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Abstract: Invasive species offer outstanding opportunities to identify the genomic sources of
variation that contribute to rapid adaptation, as well as the genetic mechanisms facilitating
invasions. The Eurasian plant yellow starthistle (Centaurea solstitialis) is highly invasive in North
and South American grasslands and known to have evolved increased growth and reproduction
during invasion. Here we develop new genomic resources for C. solstitialis and map the genetic
basis of invasiveness traits. We present a chromosome-scale (1N = 8) reference genome using
PacBio CLR and Dovetail Omni-C technologies, and functional gene annotation using RNAseq.
We find repeat structure typical of the family Asteraceae, with over 25% of gene content
derived from ancestral whole genome duplications (paleologs). Using an F2 mapping population
derived from a cross between native and invading parents, with a restriction site-associated
DNA (RAD)-based genetic map, we validate the assembly and identify 13 QTL underpinning size
traits that have evolved during invasion. We find evidence that large effect QTL may be
associated with structural variants between native and invading genotypes, including a variant
with an overdominant and pleiotropic effect on key invader traits. We also find evidence of
significant paleolog enrichment under two QTL. Our results add to growing evidence of the
importance of structural variants in evolution, and to understanding of the rapid evolution of

invaders.

Keywords: reference genome, QTL, genetic map, invasive species, Centaurea solstitialis

Significance Statement: Invasive species often evolve rapidly in new environments, potentially

informing our understanding of the genomic basis of adaptation, but genomic studies of these
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non-model systems are limited. We provide a chromosome-scale reference genome,
annotation, and genetic map for the invasive plant yellow starthistle, and we investigate the
genetic basis of invader trait evolution in this system. We find regions of the genome with large
effects on traits that differ between native and invading genotypes, and evidence suggesting
genome structural variants and past genome duplications could play a role in rapid adaptation
of invading populations. These genomic resources and evolutionary insights aid in our
understanding of the sources of genomic variation for adaptation, and how their evolution

facilitates invasion.

Introduction

Biological invasions provide unique opportunities to study how rapid genome evolution
can contribute to population establishment, growth, and range expansion in novel
environments (McGaughran et al. 2024). Indeed, what types of genomic variation will fuel rapid
adaptation has been a longstanding question in evolution (Orr 1998), and invading populations
are increasingly providing insights into the adaptive role of different classes of genomic variants
(reviewed in Dlugosch, Anderson, et al. 2015; McGaughran et al. 2024; C. E. Lee 2002). For
instance, chromosomal inversions have been identified underpinning climate adaptation in
invading Ambrosia artemisiifolia (Battlay et al. 2022) and transposable element insertions have
been identified underpinning adaptive shifts in flowering time in invading Capsella rubella (Niu
et al. 2019), exemplifying how structural variation can play an important role in the evolution of
high fitness genotypes. Whole genome duplications - either in the form of autopolyploidy or

allopolyploidy - have also been found to promote invasion success by, for example, generating
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genetic variation to fuel adaptive evolution, increasing functional plasticity, and providing
redundant gene duplicates that can lead to evolutionary novelty via neofunctionalization, even
many millions of years after the polyploidy event (te Beest et al. 2012; Mounger et al. 2021; Qi
et al. 2021).

Genomic analyses of invasions are also providing opportunities to learn how and when
invasions occur, and to identify opportunities for management. There is longstanding interest in
the role of genetic variation and evolution in facilitating the establishment and invasion of
introduced species (Dlugosch, Anderson, et al. 2015). Research in this area is revealing when
and how population bottlenecks might affect fitness of founding populations (Nei, Maruyama,
and Chakraborty 1975; Estoup et al. 2016; Peischl et al. 2018), the importance of genomic
admixture (B. S. Barker et al. 2019; Reatini and Vision 2020), and the genomic pathways that
might underlie invader adaptations and potential sources of control, such as those involved in
enemy interactions (Battlay et al. 2022). Given the variety of ways genome evolution could
contribute to rapid adaptation, comprehensive investigations of invasion genomics require
high-quality genomic resources, including annotations of genes, gene duplicates, and repetitive
elements, as well as assembly of complete reference genomes that allow for the identification
of structural variants. The development of such resources for an increasingly broad array of
invaders will inform our understanding of both how genomes evolve in wild populations, and
how invasions occur and can be managed (Dlugosch, Anderson, et al. 2015; Bock et al. 2015;

McGaughran et al. 2024).

Here we establish a reference genome and annotations for the highly invasive plant
yellow starthistle, Centaurea solstitialis L. (Asteraceae), and we map genomic regions
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86  associated with invader traits known to have evolved in this species. Centaurea solstitialis is
87  invasive on at least four continents and occupies a broad distribution throughout its native
88  range in Eurasia (Maddox, Mayfield, and Poritz 1985). The species was introduced from western
89  Europe to South America in the 1600s and then to North America in the 1800s, and has since
90 spread aggressively as a noxious weed of grasslands in the western United States and Argentina
91  (B.S. Barker et al. 2017; Gerlach 1997). In the United States, plant traits in the severe invasion
92  of California have been well-studied, and invaders are known to have evolved an increase in
93  plantsize (B. S. Barker et al. 2017; Widmer et al. 2007; Dlugosch, Cang, et al. 2015; Eriksen et al.
94  2012; Montesinos and Callaway 2018). Larger plant size is associated with increase
95  reproduction (Dlugosch, Cang, et al. 2015) and competitive ability (Montesinos and Callaway
96  2017; Montesinos, Graebner, and Callaway 2019), and is predicted to lead to higher population
97  growth rates for invader genotypes relative to native genotypes (Dlugosch, Cang, et al. 2015).
98 How C. solstitialis has rapidly evolved invasiveness, and the genomic mechanisms
99 involved in achieving larger size, are not yet known, but the system is well suited to genomic
100  analyses. The species is annual, diploid (1N = 8; Widmer et al. 2007), and obligately outcrossing,
101  with a modest genome size of 840 Mbp (Irimia et al. 2017; Bancheva and Greilhuber 2006;
102  Heiser Jr. and Whitaker 1948; Cang 2024). Population genomic studies have determined that
103  the invading California lineage has evolved from a single native range source in western Europe,
104  which provides an ancestral comparison for the evolution of the invaders (B. S. Barker et al.
105  2017). Finally, the evolutionary history of C. solstitialis includes an ancestral whole genome

106  duplication at the base of the Asteraceae (M. S. Barker et al. 2008; 2016), providing an
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107  opportunity to identify the contribution of this event to contemporary genomic variation and
108  rapid evolution (Qi et al. 2021).

109 We present a chromosome-scale reference genome for an outbred wild individual of C.
110  solstitialis collected from Canales, Spain - the western European native source population of the
111  Californian invasion. We characterize the content and structure of the C. solstitialis genome
112  using annotations of repetitive elements, functional genes, and gene duplicates including

113  paleologs (gene duplicates derived from ancestral whole genome duplications), and gene

114  synteny comparisons between starthistle and other representatives of Asteraceae. We validate
115  the reference genome assembly by comparison with a genetic map constructed from an F2

116  mapping population. We then leverage these genomic resources to identify quantitative trait
117  loci (QTL) underpinning increased plant size in the Californian populations, identifying candidate
118  genes within those QTL regions, and uncovering evidence suggesting that structural variants
119  and paleologs may be forms of genomic variation contributing to evolution at plant size QTL.
120  Finally, we also find that large scale genome rearrangements have characterized chromosome
121  evolution across longer timescales within the Carduoideae subfamily of Asteraceae. Together,
122 our findings contribute to growing evidence of the importance of structural variation in

123 standing variation, and lay a foundation for investigating the contribution of genome evolution
124  to the invasiveness of C. solstitialis, and to genome evolution more broadly within the thistle
125  subfamily of Asteraceae.

126

127  Results

128  Genome assembly and annotation
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129 We constructed a chromosome-scale reference genome assembly for C. solstitialis using
130  a combination of PacBio CLR and Dovetail Omni-C sequencing approaches. The final assembly
131 was 746Mb in length and contained 2,969 contigs (1.3Mb contig N50) which were anchored on
132 1,080 scaffolds; eight primary scaffolds comprised 94.8% of the total sequence content of the
133 assembly (L90=8, Figure 1A), and matched the haploid chromosome number of C. solstitialis
134 (1N = 8; Widmer et al. 2007). These eight scaffolds totalled 725.4 Mbp, which is 86.3% of the
135 840 Mbp average genome size reported for C. solstitialis, as estimated by flow cytometry (Cang
136  2024). An additional 1,072 unplaced scaffolds totaled 39.6 Mbp. Of the 2,326 conserved single
137  copy orthologs (BUSCOs) in the eudicot_odb10 database, 2,106 (93.38% were found in the

138  eight primary scaffolds: 1,917 (86.63%) were complete and single-copy and 189 (6.75%) were
139  complete and duplicated (Table 1). Only two of the BUSCOs that were missing in the eight

140  primary scaffolds were located in the trailing scaffolds. In addition, 20 of the BUSCOs that were
141  found in single-copy in the eight primary scaffolds were duplicated in the trailing scaffolds,

142  suggesting that some trailing scaffolds possibly included haplotype variants of the primary

143  scaffolds. Given their nearly complete coverage of the genome, we hereafter refer to the eight
144  primary scaffolds as chromosomes 1-8, numbered by descending size.

145 We characterized the content of the genome in terms of its repetitive elements,

146  functional regions, paleologs, centromere locations, and chromosome structure. An estimated
147  63.3% of the genome was repetitive DNA, with 29.04% identified as class | transposable

148  elements (retrotransposons) and 2.07% identified as class Il transposable elements (DNA

149  transposons) (Table 1). A total of 481,954 retroelements - composing 12% of the genome -
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150  were successfully classified using the high-confidence nrTEplants database, and included

151 122,163 Tyl/Copia and 172,604 Gypsy long terminal repeat retrotransposons (LTR-RTSs).

152 We identified functional regions of the genome using RNAseq of three native and three
153  invading individuals, including the individual sequenced for the reference genome. The

154  complete reference annotation included 34,323 predicted gene models encompassing a total of
155  59.8 Mbp of the reference sequence (Table 1). Of the 32,431 genes that fell on the eight

156  putative chromosomes, 74% (24,011) were able to be functionally annotated using the UniProt
157  database. A total of 616 tRNA prediction models were identified using tRNAscan-SE. Using the
158  cumulative frequency of annotation edit distance (with 0 being perfect support and 1 being no
159  support) as a metric of annotation quality, the majority of genes in the complete annotation
160  were well supported by overlapping aligned RNAseq and protein homology data, with 80% of all
161  genes having AED scores of <0.5 (Supplemental Figure 1).

162 Paleologs from ancestral genome duplications may persist in blocks that are identifiable
163  despite fractionation over time (Cheng et al. 2018). The C. solstitialis lineage most recently

164  experienced a putative hexaploidy in its ancestry at the base of the family, Asteraceae (M. S.
165  Barker et al. 2016; 2008), and we identified blocks of paleologs using syntenic comparisons with
166  an outgroup (carrot, Daucus carota) to reveal gene duplicates originating from this whole

167  genome duplication event (Supplemental Figure 2). Of the 32,431 genes that fell on

168  chromosomes 1-8 of the C. solstitialis annotation, 8,184 (25.2%) were identified as putative

169  paleologs (Supplemental Table 1). Single retained paleologs (genes inferred as arising during
170  duplication, but for which other copies appear to be lost) were the most abundant class (4,911

171  genes) followed by paleologs retained in duplicate (3,036 genes) and triplicate (237 genes).
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172 Pericentromeric regions can be predicted by areas of low gene density and high repeat
173 content, particularly LTR-RTs (Scaglione et al. 2016). We used a sliding window analysis to

174  assign relative scores in each window for low gene density or high repeat density, specifically
175  based on unique repeat density, Gypsy LTR-RT density, and Copia LTR-RT density (Supplemental
176  Figure 3). The average score of these categories revealed a single region of low gene density
177  and high repeat density for each chromosome, indicating the location of the putative

178  pericentromeric region (Figure 3). The sliding window analysis of gene density alone revealed
179  roughly 2X higher gene density at the ends of chromosome arms relative to putative

180  pericentromeric regions (Supplemental Figure 3).

181 Finally, the division of the genome into chromosomes can arise from fission, fusion, and
182  duplication of chromosomal segments over evolutionary time, and this structure (and/or

183  potential large scale errors in assembly) can be revealed by synteny comparisons with other
184  closely related genomes (Wang et al. 2012). Gene synteny comparisons with globe artichoke
185  (Cynara cardunculus; the most closely related thistle in subfamily Carduoideae whose genome
186  has been assembled to the chromosome-scale) using GENESPACE revealed large blocks of

187  conserved synteny across the genomes (Figure 2). Conserved synteny was also evident in

188  comparisons between the C. solstitialis genome and the more divergent Lactuca sativa

189  (subfamily Cichorioideae), albeit with more evidence for interchromosomal rearrangements
190  (Figure 2). Three-way comparisons between C. solstitialis, Cynara cardunculus, and Lactuca
191  sativa revealed a history of active chromosome evolution within the thistle subfamily

192  Carduoideae (Figure 2), though C. solstitialis chromosome 7 was highly conserved across all

193  three taxa (Figure 2).
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194

195  Genetic map

196 To validate the reference genome structure, characterize recombination patterns, and
197 locate variable genetic markers across the genome, we constructed a genetic map using a

198  population of 300 F2 individuals derived from a single cross between native and invading

199  parents, genotyped using ddRADseq. RAD markers were aligned to the reference genome to
200 identify variants, and then recombination rates among variants were used to infer a genetic
201  map de novo, independent of the reference genome. After filtering for segregation distortion
202  (removing markers based on a significance cutoff of p = 1E-5), a total of 1064 markers were
203  variable and could be polarized as being either native or invader in origin. These formed eight
204  linkage groups that corresponded with the eight chromosomes in the C. solstitialis reference
205 genome (Figure 4B). Strong linkage and low estimated recombination were evident between
206 markers within each chromosome, relative to linkage and recombination between markers on
207  different chromosomes (Figure 4A). Only five aberrant markers from a single linkage group fell
208  on a different reference assembly chromosome than the rest of the markers from their linkage
209  group. These aberrant markers were pruned in the final map.

210 Map distance comparisons between the genetic map and the reference assembly

211 revealed megabase-scale regions of low recombination in the center of each chromosome, with
212  chromosomes 1, 5, 7, and 8 also showing low recombination at one of the two ends of the

213 chromosome (Figure 3A). For all chromosomes except 1 and 7, regions of low recombination in
214  the genetic map corresponded closely with estimated pericentromeric regions (Figure 3A,B),

215  and these same regions corresponded with lower RAD marker density (Figure 3A; Supplemental
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216  Figure 3). For chromosomes 1 and 7 recombination was low in putative pericentromeric regions
217  but also on one of the distal arms of each chromosome (Figure 3A,B).

218

219  Invader trait differences and QTL

220 We quantified growth differences between native and invading genotypes, and mapped
221 QTL associated with these traits, using a common glasshouse experiment. This included 2901 F2
222 plants (including the 300 F2 plants used for the genetic map above), as well as 28-29 plants

223 from each of the parental populations (P1), and an additional 41 F1s from bidirectional crosses
224  between the parental populations. The plants were phenotyped for their total number of leaves
225  and maximum leaf length at 3.5 and 5 weeks. For the P1 generation, invader genotypes had

226 greater total number of leaves and greater maximum leaf length than native genotypes at both
227  time points (Supplemental Figure 4), which is consistent with previous studies of invasive and
228  native C. solstitialis populations (Dlugosch, Cang, et al. 2015). F1 individuals displayed heterosis
229  for maximum leaf length at both time points, and for total number of leaves at five weeks

230  (Supplemental Figure 4). F2 individuals showed the greatest range in trait values, as expected
231 (Supplemental Figure 4). The 300 genotyped F2s were selected from the ends of the

232 distribution of longest leaf length at 3.5 weeks, and they showed an expected bimodal

233 distribution for this trait (Supplemental Figure 5). In contrast, the total number of leaves for
234  those individuals followed a roughly normal distribution for both time points (Supplemental

235  Figure 5).

236 Haley-Knott regression and leave one chromosome out (LOCO) genome scans revealed

237 13 distinct QTL peaks with varying degrees of support (summarized in Table 2). A total of seven
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238  peaks were associated with maximum leaf length only, four were associated with total number
239  of leaves only, and two peaks were associated with both traits (i.e. putatively pleiotropic; Table
240  2). One of these two putatively pleiotropic QTL (peak 1 in Table 2) corresponded with the large
241  region of low recombination outside of the pericentromeric region on chromosome 1 (Figure
242 3). Similarly, one of the suggestive QTL for total number of leaves (peak 11 in Table 2)

243 corresponded with the other large region of low recombination outside of the pericentromeric
244  region on chromosome 7 (Figure 3). These regions of low recombination - pericentromeric or
245  otherwise - resulted in large QTL given that separate QTL were defined by a drop of at least 1
246 LOD from the peak. The number of candidate genes under QTL ranged from 3532 genes within
247  the largest QTL spanning the 88.9 Mbp region of low recombination on chromosome 1, to 16
248  genes within the smallest QTL spanning 0.2 Mbp at the other end of chromosome 1 (Table 2,
249  Supplemental Table 2).

250 Together, the 13 QTL peaks explained 85.9% and 82.5% of the phenotypic variation in
251  maximum leaf length at 3.5 and 5 weeks, respectively, and 35.6% and 31.7% of the phenotypic
252  variation in total number of leaves at 3.5 and 5 weeks, respectively. QTL peak 1 on chromosome
253  1and peak 7 on chromosome 4 individually explained the most variation in maximum leaf

254  length (14% and 15.7%, respectively), whereas peak 13 on chromosome 8 explained the most
255  variation in total leaf number (9.6%; Table 2). For all four peaks associated with total number of
256  leaves alone, the invader alleles at each QTL were associated with a greater number of leaves
257  (Supplemental Figure 6). Of the seven peaks associated with maximum leaf length alone, the
258  parental allele driving larger leaves varied between loci (Supplemental Figure 6).

259  Overdominance was observed for both QTL peaks on chromosome 1 - including the peak that
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260  corresponded with the large region of low recombination - and the dominance and additive
261  effects varied greatly among the other QTL (Supplemental Figure 6). Apparent deviations from
262  additivity between QTL associated with the same trait indicated the possibility of epistatic

263  interactions between some of the QTL (Supplemental Figure 7).

264

265  Paleolog enrichment

266 Whole genome duplication results in syntenic blocks of duplicated genes that persist
267  over evolutionary time, creating genomic regions of paleolog enrichment that might favor the
268  generation of new QTL variants as a result of the evolution of one or more paleologs (Qi et al.
269  2021). Each QTL region will encompass multiple genes, and while we do not know the individual
270  locus or loci responsible for the phenotypic effect of a QTL, we can test whether the genes

271  under a given QTL are more likely to be paleologs than genes in other regions of the genome.
272  To do this, we compared the frequency of paleologs within each QTL to genome-wide null

273 distributions of randomly selected blocks of genes of the same size. From this analysis, two QTL
274  peaks (peak 2 and peak 13) were found to be statistically enriched for paleologs (Supplemental
275  Figure 8). Peak 2 contains only 16 genes, eight of which are paleologs. This includes Tryptophan
276  aminotransferase-related protein 2 (TAR2), which is notable because it plays a role in auxin-
277  dependent development processes such as growth in Arabidopsis thaliana (Stepanova et al.
278  2008), suggesting a strong potential to affect growth traits in C. solstitialis.

279

280 Discussion
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281 Centaurea solstitialis is a serious invasive pest of grasslands in the Americas, and our
282  chromosome-scale assembly of its genome is the first for a non-cultivated species in the thistle
283  subfamily (Carduoideae) of Asteraceae. We paired this reference genome with the first C.

284  solstitialis QTL map to identify the genetic basis of evolving invader traits known from its well-
285  studied ecology. Our results point to important roles of genome evolution during invasion,

286  including potential impacts of overdominance, structural variants, and paleologs.

287 Assembly metrics, as well as an independently constructed genetic map, indicated that
288  the eight primary scaffolds of our assembly constituted nearly complete pseudo-haploid

289  chromosomes for C. solstitialis. These eight putative chromosomes contained 94.8% of the total
290  sequence and 93.37% of complete BUSCO genes. The presence of only two additional BUSCO
291  genes within the 1072 trailing scaffolds, and the fact that some BUSCO genes were instead

292  duplicated within them, suggest that trailing scaffolds are likely largely composed of alternative
293  haplotype or mis-assemblies due to heterozygosity in the outbred wild genotype used for

294  genome assembly. Consistent with this hypothesis, only 16% of all annotated genes on the

295  trailing scaffolds (294 genes total) were unique to those scaffolds and present in single copy -
296  the rest had copies elsewhere in the genome. As a result, less than 1% of the total gene content
297  of the genome was unique to the trailing scaffolds. Linkage information was also consistent

298  with a chromosome-level assembly. The Omni-C contact map indicated that link density was
299  higher within chromosomes than between, and that link density decayed with physical distance
300 within a chromosome, as expected (Lajoie, Dekker, and Kaplan 2015). In addition, each of the

301 eight chromosomes of the assembly corresponded with one of the eight linkage groups in the
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genetic map. Finally, the recombination frequencies between markers in the genetic map were
consistent with the linear sequence of each chromosome in the assembly.

Annotations revealed a fairly typical genomic content, consistent with a relatively
complete assembly. The chromosomes included 34,323 predicted gene models, comparable to
other plant genomes, which have relatively little variation in gene number compared to their
orders of magnitude variation in genome size (Wendel et al. 2016). Predictions included 616
tRNA models, similar to the 639 identified in Arabidopsis thaliana (Chan et al. 2021). Over 25%
of genes were inferred to be paleologs derived from polyploidy at the base of the family,
Asteraceae (M. S. Barker et al. 2016), which is a typical fraction of paleologs for angiosperms (Z.
Li et al. 2021). Genome content is often dominated by repetitive DNA (Wendel et al. 2016),
which was the case for C. solstitialis, with 63.3% of the genome occupied by repetitive
elements. This included abundant long terminal repeat retrotransposons in the Ty1/Copia and
Gypsy families. These results are similar to the repeat content of the globe artichoke genome
which contains 58.4% repetitive DNA - with the most abundant families also being Ty1/Copia
and Gypsy elements (Scaglione et al. 2016).

Importantly, recombination patterns in the mapping population revealed potential
structural variants across genotypes. Chromosomes 1 and 7 displayed reduced recombination
across one of their chromosome arms in the F2 population derived from an invader x native
genotype cross, despite the central location of the inferred centromeres. Similar patterns have
been explained by chromosomal rearrangements in a range of plant and animal taxa (Huang et
al. 2020; Kirubakaran et al. 2016; C.-R. Lee et al. 2017; Tong et al. 2016), suggesting that native

and invading genotypes of C. solstitialis might be characterized by large-scale structural variants
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324  onthese chromosomes, relative to native genotypes. Notably, each of these regions of reduced
325  recombination corresponded with one of the QTL peaks identified for morphological

326  components of size variation, a trait that shows evidence for adaptive evolution and is thought
327  to have aided in the invasion success of C. solstitialis (B. S. Barker et al. 2017; Dlugosch, Cang, et
328  al. 2015). Structural variation is increasingly being recognized as an important source of

329  genomic variation contributing to diverse ecological and evolutionary processes including

330 adaptation and more recently invasion (Mérot et al. 2020; Huang and Rieseberg 2020; Battlay
331  etal. 2022), and our results suggest it might play an important role in the rapid evolution of C.
332 solstitialis invasions.

333 The region of reduced recombination on chromosome 1 was particularly intriguing

334  because the corresponding QTL was both overdominant and putatively pleiotropic (i.e.

335  associated with both maximum leaf length and total number of leaves). Given that heterosis is
336  observed in the F1 generation for both traits, it is plausible that overdominance (and putative
337  pleiotropy) at this QTL could be driven by many genes locked within a large non-recombining
338  structural variant such as an inversion (Faria et al. 2019). Such a structural variant would

339  prevent recombination across a large portion of the chromosome, which would “fix”

340 heterozygous loci affecting both traits across its length in the F2 generation. All phenotypically
341 relevant genes within this region would act as a single heterotic and pleiotropic locus. Indeed,
342  one of the ways structural variation is known to contribute to adaptation is by creating strong
343 linkage between adaptive alleles (Battlay et al. 2022), and balancing selection on overdominant
344  inversions is a classic form of local adaptation in general (Faria et al. 2019). Alternatively,

345 overdominance at this QTL could be explained by heterozygous loci across the inversion
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346  masking deleterious alleles (Connallon and Olito 2022; Jay et al. 2022), which are likely to

347  accumulate during biological invasions due to strong genetic drift (Gilbert et al. 2017; Peischl,
348  Kirkpatrick, and Excoffier 2015). In this case, the maintenance of the structural variant

349  polymorphism within invasive populations would not need to be driven by local adaptation per
350  se, but it could still be an important variant contributing to invasion success if invader

351  genotypes that are heterozygous for the structural variant have higher fitness than

352  homozygotes.

353 It is perhaps not surprising that QTL are associated with both of the regions of reduced
354  recombination that we infer to be putative large-scale structural variants, given that any trait
355 lociin these regions will be linked to all other loci across the chromosomal region. Even if a

356  single large effect locus in proximity to the region was underpinning the association with size
357  variation, the whole non-recombining region would still appear as a single QTL peak. Moreover,
358  structural variants are predicted to have large phenotypic effects due to their potential to trap
359  multiple tightly linked genes affecting a trait (Mérot et al. 2020). For this reason structural

360 variants are predicted to be especially important components of adaptive variation during

361 invasions because selection can favor these large effect regions despite the potential for strong
362  founder effects and genetic drift to confound adaptation during range expansion (Bock et al.
363  2015; Dlugosch, Anderson, et al. 2015), or despite the potential for gene flow and admixture to
364 homogenize local adaptation among founding populations (Reatini and Vision 2020). Population
365 genomic analyses of linkage patterns within these chromosomes are needed to identify to what
366  extent structural variants are present and limiting recombination within the invasion, and their

367 potential contribution to the invasion success of C. solstitialis.
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368 Gene duplications - whether single duplicated genes, blocks of duplicated genes, or

369  whole genome duplications - are another important form of genome evolution that can

370  contribute to adaptation and lead to evolutionary novelty (Conant and Wolfe 2008; Moriyama
371  and Koshiba-Takeuchi 2018). Although mutations in duplicated genes can be masked initially
372  due to functional redundancy, allowing them to accumulate, such mutations can generate

373  either deleterious variation or novel adaptive variation that can experience selection in novel
374  environments (Freeling 2009; Lynch and Force 2000; Baniaga et al. 2020). Interestingly, even
375  gene duplicates that stem from relatively ancient whole genome duplication events occurring
376  millions of years ago (paleologs) can contribute disproportionately to contemporary adaptive
377  evolution - such as domestication alleles at loci originating from a ~20 million year old whole
378  genome duplication event in Brassica rapa (Qi et al. 2021). We found that two of our 13 QTL for
379 invader traits in C. solstitialis were statistically enriched for paleologs, such that the specific
380 gene or genes responsible for QTL phenotypic effects were disproportionately more likely to be
381  paleologs than other genes in the genome. Of the two enriched QTL, one (peak 2) was

382  associated with leaf length and displayed overdominance relative to parental genotypes. This
383  peakis notable for being the smallest QTL we identified, consisting of only 16 genes, eight of
384  which were paleologs. Among these paleologs was Tryptophan aminotransferase-related

385  protein 2 (TAR2) which has been identified as playing a key role in auxin-dependent

386  development processes in Arabidopsis thaliana - with mutants displaying phenotypic changes in
387  both growth and reproduction (Stepanova et al. 2008). The other QTL that was statistically

388  enriched for paleologs (peak 13) was also associated with both traits but the native genotype

389  was generally larger than the invader genotype at this locus. Given that only two out of 13 QTL
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390 were enriched for paleologs, it is clear that paleolog variation alone is not responsible for rapid
391  size evolution within the C. solstitialis invasion. Nevertheless, our results suggest that paleolog
392  variation might supply important phenotypic variation under at least one invader QTL, and that
393 the TAR2 ortholog should be queried further as a candidate gene for invader evolution.

394 Beyond the scope of invasion genomics, the C. solstitialis assembly is the second

395 chromosome-scale reference genome for a member of the Carduoideae, which provides new
396  opportunities to examine genome structural evolution in the Asteraceae. Gene synteny

397 analyses among C. solstitialis and Cynara cardunculus (subfamily Carduoideae) and Lactuca

398  sativa (subfamily Cichorioideae) revealed large regions of conserved synteny between all three
399 genomes, as well as a history of dynamic rearrangements. The ancestral haploid chromosome
400 number of Asteraceae is inferred to be 1N = 9 (Mota, Torices, and Loureiro 2016), which is

401  retained in Lactuca sativa but not C. solstitialis (1N = 8) or Cynara cardunculus (1N = 17;

402  Falistocco 2016). Cynara cardunculus has over double the chromosome number as C. solstitialis,
403  vyet Scaglione et al. (2016) found that no whole-genome duplication appears to have occurred
404  after divergence between the Cichorioideae and Carduoideae, which occurred roughly 40

405  million years ago (Mandel et al. 2019). Consistent with Scaglione et al. (2016), our gene synteny
406  analyses revealed evidence for widespread chromosome reorganization in Cynara cardunculus
407  rather than whole-genome duplication. Karyotype analyses of Cynara cardunculus have

408 revealed that the chromosomes display an unusual size distribution with discrete size

409  categories of large, medium, and small chromosomes (Falistocco 2016), perhaps due to

410  multiple fission events of larger ancestral chromosomes into smaller chromosomes. Our gene

411  synteny analyses also suggest that the reduction in the chromosome number of C. solstitialis
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412 (1N = 8) relative to the base number for Asteraceae (1N = 9) may be due to many

413  interchromosomal rearrangements between these genomes, underscoring the dynamic nature
414  of genome evolution in the family.

415 Together, the reference genome assembly, annotation, genetic map, and QTL candidate
416  regions presented here provide essential genomic resources for studies of C. solstitialis

417  invasion, and for investigations of genome evolution across the agriculturally and evolutionarily
418  important Asteraceae. Additional data could further develop the completeness of our reference
419  and annotations, particularly additional whole genome sequence data to achieve a telomere-to-
420 teleomore assembly and fill gaps, and pangenome sequencing of many individuals across the
421  world wide distribution to characterize both nucleotide and structural variation (Li and Durbin
422  2024). Our findings here add to the growing appreciation of the potential for structural variants
423  and gene duplicates to provide standing genetic variation for rapid adaptation. Future studies
424  of population variation, patterns of linkage, and evolution at candidate loci can leverage this
425  foundation to explore how different forms of genomic variation have contributed to the

426  evolution of invasiveness in Centaurea solstitialis and expand to our understanding of rapid

427  genome evolution more broadly.

428

429  Materials and Methods

430  Genomic reference sample collection and sequencing

431 Plant tissue used for the reference genome was grown from seed collected in August
432 2018 from the native range near Canales, Spain (site code ‘CAN’; Lat: 41.00033, Long: -4.89718).

433 A reference voucher from the same locality is archived at the University of Arizona herbarium
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(ARIZ #425375). The plant was reared to the early bolting stage in a greenhouse at the
University of Arizona (Tucson, Arizona, USA) under ambient light conditions from January to
July 2020, and placed in the dark for 24 hours before harvesting leaves directly into liquid
nitrogen for DNA extraction.

Leaf tissue was sent to Dovetail Genomics (Scotts Valley, California, USA) for reference
genome sequencing and assembly using a combination of PacBio CLR and Dovetail Omni-C
approaches. Specifically, PacBio CLR reads were generated by first constructing a ~20kb library
using SMRTbell Express Template Prep Kit 2.0 (PacBio, Menlo Park, CA, USA) using the
manufacturer’s recommended protocol. The library was then bound to polymerase using the
Sequel Il Binding Kit 2.0 (PacBio) and sequenced on PacBio Sequel Il 8M SMRT cells, generating
141 gigabases (Gb) of data, approximately 166x genome coverage. One Dovetail Omni-C library
was prepared by fixing chromatin with formaldehyde, then digesting chromatin with DNAse I.
Proximity ligation was then performed, crosslinks were reversed, and DNA was purified. The
sequencing library was generated using NEBNext Ultra enzymes and lllumina-compatible
adapters, followed by PCR enrichment. Libraries were sequenced on an lllumina HiSegX
platform, generating 59.8 Gb of data (approximately 71x genome coverage, or 35.5x per

haplotype).

Genome assembly
The initial assembly was constructed de novo from PacBio CLR reads using Wtdbg2
(Ruan and Li 2020). Potential contamination in the initial assembly was identified and removed

based on BLAST v2.9 (Altschul et al. 1990) results against the NT database using Blobtools
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456  v1.1.1 (Laetsch and Blaxter 2017). The initial filtered assembly generated by Wtdbg2 was 1.06
457  Gbin length with a 742kb contig N50. Haplotypic duplications were then filtered from the

458  assembly using purge_dups v1.1.2 (Guan et al. 2020), resulting in the removal of a total of

459  303Mb in 6099 contigs, for a final contig-level assembly of 764Mb with a 1.3Mb contig N50. The
460 completeness of each phase of the assembly was evaluated using the 232655 Benchmarking
461  Universal Single-Copy Orthologs (BUSCOs) from the Eudicot dataset (eudicot_odb10) from

462  BUSCO (Manni et al. 2021) using compleasm v0.2.6 (Huang and Li, 2013). A total of 289 BUSCO
463  genes that were identified as duplicated in the full Wtdbg2 assembly were single-copy in the
464  purged assembly, and the purged assembly had a nearly identical total percentage of complete
465  BUSCO genes (93.46% in the unpurged Wtdbg2 assembly, 92.99% in the purged assembly). The
466  purged assembly was used as input along with the Dovetail Omni-C reads for scaffolding using
467  the HiRise pipeline (Putnam et al. 2016). Briefly, Omni-C reads were aligned to the draft

468  assembly, a likelihood model for genomic distance between read pairs was produced, and that
469  model was then used to make joins and break misjoins in the input draft assembly. A total of
470  46.6 million valid read pairs were retained for scaffolding with HiRise, which introduced six

471  contig breaks; the resulting assembly did not require misjoin adjustments.

472

473  Genome annotation

474 Repeat family identification and classification were performed on the final genome

475  assembly using RepeatModeler v2.0.1 (http://www.repeatmasker.org/RepeatModeler), relying
476  on RECON v1.08 (Bao and Eddy 2002) and RepeatScout v1.0.6 (Price, Jones, and Pevzner 2005)

477  for de novo identification of repeats. Custom repeat libraries produced by RepeatModeler were
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used to identify and mask repeats in the final assembly using RepeatMasker v4.1.0
(https://www.repeatmasker.org/RepeatMasker/). High-confidence transposable elements were
then identified and classified by running RepeatMasker v4.1.0 with the plant TE database
nrTEplantsApril2020 (Contreras-Moreira et al. 2021) as the input library. In brief, this library
combines multiple plant TE databases and prunes the resulting library to remove redundant
sequences and minimize overlap with protein-coding domains in nucleotide-binding, leucine-
rich repeat (NLR) genes (Contreras-Moreira et al. 2021). Repetitive elements were then soft-
masked in the reference.

For gene identification, transcripts from six C. solstitialis individuals were sequenced
using RNAseq. Tissues included leaves from the same individual used for the reference genome,
whole shoots of two additional small seedlings from the same population (‘CAN’), and three
individuals (again including two seedlings and a mature bolting individual) from seed collected
in September 2016 near Gilroy, California, USA in the invaded range (site code ‘GIL’; Lat:
37.03373, Long: -121.53674; reference voucher ARIZ #425113). All seeds were grown in early
2020 in greenhouses at the University of Arizona under ambient light conditions. Tissue was
flash-frozen in liquid nitrogen and sent to Genewiz (Azenta Life Sciences, South Plainfield, NJew
Jersey, USA) for RNA extraction and sequencing. RNA libraries were prepared via rRNA-
depletion, and paired-end 2x150 reads were generated on the lllumina HiSeq platform.

Gene annotation was performed on the final repeat masked genome using a
combination of AUGUSTUS v2.5.5 (Stanke et al. 2006) and SNAP v2006-07-28 (Korf 2004).
Specifically, coding sequences from Cynara cardunculus (Acquadro et al. 2020), Lactuca sativa

(Reyes-Chin-Wo et al. 2017), and Helianthus annuus (Badouin et al. 2017) were used to train
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500 two independent ab initio models for C. solstitialis using AUGUSTUS and SNAP. RNAseq data
501 were then aligned to the final genome assembly using the STAR aligner software v2.7 (Dobin et
502 al. 2013) and AUGUSTUS was used to generate intron hints using the bam2hints tool. Gene

503  predictions were generated using MAKER (Holt and Yandell 2011), SNAP, and AUGUSTUS, using
504  Swiss-Prot peptide sequences from the UniProt database to guide prediction and generate

505 peptide evidence in the MAKER pipeline. The final set of genes was filtered to contain only

506  genes predicted by both AUGUSTUS and SNAP. Putative gene function was assessed by

507 performing a BLAST search of the peptide sequences against the UniProt database, and tRNA
508 predictions were generated using tRNAscan-SE v2.05 (Chan et al. 2021). The quality of the

509 annotation was evaluated by plotting annotation edit distance from MAKER2 and gene synteny
510  was investigated between C. solstitialis, Cynara cardunculus, and Lactuca sativa using

511  GENESPACE v1.3.1 (Lovell et al. 2022), which incorporates MCScanX (Wang et al. 2012) and

512  OrthoFinder v2.5.4 (Emms and Kelly 2019). The genome assembly and annotation of globe

513  artichoke were downloaded from http://www.artichokegenome.unito.it and the lettuce

514  assembly (Lsat_Salinas_v11) and annotation were downloaded from NCBI (BioProject:

515 PRINA173551).

516 Sequence divergence among the genotypes used to construct the annotation was

517  explored within gene regions to evaluate whether sequence divergence among the genotypes
518 might impede alignment and annotation to the reference. RNAseq reads were re-aligned to the
519 reference genome using the STAR aligner software v2.7 (Dobin et al. 2013) and SNPs were

520 called from the resulting bam files using the mpileup function of bcftools v1.10.2. SNPs were

521 filtered to only include those located within genes using bedtools v2.31.0, and then sequence
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522  differences between genotypes were identified using the isec function of bcftools for every
523  pairwise comparison of the six genotypes used in the annotation. Total number of differences
524  and per-base pair sequence divergence were calculated. In general, sequence divergence was
525 low between all pairwise combinations of genotypes used to construct the annotation

526  (Supplemental Table 3). Sequence divergence was on average higher among the invader

527  genotypes than among native genotypes, and between native and invader genotypes (mean
528  per-base pair divergence of 0.0061, 0.0048, 0.0057 and respectively) but there was also

529  considerable variation in divergence among all of the genotypes (Supplemental Table 3). For
530 instance, the western European reference genome genotype (CANO66) was more similar to one
531 of the invader genotypes (GIL676) than either of the other western European genotypes

532  (Supplemental Table 3).

533

534  Paleolog identification

535 We identified blocks of paleologs using syntenic comparisons implemented in Frackify
536  (McKibben and Barker 2021). Frackify utilizes CDS, GFF, and protein files from the C. solstitialis
537 genome and an outgroup genome. Daucus carota (carrot; Dcarota_388 v2.0; lorizzo et al.

538  2016) was selected as the outgroup because it is relatively closely related to C. solstitialis but
539  does not share the known WGD event at the base of Asteraceae, which should permit the

540 detection of paleologs stemming from that ancestral WGD in C. solstitialis. Additionally, D.

541  carota does not have its own WGD, which is preferred for inferring gene duplicates arising from
542  WGD in the ingroup using Frackify (McKibben and Barker 2021). We used MCScanX to infer

543 inter- and intraspecies syntenic blocks in the C. solstitialis and D. carota genomes (Wang et al.
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544  2012). To identify ortholog divergences, a series of mixture models were fitted to the Ks

545  distribution of interspecies collinear gene pairs using EMMIX (McLachlan and Peel 1999). The
546  best fitting model based on the Bayesian Information Criterion determined the median Ks of
547  ortholog divergences to be 1.40. Paralogs in the genome of C. solstitialis were identified using
548  DupPipe and visualized in R using histograms (M. S. Barker et al. 2010). The median Ks of WGD
549  peaksin the paralog age distribution was determined using EMMIX (McLachlan and Peel 1999).
550  Syntenic inferences from MCScanX, orthology peak at Ks 1.40, and a WGD peak at median Ks
551  0.68 were used as inputs for Frackify.

552

553  Identification of pericentromeric regions

554 Putative pericentromeric regions were identified using a sliding window analysis of gene
555  and repeat density using a custom Python script'YST _genome.ipynb’; available at (Reatini et al.
556  2022). Specifically, gene density from the gene annotation, unique repetitive element density
557  from the repeat annotation, and Gypsy/Copia LTR-RT density from the curated TE database
558  were all calculated within 5Mbp sized windows with a step size of 100,000 bp for each

559 chromosome. The midpoint of each element was used to define its location in the genome.
560  Counts for each of these four categories were normalized by dividing the count for the window
561 by the maximum count for the category within the chromosome, yielding a measurement of
562 the relative density of each category across the chromosome. Given that gene density is

563  predicted to be low near centromeres but repeat density metrics are predicted to be high, the
564  direction of the effect was rescaled such that higher values always corresponded with putative

565  association with the centromere for all four categories. The average of the four categories was
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566  then calculated for each window in order to assign a score ranging from 0-1 to the window,
567  with a score of 1 indicating the most centromere-associated scores across all four categories
568  (minimum gene density, minimum unique repeat density, and maximum LTR-RT density for
569  both Copia and Gypsy elements). This score was then plotted across each chromosome to
570  estimate the location of pericentromeric regions.

571

572  Mapping population collection and sequencing

573 An F2 mapping population was created using an initial cross between a single native
574  range maternal parent and a single invaded range paternal parent. The native parent was

575 grown from seed collected near Kirklareli, Turkey (site code ‘TK23’; Lat: 41.751233, Long:

576  27.247883) in September 2008. The invader parent was grown from seed collected near

577  Mariposa, California, USA (site code ‘TRI’; Lat: 37.46178, Long: -119.79218) in 2008. Vouchers
578  from each of these populations were deposited in the ARIZ herbarium (#425116-425117).
579 Parental plants were grown in a greenhouse at the University of British Columbia

580  (Vancouver, British Columbia, Canada) and hand pollinated to produce F1 seed. Crosses were
581 performed by covering flowering heads (capitula) with white organza bags before the heads
582  opened to prevent pollination, then clipping heads presenting pollen and using these to brush
583  against heads presenting a large fraction of receptive stigmas, and finally covering receiving
584  heads again until seed maturation. Of the resulting F1 progeny, four were selected at random
585 and reared to a large size in 11.4 L pots of commercial potting soil with 1 mL/ L of 13:13:13

586  Osmocote fertilizer (Scotts Miracle-Gro, Marysville, Ohio, USA). The four F1 plants were
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587  reciprocally crossed to one another in two pairs, and samples of their leaves stored at -80 C for
588 later genotyping.

589 Resulting F2 seeds were germinated on moist potting soil in an environmental room set
590 to 12 hr days and 16-18 C days / 14 C nights, and misted by hand every other day. A total of
591 2901 F2 seedlings were transplanted to 410 ml Deepots (Steuwe & Sons, Tangent, Oregon, USA)
592  ina 50:50 mix of silica sand and potting soil, with 2 mL of 13:13:13 Osmocote fertilizer. Deepots
593  were watered daily from below on a flood table in a greenhouse at the University of British

594  Columbia, under ambient lighting. In addition, 29 TK23 and 28 TRI plants from the parental

595  populations, and 41 additional F1s from bidirectional crosses between them were included in
596  the experiment for phenotyping. Of the 2901 F2 plants, 300 were selected for genotyping based
597  on measurements of maximum leaf length at the first time point (see trait measurements

598  below), including 150 plants with the longest maximum leaf length and 150 plants with the

599  shortest maximum leaf length from the F2 generation.

600 Leaves from the 300 selected F2s, all four F1s, and six siblings of each parent (from field-
601  collected seeds) were used for genotyping (parental tissue was not available for genotyping).
602  DNA was extracted using a modified CTAB/PVP extraction protocol (Webb and Knapp 1990) and
603  sentto Floragenex (Beaverton, Oregon, USA) for single digest Restriction Site Associated DNA
604  (RAD) sequencing (Miller et al. 2007). RAD library preparation was performed with the CpNpG
605  5-methylcytosine sensitive enzyme, Pst/, and 1x80 bp reads were sequenced on the lllumina
606  Genome Analyzer Il platform, yielding an average of 29.8X coverage per sample.

607

608  Reference-guided genetic map
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609 Raw single-end reads from the F2 mapping population were trimmed with the

610  process_radtags function in STACKS v2.60 (Rochette, Rivera-Coldn, and Catchen 2019) using the
611 ¢, g, and r flags and specifying the Pstl restriction enzyme used in RAD library preparation.

612  Trimmed reads were aligned to the largest eight scaffolds of the final reference assembly

613  (reference chromosomes, see Results) using the mem function of the Burrows-Wheeler Aligner
614  (BWA) (H. Li and Durbin 2009) and the resulting alignments were coordinate-sorted using

615  samtools v1.10 (H. Li et al. 2009). RAD loci were built and genotyped using the reference-

616  aligned pipeline of STACKS via the ref map.pl wrapper. The populations function of STACKS was
617  then used to filter the resulting genotype data, requiring that a locus be present in each

618  generation (P1, F1, and F2) and with a minimum of 50% individuals represented at genotyped
619  sitesin order to be kept.

620 Filtered data were exported in variant call format, and parental genotypes for genetic
621  mapping were called for each RAD marker using an allele frequency-based approach. A custom
622  python script ‘genmap_preprocessvcf.py’; available at (Reatini et al. 2022) used the genotypes
623  of six siblings of each parent to polarize the alleles present in F1s as derived from either the
624  native or invading population, using the following criteria: for each allele present in the F1s at
625  each RAD locus, the allele frequency among native (TK) sibs and invader (TRI) sibs was

626  compared and if freq(TRI)>freq(TK) the allele was identified as predominantly invaded range
627 (denoted ‘A’), whereas if freq(TK)>freq(TRI) the allele was identified as predominantly native
628 range (denoted ‘B’). For a marker to be retained, all alleles in F1s needed to be successfully

629  polarized, and there could be no more than two missing F1 genotypes or one missing parental

630 population genotype. Filtered alleles were collapsed into parental classes (A and B), and F2
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631  genotypes were exported to R/qtl format using these genotype calls. A total of 1,765 RAD

632  markers were successfully polarized as being either native or invader in origin and used as input
633  forinitial linkage group formation in the genetic map.

634 Importantly, although the reference genome was used to call genotypes at each RAD
635  marker, it was not used to group markers into linkage groups for genetic map construction.
636 Instead, initial linkage groups for the genetic map were built de novo in R/qtl v1.50 (Broman et
637  al. 2003) using the recombination fractions observed among F2 genotypes. Specifically, a

638  maximum recombination fraction of 0.35 and minimum LOD score of 15 were used to group
639  markers into initial linkage groups. Markers showing evidence of significant segregation

640  distortion were removed using a significance cutoff of p=1E-5, yielding 1115 markers across 41
641 initial linkage groups. Of these markers, 1064 (95.4%) were located on the eight largest linkage
642  groups, corresponding with the haploid chromosome number for C. solstitialis. Of the

643  remaining linkage groups, 29 of them only held one marker each.

644 The eight largest linkage groups were used for the genetic map, assuming these linkage
645  groups corresponded with the eight chromosomes of C. solstitialis. The genetic distances

646  between markers in the genetic map were then estimated using R/qtl2 v0.28 (Broman et al.
647 2019, 2). Specifically, genetic distances were first estimated using the est_map function of

648  R/qtl2 under a range of genotype error rates [0.001, 0.01, 0.025, 0.05, 0.075, 0.1]. The most
649 likely error rate (0.075) was estimated using the log;o likelihood of each estimated map and this
650  rate was used to estimate distances in the final genetic map.

651 To validate the linear sequence of the chromosomes in the reference genome, we

652  plotted the collinearity between the genetic map and the physical reference using a custom

Page | 30


https://doi.org/10.1101/2022.09.28.509992
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.28.509992; this version posted September 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

653  Python script ‘YST_genome.ipynb’; available at Reatini et al. (2022). Aberrant markers in the
654  genetic map - those that fell on different chromosomes than the rest of the linkage group -

655  were quantified to determine the consistency between the reference genome and genetic map,
656  and these aberrant markers were ultimately removed from downstream analyses. Collinearity
657  patterns were then visually compared with centromere genome scans in order to evaluate

658  whether patterns of recombination were consistent with the estimated centromere positions,
659  again using custom Python scripts (YST_genome.ipynb; Reatini et al. 2022).

660

661  Trait measurements and QTL analyses

662 The length of the longest leaf and the total number of leaves were recorded for all 2901
663  plants at 3.5 weeks and 5 weeks of age. Potential confounding factors during trait

664  measurement were accounted for by fitting linear models for each trait measurement using the
665  aov function in R, with fixed effects of the day measurements were collected, the individual
666  collecting the data, the spatial location in the greenhouse (block), the location of the plant

667  within the block, and the identity of the specific F1 mother of each F2. Residuals of the model
668  were then extracted and added to the grand mean to obtain corrected values of maximum leaf
669 length and total number of leaves at both time points for use in QTL analysis.

670 Additional representatives of both parental populations and F1 crosses between these
671  populations were included in the experiment for phenotypic comparison to the F2s. Parental
672  population plants were grown from field-collected seed including 28 ‘TRI’ plants from the

673  invasion and 29 ‘TK23’ plants from the native range. F1 seeds came from additional controlled

674  crosses, and included 17 plants with ‘“TRI’ genotypes as the maternal parents and 24 plants with
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675  ‘TK23’ genotypes as the maternal parents. Germination and rearing were concurrent with the
676  F2 populations, under the same conditions.

677 Genome scans to identify QTL were performed using both Haley-Knott regression (Haley
678  and Knott 1992) and the leave one chromosome out (Yang et al. 2014) approach in R/qtl2 using
679  the final genetic map and corrected phenotypic data as input. Both models were used to

680  qualitatively gauge support for QTL by comparing overlap between them. Given that the LOCO
681  method accounts for kinship when crosses are generated with parents from divergent source
682  populations —as was the case for the present mapping population —the LOCO model was used
683  asthe primary model for candidate gene identification. For each method, two thresholds were
684  used to define QTL peaks using a permutation-based approach in R/qtl2: a standard significance
685  threshold of 0.05 and a suggestive threshold of 0.1. Separate peaks on the same chromosome
686  were identified using a minimum LOD decline of 1 between peaks. Candidate genes within QTL
687  peaks were identified by extracting all genes within a decline of 1 LOD on either side of the

688  peak.

689 To quantify the phenotypic effects of each QTL peak identified in the above scans, the
690  percentage of variance explained was calculated using the formula PVE = 1 — 10~ (/LoD

691  where n was the sample size of 300 F2 individuals from the mapping population following

692  Broman and Sen (2009). Genotypic, additive, and dominance effects were then estimated using
693  the scanlcoef function of R/qtl2 to quantify the direction and magnitude of each effect.

694  Epistatic interactions between QTL associated with the same traits were then explored by first
695  extracting genotypes for each QTL peak across all F2s using the maxmarg function of R/qtl2.

696  For each pairwise combination of QTL associated with the same trait, the mean phenotype was
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697 then plotted for each two-locus combination of genotypes in order to qualitatively assess

698  deviations from additivity.

699

700  Paleolog enrichment analysis

701 To assess whether any QTL were enriched for paleologs, null distributions of paleologs
702  across the genome were built by assessing the frequency of paleologs within randomly selected
703 blocks of genes the size of each QTL. Specifically, for each QTL, the number of genes within the
704  QTL was recorded, and then 100,000 blocks of consecutive genes of the same size as the QTL
705  were randomly sampled from across the genome, with the frequency of paleologs calculated
706  within each block. To assess whether the QTL was in the tail of the null distribution, the

707  frequency of paleologs within the QTL was z-tranformed using the mean and standard deviation
708  from the null distribution. Two-tailed p-values were then calculated from these Z-scores to

709  assess significance, and the distributions for each QTL were plotted in R for visualization.

710
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1013  Tables and Figures

1014 Tables

1015

Metric

Table 1. Centaurea solstitialis genome assembly and annotation statistics.

Final Omni-C Assembly

Assembly
Total length
Total number of contigs
Total number of scaffolds
Contig N50
Scaffold N50
Scaffold L90
Complete BUSCOs

Complete and single copy
BUSCOs

Annotation
Total repetitive DNA
Transposable elements
Simple repeats
Total number of genes
Total coding region (bp)

Average gene length (bp)
1016

1017
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Table 2. Summary of QTL peaks associated with maximum leaf length (len) and total number of leaves
(num) at time points 1 and 2 (e.g. len1 and len2, respectively, or just len if the QTL is associated with the

trait at both time points). The identification method, location in the reference, size of the peak, favored
allele (i.e. TRI for invader, TK for native, and H for overdominance), percentage of variance explained
(PVE), and number of candidate genes within 1 LOD drop of the peak are all given for each peak.
Peakl | meth | trait chr start end size favored_a | PVE #candid
D od (Mbp) llele ates
1 LOCO | len_n Chr_1 |74748 889798 88.90 | H 14.0 3532
um 19 507
2 HK len Chr_1 106564 | 106770 0.206 H 10.0 16
625 853 228
3 LOCO | num Chr_2 435326 | 125267 | 8.173 | TRI 6.0 495
1 28 467
i | LOCO ' num2  Chr_2 |809990 990916 18.09 | TRI 6.9 880
70 74 26
5 LOCO | numl | Chr 2 953343 | 102637 | 7.302 | TRI 7.7 370
65 104 739
6 LOCO | len Chr_4 179749 | 747097 5.673 | TK 11.6 407
5 6 481
7 LOCO | len Chr_4 206908 755431 5485 | TK 15.7 2198
37 91 235
8 LOCO lenl Chr 5 | 602372 683941 8.156 TK 4.7 391
73 49 876
9 LOCO | len Chr_6 | 759346 814965 5.561 TK 8.0 364
95 78 883
10 LOCO | len Chr_7 614837 984538 | 3.697 | TRI 7.0 282
0 5 015
11 HK num2 | Chr 7 192456 | 744199 | 55.17 | TRI 4.3 2102
30 50 432
12 LOCO | len Chr_8 102792 | 268737 | 1.659 | TK 8.2 147
3 8 455
13 LOCO | len_n  Chr 8 | 104253 169061  6.480 @ TK 9.6 353
um 76 47 771
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Figure 1. Scaffolding to the chromosome-level of the C. solstitialis genome using Omni-C data via the
dovetail HiRise pipeline. A) Cumulative length of scaffolds in the final HiRise assembly versus the initial
PacBio CLR assembly. B) Link density of read pairs from the Dovetail Omni-C data mapped to the final
C. solstitialis assembly. X and Y-axes represent the mapping positions of the first and second read in
each read pair, respectively. Positions are binned, and link density within bins are represented as a
heat map. Grey bars denote boundaries between scaffolds.
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Figure 2. Gene synteny between yellow starthistle (C. solstitialis; 1N=8), globe artichoke (Cynara

cardunculus; 1N=17), and lettuce (Lactuca sativa; 1N=9) genomes reveal chromosome evolution
within the thistle subfamily (Carduoideae).
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Figure 3. Summary of genome structure and QTL analyses. Panel A) Comparison of the physical map
on the x-axis and genetic map on the y-axis reveals suppressed recombination in putative
pericentromeric regions (vertical grey bars) for all chromosomes and putative structural variation on
the arms of chromosomes 1 and 7. Panel B) centromere genome scan score heatmap of the average
gene density, unique repetitive element density, Gypsy LTR-RT density, and Copia LTR-RT density
across each chromosome. Panel C) QTL LOD scores for maximum leaf length at time point 1 (black
lines) and time point 2 (green lines) using the HK method (dashed lines) and LOCO method (solid
lines). Panel D) QTL LOD scores for total number of leaves at time point 1 (black lines) and time point
2 (green lines) using the HK method (dashed lines) and LOCO method (solid lines). Horizontal lines
represent the suggestive QTL threshold of 0.1 for each time point and method.
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Figure 4. Visualization of the reference-aligned genetic map. A) Heatmap of recombination fractions in
the top left of the diagonal and logarithm of odds (LOD) scores in the bottom right of the diagonal for
ordered markers in linkage groups 1-8 reveal strong linkage and low recombination for markers within
linkage groups and weak linkage with high recombination for markers on different linkage groups.
Each linkage group is labeled with the corresponding scaffold (putative chromosome) number from
the reference genome. B) Physical distribution of markers from the genetic map across chromosomes
1-8 of the reference genome, with each linkage group displayed as a different color. Putative
centromere locations from genome scans are indicated with black dots.
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