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Abstract

For agriculturally important plants, pollination and herbivory are 2 ecological factors that play into the success of crop yields. Each is also im-
portant in natural environments where invasive plants and their effect on species interactions may alter the native ecology. The California
Wild Radish (Raphanus sativus x raphanistrum), a hybrid derived from an agriculturally important crop and a nonnative cultivar, is common in
California. Remarkably, it has recently replaced wild populations of both progenitor species. Experiments on phenotypic variation for petal color
and antiherbivore defenses suggest both pairs of polymorphisms are maintained as a result of pollinator and herbivore-mediated natural selec-
tion. This species provides an opportunity to understand how natural selection shapes the evolution of ecologically important traits when traits
are constrained by 2 opposing forces. Here we provide the genome assembly of the California Wild Radish displaying improvement to currently
existing genomes for agronomically important crucifers. This genome sequence provides the tools to dissect the genomic architecture of traits
related to herbivory and pollination using natural variation in the wild as well as the ability to infer demographic and selective history in the
context of hybridization. Study systems like these will improve our understanding and predictions of evolutionary change for correlated traits.

Keywords: California Wild Radish, herbivory, hybrid, invasive, pollination, speciation

Introduction

Radish is a major root vegetable crop derived from wild
Raphanus species in the agronomically important Brassicaceae.
Approximately 100 years ago, wild radish (Raphanus
raphanistrum) was introduced into California from Europe
and began to hybridize with cultivated radish (R. sativus),
which was grown in California by European settlers and their
descendants for hundreds of years (Panetsos and Baker 1967).
By the early 20th century, just a few morphological hybrids
were observed in the wild, but by the 1960s, some popula-
tions were completely composed of hybrid plants with par-
ental morphological traits in proportions that were correlated
with whether they grew inland or on the coast (Panetsos and
Baker 1967). Hybridization between wild radish and culti-
vated radish resulted in the origin of a hybrid swarm, known
as California Wild Radish, that replaced both parent species in
the wild (Hegde et al. 2006). Analyses of chloroplast genomes
revealed that wild radish may have evolved following bilateral
genetic assimilation between R. sativus and R. raphanistrum
(Ridley et al. 2008); however, little is known about the nature
of the hybridization events that produced the hybrid-derived
lineage because the whole genome assembly of California
Wild Radish was unavailable before this study.

The unique combination of parental traits in California
Wild Radish likely contributed to its ecological success in
western North America, making it a useful system for studying
evolutionary and functional genomics of invasive species. In
addition, the biology of California Wild Radish has garnered
broad interest (Ridley and Ellstrand 2008). California Wild
Radish segregates in nearly all populations as 4 petal color
morphs determined by the presence or absence of antho-
cyanin pigments (phenylpropanoids). Both pollinators and
herbivores prefer the morph lacking anthocyanins due to
its decreased production of inducible indole glucosinolates
(Stanton 1987, Irwin et al. 2003, Strauss et al. 2004). Petal
color and antiherbivore defense polymorphisms in California
Wild Radish are maintained in naturally occurring popula-
tions as a result of antagonistic pollinator- and herbivore-
mediated natural selection (Irwin and Strauss 2005). In the
presence of pollinator discrimination within the parent spe-
cies R. raphanistrum, the color composition of populations
are expected to shift toward higher yellow petal frequencies
(Stanton et al. 1989). However, color frequencies in California
Wild Radish are relatively constant over time (Irwin and
Strauss 200S5). Considering that variation in petal color and
inducible indole glucosinolate levels are heritable traits in
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this species (Carlson et al. 1985, Ishii et al. 1989), conflicting
selection pressures exerted by pollinators and herbivores,
coupled with pleiotropy, tight linkage, and/or long-range
linkage disequilibrium (coselection) among color and defense
loci, could maintain variation in both traits (Fineblum and
Rausher 1997, Armbruster 2002, Brachi et al. 2015).

Despite the large-scale genomics and genetics resources
that have been accumulated for its cultivated progenitor,
which serves as a genomic and molecular genetics reference
(Shen et al. 2013), no study has investigated the genomic basis
of such complex phenotypes such as petal color and indole
glucosinolate production in California wild radish due to
the lack of genome assemblies of this hybrid species. Thus,
development of genomic resources, especially a high-quality
full genome sequence is necessary to 1) illuminate the role
of natural selection in shaping the evolution of ecologically
important traits and 2) the extent to which adaptation is con-
strained by genetic correlations among traits, of which many
mediate mutualistic and antagonistic interactions between
species. These biotic interactions are important components
in predicting evolutionary responses to changing environ-
ments, particularly under global climate change. This has
implications for both applied (crop breeding) and basic (evo-
lutionary genomics) perspectives. Moreover, the high-quality
assembly of the California Wild Radish genome sequence
would provide a valuable resource for comparative genomics
analyses with its progenitors as well as other related crucifers.

In this study, we performed de novo assembly of the
California Wild Radish (Raphanus raphanistrum x sativus)
genome using a combination of short- and long-read tech-
nology. We provide this genome as a resource for future
studies on the evolutionary outcomes of hybridization as well
as the genomic architecture of pollination and herbivore de-
fense traits in the California Wild Radish hybrid swarm.

Methods

Biological Materials

We collected seeds from a single California Wild Radish plant
for use as a maternal line from McLaughlin Eastshore State
Park in Berkeley, CA and then germinated seeds from this
individual at the University of California, Berkeley Oxford
Tract greenhouse. We then collected young, fully extended
radish leaves in liquid nitrogen, which were transported on
dry ice, and stored at -80 °C.

Nucleic Acid Library Preparation

We extracted genomic DNA for genome sequencing from
leaves of a single individual of California Wild Radish using
a phenol extraction and 2 Salt:PCI cleanups. We then pre-
pared a single library using the SMRTbell Express Template
Preparation Kit 2.0 and generated sequence data from a single
cell on the PacBio Sequel II. We used a subset of the same DNA
extract used for PacBio libraries to generate paired-end reads
on the NovaSeq 6000, which were used to error-correct the
PacBio-based genome assembly. We prepared a single library
for Illumina sequencing using the Roche Kapa Hyper Prep Kit.

DNA Sequencing and Genome Assembly

Based on the 6 assemblies of R. sativus in GenBank
(GCA_000801105.2, GCA_902824885.1, GCA_002197605.1,
GCA_000715565.1, GCA_001047155.1, GCA_010725405.1)
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(Pellicer and Leitch 2020), we expected a genome size of between
0.6 and 1.5 pg or 0.4 and 0.7 Gb. Using the conversion of 1 pg ~
0.978 Gb, this is ca. 0.54-1.46 Gb (mean = 1 Gb, standard devi-
ation = =0.46 Gb). We used raw reads from Illumina data to plot
a read count distribution for kmers of size 19 using Jellyfish2
and estimated genome size as 0.515 Gb (Marcais and Kingsford
2011). We then assembled the raw PacBio reads using Falcon
Unzip 1.3.7 with the expected genome size set to 0.515 Gb
(Chin et al. 2016). Because regions of high heterozygosity in eu-
karyotic assemblies often produce adjacent rather than collapsed
copies of sequence (haplotigs), we used purge_dups v.1.2.3 pipe-
line to identify and remove haplotigs from the assembly (Guan
et al. 2020). We used Pbmm2 (PacBio SMRT Tools) to index the
resulting purged assembly and align raw pacbio reads. We then
used variantCaller (PacBio SMRT Tools) to polish the assembly
using the arrow algorithm, which calls the maximum likelihood
base at each position given the reference and the raw PacBio
reads (GenomicConsensus v.2.3.3) (Alexander 2018). We fur-
ther polished the assembly using paired-end read data using
a modified pipeline based on Freebayes v.1.3.2 (Garrison and
Others 2010, Garrison and Marth 2012).

As previously described (Mudd et al. 2020), we identified
putative archaeal, bacterial, viral, and vector contamination
with BLAST+ (v2.7.1) (Camacho et al. 2009) against the re-
spective RefSeq and UniVec databases using general_decon.
sh (V1.0). The pipeline General_decon.sh did not suggest any
removals after querying the assembly, but did provide sev-
eral candidates for further inspection. The general_decon.sh
works in 2 iterative steps. The first step identifies scaffolds
with greater than or equal to 95% identity and an e-value of
1E-10 for positive blast hits. The second step then assigns a
scaffold to the category of “Scaffolds to Check” or “Scaffolds
to Remove”. A scaffold is assigned in the first category if a
scaffold with a positive blast hit aligns to more than half of the
scaffold or more than 200 bp. Scaffolds are recommended for
removal if a subset of the “Scaffolds to Check” category align
to 98% or more of the scaffold length (Mudd et al. 2020).
Because no scaffolds were flagged for removal, we decided to
focus on the “Scaffolds to Check” category. Because different
putative contaminants occasionally had positive blast hits on
overlapping segments, we wrote a custom script to calculate
the total contiguous length of overlapping blast hits in each
contig via start and endpoint to calculate the true size of pu-
tative contaminants aligning on the contig. We found that the
sum of all blast hits along a scaffold contributed to less than
1% of the scaffold length in almost all cases with the excep-
tion of 2 scaffolds with 2 and 19% of the scaffold length,
respectively. Because this coverage was lower than half of the
scaffold length for all putatively contaminated scaffolds, no
contigs were excluded from the assembly and all were con-
sidered endogenous. All contigs were then aligned to the pub-
licly available mitochondrial and chloroplast genomes of R.
sativus (Jeong et al. 2014, 2016) using Minimap2 (Li 2018).
Because percent contig coverage was typically below ~1% for
all blast hits, another custom script incorporating bedtools
was used to calculate the percent of summed chloroplast or
mitochondrial genome alignments represented on each gen-
omic contig (Quinlan and Hall 2010).

The output of Falcon Unzip was assessed for quality using
countFasta.pl (Gupta n.d.). We assessed the quality of the
final assembly using N50 values and BUSCO scores. We de-
termined the genome assembly size, N50, and contig size dis-
tribution using QUAST v.5.0.2 (Gurevich et al. 2013). We
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assessed genome completeness on the basis of single-copy
orthologs present in Brassicales (Brassicales_odb10 database)
using the BUSCO v.4.1.4 pipeline (Seppey et al. 2019). We
ran Quast v.5.0.2 and BUSCO v.4.1.4 analyses for both the
California Wild Radish and the R. sativus V1.0 genome as-
sembly and then calculated the number of gaps in the final
assembly using Genome Assembly Annotation Services
(GAAS: Genome Assembly and Annotation Service code
n.d.). Gaps were counted using the faCount function in the
UCSC Genome Browser for each step of the assembly process
including the outputs of Falcon Unzip, Purge_dups, Arrow,
and Freebayes (Karolchik et al. 2003). A custom script get-N-
sizes.sh from (“Visualize gaps in the genome” 2022) was then
used to count and measure the sizes of these gaps, which were
then plotted in R (Computing and Others 2013). We list all
software used locally in Supplementary Table 1.

Genome Annotation

We wused ancestral shared repeats from Repbase for
Viridiplantae (Bao et al. 2015) and RepeatModeler v2.0.1 to
build a database of ancestral repeats in our current assembly
prior to the detection of long terminal repeats (LTR) with
LTRHarvest (Genometools v.1.6.1), LTR_retreiver v.2.9.0,
and LTR_FINDER v.1.1 (Xu and Wang 2007, Ellinghaus et
al. 2008, Ou and Jiang 2018, Flynn et al. 2020). The output
sequences from Repeatmodeler were then concatenated with
redundant LTRs from the other software prior to softmasking
with Repeatmasker v. 4.1.1 (Tarailo-Graovac and Chen 2009).

We conducted annotation and gene prediction using the
Comparative Annotation Toolkit (CAT) (Fiddes et al. 2018)
and used the R. sativus V1.0 genome as input for gene predic-
tion. CAT uses an end-to-end pipeline that takes a HAL-format
multiple whole genome alignment and annotations from one
related genome used in the alignment to produce an annotation
of the target genome (Fiddes et al. 2018). The genePred table
output from CAT was then converted into gtf format with the
genePredToGtf (Karolchik et al. 2003). We then assessed the
quality of the annotation with OrthoVenn2 using the anno-
tated proteome from Arabidopsis thaliana, Brassica rapa, and
R. sativus V1.0 for comparison (Xu et al. 2019). OrthoVenn2
takes protein fastas as input and follows 2 steps, first identifying
orthologous genes based on a graph-based method, and then
computing the percentage of shared orthologous genes (shared
elements) among input proteomes (Xu et al. 2019).

Genome Alignment and Phylogenetic Relationships
We used Minimap2 to align the R. sativus (V1.0) genome
assembly against our California Wild Radish assembly
and then visualized contiguity between California
Wild Radish and R. sativus on each of the R. sativus
chromosomes. The R. sativus genome used for this ana-
lysis was a pseudochromosome-scale genome assembly
from the Radish Genome Database (Yu et al. 2019). We
used BUSCO v5.1.2 (Simao et al. 2015) to obtain 640
full-length single-copy orthologous genes from California
Wild Radish, R. sativus V1.0 (GCA_000801105.2), R.
raphanistrum (GCA_000769845.1), and B. napus (Song
et al. 2020) genome assemblies. We then generated align-
ments for each gene using MaFFT v7 (Katoh et al. 2002)
and inferred tree topologies using the neighbor-joining
method in PAUP* v4 (Swofford 2003). The resulting trees
were binned into 3 topologies, of which 2 topologies show
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monophyly between either R. sativus and California Wild
Radish or R. raphinastrum and California Wild Radish.
We then estimated chromosome-specific maximum like-
lihood phylogenetic trees of concatenated BUSCO genes
using RAXML v8 (GTR+GAMMA nucleotide substitution
model; Stamatakis 2014).

Results

The California Wild Radish Genome Assembly Is
More Contiguous and Complete Than Previous
Radish Genome Assemblies

Coverage determined with BBMap v.38.76 indicated 20x
coverage for paired-end Illumina data generated from
NovaSeq6000 and 164x coverage for PacBio data from
PacBio Sequel II (Bushnell 2014). The pre-assembly output
of the Falcon assembler is listed in Supplementary Table 2.
Genome size was estimated to be roughly 0.7 Gb using the
initial output of Falcon with a total of 1859 contigs. N50
values place 50% of the total sequence length in 95 contigs
above ~2 Mb. These statistics correspond to the output of
the second step of the Falcon Assembler after generation
of the string graph assembly. The genome size reported in
Supplementary Table 2 was used in the calculation of coverage
based on dividing the number of PacBio and Illumina reads
by the genome size. The next step in the Falcon Assembler
(Falcon Unzip) phased and polished the assembly, improving
contiguity and assigning contigs as either primary contigs
or haplotigs. Statistics for this output can also be found in
Supplementary Table 2. The number of contigs was reduced
to 1702 and N50 was improved by about 15 Kb. Highly het-
erozygous assemblies form haploid partial paths during the
initial assembly steps which results in higher rates of contig
fragmentation lowering the N50 relative to similar, more
homozygous assemblies (Asalone et al. 2020). Because this
is a hybrid-derived genome, heterozygosity is expected to be
high; thus, N50 is a less reliable metric of completeness than
other metrics such as BUSCO scores.

The final consensus assembly showed a significant im-
provement in the contig N50 with a lower frequency of in-
ternal gaps compared to the representative R. sativus genome
(V1.0; Rs1.0) (Table 1). The output of faCount via UCSC
Genome Browser indicated that gaps were introduced by pol-
ishing with long reads using Arrow (Alexander 2018) after
the Purge_dups step where the number of gaps were mod-
estly reduced in subsequent steps with short-read polishing
(Supplementary Figure 1). We find that the distribution of gap
sizes introduced by Arrow was comprised of gaps that were
not equal in length indicating estimable sizes. Additionally,
the purging of haplotigs in addition to polishing with PacBio
and Illumina reads improved our initial assembly by redu-
cing size from roughly 0.7 to 0.45 Gb. BUSCO scores com-
paring the 2 assemblies show a similar completeness to the R.
sativus assembly at 97.3% completeness, and a lower fraction
of fragmented BUSCOs (Table 2). Mapping both assemblies
against each other using Minimap2 shows high homology
and contiguity between the 2 assemblies (Figure 1).

Genome-genome alignments between the reference as-
sembly with the mitochondrial genome suggest that all
contigs, with the exception of 3, have alignments composed of
1% or less of the total contig length (Supplementary Table 3).
When calculating the percentage of each respective organelle
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Table 1. Quast output comparing final assembly of R. sativus x raphistrum and R. sativus V1.0

Assembly contigs R. sativus x raphanistrum R. sativus Assembly scaffolds R. sativus

# contigs (= 0 bp) 1203 — # contigs (= 0 bp) 10 676
# contigs (= 1000 bp) 1203 — # contigs (= 1000 bp) 10 676
# contigs (= 5000 bp) 1203 — # contigs (= 5000 bp) 3140
# contigs (= 10 000 bp) 1203 — # contigs (= 10 000 bp) 1501
# contigs (= 25 000 bp) 1187 — # contigs (= 25 000 bp) 426 614 037
# contigs (= 50 000 bp) 901 — # contigs (= 50 000 bp) 404 244 259
Total length (= 0 bp) 450 789 643 — Total length (= 0 bp) 426 614 037
Total length (= 1000 bp) 450 789 643 — Total length (= 1000 bp) 426 614 037
Total length (= 5000 bp) 450 789 643 — Total length (= 5000 bp) 404 244 259
Total length (= 10 000 bp) 450 789 643 — Total length (= 10000 bp) 392 962 934
Total length (= 25 000 bp) 450 459 859 — Total length (= 25 000 bp) 378297 583
Total length (= 50 000 bp) 43 8871 384 — Total length (= 50 000 bp) 368 214 092
# contigs 1203 35745 # contigs 10676
Largest contig 10 718 699 — Largest contig 53636 577
Total length 450 789 643 — Total length 426 614 037
GC (%) 36.76 — GC (%) 35.29
NSO 2564273 19 900 NSO 38 354 807
N75 618 303 — N75 26 309 735
L50 47 5028 L50 S
L75 129 — L75 9
# N’s per 100 kbp 0.67 — # N’s per 100 kbp 12 797.17

Table 2. BUSCO scores comparing R. sativus x raphanistrum assembly with R. sativus V1.0

BUSCO type Raphanus sativus x raphanistrum % Raphanus sativus x raphanistrum n ~ Raphanus sativus % Raphanus sativus n
Complete 97.30 4475 97.60 4484

Complete and ~ 90.90 4180 87.30 4012

single-copy

Complete and 6.40 295 10.30 472

duplicated

Fragmented 0.50 24 0.70 34

Missing 2.20 97 1.70 78

Total BUSCOs 4596 4596 4596 4596

searched

sequence represented on each contig, we found different pat-
terns for mitochondria and chloroplast. For alignments to the
chloroplast genome, we found 5 contigs containing chloro-
plast sequence, each of which has a composition ranging be-
tween 11 and 53% of the chloroplast genome, and were thus
masked using bedtools maskFasta (Quinlan and Hall 2010).
For mitochondria, all contigs with alignments represent
1-3% or less of the mitochondrial genome size. Therefore,
all mitochondrial sequences were treated as numts and were
not masked.

The California Wild Radish Genome Sequence Is
Repeat Rich With Localized Repeat Elements in
Narrow Genomic Windows

Repeat content of the assembly was high: the total number of
bases masked at around 0.263 Gb, ca. 58% of the assembly
(Supplementary Table 4). The majority of this content was

composed of long tandem repeats (LTRs) or unclassified re-
peat elements (Supplementary Table 5, Supplementary Figure
2). Similar to other radish genome sequences, these are pri-
marily long tandem repeats (LTR) of the Gypsy or Copia
class, although the California Wild Radish contains a high
proportion of Retroelements (~25%) (Zhang et al. 2015).
LTR-type repeats are localized (Figure 1: Chromosomes R2,
R2, and RS) based on homology to the R. sativus reference
genome.

The California Wild Radish Genome Annotation
Improves Upon Previous Radish Genome
Annotations

The output of OrthoVenn2 displays the distribution of shared
orthologous clusters among the 4 input species as overlap in
gene content among pairwise and multi-wise comparisons
(Figure 2). The California Wild Radish genome assembly
shows an improvement over the counts of specific or shared
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Figure 1. California Wild Radish genome assembly mapped with minimap2 against cultivated Raphinus sativus reference genome Rs. 1 chromosomes
R1-R9 (A). Genomic contigs are oriented to the same mapping direction and only the top 10 contigs with the highest number of mappings are shown.
Proportion of neighborjoining tree topologies inferred from alignments of 640 BUSCOs (B) that match each of 3 rooted topologies (C). Trees were

rooted using Brassica napus as an outgroup.

orthologous gene clusters in A. thaliana, and B. rapa with a
comparable orthologous gene cluster count to the R. sativus
genome sequence.

Parental Contributions to the Hybrid-Derived
California Wild Radish Genome

Using BUSCO genes extracted from the R. sativus, R.
raphanistrum, B. napus, and California Wild Radish reference
genome assemblies, we found an enrichment of neighbor-
joining tree topologies supporting a monophyletic relation-
ship between California Wild Radish and the cultivar R.
sativus as opposed to the wild progenitor R. raphanistrum
(Figure 1C). However, this enrichment is likely due to differ-
ences in assembly quality between genomes rather than actual
asymmetry in parentage. In addition, we inferred maximum
likelihood trees using concatenated alignments of BUSCOs

and found that 4 chromosomes supported a monophyletic re-
lationship between California Wild Radish and the cultivar
R. sativus and the other 5 chromosomes supported a mono-
phyletic relationship between California Wild Radish and the
wild progenitor R. raphanistrum (Figure 1D).

Discussion

The genome assembly of the California Wild Radish
(Raphanus sativus x raphanistrum) reported here is a distinct
improvement over most existing genome assemblies with rep-
resentatives in Brassicaceae, a diverse plant family that has
played important roles in genetics and agriculture (Bailey et
al. 2006). Although our genome assembly is not chromosome
level, our contig N50 is higher than that of the Raphanus
sativus contig NS5O assembly, where an N50 above 1 Mb is
generally considered useful (“Beyond contiguity — assessing
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Figure 2. Output of OrthoVenn2 depicting overlap in shared elements among species used for comparison.

the quality of genome assemblies with the 3 C’s” 2020).
Rather, BUSCO is a more accurate metric of completeness be-
cause it ascertains the presence or absence of highly conserved
genes in an assembly (Seppey et al. 2019). Therefore, this
genome represents a highly comparable completeness to the
representative R. sativus genome by the metric of conserved
gene content. While protein content can be compared be-
tween annotated assemblies with software like OrthoVenn2,
protein predictions in this case have been directly estimated
using a transcriptome-free approach with the Comparative
Annotation Toolkit and are therefore an underestimate of
gene content (Fiddes et al. 2018).

The Brassicaceae is of broad interest given that it has been
well studied in the context of plant-herbivore interactions,
vis-a-vis the production of secondary metabolites known as
glucosinolates, which are hydrolyzed into toxic molecules
such as isothiocyanates (Rask et al. 2000). Cultivated radish
(Raphanus sativus) is one such mustard species, used world-
wide as an important root vegetable crop, the genome sequence
of which has been used to identify the molecular mechanisms
underlying formation of Raphanus-specific glucosinolates

(Kitashiba et al. 2014). While California Wild Radish is de-
rived from an invasive parental species in California, its fitness
exceeded that of its parent species, eventually replacing popu-
lations of both in a hybrid swarm (Hegde et al. 2006). These
hybrids are both invasive and have displayed evidence of rapid
evolution via local adaptation to coastal and inland habitats
following its recent spread in California (Ridley and Ellstrand
2010). Additionally, natural selection from both mutualistic pol-
linators and antagonistic herbivores interacts antagonistically in
this species to maintain phenotypic variation in both plant fit-
ness via pollination and plant secondary chemistry (Irwin et al.
2003). Therefore, this California Wild Radish genome assembly
will provide a platform for future comparative genomics and
population resequencing efforts that aim to understand the gen-
etic bases of herbivore resistance, plant fitness, and root yield.
Additionally, these resources will enable a clearer picture of
the demographic and selective history of this invasive species,
which may inform management decisions for its control.

The improvement in annotation completeness over the A.
thaliana genome sequence using OrthoVenn2 in addition to
a reduced number of contigs relative to the R. sativus V1.0
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assembly demonstrate that our assembly is of relatively high
quality. Our analysis of BUSCOs suggests that the genome
contribution of parental genomes to the hybrid genome
are roughly 50% on the basis of phylogenetic relationships
among lineages represented by each chromosome, a pattern
supported by the recency of the hybridization in this group
(Hegde et al. 2006). This genome assembly provides a unique
opportunity to study the genetic architecture of herbivory and
agriculturally important phenotypes through the context of
hybridization. California Wild Radish contains a mix of traits
unique to both parental species which has resulted in trans-
gressive fruit weight, aggressive colonizing behavior, and is
reproductively isolated from both parental species following
their local extinction (Hegde et al. 2006). This is interesting
given the low values of F between cultivar and parent species
based on allozyme polymorphism data, suggesting genetic
uniformity (Hegde et al. 2006; Heredia and Ellstrand 2014;
Heredia and Ellstrand 2014).

Crop yields worldwide are projected to be insufficient to
feed the world’s growing population by 2050 (Ray et al. 2013).
Therefore, improvements in yields by reducing herbivory,
increasing biomass, and improving resilience to climate fluc-
tuations are becoming increasingly important (Bailey-Serres
et al. 2019). The public availability of a wide diversity of
genome sequences, including those of hybrid origin or nat-
urally occurring relatives, is integral to the identification of
novel genetic architectures. Local adaptation and vast pheno-
typic variation in California Wild Radish permits leveraging
natural variation that may prove useful for the management
of invasive species or the improvement of crop yields. The ref-
erence genome assembly reported here will facilitate basic and
applied research on this fascinating and problematic species.
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Supplementary data are available at Journal of Heredity on-
line.

Supplementary Table 1. All installed software packages
used along with the relevant versions and parameters.

Supplementary Table 2. Pre- and Post-Assembly Statistics
generated 1. after Falcon Assembler and prior to Falcon
Unzip step and 2. after the Falcon Unzip step.

Supplementary Table 3. Candidate contigs containing mito-
chondrial or chloroplast sequences with alignments of at least
1% of the contig length.

Supplementary Table 4. Output of RepeatMasker showing
the total number of bases masked along with GC content.

Supplementary Table 5. Output of RepeatMasker showing
the total number of repeats by repeat class.

Supplementary Figure 1. Gap sizes for outputs of Arrow
(Long-Read Polishing) and Freebayes (Short-Read Polishing)
(Alexander 2018.) showing the distribution of gap sizes.

Supplementary Figure 2. Distribution of repeat content
in California Wild Radish. Genomic positions are based on
minimap2 alignments to R. sativus. Unknown repeats were
excluded. Contigs mapping to R. sativus reference assembly
contigs without chromosome designations were excluded.
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