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Abstract 34 

Developing native perennial crops is vital for climate-resilient agriculture, yet their 35 

domestication is often hindered by a lack of cost-effective genomic resources. To build a 36 

framework for genomics-accelerated domestication of perennials with large, complex genomes, 37 

we generated chromosome-scale, haplotype-phased assemblies for Silphium integrifolium 38 

Michx. and Silphium perfoliatum L., two deep-rooted native North American prairie species 39 

valued for drought tolerance and oil production. The genomes are characterized by the presence 40 

of a putative helical structure preserved during interphase with a loop circumference of 43 Mb. 41 

Using targeted sequencing of 14 Silphium species, we first refined the phylogeny of the genus, 42 

recovering the Composita and Silphium subgenera while identifying taxonomic discrepancies. 43 

We used a combination of low-coverage short-read sequencing and target-sequencing to 44 

characterize a 258-accession diversity panel to define ancestral populations and perform 45 

genome-wide association studies (GWAS) on several traits. We identified 81 loci associated 46 

with environmental adaptation and domestication traits; notably, variants in a MATE transporter, 47 

Alpha-Beta hydrolase and a ACR4-related protein explained significant variance in seed number 48 

and floral architecture. These findings establish the genomic framework necessary to accelerate 49 

the domestication of Silphium and provide a model for unlocking the potential of other complex 50 

wild genomes. 51 

 52 
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1 INTRODUCTION 62 

Global food security rests on a precarious foundation. Over 50% of human caloric intake is 63 

estimated to be derived from just five crop species: rice, wheat, maize, sugarcane, and barley1. 64 

Our dependence on just a few plant species for global survival poses serious food security 65 

concerns due to risks of supply disruption amid geopolitical issues, climate change, and the 66 

growing need to increase food production to sustain the human population. One part of the 67 

solution to this problem lies in domestication and breeding of the nearly 30,000 wild but edible 68 

plant species that are not actively cultivated2,3. Among these wild candidates, perennial species 69 

hold particular promise and value, as they may provide an avenue to marry high productivity, 70 

lower agricultural inputs, and ecosystem sustainability4. 71 

Traditional domestication paths took millennia and their strong selection for germination, 72 

increased yield and harvestability in specific environments, have led to the unintended loss of 73 

favorable alleles for other traits such as nutritional value and stress resistance5. Modern 74 

development of novel crops from wild plants has been rare, but such “de novo domestication” 75 

efforts should be greatly accelerated by recent advances in genomics and breeding methods6. 76 

Genomic methods and technologies such as reference genome assembly, large-scale genotyping, 77 

genome wide association studies, genomic prediction and gene editing accelerate the 78 

improvement of agronomic performance and, simultaneously, the retention of important traits 79 

such as biotic and abiotic stress resistance, resulting in more resilient crops. Therefore, de novo 80 

domestication can unlock the potential of wild plant species suitable for human use because it is 81 

both more precise and faster than the original domestication pathways. 82 

One genus with great potential for multiple agricultural uses is Silphium L. (Asteraceae: 83 

Heliantheae), a native of the North American prairies. The genus includes around 20 diploid (2n 84 

= 14) species7, most of which reproduce by outcrossing, including interspecific hybridization 85 

(Reinert et al., 2020). Silphium integrifolium Michx. and S. perfoliatum L. are currently 86 

undergoing domestication, with the first showing promise as a new oilseed crop with high 87 

tolerance to drought8,9 and the second as a biomass and fiber crop10. Silphium integrifolium seeds 88 

have considerable concentration of oil (11.8 to 25.3 % w/w; Reinert et al., 2019) and high 89 

concentrations of squalene (4.9% of the oil), a triterpene used as an emollient in cosmetics and 90 

as an adjuvant in vaccines 9. Squalene has traditionally been sourced from shark livers, but in 91 

light of shark conservation efforts, producing this compound from plants is of great interest11. 92 

In addition to their potential as oilseed and biomass crops, Silphium species play key 93 

ecological roles in the prairie ecosystem12. This iconic group of plants is critical for prairie 94 

biodiversity maintenance and can be strategically reintroduced to disturbed sites through 95 

https://doi.org/10.1007/s13593-020-00632-5
https://doi.org/10.1017/S1479262119000248
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ecological restoration. As a perennial plant with a deep root structure, Silphium can maintain soil 96 

integrity, build soil carbon and produce seeds even during long drought periods. The Silphium 97 

root structure is characterized by a taproot or several main roots that can reach 3 - 4.5 m and 98 

these can form a large quantity of biopores, increase soil organic carbon and improve water flow 99 

in the soil13,14. 100 

Strategies such as habitat restoration have been increasingly implemented to conserve 101 

and reintroduce native species like Silphium; however, little is still known about the genetic 102 

diversity of the genus, with only one phylogenetic study published to date15. The lack of genetic 103 

studies and genomic resources in wild species with agricultural potential like Silphium 104 

underscores an urgent need to develop the biological framework required to advance de novo 105 

domestication. Genetic variation for important traits necessary for the development of a new 106 

crop may be available in germplasm collections; however, to effectively use these resources in 107 

breeding programs, it is necessary to apply novel approaches that integrate genomic information 108 

with the phenotype8,16. Genomic studies on the diversity of available germplasm and the use of 109 

methods such as genome wide association studies and genomic selection will increase the 110 

efficiency of a breeding program and may generate improved varieties in a short period of time. 111 

Here we develop and begin to test a framework for rapid de novo domestication using 112 

Silphium: initial genome assembly and annotation enabled the development of low-coverage 113 

short-read and target-capture sequencing of wild germplasm accessions, wild relatives, and 114 

breeding materials. Efficient genotyping options enabled preliminary analysis of phylogeny, 115 

population structure, environmental adaptation, and trait variation. We integrate these methods 116 

to reveal the diversity and genomic architecture of domestication traits and offer the most 117 

comprehensive genomic analysis for the genus to date, providing critical genomic resources to 118 

support genomics-enabled breeding and restoration efforts. 119 

2 MATERIALS AND METHODS 120 

2.1 Plant material 121 

2.1.1 Genome assembly 122 

For the genome assemblies, two individuals, “Bad Astra” (HAP1 - Silphium integrifolium) 123 

and “1JHW” (HAP2 – Silphium perfoliatum) were selected for sequencing along with their F1 124 

interspecific hybrid (3ZZP) for a haplotype-phased assembly in a trio binning approach17 125 

(Supplementary Figure S1 and S2). “Bad Astra” is a genet developed at The Land Institute (TLI) 126 

for vigor, large heads with numerous ray florets, and partial disease resistance. “1JHW” is a 127 
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clone of a S. perfoliatum genet grown at TLI from seed collected from a wild population in 128 

Nebraska, USA. 129 

2.1.2 Silphium association panel (SAP) 130 

The Silphium association panel (SAP) was developed at TLI by selecting 258 individuals 131 

from a larger long-term ex situ collection. The genets were grown from seed collected in wild 132 

Silphium populations in several states of the United States (Supplementary Figure S1, 133 

Supplementary File S1). The SAP is composed of 225 S. integrifolium, 25 S. radula, 3 S. 134 

perfoliatum genets and 5 S. integrifolium × perfoliatum hybrid genets. Mature genets were 135 

cloned by crown division and replicate clones were planted in the HudsonAlpha experimental 136 

field in Huntsville, AL, USA and at TLI in Salina, KS, USA). The experimental design was a 137 

lattice design with two complete replications and six incomplete blocks per replication. Twelve 138 

individuals had additional replications (5 to 12) randomized across the fields to serve as 139 

additional checks, resulting in 600 plots in each location. An initial randomization was 140 

performed within the replication and a second randomization was performed within each block. 141 

After transplanting in the field, 85 of the 600 individuals died in Alabama (14%) and 142 

replacements for these genets were planted two weeks later. To account for potential effects of 143 

this later transplant, the transplantation date was included as covariate for the analysis of all traits 144 

evaluated in Alabama 2024. Phenotyping was performed in the field in the four environments 145 

(AL24, AL25, KS24, KS25) (see section 2.12). 146 

2.1.3 Silphium phylogeny 147 

To expand our knowledge about the evolution and species relationships in Silphium, 41 148 

samples from 14 different Silphium species, and eight samples from three closely related 149 

members of the Asteraceae family as outgroups (Lindheimera texana, Engelmannia peristenia 150 

and Helianthus maximiliani) were obtained from collaborators or commercial nurseries 151 

(Supplementary Figure S1, Supplementary File S2). 152 

2.2 DNA and RNA extraction 153 

Young leaves from the F1 hybrid 3ZZP were collected and flash-frozen in liquid nitrogen 154 

for high molecular weight (HMW) DNA extraction for PacBio long read sequencing and nuclei 155 

isolation for Dovetail Omni-C library preparation. HMW DNA isolation was performed in the 156 

Arizona Genomics Institute. One gram of frozen young leaf tissue was used as input for a 157 

Dovetail Omni-C library preparation following the manufacturer’s protocol. Leaf tissue from the 158 

parents, Bad Astra and 1JHW, was collected and DNA was extracted using the modified CTAB 159 

extraction 18 for Illumina short read sequencing. For the Silphium Association Panel and the 160 
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phylogenetic studies, DNA was extracted from lyophilized leaf tissue using the EchoLUTION 161 

Plant DNA Kit (BioEcho Cologne, Germany). 162 

RNA was extracted from the F1 hybrid 3ZZP to generate RNAseq data for gene 163 

annotation when this plant had several stalks and was actively flowering with multiple 164 

inflorescences at different stages of development (Supplementary Table S1). Eleven tissue types 165 

were sequenced: From capitula, stage 5: disk floret pales (bracts), disk florets un-swollen, disk 166 

floret pre-anthesis, pre-anthesis ovaries, phyllaries (involucral bracts); From heads, stage 7:  167 

mature unpollinated ovaries; From fully expanded leaves: lamina, mid-vein; From the root 168 

system: thick brown woody roots; From main stalks, green and healthy: stem nodes and 169 

internodes. Tissues were ground using a Freezer Mill, and the RNA was extracted with CTAB 170 

19. The Zymo Clean and Concentrator kit was used for RNA cleanup after extraction. 171 

2.3 Genome sequencing and Assembly 172 

CCS reads (57X coverage) were generated with the PacBio Sequel II instrument for the 173 

hybrid 3ZZP. Sequencing of the Omni-C libraries for 3ZZP (47X coverage) and the Illumina 174 

TruSeq DNA PCR-free libraries for the two parental lines Bad Astra and 1JHW (50 X coverage) 175 

was performed on an Illumina NovaSeq6000. All sequencing was performed at the 176 

HudsonAlpha Institute for Biotechnology. 177 

Initial estimation of the nuclear genome size was performed with jellyfish (v2.3.10)20 to 178 

count k-mers and visualization with GenomeScope2.0 and Smudgeplot (v0.4)21 (Supplementary 179 

Figure S3). The short-read sequences from the parental genotypes were used to phase the two 180 

haplotypes using HiFiasm (v0.19.8)22 following the trio binning method17. Dovetail Omni-C 181 

reads were separately mapped to the HAP1 and HAP2 contig sets using bwa-mem23 and 182 

chromosome scale scaffolding was performed with Juicer24. The contigs were then oriented, 183 

ordered, and joined together into chromosomes per haplotype using the Omni-C data. Each 184 

chromosome join was padded with 10,000 ‘N’ calls. The assemblies were subsequently polished 185 

using RACON25. 186 

Contigs terminating in significant telomeric sequence were identified using the 187 

(TTTAGGG)n repeat, and care was taken to make sure that they were properly oriented in the 188 

production assembly. The remaining scaffolds were screened against bacterial proteins, 189 

organelle sequences, and GenBank nr, and removed if found to be a contaminant. A BUSCO 190 

(v5.8.2) analysis was performed to assess the completeness of the genome, using the 191 

eudicots_odb10 database26. The genome structure and synteny were visualized using the R 192 

package Genespace27. 193 

https://www.bioecho.com/EchoLUTION-Plant-DNA-Kit/010-003-010-103-010-303
https://www.bioecho.com/EchoLUTION-Plant-DNA-Kit/010-003-010-103-010-303
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2.4 Gene annotation 194 

Illumina TruSeq stranded RNAseq libraries constructed for the F1 Hybrid 3ZZP were 195 

sequenced at the HudsonAlpha Genomic Sequencing Center with an Illumina NovaSeq6000. 196 

The RNA sequencing reads from the eleven different tissue types described above (section 2.2) 197 

were used for gene prediction in BRAKER328. The RNAseq data was used in conjunction with 198 

protein sequences from four species in the Asterid clade: Carrots Daucus carota (Dcarota_388), 199 

Lettuce Lactuca sativa (Lsativa_467), Sunflower Helianthus annuus (Hannuus_494) and 200 

Tomatoes Solanum lycopersicum (Slycopersicum_796). The protein data was downloaded from 201 

https://phytozome-next.jgi.doe.gov/. BRAKER3 was run with the following parameters: “--202 

threads 8 --softmasking”. After completion, the resulting gtf file was further filtered with the 203 

auxiliary python script from BRAKER3 selectSupportedSubsets.py to select genes fully 204 

supported by the RNAseq and the protein database. Genes were further inspected with the script 205 

generateReport.py to visualize the distribution of gene lengths. The functional annotation of the 206 

genes was performed with InterProScan version 5.66-98.029.  207 

2.5 Chloroplast assembly and annotation 208 

The chloroplasts from S. integrifolium and S. perfoliatum were assembled with the OatK 209 

pipeline (https://github.com/c-zhou/oatk) utilizing the angiosperm database, which is the closest 210 

database available in OatK. The chloroplast genome was then polished using RACON25. The 211 

assembled genomes were annotated using GeSeq v2.0.330 and visualized using OGDRAW 212 

v1.3.131, both tools available at https://chlorobox.mpimp-golm.mpg.de/geseq.html. 213 

 214 

2.6 Transposable elements and repeats annotation 215 

Transposable elements prediction and annotation was performed with the Extensive de 216 

novo TE Annotator (EDTA) pipeline (v1.9.3)32 using the following parameters: “--overwrite 0 -217 

-sensitive 0 --anno 1 --evaluate 0 --threads 25”. 218 

2.7 Comparative genomics 219 

 We compared the gene families in S. integrifolium and S. perfoliatum with sunflower 220 

(Helianthus annuus) and Scaevola taccada, a member of Goodeniaceae that is one of the closest 221 

outgroups of Asteraceae family. We retrieved the genome assemblies of two sunflower genomes, 222 

the XRQ.v2 and HA412-HO.v2 assemblies33,34 and the Scaevola taccata assembly ST1.035. To 223 

ensure consistency among the different datasets, we annotated the repeats and the genes for the 224 

genomes, using the same methods used for Silphium with EDTA, BRAKER3 and InterProScan. 225 

For the gene annotation, RNAseq data from 8 different tissues (leaves, roots, stem, bract, ovary, 226 

https://phytozome-next.jgi.doe.gov/
https://chlorobox.mpimp-golm.mpg.de/geseq.html
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stamen, style and ligule was retrieved for sunflower XRQ (SRP092742) and for Scaevola 227 

taccata, RNAseq data from 4 different tissues (flower, leaves, stem and root) were used for the 228 

gene annotation. 229 

2.8 SAP sequencing and variant calling 230 

The Silphium association panel of 258 accessions was sequenced with two combined 231 

strategies. The first was low-coverage sequencing targeting an average depth of 1X. Libraries 232 

were prepared with the Twist Bioscience 96-Plex kit and sequencing was performed on the 233 

Illumina NovaSeq 6000. The second strategy was target-sequencing aiming to enrich sequencing 234 

in genic regions containing SNPs. To identify the SNPs,  reads from the low-coverage 235 

sequencing were mapped to the “Bad Astra” genome with bwa mem23. SNP calling and filtering 236 

were performed with Bcftools36 with filtering parameters: MAF > 0.01, MAPQ > 10, depth ≥ 5, 237 

missing < 95%. The missing threshold was purposely relaxed to allow the maximum number of 238 

SNPs existing in the population to be sampled for target sequencing. A total of 77 million SNPs 239 

were identified and were then annotated with SnpEff to allow the classification of variants 240 

according to their predicted impact in the gene function37. The SNPs were sequentially selected 241 

for probe design based on their predicted effect, where 13,977 SNPs with high impact, 12,968 242 

with moderate impact and 745 with low impact were chosen. Another 2,594 SNPs classified as 243 

modifiers were also included. An additional 15,101 SNPs identified outside genes but up to 5,000 244 

bp from the transcription start site were targeted. To design probes, the “Bad Astra” genome was 245 

used as a reference and a bed file with the SNP coordinates was produced. A custom script was 246 

developed to extract a sequence of 300 bp centered on the target SNP and design 120 bp probes. 247 

The script applies filters for BLAST matches to ensure uniqueness and estimate GC, annealing 248 

temperature, hairpin and homodimer formation (https://github.com/renanso/enrich/). In total, 249 

50,000 probes were designed, then synthesized by Twist Bioscience and used in the Twist target 250 

enrichment standard hybridization (Supplementary File S3). For the enrichment, sequencing 251 

libraries were prepared with Twist Bioscience Flex Prep and after hybridization, the 258 252 

accessions were sequenced on an Illumina Novaseq 6000 (Supplementary Figure S4). 253 

The two datasets, low-coverage and target sequencing, were combined for each individual 254 

and then processed for variant calling. The calling was based on the Khufu platform to generate 255 

a hapmap38. Khufu is a pipeline that integrates read mapping with bwa23, variant calling and 256 

quality control with bcftools36 and imputation with Stitch39. SNPs were filtered with the 257 

following parameters: number of alleles =2, sequencing depth ≥ 3 X, minor allele frequency 258 

https://github.com/renanso/enrich/
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(MAF) ≥ 0.01, missing calls per loci < 30%. In the end, the hapmap retained 449,554 SNPs 259 

(Supplementary Figure S5). 260 

2.9 Reconstructing the phylogeny of Silphium  261 

To reconstruct the genus phylogeny, the 49 samples sequenced using the target sequencing 262 

method were analyzed together with the two sunflower genomes HA412HO and XRQ, Scaevola 263 

taccada. In addition, six S. radula, three S. perfoliatum, six S. integrifolium and five S. 264 

integrifolium × perfoliatum from the SAP were included, resulting in 72 samples in total for this 265 

analysis. 266 

To select the most informative loci from the 50,000-target sequencing panel, the top 7,000 267 

loci with reasonable depth (15X < depth < 150X) were selected and a sequence of 500 bp 268 

centered on the target SNP was extracted using the function getfasta from bedtools 2.28.040. To 269 

assemble the target region across the samples, the fastq data was mapped to the targets fasta 270 

sequences using HybPiper41. To identify paralogs, the command HybPiper paralog_retriever 271 

was used, and the paralogs were removed from the panel. In addition, only the genes that were 272 

assembled in at least 58 of the 72 samples (80%) were selected for alignment. After these steps, 273 

the final panel contained 789 loci (Supplementary File S4). To align the sequences, MAFFT42 274 

was used with the following parameters: --preservecase --maxiterate 1000. Trimal43 was 275 

subsequently used to remove poorly aligned sections from the aligned sequences with -gt .5. To 276 

build the gene trees, IQTree version 2.3.644 was used with the ModelFinder Plus option45 and 277 

1,000 bootstraps. To collapse the gene tree with branches below 50% bootstrap value, the nw_ed 278 

tool from Newick Utilities46 was used with the parameter b<50. To build the species tree from 279 

the gene tree, ASTRAL47 was used with no options. Tree files were visualized using FigTree 280 

v1.4.448. 281 

2.10 Kinship, population structure and ancestry 282 

To analyze the kinship and population structure among the accessions, the kinship matrix 283 

based on the centered identity by state and the principal component analysis (PCA) was 284 

calculated for all 258 individuals based on all 449,554 SNPs using TASSEL49. PCA results were 285 

plotted with the R package ggplot250 and the hierarchical cluster based on the kinship matrix 286 

was plotted with the R package ggtree51. Then we conducted a spatial ancestry analysis for S. 287 

integrifolium using the SNP data set and the GPS coordinates of the sites of collection of 156 288 

individuals. The analysis was performed with the R package tess3r52, which enables the 289 

estimation of ancestry proportions and allele frequencies of the accessions, representing the 290 
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changes geographically. Ancestry coefficients were plotted with a fit of interpolating surfaces 291 

calculated with a theta value=10 in the Fields Krig Model. 292 

 293 

2.11 Genome-environment association (GEA) study 294 

To identify genomic regions associated with environmental variables, we performed a 295 

genome scan on two environmental indexes, heat index (HI) and aridity index (AI). For HI, mean 296 

temperatures were obtained for the 183 georeferenced genets from Worldclim 297 

https://www.worldclim.org/ at a resolution of 30 arc-seconds (1 km2) considering the historical 298 

averages from 1970 to 2000 (Supplementary Figure S6). Data extraction and preparation were 299 

performed using the R packages geodata, terra and raster 53–55. The HI was calculated using the 300 

evapotranspiration model56,57, considering the mean temperature for the months of June, July 301 

and August, which are the months of the reproductive phase of Silphium and when plants tend 302 

to be more sensitive to high temperatures (Equation 1). 303 HI = ∑ Tm1.5145ki=1  (1) 304 

 305 

Tm is the 30-year average of the mean monthly temperature and k is the number of months. 306 

The AI values were retrieved from the Global Aridity Index and Potential 307 

Evapotranspiration Database (Global-AI_PET_v3)58 for each of the georeferenced individuals. 308 

The AI corresponds to the ratio between precipitation and potential evapotranspiration, and it 309 

measures moisture availability for plant growth. The Global AI database provides data at a 30 310 

arc-seconds (1 km2) resolution averaged monthly for the period of 1970–2000. The average AI 311 

values for the summer months of June, July and August was calculated and the GEA analysis 312 

was performed with the 183 individuals that had GPS coordinates available and passed the 313 

sequencing quality control. 314 

The association between the indexes and the genotypes was performed using the R 315 

package GAPIT3 59,60, using two different statistical models (FARMCPU and BLINK). The 316 

assumption for the GEA analysis is that an organism that occupies and thrives in a specific 317 

environment has the necessary adaptations to the climatic conditions of that environment (e.g. 318 

higher mean temperature, lower precipitation) and these adaptations are the result of mutations 319 

that can be captured as signals in association studies. 320 

2.12 Genome-wide association study 321 

A genome-wide association study (GWAS) analysis was performed with the 449554 322 

SNPs for four traits: Ray floret count (RFC), seed mass (SM), seed number per capitulum (SNC) 323 

and receptacle diameter (RD). RFC was determined by counting the ray florets in the first 324 

https://www.worldclim.org/
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capitulum at complete anthesis. For SM, the mass of 20 seeds was measured and the average 325 

mass per seed in milligrams was determined. For SNC, the total number of seeds was counted 326 

in the most representative mature capitulum. RD was measured with a caliper in millimeters 327 

(Supplementary Table S2). Best linear unbiased estimation (BLUE) was calculated in single and 328 

the combination of environments (AL24, KS24, AL25, KS25, Combined) using the R package 329 

lme4 61 with the following model: 330 yijkl= μ+gi +bj(k)+ rk+ el + (ge)il+εijkl  (2) 331 

yijkl corresponds to the response value for the ith genotype in the jth block within kth replication within  lth 332 

environment. μ, gi,bj(k),rk,el and geil represent the effect of the mean, the genotype (fixed), the incomplete block 333 

(random), replicate (random), the environment (random) and the interaction genotype × environment (random), 334 

respectively.  εijkl is the intra-block residual, assumed to be normally and independently distributed with mean 0 335 

and variance σ2. BLUEs calculated for the individual environments followed the model above without the effect of 336 

the environment ݁௟ and the interaction (ge)il. 337 

The variance components were determined in a model considering all factors as random 338 

effects using the restricted maximum likelihood method (REML). These components were used 339 

to determine entry-mean based heritability estimates according to the following equation 62: 340 H2= 
σg2(σg2+ σge2e  + σε2r×e) (3) 341 

H2 is the broad-sense heritability, σg2 is the genotypic variance, σge2  is the G×E variance, σε2 residual variance, e is 342 

number of environments and r is the number of replicates. 343 

The same models used for the GEA (FARMCPU and BLINK) were implemented in the 344 

GWAS. The analysis accounted for the population structure captured by the first three principal 345 

components. All analyses conducted with R packages were performed in the R version 4.4.2 63. 346 

The identified loci were classified as genic, 10-Kb window, 50-Kb window or intergenic (> 50 347 

Kb from a gene), depending on where the most significant SNP was located. The loci identified 348 

were further validated with a t-test comparing the effect of the alleles at each locus on the 349 

phenotype. To understand the effect of the locus on the phenotype, the SNP genotypes at each 350 

identified locus were retrieved and tested as predictors for the phenotype in a linear regression. 351 
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3 RESULTS 352 

3.1 Assembly, annotation and structure of the S. integrifolium and S. perfoliatum 353 

genomes 354 

The genome assembly resulted in 332 contigs for Silphium integrifolium ‘Bad Astra’ and 355 

241 contigs for S. perfoliatum ‘1JHW’ and the scaffolding resulted in 7 chromosomes per 356 

haplotype. Contig N50 size was 41.3 Mb for Bad Astra and 54.7 Mb for 1JHW. The assembly 357 

resulted in a genome size of 7.6 Gb for Bad Astra and 7.5 Gb for 1JHW. The BUSCO assessment 358 

indicated a high-quality assembly with a completeness score of 97% for S. integrifolium (Bad 359 

Astra) and 98% for S. perfoliatum (1JHW) (Table 1). The LTR assembly index (LAI) was 14.46 360 

for S. integrifolium and 14.86 for S. perfoliatum. A LAI score of 15.5 has been indicated as a 361 

high-quality assembly64. 362 

The genomes of S. integrifolium and S. perfoliatum are both composed of seven pairs of 363 

chromosomes65, despite having a large genome. Silphium chromosomes are extremely long, with 364 

the length of chromosome 1 reaching 1.81 Gb in S. integrifolium and 1.79 Gb in S. perfoliatum 365 

(Supplementary File S5). The genomes of both species are highly heterozygous, with S. 366 

integrifolium and S. perfoliatum having 2.24 and 1.44 % heterozygous loci, respectively 367 

(Supplementary Figure S3). The chloroplast genome assembly resulted in a sequence of 152,169 368 

bp for both genomes with 113 genes annotated (Supplementary Figure S7). 369 

When analyzing the Omni-C contact map, we observed the usual main diagonal 370 

indicating that each point along the primary DNA structure (sequence) of a chromosome makes 371 

the most contacts with the points flanking it (Figure 1A, 1B). Unexpectedly, we observed a 372 

weaker pair of diagonals in parallel with the main diagonal (Figure 1E) each offset 373 

approximately 43 Mb from the main, central diagonal (Figure 1C, 1D). Another pair of even 374 

weaker diagonals was discernible, each tertiary diagonal approximately 43 Mb outside of the 375 

secondary diagonal (Figure 1C, 1D). These additional diagonals indicate that each point in the 376 

primary sequence often contacts points 43 Mb on either side of it (and, less frequently, 43 Mb 377 

from those points). This pattern can be explained by hypothesizing that the DNA has a tertiary 378 

structure: a helix with 43 Mb per turn (Figure 1F) that is maintained in both Silphium 379 

integrifolium and Silphium perfoliatum genomes during interphase. 380 

We analyzed the patterns of synteny among the two Silphium genomes, two Helianthus 381 

annuus genomes and Scaevola taccada. Overall, there was a strong collinearity between the S. 382 

integrifolium and S. perfoliatum. There were two major inversions, one on chromosome 1 383 

spanning 43 Mb (1055 Mb to 1098 Mb) and another on chromosome 5 spanning 50 Mb (747 384 
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Mb to 797 Mb) (Figure 2A). When comparing between the Silphium and the sunflower genomes, 385 

it was observed that the genomes have low collinearity, where one Silphium chromosome splits 386 

into several matching sunflower chromosomes. Silphium chromosome 1 splits into four pieces 387 

that match sunflower chromosomes 3, 10, 12 and 17 and the sunflower chromosome 14 matches 388 

entirely to one arm of chromosome 3 in Silphium (Figure 2B). 389 

The transposable element (TE) content ranged from 73.5% of the genome in Scaevola 390 

taccada to 84.97 % in H. annuus HA412HO (Figure 2C-E). The content in S. integrifolium was 391 

estimated at 76.1% and in S. perfoliatum it was estimated at 75.7%. LTR elements predominated 392 

in all genomes, ranging from 57.9% in Scaevola taccada, to 74% in H. annuus HA412HO. In S. 393 

integrifolium, LTR retrotransposons corresponded to 64.1% of the genome and the transposons 394 

in the Ty3/Gypsy family were the most common (27.4%). In S. perfoliatum, LTR accounted for 395 

63.9 % of the genome and the Ty3/Gypsy family was also the most predominant, corresponding 396 

to 27.2%. The genome of S. integrifolium is 134 Mb bigger than S. perfoliatum and 126 Mb of 397 

this difference is due to repetitive elements (94%) (Table 2). 398 

We evaluated whether the differences in genome sizes between Silphium, sunflower and 399 

Scaevola would also correspond to differences in gene number. There was not a clear trend of 400 

having a larger genome resulting in more genes, with H. annuus XRQ having the highest count 401 

(49,286), followed by H. annuus HA412HO (45,087), S. integrifolium (44,653), S. perfoliatum 402 

(43,390) and Scaevola taccada (18,435) (Figure 2F).  For the functional annotation of the genes 403 

with InterProScan, Scaevola taccada had 99.88% of the genes assigned to known protein 404 

families, followed by H. annuus HA412HO (79.61%), S. perfoliatum (78.85%), S. integrifolium 405 

(78.10%), and H. annuus XRQ (77.31%) (Supplementary File S6). 406 

Silphium integrifolium had the highest count for genes in the cytokinin pathway (16), and 407 

S. perfoliatum had the highest count for genes associated with histones (236) and squalene 408 

pathway (22) (Figure 2G). Helianthus annuus XRQ had the highest count for leucine rich repeat 409 

genes (154), Self-incompatibility genes (27) and Auxin (203). Helianthus annuus HA412HO 410 

had the highest count for genes involved in fatty acid metabolism (55) and in the ethylene 411 

pathway (54). Scaevola taccada had the lowest number of genes in all the pathways investigated.  412 

3.2 Silphium phylogeny 413 

We reconstructed the phylogeny of Silphium aiming to resolve the relationship between 414 

14 species using a set of 789 loci (Figure 3A). Silphium and sampled taxa in subtribe 415 

Engelmanniinae were both recovered as monophyletic with complete support. As expected, 416 

Silphium species formed two clades variously treated as subgenera or sections: Composita and 417 
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Silphium. Composita includes species with large taproots and persistent basal leaves: S. 418 

albiflorum Gray, S. laciniatum L., S. pinnatifidum Elliott and S. terebinthinaceum Jacq. In this 419 

clade, S. pinnatifidum and S. terebinthinaceum formed an intermixed group sister to an 420 

assemblage including S. albiflorum and S. laciniatum. Subgenus Silphium contained S. 421 

asteriscus L., S. connatum L., S. integrifolium Michx., S. mohrii Small, S. perfoliatum L., S. 422 

perplexum J.R.Allison, S. radula Nutt., S. simpsonii Greene, S. trifoliatum L. and S. wasiotense 423 

Medley. 424 

Within subgenus Silphium, S. integrifolium formed an intermixed group with S. 425 

simpsonii, S. radula, S. asteriscus, S. trifoliatum and S. mohrii. Also in this section, S. connatum, 426 

S. perfoliatum, and a single sample identified as S. perplexum clustered together (Figure 2C). 427 

Silphium wasiotense was supported as a sister of this clade but with low support (0.43). Lastly, 428 

S. mohrii was weakly supported as sister of all other species in subgenus Silphium (bootstrap 429 

support = 0.45; Supplementary Figure S8). 430 

While we managed to recover a strong backbone of the genus including the two 431 

subgenera, support values within subgenus Silphium were quite low; only a sister relationship of 432 

S. connatum and some S. perfoliatum was robustly supported (support = 0.98; Supplementary 433 

Figure S8). More interestingly, numerous species across both subgenera were recovered as 434 

polyphyletic, with S. terebinthinaceum and S. pinnatifidum both nonmonophyletic within an 435 

intermixed clade and S. integrifolium and S. radula appearing in various positions throughout 436 

subgenus Silphium. Silphium asteriscus was also polyphyletic with regard to S. trifoliatum, 437 

although S. trifoliatum is often considered a variety or subspecies of S. asteriscus as a result of 438 

ongoing taxonomic debate7. 439 

3.3 Genetic diversity and population structure in the Silphium association panel 440 

The 449,554 SNPs identified in the SAP showed a uniform distribution across all 441 

chromosomes in Silphium integrifolium and revealed a pattern of fast linkage disequilibrium 442 

decay in this population, with most linkage disappearing after 1 kb (Supplementary Figure S5). 443 

The hierarchical clustering based on the kinship of all 258 genets in the SAP indicated a top-444 

level division of the population in two major groups (Figure 3B). The PCA plot further 445 

corroborates the hypothesis of two populations when the points were color coded based on 446 

longitude, when it became evident that the genetic relatedness is strongly correlated with the 447 

population location in the east-west gradient (Figure 3C). The spatial ancestry analysis for 156 448 

Silphium integrifolium genets with GPS coordinates was conducted varying the number of 449 

ancestral populations from 2 to 5. With K=2, there is a clear east-west division that persists even 450 
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when more ancestral populations are considered (Figure 3E). When analyzing the individual 451 

ancestry coefficients, we observed several individuals with mixed ancestry, indicating possible 452 

events of hybridization between individuals from east and west (Supplementary Figure S9). In 453 

fact, the SAP exhibited a high level of heterozygosity, with 14.9% of the individuals showing a 454 

heterozygous marker per locus on average across the 449,554 SNPs. When the ancestry models 455 

use the assumption of three ancestral populations (K=3), a third ancestry group appears in eastern 456 

Illinois and Wisconsin. In this context, the SAP can be further divided into four major groups: 457 

S. integrifolium from the east, S. integrifolium from the west, S. integrifolium from northeast and 458 

S. radula (Figure 3D). Taken together these results suggest that clinal variation occurs mostly in 459 

the East-West gradient, with two major populations existing at the present time. Interestingly, 460 

the S. radula genets grouped together with the S. integrifolium from the east population, based 461 

on the kinship calculated by identity by state. 462 

3.4 Phenotypic data analysis of the Silphium diversity panel 463 

The four phenotypic traits, ray floret count (RFC), seed mass (SM), seed number per 464 

capitulum (SNC) and receptacle diameter (RD) that were evaluated in both locations (AL and 465 

KS) showed an overall high heritability, ranging from 0.74 to 0.92 (Supplementary Table S3). 466 

A BLUE based correlation analysis was performed to determine possible associations between 467 

environmental variables and phenotypic traits. All four capitulum traits (RFC, SM, SNC, and 468 

RD) showed a moderate to strong correlation among themselves (0.35 to 0.81) and a negative 469 

correlation to the aridity index, with values ranging from -0.28 to -0.58 (Figure 4A, 470 

Supplementary Figure S10). The aridity index value is low in drier and high in wetter 471 

environments. Based on this, it is possible to infer that that genotypes adapted to drier locations 472 

tend to produce heavier and more numerous seeds per capitulum in a bigger receptacle. 473 

3.5 Genome-environment and Genome-wide association study 474 

The genome scans for association with environmental indices and phenotypic traits 475 

identified 81 loci across all chromosomes, each explaining from 1% to 33% of the phenotypic 476 

variance. There were 63 loci explaining more than 5% of the phenotypic variance and 44 of these 477 

loci explained more than 10% (Supplementary Table S11, Supplementary Figure S13). For the 478 

aridity index, two intergenic SNPs explained more than 5% of the variance. Chr02_892024560 479 

was detected in the FarmCPU model with 5.87% and the other SNP Chr06_274305900 was 480 

detected in both FarmCPU and BLINK with 12.75%. For heat index, nine loci were identified, 481 

with one of these (Chr03_78530134) being detected in both GWAS models, explaining 12.44% 482 

of the variance (Figure 3F-I). 483 



16 

 

For average seed mass, 11 loci were identified, together explaining 56.04% of the 484 

variance. The SNP with the strongest association with average seed mass was 485 

Chr01_1030878591 with 9.03% of the variance and characterized by a SNP in the gene 486 

silint01g09207 (Pinoresinol reductase-related protein). For seed number per capitulum, 25 loci 487 

were identified, ranging from 1.94% to 25% of the variance. Notably, the SNP 488 

Chr01_1583902655 in the gene silint01g14554 (MATE family efflux transporter) was detected 489 

with both FarmCPU and BLINK in the KS25, accounting for the largest percentage of the 490 

variance (25%), and being also associated with ray floret count and receptacle diameter (Figure 491 

4B-D). 492 

For ray floret count, 28 loci were detected explaining from 1.39% to 33.59% of the 493 

variance. Similar to seed number per capitulum, the SNP Chr01_1583902655 in the gene 494 

silint01g14554 was detected by BLINK and FarmCPU both in the combined analysis and in 495 

KS24, explaining 29.39% of the variance. Another two SNPs (Chr01_695173749 and 496 

Chr04_222292225) were also detected in both GWAS models, explaining 22.82% and 23.03% 497 

of the variance. Lastly, the SNP Chr03_721440854 was detected for the trait in AL25 with an 498 

associated variance of 31.19% (Figure 4B-D). For receptacle diameter, 11 loci were detected, 499 

ranging from 2.65% to 30.52% of the variance. Two SNPs that were previously identified for 500 

seed number per capitulum and ray floret count, also explained a large portion of the variance 501 

for this trait, with Chr01_1583902655 and Chr03_721440854 explaining 24.29% and 28.47%, 502 

respectively (Figure 4B-D). Since the three capitulum traits (seed number per capitulum, ray 503 

floret count and receptacle diameter) formed a group of high correlation and the GWAS results 504 

showed that they had four loci in common detected in multiple models and environments 505 

(Chr01_695173749, Chr01_1583902655, Chr03_721440854, Chr04_222292225) we decided to 506 

further investigate these loci to understand how they affect inflorescence morphology. 507 

When grouping the genets in the SAP into wild collections and breeding material and 508 

comparing the alleles at each SNP site, we observed that in the wild collections, the favorable 509 

alleles exist majorly in the heterozygous state for the four loci, with only one occurrence of fixed 510 

favorable allele in wild accessions (AA genotype in SNP Chr03_721440854 in the accession 511 

S005T6) (Figure 4E). Interestingly, there are three Silphium radula individuals, S005QM, 512 

S005TE collected in Oklahoma (heterozygous in SNP Chr01_1583902655) and S005R9 from 513 

Texas (heterozygous in SNP Chr03_721440854, which shows that the mutations are not 514 

exclusive to Silphium integrifolium. The four loci start to appear in the homozygous state for the 515 

favorable alleles only in the breeding genets (Figure 4E). This is also evident by comparing the 516 

floret count between wild and breeding genets (Figure 4F). The higher frequency of individuals 517 
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with multiple favorable alleles in the breeding group is likely a result of crossing and selection 518 

for high floret count, and consequently higher seed number per capitulum. In the wild collections 519 

subgroup of the SAP, there are eight allele combinations in the four loci (haplotypes): the 520 

baseline wild type (GTGG) and seven mutant haplotypes (GHGG, GTAG, GTGH, GTHG, 521 

GTHH, HTGG and HTHG). Most of the mutant haplotypes are present in several of the natural 522 

populations sampled, with the GTHG haplotype being the most widespread with occurrences in 523 

Nebraska, Oklahoma, Texas and Kansas. GHGG occurs in Oklahoma, Illinois and Arkansas, 524 

GTAG in Nebraska and Mississippi, HTGG in Nebraska and Kansas and HTHG occurs in 525 

Kansas and Mississippi. The haplotypes GTHH and GTGH occur only in Kansas (Figure 4G). 526 

The combined effect of the favorable alleles at the four loci is evident when comparing the 527 

images of capitulum from individuals with wild type alleles (GTGG) versus those with different 528 

mutations (Figure 4H). 529 

4 DISCUSSION 530 

In this study, we report the first sequenced genomes of two Silphium species and employed 531 

this new resource to genotype different populations for phylogenetic studies, population 532 

structure and mapping loci associated with domestication. A phased reference genome was 533 

assembled based on an interspecific cross between S. integrifolium and S. perfoliatum. The 534 

genome assembly confirmed that Silphium has seven chromosomes, as previously indicated by 535 

cytological studies65,66. The genomes are large: 7.6 Gb for S. integrifolium and 7.5 Gb S. 536 

perfoliatum, of which approximately 75% are transposable elements. 537 

When inspecting the assemblies, we observed that a second diagonal and traces of a third 538 

one were present in the contact matrix.  The same phenomenon has been observed recently in 539 

Paris polyphylla, a member of the Melanthiaceae family with genome size of 54.58 Gb/1C and 540 

the largest plant chromosome assembled to date, reaching 14.14 Gb67. The authors argued that 541 

the secondary diagonal is evidence for a helical structure unique to large chromosomes in 542 

interphase nuclei, which exists to prevent DNA entanglement and promote efficiency for 543 

transcriptional regulation. This seems that it is a result of formation of consecutive loops 544 

emanating from a central axial scaffold of the chromosome independently of cell type or stage. 545 

These observations need to be validated in additional analysis of different cell stages to elucidate 546 

the formation of this helical structure in large chromosomes. It has been also observed that 547 

several genes involved in DNA repair and chromatin structure maintenance such as histones 548 

were enriched in P. polyphilla67
. Here we observed that S. perfoliatum had the highest number 549 
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of histone genes (236), although the difference was not substantial in comparison to the 550 

sunflower assemblies (HA412HO = 224, XRQ = 226). 551 

Aiming to examine relationships between Silphium species, we reconstructed the 552 

phylogeny with 14 species, including multiple samples for most taxa. Overall, the phylogeny 553 

had great accordance to the first Silphium phylogeny based on ITS and ETS sequencing data15, 554 

with a clear division into 2 sections or subgenera, Composita and Silphium. Subgenus Composita 555 

had similar structure, with S. albiflorum and S. laciniatum forming a clade and S. 556 

terebinthinaceum and S. pinnatifidum intermixed together. 557 

A major difference between the previous phylogeny and our study was a lack of resolution 558 

in the Silphium section. S. integrifolium, S. wasiotense and S. perfoliatum were previously 559 

grouped together and S. radula, S. asteriscus and S. trifoliatum formed another group15. Our 560 

analysis indicates that S. integrifolium is more closely related to this latter group, instead of S. 561 

wasiotense and S. perfoliatum. However, relationships between species across our tree were 562 

poorly supported, with several species appearing as polyphyletic, especially S. integrifolium, S. 563 

radula, S. terebinthinaceum, and S. pinnatifidum. Silphium species exhibit high morphological 564 

and ecological variability across large geographic ranges, making their taxonomy difficult to 565 

ascertain7. This idea is mirrored in our phylogenetic findings, as the polyphyletic species are 566 

among the most widespread and most variably treated in the taxonomic literature in terms of 567 

varieties, subspecies, or recognition of entirely separate species 7. Further development of 568 

taxonomic and evolutionary knowledge of Silphium must be prioritized in order to indicate 569 

possible candidates for the exploration of additional gene pools that could be accessed as the 570 

domestication of Silphium species advances and to inform conservation strategies for wild 571 

Silphium populations. For this, the curated set of 789 loci developed here is an important tool to 572 

capture variation across the genus. 573 

From the 258 genets in the SAP, 183 were collected in natural populations and from these, 574 

157 were S. integrifolium. Using the GPS coordinates and genetic information from the 449,554 575 

SNPs, we tested spatial ancestry algorithms to analyze the ancestry of S. integrifolium 576 

populations and observed that the populations are derived from two major groups split along the 577 

east and west gradient. When increasing the number of possible populations in the model to three 578 

(K=3), a group of individuals form a distinct population in the northeast. This population 579 

coincides with the endemic occurrence of Silphium integrifolium var. neglectum across Illinois, 580 

Wisconsin and Indiana, indicating a possible differentiation of this variety from the other 581 

populations68. When assuming K=4, one individual in Texas appears to represent a distinct 582 

southwest population, which approximates with the three groups identified previously69, one 583 
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eastern group (Arkansas, Illinois, Mississippi, Missouri, and Wisconsin), one southern 584 

(Oklahoma and Texas), and a western (Kansas and Nebraska). A considerable admixture in 585 

individuals from the western and southern populations has been observed69, which would explain 586 

the merge of these two populations when K=2. The confirmation of these sub-specific lineages 587 

will make future efforts to diversify S. integrifolium collections, genetic panels, and breeding 588 

populations more efficient. The identification of admixed populations may represent an 589 

opportunity for breeders or conservationists to discover novel, adaptive haplotypes70, potentially 590 

accelerating breeding for traits such as disease resistance. 591 

 The genome assembly enabled the large-scale genotyping of the diversity panel, and the 592 

identification of significant regions associated with the aridity and heat index, seed mass, seed 593 

number per capitulum, ray floret number and receptacle size. GWAS performance is greatly 594 

improved when the reference genome used is a complete genome assembly instead of a draft71. 595 

A complete assembly also allows the correct identification of candidate genes when performing 596 

genome scans. This is the first ever genome-wide study reported for the genus Silphium, 597 

revealing with great detail the genetic architecture of four capitulum traits and two environmental 598 

indexes. The loci Chr06_274305900 and Chr03_78530134 were identified in both GWAS 599 

models and explained 12.75% and 12.45% of the variance for AI and HI, respectively. Although 600 

these loci are found in the intergenic space and there is not a clear explanation on how they 601 

correlate with the environmental indexes, they can be useful as targets for selection to ensure 602 

that Silphium continues to exhibit adaptability to stress, as domestication advances. 603 

 Four major loci associated with ray floret count, number of seeds per capitulum and 604 

receptacle diameter were detected in this study. The ray floret count is particularly important 605 

because the capitulum of Silphium has a central disk with the staminate florets (male) surrounded 606 

by an outer ring of pistillate ray florets (female) (Supplementary Figure 11). Unlike sunflowers, 607 

in Silphium only the ray florets are female-fertile and produce seeds, while the disk florets 608 

produce only pollen 72. Therefore, one of the major goals in Silphium domestication is to 609 

“feminize” the capitulum and increase the number of female florets. In this way, selection for 610 

plants with greater numbers of ray florets can potentially increase seed yields 73. Targeting the 611 

four loci identified here for selection, should help accomplish this goal. Most importantly, 612 

because of positive correlations, selecting favorable alleles for ray floret count and seed number 613 

per capitulum will not negatively affect adaptability to arid environments. 614 

The loci associated with flower and seed are in four genes: silint01g06242 (Alpha/Beta 615 

hydrolase), gene silint01g14554 (MATE family efflux transporter), silint03g07384 (Unknown 616 

protein) and silint04g01657 (ACR4-related protein). Alpha/beta hydrolases correspond to a 617 
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superfamily of proteins with a core structure containing a conserved catalytic triad (Ser-His-618 

Asp), functioning as signaling receptors in plants. In rice, the alpha/beta hydrolase gene STH1 is 619 

involved in protecting cell membrane stability during salt stress and it interacts with the floral 620 

integrator gene Heading date1 to modulate the florigen gene Heading date 3a and coordinate 621 

flowering time74. The multidrug and toxic compound extrusion (MATE) transporters are a 622 

family of membrane proteins that facilitate the transport of secondary metabolites, hormones, 623 

and xenobiotics to regulate growth, defense, and nutrient uptake. The Arabidopsis MATE family 624 

member, DTX50, has been identified as an abscisic acid (ABA) transporter,  being involved in 625 

ABA mediated growth inhibition75. The ACR4 gene is an ACT domain repeat that functions in 626 

the control of amino acid metabolism, solute transport, and signal transduction and has shown 627 

high expression levels in Arabidopsis flowers. ACR gene expression is also affected by different 628 

treatments of plant hormones and abiotic stress, but their function is mostly unknown76. 629 

Despite the knowledge of some functions of the candidate genes identified here, their potential 630 

role and the effect of the variants on the capitulum morphology is not clear yet. Therefore, further 631 

functional studies are needed to expand our knowledge and validate these candidates. However, 632 

even without knowing their role, the SNPs identified can be used in marker assisted selection. 633 

In an attempt to domesticate a new crop rapidly, one might impose a high selection 634 

pressure to obtain the top candidates that will suit the best growing conditions. However, this 635 

can create a severe bottleneck and consequently causes a loss of genetic diversity and rare alleles, 636 

as have been reported in soybean77. An important question for those trying to domesticate new 637 

crops is: can we obtain significant improvement in agronomic traits without losing genetic 638 

diversity? With the resources now available, crop domestication can take a new genomic 639 

informed path where it is possible to balance the selection for domestication traits and important 640 

adaptation traits from wild relatives, such as tolerance to aridity and heat. This is possible 641 

because haplotypes that preserve both domestication alleles (such as the candidate Silphium ray 642 

floret loci described above) and abiotic stress related alleles (such as candidate Silphium aridity 643 

and heat adaptation loci) can now be identified at great resolution via sequencing from the start, 644 

increasing our ability to track and retain these loci throughout the breeding pipeline. 645 

Even with modern genomic resources, plant domestication remains challenging. 646 

However, as seen here with Silphium, this framework based on genome assembly, annotation 647 

and cost-effective sequencing can enable the use of marker assisted selection and considerably 648 

reduce the time to domesticate a new crop. The strategies described here can be seamlessly 649 

applied to other wild species, orphan crops with limited resources and major crops with large 650 

and complex genomes that need more cost-effective solutions. The assembly of reference 651 
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genomes for Silphium integrifolium Michx. and Silphium perfoliatum L. has been essential for 652 

the development of the genotyping strategies used in the populations studied here. These tools 653 

were validated by using them to discover environmental and phenotypic associations with 654 

markers and candidate genes, and to advance the phylogenetic characterization of the Silphium 655 

genus. These results give us confidence that both marker-assisted breeding and genomic 656 

selection can soon be implemented by Silphium breeders. These genomic-assisted breeding 657 

methods have proven efficacy in accelerating the domestication of other perennial crops78. 658 

One question that may arise from the features of Silphium genome assembly is: What are 659 

the breeding implications for a species with chromosomes revealed to be considerably longer 660 

than entire genomes? Recombination in large chromosomes from maize and barley is elevated 661 

towards the telomeres and although gene density follows the same pattern in these cases, a 662 

considerable number of genes remain within the enormous pericentromeric region where 663 

recombination is strongly repressed79,80. It should be a priority to survey the recombination 664 

landscape for Silphium chromosomes for this pattern, given their length, because if present, 665 

large, stable pericentromeric haplotypes are likely to have accumulated genetic load like other 666 

recombination cold-spots81 and could have important impact on Silphium yield and 667 

domestication traits. An affordable strategy to investigate the impact of having larger 668 

chromosomes on breeding is to use the markers developed here to characterize the diversity and 669 

effects of such haplotypes in existing silphium breeding populations to obtain additional 670 

haplotypes with net positive effects. These studies are examples of how early investment in basic 671 

genomics and genotyping during new crop domestication makes it possible to discover and 672 

maintain types of genetic diversity that could otherwise be difficult to re-introduce at a later 673 

stage of domestication. 674 
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6 Figures 919 

 920 

 921 

Figure 1. Genome assembly for Silphium integrifolium and S perfoliatum. A. Contact maps for 922 

the 7 chromosomes at scale in Silphium integrifolium. B. Contact maps for the 7 chromosomes 923 

at scale in Silphium perfoliatum. Probability of contact based on the fraction of paired end reads 924 

that are found at different distances from one another in 1kb windows in S. integrifolium (C.) 925 

and S. perfoliatum (D.). Information of paired-end reads that are found at different distances 926 

from one another were obtained from a mapped Omni-C file using the tool HOMER82. Axis 927 

units are presented in a log10 scale. The dashed lines show the peaks for interaction at 42.65 Mb 928 

and 43.39 Mb for S. integrifolium and S. perfoliatum, respectively. E. Silphium integrifolium 929 

chromosome 1 (850Mb to 1240Mb) in detail. The distance between the parallel diagonals is the 930 

average between the values for the peaks for S. integrifolium and S. perfoliatum. F. Proposed 931 

coil structure of chromatin during interphase. 932 

 933 
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 934 

Figure 2. Comparative genomics of Silphium integrifolium and S. perfoliatum in the context of 935 

the Asteraceae. A. Annotation and synteny between S. integrifolium (top) and S. perfoliatum 936 

(bottom) (LTR - light blue, TIR - blue, Helitron - dark blue), genes (orange), unknown sequences 937 

(white). Cumulative proportions of annotation calculated in 5Mb windows with 1Mb step. B. 938 

Synteny among the two Silphium genomes, two Sunflower genomes and Scaevola taccada. 939 

Synteny plots generated with genespace 27. C. Percentage of each type of transposable element 940 

in the Silphium genomes. D. Percentage of different classes of transposable elements in the five 941 

genomes analyzed. E. Amount in base pairs of transposable elements in among the five genomes 942 

analyzed. F. Total gene number across the genomes and G. Number of genes in different gene 943 

families. 944 
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 945 

Figure 3. Phylogeny, population structure, diversity and environmental adaptation in Silphium. 946 

A. Phylogeny of Silphium including 14 species; polyphyletic species shown in red text. Blue and 947 

yellow stars indicate the position of the “1JHW” and “Bad Astra” in the phylogeny. See complete 948 

tree, including outgroups, in Supplementary Figure S8. B. Hierarchical clustering of the Silphium 949 

diversity panel (N=258) based on the kinship matrix calculated with 449,554 SNPs. Individuals 950 

with known GPS coordinates were colored according to the group from the spatial ancestry (East 951 

- Red, West - Blue, Northeast - Orange, S. radula - Black). C-D: Population genomic principal 952 

component analysis PC1 and PC2 plots of the Silphium association panel. C. color layer based 953 

on longitude (N=183 georeferenced individuals). D. color layer based on the groups from the 954 

hierarchical cluster. E. Spatial ancestry of 156 georeferenced S. integrifolium individuals with 955 

clustering set from 2 to 5.  F. Genome environment analysis for aridity index. G. Effect of SNP 956 

Chr06_27430590 on the aridity index. H. Genome environment analysis for heat index. I. Effect 957 

of the SNP Chr03_78530134 on the heat index. 958 
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 959 

Figure 4. GWAS for domestication traits in Silphium. A. Pearson correlation based on 960 

BLUE values of the combined analysis in 2025 for the traits studied. Only significant 961 

correlations p<0.05 are shown. B. Manhattan plots with the combined results from two 962 

models (BLINK and FarmCPU) for ray floret count (RFC), seed number per capitulum 963 

(SNC) and receptacle diameter (RD) with loci explaining > 20 % of variance highlighted. 964 

Dotted horizontal lines represent the Bonferroni threshold -log(p)=7. C. Effect of the 965 

different allele combinations on the phenotypes (BLUEs). D. gene models where significant 966 

SNPs were detected. The models are not represented at scale. E. Ray floret count ordered 967 

from highest to lowest, genotypes at the four loci corresponding to the individuals ordered 968 

and groups (breeding vs wild) with the individuals. F. Ray floret count in breeding vs wild 969 

genets. G. Origin of the mutant genotypes. H. Effect of the variants on the ray floret count. 970 
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7 Tables 971 

Table 1. Genome assembly statistics. 972 

 Bad Astra 1JHW 

Total assembly size (bp) 7641408655 7507277660 

Total number of genes 44653 43390 

Number of contigs 332 241 

N50 contig length (Mb) 41.3 53.9 

Longest contig (Mb) 115 183 

Number of scaffolds 7 7 

Complete BUSCOs (%) 97.5 98 

LTR Assembly Index 14.46 14.86 
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Table 2. Transposable element content in S. integrifolium (Bad Astra) and S. perfoliatum 989 

(1JHW). 990 

  Bad Astra 1JHW 

TE Class Count Proportion (%) Count Proportion (%) 

Long Terminal Repeats (LTRs) 

Copia 787126 12.83 818048 13.18 

Gypsy 2253310 27.40 2136211 27.20 

unknown 2744810 23.92 2621003 23.48 

Terminal Inverted Repeats (TIRs) 

CACTA 322868 1.67 310105 1.64 

Mutator 545382 2.90 543906 2.77 

PIF_Harbinger 82054 0.34 85614 0.37 

Tc1_Mariner 16587 0.06 22067 0.09 

hAT 382142 1.61 367325 1.57 

non-TIR 

helitron 1258302 5.33 1270613 5.43 

Total  76.06  75.73 
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 992 
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 995 
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 999 
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 1002 
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Table 3. GWAS loci detected in both models and multiple environments explaining more than 10% of the phenotypic variance. 1003 

SNP Chr Position P.value MAF Model Trait* Environment** N Alleles PVE Gene Annotation 

Chr01_1583902655 1 1583902655 5.53862E-09 0.05 BLINK RFC Combined 230 T/C 29.39 silint01g14554 MATE family efflux 

transporter    3.98176E-08 0.05 FarmCPU RFC Combined 230 T/C 29.39  

   1.8178E-15 0.05 BLINK RFC KS24 190 T/C 29.39   

   3.84037E-10 0.06 FarmCPU RD AL25 194 T/C 24.30   

   2.28687E-08 0.05 BLINK SNC KS25 198 T/C 25.01   

      4.86223E-08 0.05 FarmCPU SNC KS25 198 T/C 25.01     

Chr01_695173749 1 695173749 4.22848E-10 0.04 BLINK RFC Combined 230 G/A 22.82 silint01g06242 Alpha/beta hydrolase 

   9.81729E-14 0.04 FarmCPU RFC Combined 230 G/A 22.82   

      4.17964E-12 0.05 FarmCPU SNC AL25 194 G/A 23.37     

Chr02_1160355565 2 1160355565 4.93281E-10 0.19 BLINK RD Combined 225 A/T 11.22 silint02g11897 Putative transcription factor 

FAR 

        2.61733E-13 0.19 FarmCPU RD Combined 225 A/T 11.22   

Chr03_721440854 3 721440854 1.60791E-08 0.17 BLINK RFC AL25 196 G/A 31.20 silint03g07384 Unknown protein 

      3.00152E-08 0.16 FarmCPU RD KS25 199 G/A 28.48     

Chr03_78530134 3 78530134 2.14615E-11 0.03 BLINK HI Index 183 G/A 12.45 intergenic window - 

      1.93344E-13 0.03 FarmCPU HI Index 183 G/A 12.45     

Chr03_910576785 3 910576785 9.04611E-08 0.06 BLINK SNC Combined 225 A/G 18.28 silint03g09429 DDB1 and CUL4 associated 

factor 4 

        7.13689E-09 0.06 FarmCPU SNC Combined 225 A/G 18.28   

Chr04_222292225 4 222292225 3.72995E-15 0.03 BLINK RFC KS25 206 G/A 23.03 silint04g01657 ACT domain containing 

protein ACR4 

        1.15077E-08 0.03 FarmCPU RFC KS25 206 G/A 23.03   

Chr04_603756119 4 603756119 1.24541E-09 0.03 BLINK SNC KS25 198 T/A 18.31 intergenic window - 

      2.75326E-14 0.03 FarmCPU SNC KS25 198 T/A 18.31     

Chr05_11691107 5 11691107 7.51674E-19 0.02 BLINK RFC Combined 230 G/A 14.38 intergenic window - 

      1.71952E-16 0.02 FarmCPU RFC Combined 230 G/A 14.38     

Chr05_794020568 5 794020568 2.77243E-08 0.03 BLINK RFC AL25 196 A/C 12.80 silint05g07490 (10Kb 

downstream) 

Thioredoxin-like protein 

   3.73566E-13 0.03 FarmCPU RFC AL25 196 A/C 12.80  

      5.185E-24 0.02 FarmCPU SNC AL25 194 A/C 13.89     

Chr05_831132026 5 831132026 2.25069E-15 0.02 BLINK RFC KS25 206 G/A 18.35 silint05g07840 (50Kb 

upstream) 

  

Unknown protein 

      3.79352E-12 0.02 FarmCPU RFC KS25 206 G/A 18.35   

Chr06_274305900 6 274305900 5.18447E-10 0.12 BLINK AI Index 183 G/A 12.75 

silint06g02768 (50Kb 

upstream) ALP1-like protein 

      1.2544E-14 0.12 FarmCPU AI Index 183 G/A 12.75     
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* Traits extracted from geospatial databases, AI: Aridity Index; HI: Heat Index. Traits measured in field-grown plants, RD: Receptacle Diameter; RFC: Ray Floret Count, 1004 

SNC: Seed Number per Capitulum. 1005 

**Environments, AL24: Alabama 2024; AL25: Alabama 2025, KS24: Kansas 2024; KS25: Kansas 2025; Combined: all 4 environments; Index: environmental indices based 1006 

on multiyear average environments from the location where genet originated. 1007 

Other Abbreviations: SNP: Single Nucleotide Polymorphism; Chr: Chromosome; MAF: Minor Allele Frequency; N: Number of samples; PVE: Phenotypic variance explained1008 
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