the self-incompatibility genes. Second, we mapped the short reads of each
135 accession to the reference sequences of each of the A, B, and C S-haplogroups. Based on
136 these data, we consider how ancestral S-haplotypes have lost functionality
137 independently. A. thaliana survived the last glacial age as a set of isolated lineages in
138  separate glacial refugia (The 1001 Genomes Consortium 2016). While the extent of post-
139  glacial recolonization of most lineages remained limited, descendants of one of the
140 refugia drastically expanded and invaded most of the European continent, admixing
141  with local lineages. Interestingly, several accessions show no evidence of admixture with
142  the invaders, i.e. they appear to be ‘relicts’ of their respective glacial refugia (The 1001
143  Genomes Consortium 2016, Lee et al. 2017). By including these accessions, we show that
144  selfing must have originated before the last glacial period. We find a high frequency of
145 haplotypes originating from inter-haplogroup recombination, and show that these were
146 formed by many independent recombination events in the population that successfully
147  recolonized most of Eurasia.

148

149

150  Results

151

152  Polymorphism and divergence among copies of haplogroup C

153 Only a partial sequence was available for the S-locus of haplogroup C (from accession

154  Lz-0, Dwyer et al. 2013), so we first constructed a bacterial artificial chromosome (BAC)
155 library and obtained the complete sequence of the S-locus region from the accession Ita-
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156 0, which also carries haplogroup C (Shimizu et al. 2008). We recovered an 11-kb
157  sequence fragment with 97% overall identity to the previous data from haplogroup C
158 sequence, including in the intergenic regions (from ATREP20 to ARK3; Fig. 1). However,
159 there are major structural differences between the two sequences, including a large 25-
160 kb fragment present only in Ita-0 (from TAT1_ATH to ARNOLDY1c, Fig. 1). Notably, Ita-
161 0 also lacks two peculiar features of the S-locus sequence of Lz-0, namely the insertion of
162  atruncated duplicated copy of the flanking gene ARK3 (called AARK3) as well as the five
163  fragmented duplicates of SRK described in Dwyer et al. (2013), demonstrating that these
164  structural changes are not fixed within haplogroup C. Overall, this direct comparison
165 demonstrates that several types of structural polymorphisms, including large indels and
166 local rearrangements involving gene fragments, exist within haplogroup C. To polarize
167 the observed polymorphisms, we analyzed the full sequence of the S-locus region for a
168  copy of the functional ortholog of haplogroup C in A. halleri (Ah36), also obtained from a
169  dedicated BAC library (Bechsgaard et al. 2006, Durand et al. 2014). The coding sequence
170  of SCR and SRK showed high conservation between Ah36 and haplogroup C (Fig 2A and
171  2B), but most intergenic regions within the S-locus showed too little sequence
172  conservation for reliable polarization of the polymorphisms segregating in A. thaliana
173  (Fig 2A).

174
175 Lack of SCR expression associated with a large deletion in the promoter in haplogroup C
176 Dwyer et al. (2013) showed that SRK is expressed normally in Lz-O but has

177  inactivating mutations in its coding sequence, while the coding sequence of SCR is
178  functional but poorly expressed. We confirmed a similar pattern in Ita-0: we found
179  substantial expression of SRK in stigmatic tissues but no detectable SCR transcripts in
180 anthers (Fig. 2C). Based on our complete sequences of the Ita-0 and Ah36 S-locus, we
181  further observed high conservation of the promoter region of SRK over about 440bp
182  (Fig. 2B), whereas the 5’ flanking region of SCR was extremely diverged from that of the
183  functional AhSCR36 (Fig. 2B), possibly accounting for the reduction of SCR expression.
184  SRK amino-acid sequence comparison shows that Ita-0 is an outgroup to all other
185 members of haplogroup C (Fig. S1), suggesting that the rearrangements (as well as any
186  other putative inactivating mutations) occurred before the divergence between Ita-0
187  and other accessions of haplogroup C.

188
189 Identification of diverse sequence types by mapping to multiple references
190 We then took advantage of recently published genomic re-sequencing data in 1,083 A.

191  thaliana accessions from throughout the species range (The 1001 Genomes Consortium
192  2016) to document the species-wide molecular diversity of the S-locus genomic region.
193 The high density of transposable elements which characterizes the S-locus region
194  (Goubet et al. 2012) prevents accurate de novo assembly of the region. Furthermore
195  because S-locus haplogroups are highly diverged from one another, alignhment to the A.
196 thaliana reference genome is impracticable. Hence, we aligned the raw short reads to
197  available references for each of the three haplogroups: haplogroup A from Col-0 (AGI
198 2000), haplogroup B from Cvi-0 (Tang et al. 2007) and haplogroup C from Ita-0
199  (described above).

200 We first generated coverage plots against each haplogroup reference for every
201  accession (Fig 3). Strikingly, the vast majority of accessions could be categorized into a
202  small number of groups with similar patterns of quantitative coverage to the three
203 reference sequences (Fig. 4). Closer examination of the coverage plots allowed us to
204 identify nine distinctive contiguous fragments of the references (Cov_1, 3 and 4 on
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205 haplogroup A and Covl, 2, 3, 4, 6 and 7 on haplogroup C, Fig. S2) that varied
206  qualitatively among accessions and showed a clear bimodal distribution of coverage
207  (Fig. S3). We scored these fragments as either present or absent, leading us to
208 distinguish a total of twelve sets of accessions, plus one singleton sequence, based on the
209  composition of the S-locus (Fig. 4). These sets included three different groups of “pure
210 A” (A1, A2, A3), one limited group of only two “pure B” accessions and three groups of
211 “pure C” accessions (C1l, C2, C3). In addition, five groups of accessions showed
212  substantial coverage on both A and C references, and presumably correspond to
213  recombinant accessions (see below). Sanger sequencing confirmed that the border of
214  the deletion of the Cov-2 fragment (distinguishing A2 and R2 haplotypes from the rest of
215  A-carrying accessions) was the same as that previously identified in C24 (Sherman
216  Broyles et al. 2007). A single accession (Db-1) did not appear to match any of the three
217  reference sequences (Fig. 4), and may represent either a fourth ancestral haplogroup
218  (which would be present at extremely low frequency), or a rare complete deletion of the
219  S-locus specific to this accession.

220
221  Geographical distribution of S-haplogroups
222 The data resulting from the classification described above provide a species-level

223  distribution of S-locus genotypes — the first in any species (Fig. 5). Globally, haplogroup
224 A is common (43.21%), while haplogroup C is rare (5.38%), and haplogroup B is
225  extremely rare (two accessions, 0.18%). Surprisingly, the remaining accessions carry
226  recombinant haplotypes (51.5 %, see below). Haplogroup A was widely distributed
227  across Europe but was particularly common in the east. In contrast, haplogroup B was
228  only found in the two accessions in which it had already been reported, i.e. in the Canary
229 and Cape Verde Islands. Haplogroup C was more common in western Europe, and it
230 always occurred together with with haplogroup A and recombinant haplotypes.
231  Altogether, both A and C are found across Europe, with a tendency for higher frequency
232 of Ain the east and C in the west (Fig. S4).

233 Genome-wide patterns of divergence identified several groups of ‘relict’ accessions
234  that directly derive from glacial refugia, with very limited amount of admixture since
235  then (The 1001 Genomes Consortium, 2016). If the breakdown of SI had occurred within
236  these refugia, then S-haplotypes would have become differentially fixed locally and the
237  ‘relict’ accessions would be monomorphic, each with a different haplogroup at the S-
238 locus. This prediction may hold true for the glacial refugia in offshore Africa where
239  haplogroup B was detected, but since the relict accessions from Iberia contained both
240  haplogroups A and (, it seems likely that the breakdown of SI in A. thaliana occurred
241  prior to the last Ice Age, and that the dramatic reduction of the number of S-haplogroups
242  (as compared to self-incompatible species) associated with the breakdown of SI had
243  already occurred when the glacial refugia were established.

244
245  Frequent recombinant haplotypes and their origins
246 Recombination between S-locus haplotypes is believed to be suppressed because of

247  extreme sequence divergence, and to be selectively disfavored because of functional
248  constraints (Goubet et al. 2012). Thus, the high frequency of inter-haplogroup
249 recombinants, with as many as 51.5% of accessions aligning substantially to both
250 references of haplogroups A and (, is very striking.

251 To understand the origin of the recombinants, we inspected the recombination
252 breakpoints in detail. A single recombinant haplotype sequence had previously been
253  reported (C24; Sherman-Broyles et al. 2007), and an independent recombination event
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254  has also been suggested (Kas-2, Boggs et al. 2009). These studies suggested that the C24
255  recombinant haplotype could have been formed via a partially duplicated flanking gene,
256  ARK3 (called AARK3), which could have acted as the recombination breakpoint
257  (Sherman-Broyles et al. 2007, Dwyer et al. 2013). Our mapping data are also consistent
258  with the scenario that AARK3 in one parental C haplotype recombined heterologously
259  with the original ARK3 from an A-haplotype in heterozygous A/C plants (Fig. S5), as
260 recombinants have substantial coverage that extends up to this point. We used long-
261 range PCR to compare the flanking sequences of AARK3 in a set of eleven R1, R2, R3 or
262 R4 haplotypes (hence spanning across the A-C boundary) and found that they were
263 almost identical to those in C24, confirming that their AARK3 were inserted at
264  orthologous positions and therefore derive from a single duplication event.

265 To identify the precise location of the breakpoints, we performed Sanger sequencing
266  of the recombination breakpoint proposed in C24 (Sherman-Broyles et al. 2007). In line
267  with Tsuchimatsu et al. (2010), we found that the vast majority of the observed
268  polymorphisms could be classified into one of two divergent haplogroups of ARK3,
269  which enabled us very precisely to pinpoint the position of the recombination
270  breakpoint, to within a few nucleotides. Strikingly, we found at least seven distinct
271  breakpoints (Fig. 6). Although gene conversion from the ARK3 gene cannot be excluded,
272  these results suggest that the distinct breakpoints represent as many independent
273  recombination events, and that once the AARK3 sequence was in place, haplogroups A
274  and Crepeatedly recombined.

275
276  Lack of recombinants in relict accessions
277 Despite the overall high frequency of recombinants, we note that not a single of the

278 22 ‘relict’ accessions carried a recombinant haplogroup, a significant under-
279  representation (chi square = 12.65, df = 1, p=0.0005). Hence, recombinants are specific
280  to the accessions derived from the ‘invasive’ refugium that recolonized most of Eurasia
281 and recombination seems to have taken place on the specific genetic background
282  carrying AARK3 sequence. It is therefore tempting to speculate that recombination
283  between distinct S-haplogroups played a direct role in the loss of SI, as suggested by
284  Sherman-Broyles et al. (2007). To test this, we examined the SCR sequence and found
285 that all the haplotypes containing the SCR-A region (A1, A3, RO and R1 haplotypes)
286  harbor the 213-bp inversion in SCR-A, which was previously suggested to be the
287  mutation responsible for the loss of SI in haplogroup A (Tsuchimatsu et al. 2010), and
288  also share most of the derived mutations that potentially deactivate SRK. This strongly
289  suggests that the haplotypes that gave rise to the recombinants were already non-
290 functional.

291

292

293  Discussion

294

295  Geographic distribution of S-haplogroups, post-glacial colonization, and multiple origins of
296  self-compatibility

297 Although the shift to selfing is common in flowering plants, the scenario under which
298  this occurs varies across species (Vekemans et al. 2014). Capsella rubella, for example,
299  has undergone a global fixation of a single non-functional S-allele associated with
300 speciation (Guo et al. 2009). In contrast, in A. Iyrata non-functional alleles segregate in
301 some populations along with functional alleles, and in Leavenworthia alabamica
302 different selfing populations have fixed different non-functional alleles, so that no
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303 species-wide fixation of the non-functional alleles is observed in either species (Mable et
304 al. 2005, 2016; Busch etal 2011).

305 In A. thaliana we find yet another pattern, combining species-wide loss of SI with the
306 maintenance of at least three non-functional S-haplogroups (given the large sample
307 analyzed here, from a broadly distributed set of populations, it is unlikely that additional
308 haplotypes, if they exist, have substantial frequencies). Given that the number of S-
309 haplotypes that segregated in the ancestral outcrossing species was very large, this
310 entails a major reduction in the number of SI alleles (Fig. 7). Still, the existence of more
311 than one non-functional haplotype is puzzling, and raises the question why the first
312  disrupted haplotype did not become fixed species-wide if the conditions for invasion
313 were met. A first possibility is that different selfing genotypes became fixed in separate
314 glacial refugia. This might be true for haplotype B, which we found to be restricted to
315  offshore Africa. However, the widespread geographical distribution of both haplogroups
316 A and C shows that their putative fixation did not occur within specific refugia from the
317 last glaciation. We even found that both haplotypes segregate among relict accessions
318 from the single Iberian refugium, demonstrating that they were already co-occurring
319  when the refugium was formed (Fig. 7). Hence, local fixations of alternative S-haplotypes
320 in refugia, if they happened, must have taken place during an earlier glacial cycle,
321 followed by secondary admixture during a previous interglacial period.

322 A second possibility is that the species-wide fixation process was slow, providing
323  enough time for the emergence of several non-functional haplotypes. Theory predicts
324 that non-functional haplotypes may stably segregate in a self-incompatible population
325 along with functional haplotypes, specifically when inbreeding depression is high and
326 the proportion of self-pollen deposited on pistils is low to intermediate (Charlesworth
327 and Charlesworth 1979; Uyenoyama et al. 2001; Gervais et al. 2011). If so, multiple non-
328 functional haplotypes could have sequentially appeared and been maintained within the
329  species. Because all three haplotypes carry inactivating mutations, this polymorphism
330 could have been effectively neutral and may be on its way to slow fixation by genetic
331  drift. Population structure, which is currently strong in A. thaliana (Nordborg et al.
332 2005), would further slow down the species-wide fixation of a particular non-functional
333  haplotype. In addition, the discovery of a fixed deletion in A. thaliana of a putative gene
334  of the signaling cascade of SI (Indriolo et al. 2012, but see Nasrallah & Nasrallah 2014)
335 suggests the possibility that the ancestral A. thaliana lineage experienced partial self-
336  compatibility. This could have contributed to the reduction of the selective forces
337 promoting non-functional S-haplotypes, hence slowing down their fixation.

338

339  Extensive recombination at the S-locus in a selfing species

340 Recombination between functional SI haplotypes is apparently suppressed in
341 outcrossing species, but it is currently unclear whether recombination suppression is
342  mainly due to selective constraints or to the major structural polymorphism preventing
343  proper chromosomal pairing during meiosis (Castric et al. 2010). The overall frequency
344  of recombinant haplotypes we observed is much higher than previous estimates
345 (22.86%, Sherman-Broyles et al. 2007), possibly because previous genotyping was
346 based on detecting small gene fragments that we found to have been subsequently
347  deleted in specific haplotypes (Fig. S2). With the whole S-locus sequence, we have much
348 greater power to detect recombination events even after subsequent deletions have
349  occurred.

350 Our data show that in self-compatible A. thaliana, where functional constraints are
351 absent, recombination has occurred repeatedly between a pair of highly diverged
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352  haplogroups. Hence, the extreme level of structural polymorphism among haplogroups
353 does not seem to prevent recombination. We note, however, that the signatures of inter-
354  haplogroup recombination indicate that it is caused by unequal crossing-over involving
355 a duplicated copy of the flanking gene ARK3 (Fig S5). Interestingly, ARK3 seems to be
356 prone to duplications even in functional SI haplotypes, as distinct AARK3-like sequences
357 have been found in multiple haplotypes in A. lyrata and A. halleri (Guo et al. 2011,
358  Goubet et al. 2012), and a polymorphism survey at ARK3 in A. lyrata has reported the
359 frequent occurrence of multiple copies (Hagenblad et al. 2006), a property that could
360 facilitate rearrangements of the S-locus.

361
362  Structural rearrangements as secondary decay
363 An important challenge in the studies on the loss of SI has been to distinguish primary

364 inactivating mutations causing loss of SI from subsequent decay by further gene-
365 disruptive mutations and structural rearrangements (Igic et al. 2008, Busch and Schoen
366 2008, Tsuchimatsu et al. 2010, Boggs et al. 2009). Sherman-Broyles et al. (2007), who
367 first reported the extensive structural rearrangements at the S-locus region of C24,
368 proposed two scenarios for the loss of SI in the recombinant haplotypes: (1)
369 recombination between the haplogroups A and C in a heterozygous self-incompatible
370 individual causing loss of SI, followed by subsequent restructuring, or (2) inactivation of
371  the haplogroups A and C by independent rearrangements and deletions followed by
372  recombination in a self-fertile heterozygous individual. We found that all recombinant
373  haplotypes containing the SCR-A region had the 213-bp inversion in SCR-A, which was
374 reported to be responsible for the loss of SI within haplogroup A (Tsuchimatsu et al.
375  2010). This result suggests that pseudogenization of SCR-A preceded the recombination
376 events as well as the large deletions. In addition, our results suggest that the parental
377  haplotype carrying haplogroup C was also non-functional due to the loss of the SCR
378 promoter region, such that we have high confidence that the SI system of the A/C
379  heterozygote was already deactivated. Finally, the fact that none of the relict accessions
380 had any of the large-scale rearrangements we identified, strongly suggests that those
381 rearrangements happened in the very recent past, possibly post-glacially, and were
382  specific to the invasive “weedy” lineage that recolonized most of Eurasia (Fig. 7). At any
383 rate, it is now clear that the independent recombination events and their associated
384  structural rearrangements represent truly secondary decay that occurred after the loss
385  of SI of both parental haplotypes.

386

387

388 Materials and Methods

389

390 Isolation of a genomic fragment containing the A. thaliana C haplogroup

391 [solation of a genomic fragment containing the A. thaliana C haplogroup was

392  performed according to Goubet et al. (2012). Briefly, high molecular weight DNA was
393 prepared from young leaves of the Ita-0 accession and a BAC library was constructed.
394  The library was screened on nylon filters using radiolabelled probes designed from the
395 flanking genes ARK3 and PUBS8. Positive BAC clones detected by hybridization were
396 validated by PCR amplification using the primer pairs used for probes synthesis, and
397  visualisation of PCR products after agarose gel electrophoresis. The BAC clone was
398 sequenced at Genoscope using a 454 multiplexing technology on the Titanium
399 sequencer version (www.roche.com). De novo assembly was performed by Newbler
400 (www.roche.com) and the sequence was obtained in five contigs. Only contigs
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401 representing the extremities of the BAC were initially oriented. Long-range PCR was
402 then employed to order and orientate the rest of the contigs (Table S1). Genes and
403 transposable elements annotation was performed according to Goubet et al. (2012).
404  Because the Ah36 sequence published in Durand et al. (2014) contains an unusual
405  duplicated copy of SCR, we resequenced this BAC clone using the PACBIO platform
406 (Genbank accession number XXXX) and confirmed this structural feature.

407

408  Expression analysis

409 Total RNAs were extracted from stigma (S) and anthers (A) (stage 12 according to
410 Smyth et al. 1990) of A. Iyrata S14 haplotype and A. thaliana Ita-0 plants following the
411 manufacturer’s recommendations (Picopure kit; Arcturus) except that a second DNase
412  treatment (RNase-free Dnase, Qiagen) was added. The complementary DNA (cDNA) was
413  synthesized with the Revert Aid M-MuLV reverse transcription (Fermentas) using (N)s
414 random primers and 260ng of total RNAs. Reverse transcription (RT)-PCR with 25
415  cycles for SRK amplification or 35 cycles for SCR amplification was performed with
416  primer pairs located within the exon 1 for SRK14, surrounding the intron 1 for SRKIta-0
417  and on the ATG and the stop codons for SCR. The constitutively expressed gene ACT8
418 was used as a control to normalize loading of RT-PCR products. Amplification using
419  primers located within a non-expressed region (intergenic region between At1g49230
420 and At1g49240 (ACT8)) confirmed the absence of DNA contamination (data not shown).
421  Primer pairs for SRKIta-0 and SCRIta-0 were tested using, as template, BAC DNA (BAC)
422  containing the S-locus of Ita-0. The PCR products amplified correspond to the genomic
423  fragments including introns (1229 and 1288 bp respectively).

424
425  Analysis of the S-locus region in accessions from the 1,001 genomes project
426 We used the paired-end reads from whole genome sequencing of 1,083 accessions

427  from the 1,001 genomes project. Briefly, each accession was sequenced using [llumina
428 sequencing with paired-end reads of 76 bp. Because of the large sequence divergence
429 among haplotypes, the S-locus can typically not be assembled using standard
430 procedures (i.e. mapping on a single genomic reference, Col-0). Hence, for each of these
431 accessions, three new alignments of the S-locus were performed using the Burrows-
432  Wheeler Aligner (Li and Durbin 2009), taking in turn each known sequence (Col-0 for
433  haplogroup A, Cvi-0 for haplogroup B, Ita-0 for haplogroup C) as a reference.

434 We then plotted for each accession the proportion of nucleotide positions showing
435 non-zero coverage (>1 reads) on references of haplogroups A, B and C. We masked
436 transposable elements (TE) for this analysis, as the extremely high coverage on TEs
437  would be mainly due to non-specific reads and thus confound the results. This analysis
438 revealed a discrete set of coverage patterns, suggesting a limited number of S-locus
439  types among accessions. Based on a representative subset of accessions for each main
440 type, we then searched manually for fragments of the reference sequences that
441  distinguished among these main types. While most fragments varied in a highly
442  coordinated manner, a 12kb fragment of Ita-0 (represented by a dashed motif on Fig. 1
443 and S2) was not specific to accessions defined as haplotype C or R by all other
444  fragments. This fragment also varied in a presence/absence manner (data not shown)
445  and had substantial coverage in about 45% of all accessions but we could not confirm
446  contiguity between this fragment and its flanking sequences on the C-reference by any
447  paired-end sequencing read straddling these positions. To further examine the origin of
448  this fragment, we extracted paired end reads for which one read mapped at one
449  extremity of the fragment and the other was unmapped on the references. We then
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450 blasted the unmapped reads on the complete A. thaliana genome and found for the two
451  extremities a strong homology with one particular position on chromosome 2 (around
452  position 1,825,600). This observation suggests that this 12kb fragment segregates on
453  chromosome 2 of 45% of all accessions and has been specifically inserted in the S-locus
454 of the Ita-0 accession. Consequently, we decided to ignore its pattern of
455 presence/absence in the analyzed accessions. Overall, this analysis allowed us to
456  distinguish a total of 12 different types that varied by their pattern of presence/absence
457  of the different fragments. We used this set of fragments to automatically classify the
458 rest of the accessions. A fragment was considered to be present if the proportion of sites
459  with non-zero coverage was more than the threshold value defined for each fragment,
460 and otherwise considered to be absent.

461 Based on the distribution of the median pairwise distance to all other accessions
462 computed from all SNPs (The 1001 Genomes Consortium 2016), we chose to
463  conservatively consider as relict accessions those with a median distance above
464  0.00356, corresponding to a gap in the distribution. Application of this strict threshold
465 resulted in 22 relict accessions. According to The 1001 Genomes Consortium (2016), the
466  majority of these relicts were from the Iberian peninsula (n=19) and are considered as
467  descendants from a single glacial refugium, with one accession each representing relicts
468 from Sicily (n=1), Lebanon (n=1) and the Cape-Verde island (n=1).

469
470  Targeted resequencing across the recombination breakpoint
471 We obtained sequences around the recombination breakpoints and the deletion

472  border by Sanger sequencing. DNA was extracted by Macherey-Nagel plant DNA kit.
473  GoTaq (Promega) was used for PCR. PCR products were purified by using Agencourt
474  AMPure XP (Beckman Coulter) and sequenced by Applied Biosystems 3130xL capillary
475  sequencer. For primers used, see Table S1. Sequences were inspected by eye, assembled
476  and aligned by using the CLC Main Workbench. For long-range PCR fragments, internal
477  primers were designed to tile the fragments entirely.

478
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631

632  Figure Legends

633

634 Figure 1. The S-locus region of haplogroup C from Ita-0 compared with Lz-0.
635 Annotations were performed independently and lines join identical annotations in the
636  two sequences.

637

638 Figure 2. Polymorphism and divergence within haplogroup C. A. Vista plot
639  comparing the S-locus region of Ah36 from Arabidopsis halleri (used as a reference) with
640 those of Lz-0 and Ita-0 accessions. The grey bars below the Lz-0 sequence represent the
641 three non-contiguous fragments obtained by Dwyer et al. (2012) B. Zoom on the SCR
642 and SRK regions. Ah36 is used as a reference. C. Expression analysis of SCR and SRK in
643 anthers (A) and stigmas (S) of the Ita-0 accession. SCR14 and SRK14 from A. lyrata
644  extracts are used as positive controls. Expression level of AtSCRIta-0 in anther was very
645 low, as we did not detect any PCR product even after 35 PCR cycles.
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646

647  Figure 3. Example coverage plots for one of the 1083 accessions (accession Moran-
648 1, haplotype A1). Coverage represents the number of sequencing reads for each
649  position of the three reference sequences from haplogroups A, B and C. Regions between
650 two flanking genes (ARK3 and PUBS8) are shown. Transposable elements (TE) and genes
651 are represented by grey and black horizontal bars, respectively. Note that even though
652  this accession is assigned as haplotype A1, some coverage is apparent on the SRK gene of
653  the B reference, an artifact due to some sequence similarity between A and B SRK alleles
654  (Bechsgaard et al. 2006). Note the important coverage on the TE sequences due to their
655  repetitive nature, but which is not informative with regard to haplotype assignment.

656

657 Figure 4. Proportion of nucleotide sites with non-zero coverage on the A and C
658 references. Accessions are color-coded according to their pattern of presence/absence
659  of the fragments defined in Fig. S2. ‘Relict’ accessions are circled with a black circle in
660 the background. Coverage on the B reference was consistently low except for two
661 accessions (Cvi-0 and Can-0) and is not shown here.

662

663 Figure 5. Geographical distribution of the main haplogroups identified. Each
664  accession is represented by a color-coded dot on the map. ‘Relict’ accessions are circled
665  with a circle in the background, colored according to the S-haplotype assignment.

666

667  Figure 6. Sanger resequencing identifies several recombination breakpoints at the
668 AARK3 region. Blue and orange colors identify the divergent ARK3 haplotypes. Some
669  accessions were sequenced from multiple pairs PCR primers and in such case they were
670 represented several times. We note that the deletion encompassing exon 6 of AARK3,
671  which was reported previously in the C24 accession, was not found in other accessions,
672  suggesting its uniqueness to C24. We confirmed that it indeed exists in the C24
673  accession by Sanger sequencing.

674

675 Figure 7. Scenario for the multiple loss of self-incompatibility, subsequent decay
676 of the S-locus and distribution of S-haplotypes in different glacial refugia. The
677 number of functional S-haplotypes was initially very large in the outcrossing ancestor,
678  while only three S-haplogroups currently segregate, each containing specific inactivating
679 mutations. As glacial refugia became isolated, genetic drift led to differential fixation of
680  S-haplogroups in the different refugia, while others remained polymorphic (as in the
681 Iberian refugium). The lineage from the refugia that became invasive thoughout Eurasia
682  specifically acquired a local duplication of the flanking gene ARK3 on haplogroup C that
683 allowed for repeated recombination events among copies of the different S-haplogroups
684  that were locally segregating.

685

686  Figure S1. Phylogenetic tree of SRK-C amino acid sequences from a subset of
687  haplogroup C and R accessions (RO haplotype) of A. thaliana together with sequences
688 from the outcrossing relatives A. lyrata (AISRK36) and A. halleri (AhSRK36). The
689  phylogeny was obtained with the neighbor-joining algorithm in MEGAS5 (Tamura et al.
690  2011) with 1,000 bootstrap replicates. Only bootstrap values above 50% are reported.
691

692  Figure S2. Patterns of presence/absence of the different fragments detected in the main
693  haplogroups identified. Fragments used for haplogroup assignment are represented as
694 red segments.
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Figure S3. Distribution of coverage across the 1083 accessions for the different
fragments identified on Fig. S2. The vertical red line corresponds to the arbitrary
threshold set to define a fragment as being present or absent.

Figure S4. Geographical distribution of identified haplotypes plotted for each
haplogroup (A, B, C and the recombinants).

Figure S5. A proposed scenario for the putative recombination event between
haplogroups A and C. The first step is the duplication of a portion of the flanking gene
ARK3 providing the substrate of sequence similarity allowing heterologous
recombination.
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