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A Chromosome-level Genome Assembly of Wild
Castor Provides New Insights into Its Adaptive
Evolution in Tropical Desert
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the genes and alleles with selection signatures provides insights into the genetic mechanisms under-
lying the adaptation of wild castor to the high-altitude tropical desert and would facilitate direct
improvement of modern castor varieties.

Introduction

Castor (Ricinus communid..) is one of the most important oil
crops worldwide. Castor seeds contain up to 65% oil content,
of which approximately 90% has been identibed as a hydroxy
fatty acid named ricinoleic acid. Due to the multiple industry
applications of ricinoleic acid, castor as an ideal bioenergy
plant warranting the title of OOgreen petroletimwas brst
domesticated from a wild ancestor in Africa approximately
1000 years ago and then spread to Asia and America [1]. Wild
castor still grows in the tropical desert area of the African Pla-
teau at an altitude of more than 2000 m [2,3]. This region exhi-
bits extreme dryness, intense light, and ultraviolet (UV)
radiation all year round. It acts as a natural laboratory for
the study of species adaptation evolution. Wild castor plants
have evolved a strong ability to adapt to extremely harsh con-
ditions during genomic evolution. These treasured characteris-
tics provide an ideal background for studying the adaptive
evolution of the castor genome and the advantageous genetic
resources for castor improvement.

Wild species resources play an indispensable role in the
study of adaptive evolution, resistance mechanisms, and vari-
ety improvement. Till now, numerous studies have shown
that wild species resources of different crops provide abun-
dant germplasm resources and information regarding genetic

natural selection, which is closely associated with adaptation
to highland and tropical desert environments. Our work
reveals the genetic basis of the adaptation of wild castor to
tropical deserts and provides a set of genes and alleles for
future molecular breeding and improvement.

Results

De novo assembly and annotation of the wild castor genome

We totally generated 3.86 million long reads with a total length
of 61.58 Gb (average read length 15.95 kb), representing
~ 170x sequencing coverage of the reference genome
(Table S2). Initial assembly of 315.95 Mb contains 301 contigs
with the contig N50 length of 8.96 Mb and the largest contig of
27.25 Mb. The genome size is close to the 25-mer estimation of
~ 318.13 Mb (Figure S1) and slightly less than the cultivar ref-
erence genome (350 Mb for cultivar NSL4733 published in
2010) [9]. Approximately 74.6 Gb Hi-C data were generated
to achieve the bnal chromosomal-level assembling (Figure S2).
The Pnal size of the assembly is 316.11 Mb, of which
311.90 Mb (98.67%) was anchored onto 10 chromosome-
level scaffoldings (Figure 1E). The sizes of the 10 chromo-
somes vary from 26.62 Mb to 36.69 Mb. Long-terminal repeat
(LTR) Assembly Index (LAI) of the genome was calculated to

variation for species research. Selection pressure analysis of be 10.54, suggesting that it could be served as a reference gen-

wild and cultivated varieties has enabled to identify candidate
genes that are associated with economic traits, such as the
salt tolerance gene GmCHX1 [4] and the seed -coat-
determining locus [5] in soybean. Photosynthetic efpciency-

ome. Statistics of this genome assembly showed much more
superiority than the cultivar reference in continuity and inte-
grality (Table 1).

To evaluate the completeness of the newly assembled draft

related genes undergoing positive selection have been identi- genome, a total of 133,384,288 Illlumina paired-end reads, with

ped in wild pear [6]. Pathogen- and abiotic stress-related a size of nearly 20.0 Gb (Table S3), and 3,860,238 Nanopore
genes have been identiped in wild cassava [7]. African wild raw reads were aligned to the newly assembled genome,
rice species have donated some candidate genes for resistance96.76% and 84.49% of the reads were successfully aligned to

to biotic stresses [8]. All of the aforementioned genes respond
to the wild ecological niche and have undergone strong selec-
tions after domestication procedures. These selection signa-
tures provide an important reference for functional
genomics and novel insights into adaptive evolution and crop
improvement.

In this study, we Prst collected and identiPed a superior
wild castor (WTO05) from the center of castor origin in Africa
(Figure 1ADD). To investigate genetic mechanisms that are
associated with environmental adaptability in castor WTO5,
we integrated multifaceted sequencing and assembly approach
using a combination of Oxford Nanopore technology and
three-dimensional chromosome conformation capture (Hi-C)
sequencing to obtain a chromosome-scale genome of castor
WTO05, which greatly improved the quality of the reference
genome and provided precise genomic information for studies
on castor. Through comparative genomic and evolutionary
analyses with an inbred cultivar genome NSL4733 (Hale) pub-
lished in 2010 [9] and four other Euphorbiaceae plant genomes

(Table S1) that have been sequenced to date, we showed that a

great number of genes, involving in pathways of DNA repair,

the genome, respectively. Then, the completeness of genes
was further assessed using 1440 Benchmarking Universal
Single-Copy Orthologs (BUSCO) [10] genes from Embryo-
phyta, of which 1377 genes (95.63%) are complete conserved
genes, including 1352 single-copy and 25 duplicated ortholo-
gous genes (Table S4). In addition, using transcriptome data
from three WTO5 tissues (including stem, leaf, and seed),
93.40%, 91.23%, and 98.51% of the reads could be aligned
onto the draft genome sequence, respectively (Table S5). These
results suggest that the newly assembled genome is of high
quality.

In total, 30,066 protein-coding genes were predicted, and
their functions were further annotated based on the Trembl,
Non-Redundant Protein (NR), Swiss-Prot, InterPro, and
KEGG databases (Table S6). 97.84% (29,418/30,066) of the
genes were anchored in the 10 chromosomes. In addition, we
identiped and annotated different types of non-coding RNA
sequences, including 579 miRNAs, 830 tRNAs, 159 rRNAs,
and 1770 snRNAs (Table S7).

Transposable elements (TEs) play indispensable roles in
genome evolution. We identiped 167.37 Mb of repeat

photosynthesis, and stress responses, have undergone positive sequences that occupy 52.95% of the total genome length,
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Figure 1  Distribution of genomic features along the castor genome

A. A glimpse of Kenya National Park (Google earth v2020).B. Picture of the representative wild castor growing in the arid regions of
Africa. C. Comparison of seed diversity between wild and cultivated varietied. Statistical analysis of castor seed differences between
wild and cultivated castor varieties in China. The centerline marks the median. Box limits are upper and lower quartiles. Whiskers extend
to data less than 1.5 times the interquartile range. Dots represent outliers. Red font (WTO05) represents the wild-type variety that was
selected for assembly. Wilcoxon test (**** P < 0.00005). E. Characteristics of the WT05 genome. The rings from outer to inner represent
(a) GC density, (b) gene density, (c) indel, (d) SNP diversity, (eBh) gene expression levels in root, stem, leaf, and seed, respectively (Log
TPM), (i) Nanopore reads mapping depth, (j) NGS reads mapping depth, (k) LTR-RT distribution, (I) Gypsydistribution, and (m) Copia
distribution. Central colored lines represent syntenic links. In abd, iPk, and m, statistics are based on window size of 100 kb. Indel,
insertion and deletion; SNP, single nucleotide polymorphism; TPM, transcripts per kilobase of exon model per million mapped reads;
NGS, next generation sequencing; LTR-RT, long-terminal repeat retrotransposon.

slightly less than that reported for the previous reference gen- economic species of Euphorbiaceae, has a relatively small gen-
ome NSL4733 (187.07 Mb, 53.35%). Long-terminal repeat ome. LTR-RT proliferation occurred ~ 1.0 million years ago
retrotransposons (LTR-RTs) are the main components of (MYA), and the most recent amplibcation was estimated to
TEs. In the genome of WTO05, LTR-RTs mainly includeGypsy  have occurred 0.2D0.5 MYA, according to the corresponding
(21.10%) and Copia (4.90%) (Figure S3). Euphorbiaceae spe- values of the highest sharp peak and foremost relatively minor
cies show diversity in genome size distribution, varying from Ructuating peak (Figure S4). More specibcally, physic nut
316 Mb to 1.37 Gb (Table S1). Considering the extreme vari- (Jatropha curcasL.; genome size = 416 Mb, 59.35%) [11]
ations in genome size in Euphorbiaceae species, we investi- experienced another two short LTR-RT proliferations at 2.4
gated the dynamic changes in LTR-RTs during the evolution MYA and 3.6 MYA, cassava (Manihot esculentaCrantz; gen-
processes and tried to explain the large variations in the gen- ome size = 582 Mb, 50.34%) [12] has a broader peak at 1.0
ome size of species in the Euphorbiaceae family. Wild or culti- MYA than castor (Figure S4). Additionally, for the tung tree
vated castor, compared with the other four important (Vernicia fordii), with a G-scale genome size of 1.2 Gb and
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Table 1 Statistics of the genome assemblies

Assembly WTO05_contig
Number of sequences 301
Number of sequences¥ 50,000 bp) 293
Number of genes b

Number of mRNAs b

Total length (bp) 315,948,298
Largest contig (bp) 27,252,567
N50 length (bp) 8,963,070
GC content (%) 33.05
Repeat sequence content (%) b

L50 12

Number of NOs per 100 kb 1]

146 25,828
37 891
30,066 31,221
43,272 31,221
316,113,298 350,631,014
36,693,184 4,693,355
31,927,722 496,528
33.05 33.84
52.95 53.35
5 167
52.20 3896.61

Note: OG8ndicates unannotated.

repeat sequence of 58.74%, we found that LTR-RTs remained
active from 1.0 MYA to 2.0 MYA (Figure S4). Especially, the
ratios of Gypsytype LTR-RTs of the G-scale genomes of tung
tree [13] and rubber tree ilevea brasiliensisare nearly twice
that of castor (Table S1). Similarly, the genome study of desert
poplar (Populus trichocarpa also found that the widespread
expansion of theGypsyelement has led to a rapid increase in
the size of its genome [14]. Therefore, we infer that LTR-RT
amplibcation leads to genome-size variations in Euphor-
biaceae species.

Comparative analysis of WT05 and NSL4733 genomes

The wild castor WT05 and the reference cultivar NSL4733
have a similar genome size, but their assembly qualities are
quite distinct. First, the numbers of scaffolds assembled in
the WTO5 and NSL4733 genomes are 146 and 25,828, respec-
tively. The contig N50 length and scaffold N50 length of the
WTO05 genome are 425 (8963.1 khvs. 21.1 kb) and 64
(31927.7 kbvs.496.5 kb) times those of the NSL4733 genome,
respectively (Table 1). Moreover, based on genome collinearity
statistics, only 666 scaffolds (253,067,746 bp in length) in the
NSL4733 genome could be completely aligned with 10 chro-
mosomes of WTO05, and most of the remaining unaligned scaf-
folds may be short repetitive sequences (Table S8). These
results indicate that the newly assembled castor genome has
high sequence homology and chromosome integrity, which
greatly improves the quality of the castor genomeKigure 2A,
Figures S5 and S6). Additionally, the genome sequence simi-
larity between the two versions was estimated to be 99.16%,
suggesting that the two genomes have not diverged much yet
(Table S9).

Furthermore, we identiped 1,011,145 single nucleotide
polymorphisms (SNPs) and 1,197,665 insertions and deletions
(indels) in the WT05 genome when compared to the NSL4733
genome, resulting in an average density of 3.20 SNPs and 3.79
indels per kilobase, respectively (Figure STABC; Table S10).
We also identibed six types of structural variations (SVs) in
the WTO5 genome, including 8.09% inserted duplication
(DUP), 0.82% other inserted sequence (BRK), 0.82% rear-
rangement with another sequence (SEQ), 0.67% gap between
two mutually consistent alignments (GAP), 0.06% rearrange-
ment (JMP), and 0.008% rearrangement with inversion
(INV) (Figure S7D). These variants provide more targets for
further molecule research.

A better genome assembly would allow us to annotate the
structure and function of genes more accurately. By comparing
gene annotation between the two genomes, we found that the
number of genes annotated in the NSL4733 genome is greater
than that in the WTO5 genome; however, the minimum, max-
imum, and average lengths of coding sequences (CDSSs) in the
NSL4733 genome are shorter than those in the WT05 genome
(Table S11). This result re3ects incomplete gene annotation in
the NSL4733 genome, likely caused by the fragmented
sequence assembly. For instance, the genes ChrO03m1425 and
Chr01m0783 in the WTO5 genome were annotated as contain-
ing 9 and 14 exons, respectively, which was validated by RNA-
seq data from 5 castor tissues, whereas in the NSL4733 gen-
ome, only 3 and 6 exons were annotated in these two genes,
respectively. Detailed examination showed that these two
genes are located at the ends of the shorter scaffolds, and thus,
the missing exons are the result of an incomplete assembly
(Figure S8). Furthermore, in the process of gene annotation
of the WTO5 genome, large RNA-seq datasets from 17 castor
samples were collected for correcting gene annotation. Some
truncated genes in the previous NSL4733 version were re-
annotated as complete genes in the new annotation. For exam-
ple, the Chr09m1125 gene contains two short sequences
(30064.t000012 and 30064.t000013) in the NSL4733 version;
a similar result was obtained for the Chrl0m1108 gene (Fig-
ure S9). These results indicate that the gene annotation has
been vastly improved in the newly obtained WT05 genome,
providing accurate genetic information for evolutionary and
functional genomic studies on castor.

Take advantage of the newly obtained WT05 genome, we
re-annotated two families of important genes in castor,
namely, ricin-related genes and genes involved in ricinoleic
acid synthesis. First, we identibed 25 ricin-related genes, which
distribute in 5 scaffolds and encode 8 ribosome-inactivating
proteins (RIPs) with both ricin A and B chains, 9 ricin A chain
proteins, and 8 ricin B chain proteins (Table S12). Specibcally,
22 of the 25 genes are concentrated in 4 segments of chromo-
some 8 (Figure S10A and B). In contrast, 28 ricin-related genes
scatter along 17 scaffolds in NSL4733 assembling. Moreover,
two sets of truncated adjacent gene pairs are supposed to
derive from two pseudogenes (Figure S10C).

Based on the annotation, we attempted to uncover the
mechanism underlying the high toxicity of castor. Ricin has
been identiPed as a type Il RIP containing two domains: one
is the active domain (ricin toxin A chain, RTA) which removes
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specibc adenine residues from rRNA, and the other is the lec-
tin domain (ricin toxin B chain, RTB) which allows ricin to
bind to cell surface and then enter the cell through endocytosis.
These two domains are connected by a disulbde bond. Nota-
bly, there are 8 copies of ricin-related genes encoding intact
RIPs in the WT05 genome, whereas there are 2, 1, and 1
homologous genes found in rubber tree, tung tree, and physic
nut, respectively (Figure 2B and C). Further sequence align-
ment among these homologs revealed that a 43-aa motif
located in the middle of RTA chain is highly divergent between
castor and other plants without ricin, including rubber tree,
tung tree, oil palm, and tea tree (Figure 2C, the pink box;
Table S13). Interestingly, the Tyr129 site in this variable motif
has previously been identibed as one of the key active sites in
RTA that is involved in the depurination of a specibc residue
from the 28S rRNA, and its mutation is able to result in a
seven-fold decrease in enzyme activity [15] (Figure S11). These
results suggest that this 43-aa motif in RTA plays a critical role
in the action of ricin. Furthermore, we investigated the expres-
sion probles of the ricin-related genes by integrating RNA-seq
data from different castor tissues, which showed a tissue-
specibc expression pattern. Among the eight RIP-encoding
genes, Chr08m1661, Chr08m1663, Chr08m1667, and

On the other hand, we annotated 301 genes putatively
related to fatty acid synthesis and reconstructed the ricinoleic
acid synthesis pathway (Figure S13; Table S14). We dia-
grammed the fatty acid synthesis pathway with the corre-
sponding genes involved in ricinoleic acid synthesis, and
integrated transcriptome to identify key genes showing differ-
ential transcript abundance across different tissues and seed
developmental stages of WTO5 castor (Figure 2E). In detail,
several genes, including acetyl-CoA carboxylase genes [biotin
carboxyl carrier protein 1 (BCCP1), BCCP2, alpha-subunit
of carboxyltransferase &-CT), beta-subunit of carboxyltrans-
ferase p-CT), and biotin carboxylase BC)], malonyl CoA-
ACP malonyltransferase  MCMT ), enoyl-ACP reductase
(EAR; RcuChrl0m2241), beta-ketoacyl-ACP synthase Il
(KASII), stearoyl-ACP desaturase $AD; RcuChr02m1181
and RcuChr07m3084), phospholipid:diacylglycerol acyltrans-
ferase PDAT), oleosin (OLE), and fatty acid hydroxylase 12
(FAH12), were relatively highly expressed in the seeds com-
pared with in the roots, stems, leaves, and RBowers, which is
consistent with the enrichment of ricinoleic acid in castor seeds
(Figure 2E). Specibcally, in the pathway of ricinoleic acid syn-
thesis, we found that four key genesBCCP2, EAR, SAD, and
FAH12, showed relatively higher expression in the early and

Chr08m1657 are specibcally and highly expressed in seeds atmiddle seed developmental stage (EDS and MDS) and

different developmental stages, and Chr08m1621 is mainly
expressed in leaves and stems (Figure 2D). The RIP-
encoding genes show clearly higher transcriptional activity in
seeds than in other tissues, consistent with the observation that
castor seeds have higher toxicity than other tissues. In con-
trast, the genes encoding only ricin A or B chain prefer to have
relatively low or no expression across the tissues (Figure S12A
and B). Due to the lack of some conserved motifs in the pro-
teins encoded by these genes, it is not clear whether they still
have RIP function. These comprehensive expression probles
provide a good reference for functional research of ricin-
related genes.

3

decreased expression in the late seed developmental stage
(LDS), followed by no or weak expression in the stage of dor-
mancy (DS). This expression trend is consistent with the accu-
mulation of fatty acids in castor seeds [16].

The genome assembly and gene annotation in WTO5 greatly
improve the quality of the reference genome of castor, which
allows us to identify genetic variations and perform GWAS
analysis more accurately. Taking advantage of the newly
obtained WTO5 genome, we reanalyzed the resequencing data
from 385 Chinese castor lines that have been published in 2019
[17]. 75 SNP sites were randomly selected for validation by
Sanger sequencing, and 99.72% (1421/1425) of SNP sites were

Figure 2

Identification of ricin-related and fatty acid synthesis-related genes in WT0S genome

A. Genomic collinearity between the WT05 and NSL4733 genomes and the location of ricin-related and putative fatty acid synthesis-
related genes in the whole genome. The two heat maps on each chromosome show the density distribution of genes (left) and repeats

(right), respectively. Statistics are based on 100 kb non-overlapping

sliding windowB. Phylogenetic tree of ricin-related genes encoding

intact RIPs among Euphorbiaceae species. The tree was constructed based on maximum likeliho@d.Motif prediction for the RIP
homologous family. Five color boxes represent bve motifd). Expression patterns of 8 RIP-encoding genes across different tissues of
castor. E. Ricinoleic acid synthesis pathway. Expression probles of the genes involved in the ricinoleic acid synthesis were shdwn.
Manhattan plots for the hundred-grain weight (left) and seed volume (right) in the full population. The horizontal red line represents the
signibcance threshold {Log;o P value > 6). The arrow indicates the peak signal containing the newly identibed candidate genes. Jat,
Jatropha curcad.. (physic nut); Ver, Vernicia fordii (tung tree); Rub, Hevea brasiliensigrubber tree); RIP, ribosome-inactivating protein;
RTA, ricin toxin A chain; RTB, ricin toxin B chain; L, leaf; R, root; S, stem; F, Bower; EDS, early seed developmental stage (2D3 weeks
after pollination); MDS, middle seed developmental stage (4D7 weeks after pollination); LDS, late seed developmental stage (mature dry

seed); DS, dormant seeda/b-PDH, alpha/beta-subunit of pyruvate

dehydrogenaseDHLAT , dihydrolipoyllysine-residue acetyltrans-

ferase;LPD, lipoamide dehydrogenaseBCCP1/2, biotin carboxyl carrier protein 1/2; a/b-CT, alpha/beta-subunit of carboxyltransferase;
BC, biotin carboxylase; MCMT , malonyl CoA-ACP malonyltransferase; KASII/IIl , ketoacyl-ACP synthase Il/lll; KAR, ketoacyl-ACP
reductase;HAD, 3-hydroxyacyl-ACP dehydrase;EAR, enoyl-ACP reductase;SAD, stearoyl-ACP desaturaseL ACS, long-chain acyl-
CoA synthetase;PDAT1/2, phospholipid diacylglycerol acyltransferase 1/2FAH12, fatty acid hydroxylase 12;PDCT, phosphatidyl-
choline diacylglycerol cholinephosphotransferase GPAT6/8/9, glycerol-3-phosphate acyltransferase 6/8/9L.PAT, lysophosphatidyl
acyltransferase;PAP, phosphatidic acid phosphatase DGAT1/2, diacylglycerol acyltransferase 1/20LE, oleosin; ACP, acyl carrier
protein; PC, phospholipid choline; PA, phosphatidic acid; RR, diricinoleoyl-sn-glycerol; RRR, triricinolein; RRRR, (diricinoleoyl-

ricinoleoyl)-diricinoleoyl-glycerol; TAG, triacylglycerol; UXS6, uridine diphosphate (UDP)-xylose synthase 6.
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Figure 3  Evolutionary analyses of the WT05 genome compared with the genomes of other Euphorbiaceae plants
A. Phylogenetic relationships and divergence times between wild castor and other Euphorbiaceae spedieshaliana, L. usitatissimum
and P. trichocarpawere used as outgroup®. Distribution of the synonymous substitution rate (Ks) between WT05 and NSL4733C.

Venn diagram showing the gene families in six Euphorbiaceae species. The numbers indicate gene families identiped among all selected

species. MYA, million years ago;A. thaliana, Arabidopsis thaliana M. esculentaCrantz, Manihot esculentaCrantz; H. brasiliensis Hevea
brasiliensis V. fordii, Vernicia fordii; J. curcasL., Jatropha curcasL.; L. usitatissimum Linum usitatissimum P. trichocarpa Populus

trichocarpa

correctly detected in 19 samples (Table S15). We totally iden-
tiPped 2218 SNPs that are signibcantly correlated to 9 agricul-
tural traits (P < 1.0 x 107°), of which 602 SNPs were not
able to be identibed in a previous analysis [17]. This GWAS
analysis not only validated a great many of the known control-
ling loci but also annotated lots of new candidate markers
associated with agricultural traits that were unable to be
detected in the previous analysis (Figure 2F, Figure S14).
For example, we detected one novel signal in chromosome 3,
in which 44 SNPs are signibPcantly associated with hundred-
grain weight. These SNPs are located in the upstream 3.25D
17.6 kb region (scattered in Chr03:2564D2565.6 kb) of the
LOC107262598 gene that was annotated as a homolog of the
RICESLEEPER2 gene in rice. RICESLEEPER2 has been
reported to be associated with the number of seeds, and its
mutant trends to produce empty panicles, resulting in very
few seeds in rice [18]. Another new signal was detected in
chromosome 8, in which 3 SNPs are signibcantly associated
with seed volume and located in the upstream 1.6D1.8 kb
region of the LOC8281893 gene. The rice homolog of this gene
encodes UDP-glucuronic acid decarboxylase (OsUXS) and
plays an important role in a certain stage of rice seed develop-
ment [19]. More novel SNPs associated with the 9 agricultural
traits are listed in Table S16. Therefore, the WT05 genome
provides a high-quality reference for population genetics
research and molecular breeding of castor.

Gene family expansion associated with photosynthesis

To investigate the phylogenetic position of castor in Euphor-
biaceae species, especially the divergence time between wild
and cultivated castors, we constructed a phylogenetic tree for
pPve Euphorbiaceae species, including. communisL. (WT05
and NSL4733), M. esculentaCrantz, J. curcasL., H. brasilien-
sis and V. fordii, with Arabidopsis thaliana Linum usitatissi-
mum and P. trichocarpaas outgroups, using 622 single-copy
gene families. As expected, the wild castor is most closely
related to cultivated castor Figure 3A), and the tree topology

is consistent with previous research [20]. To estimate the diver-
gence time between wild and cultivated castors, we used the
10,906 collinear genes from a total of 722 syntenic blocks
between two genomes to calculate the synonymous substitu-
tion rate (Ks) distribution, and the results showed peaks at
0.002 to 0.004. According to the substitution rate of
1.3 x 108 mutations per locus per year, we estimated the
divergence time to be 0.077D0.154 MYA (Figure 3B). The
divergence time was also predicted by the McMctree program
based on the phylogenetic tree, which was estimated to be 1.16
MYA. Since both of these divergence times are much earlier
than the cultivation time (~ 1000 years ago) of castor, we spec-
ulated that the wild castor WTO5 is not a direct ancestor of the
cultivar NSL4733.
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