I@ © 2010 Nature America, Inc. All rights reserved.

nature
biotechnology

ARTICLES

Draft genome sequence of the oilseed species

Ricinus communis
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Castor bean (Ricinus communis) is an oilseed crop that belongs to the spurge (Euphorbiaceae) family, which comprises ~6,300
species that include cassava (Manihot esculenta), rubber tree (Hevea brasiliensis) and physic nut (Jatropha curcas). It is primarily
of economic interest as a source of castor oil, used for the production of high-quality lubricants because of its high proportion

of the unusual fatty acid ricinoleic acid. However, castor bean genomics is also relevant to biosecurity as the seeds contain high
levels of ricin, a highly toxic, ribosome-inactivating protein. Here we report the draft genome sequence of castor bean (4.6-fold
coverage), the first for a member of the Euphorbiaceae. Whereas most of the key genes involved in oil synthesis and turnover are
single copy, the number of members of the ricin gene family is larger than previously thought. Comparative genomics analysis
suggests the presence of an ancient hexaploidization event that is conserved across the dicotyledonous lineage.

The castor bean plant is a tropical perennial shrub that originated in
Africa, but is now cultivated in many tropical and subtropical regions
around the world. It can be self- and cross-pollinated and worldwide
studies reveal low genetic diversity among castor bean germplasm -2,
Approximately 90% of the oil from castor bean seeds is composed of
the unusual hydroxylated fatty acid ricinoleic acid®. Because of the
nearly uniform ricinoleic acid content of castor oil, and the unique
chemical properties that this fatty acid confers to the oil, castor bean
is a highly valued oilseed crop for lubricant, cosmetic, medical and
specialty chemical applications. Castor bean has also been proposed
as a potential source of biodiesel; the high oil content of its seeds? and
the ease with which it can be cultivated in unfavorable environments
contribute to its appeal as a crop in tropical developing countries. It is
believed that castor oil was first used as an ointment 4,000 years ago
in Egypt, from where it spread to other parts of the world, including
Greece and Rome, where it was used as a laxative 2,500 years ago’.
An important obstacle to widespread cultivation of castor bean
is the high content of ricin, an extremely toxic protein®, in its seeds.
Ricin is considered one of the deadliest natural poisons when adminis-
tered intravenously or inhaled as fine particles. Ricin was first isolated
more than a century ago”. It has been reportedly used as a weapon®
and attempts to use ricin as a specific immunotoxin for therapeutic
purposes in different cancers have been reported®°. Its biochemical
activity has been characterized as a type 2 ribosome-inactivating

protein (RIP), composed of two subunits linked by a disulfide bond:
a 32 kDa ricin toxin A (RTA) chain that harbors the ribosome-
inactivating activity, and a 34 kDa ricin toxin B (RTB) chain, with a
galactose-binding lectin domain. RTA is an N-glycosidase that depu-
rinates adenine in a specific residue of the 28S ribosomal RNA!®-11,
The RTB chain allows ricin to enter eukaryotic cells by binding to
cell surface galactosides and subsequent endocytosis. Other RIPs
are common in plants, although they are not toxic because they are
usually monomeric and lack a lectin domain. These proteins consti-
tute the type 1 RIPs!2.

Ricin is synthesized as a precursor encoding both subunits in the
endoplasmic reticulum of endosperm cells and is translocated and
accumulated in protein bodies'3. The precursor is proteolytically
processed in the endoplasmic reticulum and in the protein bodies,
where it is stored as the mature heterodimer. Ricin is very similar
to the R. communis agglutinin (RCA)!4. However, whereas ricin is a
weak hemagglutinin, RCA has low toxicity and strong hemagglutinin
activity. In addition, RCA is a tetrameric protein composed of two
RTA- and two RTB-like subunits.

The relative ease with which ricin can be purified has raised
concerns about its possible use in bioterrorism. For this reason, the
United States produces only limited amounts of castor oil and is
among the world’s largest importers of castor oil and its derivatives.
Moreover, much of the West’s supply relies on importing castor oil
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Table 1 Genome assembly and annotation statistics for the draft
sequence of the castor bean genome

All scaffolds Scaffolds longer than 2 kb
Fold genome coverage 4.59 4.59
Number of scaffolds 25,828 3,500
Total span 350.6 Mb 325.5 Mb
N50 (scaffolds) 496.5 kb 561.4 kb
Largest scaffold 4.7 Mb 4.7 Mb
Average scaffold length 14 kb 93 kb
Number of contigs 54,000 24,500
Largest contig 190 kb 190 kb
Average contig length 6 kb 13 kb
N50 (contigs) 21.1kb
GC content 32.5%
Gene models 31,237
Gene density 11,220 bp/gene
Mean gene length 2,258.6 bp
Mean coding sequence length 1,004.2 bp
Longest gene 15,849 bp
Mean number of exons per gene 4.2
Mean exon length 251 bp
Longest exon 6,590 bp
GC content in exons 44.5%
Mean intron length 381 bp
Longest intron 33,291 bp
GC content in introns 31.8%
Mean intergenic region length 6,846 bp
Longest intergenic region 691,597 bp
GC content in intergenic regions 30.7%

from developing countries periodically threatened by political and
economic instability. Therefore, knowledge of the genetics and enzy-
mology of fatty acid metabolism in castor bean seeds is important in
efforts to ensure a sustained supply of hydroxy fatty acids without the
complications posed by the toxicity of ricin. A better understanding
of the biology of ricin accumulation may permit the development of
less toxic varieties, and more developed genomic information about
the species may improve public safety by tracing the origins of samples
used in potential bioterror attacks.

RESULTS

Genome sequencing and annotation

The castor bean genome, which is distributed across ten chromosomes,
is estimated by flow cytometry to be ~320 Mb'>. Especially as there is, to
our knowledge, no available genetic map and limited genomic informa-
tion for the species, we set out to generate a draft sequence of the castor
bean genome by producing ~2.1 million high-quality sequence reads
from plasmid and fosmid libraries (Online Methods), and then using
the Celera assembler to build consensus sequences or contigs that were
linked to form 25,800 scaffolds using the two end-sequences from indi-
vidual clones (mate-paired reads). The assembly covered the genome
~4.6%, spanning 350 Mb, which is consistent with previous genome size
estimations. If only the 3,500 scaffolds larger than 2 kb are considered,
the assembly spans 325 Mb with an N50 of 0.56 Mb (Table 1).

We searched the genome sequence assembly for repetitive DNA
using a combination of sequence alignment to databases of repeti-
tive sequences and RepeatScout to identify repeats de novo. Overall,
>50% of the genome was identified as repetitive DNA (excluding
low-complexity sequences), most of which could not be associated
with known element families. One-third of the repetitive elements
were retrotransposons, and <2% were DNA transposons (Table 2).
The most abundant known repeats are long terminal repeat elements
(22.7% Gypsy-type and 9.5% Copia-type).

Protein-coding genes were annotated using multiple gene-prediction
programs, homology searches against sequence databases and the
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cDNA spliced-alignment tool PASA (program to assemble spliced
alignments). To aid the genome annotation, we also generated 52,165
expressed sequence tags (ESTs) from five cDNA non-normalized
libraries. Using PASA, these and other castor bean cDNA sequences
from GenBank could be aligned to 5,491 predicted genes and to 688
genomic regions where no gene had been predicted, allowing the crea-
tion of additional gene models. Once all gene-prediction programs
and homology searches had been run, these data were consolidated
into consensus gene predictions using the program Evidence Modeler
(EVM; Online Methods). EVM showed better sensitivity and specifi-
city than any of the individual gene finders used (Supplementary
Table 1). In this way, we identified 31,237 gene models (Table 1).
Using TIGR’s paralogous families pipeline, 58.5% of the castor bean
gene models were grouped in 3,020 predicted protein families,
each comprising at least two members (Supplementary Fig. 1 and
Supplementary Table 2).

Polyploidization analysis

Although the castor bean genome assembly is fairly fragmented, it con-
tains several megabase-sized scaffolds. We took advantage of these to
investigate the extent of genome duplications in castor bean and contrib-
ute to the elucidation of the evolutionary history of the dicotyledonous
lineage. Different models have been proposed to explain the origin of
genome duplications in dicots. Whereas one supports the occurrence
of an ancestral hexaploidization event common to all dicots!®, the other
model suggests that all dicot genomes share one duplication event!”. As
analysis of genomic duplications in the castor bean genome provides an
opportunity to contribute to resolving this controversy, we searched for
putative paralogous genes using reciprocal best BLAST matches between
all castor bean genes. We then selected the 30 pairs of scaffolds that con-
tained the largest numbers of paralogous gene pairs, and displayed the
22 unique scaffolds containing those 30 pairs of scaffolds in a dot plot.
This approach identified six triplicated regions (regions for which two
additional paralogous regions exist in the genome). We also identified
nine duplicated regions (unmarked strings of dots) for which we cannot
determine whether or not a third paralogous region exists (Fig. 1). We
then carried out a more precise and comprehensive search for evidence
of genomic triplications by first building Jaccard clusters of paralogous
genes using an all-versus-all BLASTP search. We identified and dis-
played blocks of syntenic genes using Sybil'® and manually inspected
the results to identify triplicated regions. Using this method, we identi-
fied 17 triplicated regions (Supplementary Fig. 2) that included those
found using the reciprocal best BLAST matches method. The fact that
the triplications were found in multiple groups of scaffolds suggests that
the castor bean genome underwent a hexaploidization event.

Table 2 Classification of repetitive sequences in the draft
sequence of the castor bean genome
Length occupied (bp) Total repeats (%)

Genome (%)

Retrotransposons 61,199,930 36.07 18.16
Gypsy 38,595,566 22.75 11.45
Copia 16,078,721 9.48 4.77
Line 465,220 0.27 0.14
Sine 1,867 0.00 0.00
Other 6,058,556 3.57 1.80

Unclassified elements 105,387,872 62.12 31.26

DNA transposons 3,065,391 1.81 0.91

Total transposable 169,653,193 25.33 50.33

elements

Low complexity 6,348,051 0.95 1.88

sequences
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Figure 1 Reciprocal best BLAST matches between castor bean genes. Strings of paralogous genes
that correspond to triplicated regions are highlighted in the same color. The 30 pairs of scaffolds

that contained the highest numbers of paralogous gene pairs are shown.

Probably some of these tandem duplications
were not discriminated in previous studies
using Southern-blot analysis, resulting in

To determine whether the triplication of the castor bean genome
corresponds to ancestral polyploidization events previously described
in the dicot lineage, we compared triplicated regions in the castor
bean genome with the Arabidopsis thaliana'®, poplar?, grapevine!®,
and papaya?! genomes by generating Jaccard clusters in a pairwise
manner between castor bean and each of the other genomes. Of the
17 triplications, 8 (including 5 of the 6 triplications identified by recip-
rocal best BLAST matches) contained blocks of five or more syntenic
gene pairs between each of the three castor bean regions and all of the
other dicot genomes. Castor bean paralogous gene blocks generally
showed a one-to-one, one-to-two and one-to-four relationship with
their grapevine, poplar and A. thaliana orthologs, respectively (Fig. 2
and Supplementary Fig. 3). Some exceptions were observed in the
comparison with A. thaliana that were expected due to the further
re-arrangements that exist in its genome!®. Comparison between the
castor bean and papaya genomes is less clear due to the fragmenta-
tion of both genome assemblies. Our results support the presence of a
hexaploidization event common to all dicots, as well as one additional
genome duplication in poplar, and two further duplications in the
A. thaliana genome.

The ricin gene family

As the presence of ricin makes castor bean an important subject for
biosecurity research, we analyzed the lectin gene family that includes
the genes for ricin and RCA. The ricin gene encodes three domains:
an N-terminal RIP domain and two C-terminal lectin domains. It
has been reported that this gene family comprises 6-8 members,
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an underestimation of the gene family size.
Furthermore, although we did not manually curate structural annota-
tion, we found two cases in which adjacent ricin-like gene fragments
could belong to pseudogenes that accumulated frame shifts and stop
codons (Fig. 3).

The length of the different members of the family identified by
automatic annotation was variable, ranging from 66 to 584 amino
acids. Although some of the shorter genes could be nonfunctional or
pseudogenes, start and stop codons could be predicted, making it dif-
ficult to determine whether they are functional or not. Moreover, four
of them were truncated as a consequence of their location at the end
of a contig or scaffold. Sequence comparison to ricin and RCA coding
sequences in GenBank uncovered one full-length gene model
(60629.m00002) identical to the ricin-coding sequence and another
full-length gene model (60637.m00004) showing 99% identity to
the sequence encoding RCA. These gene models likely correspond
to the reported ricin and RCA sequences, respectively. An addi-
tional predicted gene (60628.m00003) shows complete identity
to the ricin-coding sequence, although presumably, the sequence
coding for about 150 of the 576 amino acids is missing from this
gene model because it is located at the end of a scaffold. Three
other gene models are truncated in a similar way (60626.m00001;
60639.m00003; 60627.m00002) and show 100% identity to the
ricin-coding sequence, although the available sequences are much
shorter (149 to 188 amino acids). Thus, it is uncertain whether
these genes represent complete identical copies of the gene encod-
ing ricin. The rest of the gene family members showed different
degrees of similarity to the ricin- or RCA-coding sequences. Overall,
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7 of the 28 genes of the lectin family encode g
proteins that contain the RIP and the two lectin
domains, 9 encode proteins with only the

RIP domain and 9 encode proteins with one

or two lectin domains only (Fig. 3). cDNA
alignments showed evidence of expression

of the genes encoding ricin and RCA as well

as one of the homologs (60638.m00018)

for which a putatively complete gene was
modeled (data not shown). Furthermore, b 2
evidence of RIP activity has been recently %
reported for the proteins encoded by the
seven full-length ricin-like genes®*.

Rc:29912

Oil metabolism genes

In light of the importance of castor bean as
an oilseed crop, we examined the annotation
of 71 gene models that showed similarity to
known genes involved in the biosynthesis of
fatty acids and triacylglycerols, which in castor
bean correspond mainly to ricinoleic acid
and triricinolein?’. Of these 71 gene models,
the annotation of 67 was manually improved
(Supplementary Table 4). Castor bean has
not only evolved an oleic acid hydroxylase
to synthesize ricinoleic acid, but has also
developed the capacity to efficiently accu-
mulate high levels of ricinoleic acid in its
seed oil. Therefore, we focused on a few key
genes in the ricinoleic acid biosynthetic and
metabolic pathways. The oleic acid hydroxy-
lase gene (FAH), which produces ricinoleic
acid from oleoyl-phosphatidycholine, likely
evolved from the widely occurring FAD2
gene for the Al2-oleic acid desaturase?®.
BLAST searches of these genes against the
entire castor genome confirmed that there is
only one copy of each of these genes (28035.
m000362 and 29613.m000358, respectively).
Among the key enzymes involved in the
incorporation of ricinoleic acid into oils are
diacylglycerol acyltransferases (DGATs),
which catalyze the final step in triacyl-
glycerol assembly. Two classes of endoplas-
mic reticulum-associated DGATs (DGAT1
and DGAT?2) occur in castor bean, as well
as a homolog of a soluble DGAT?7-2°. The
gene models coding for these enzymes are
also single copy (29912.m005373, 29682.

Rc:29794
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Figure 2 Collinearity between three paralogous castor bean genomic regions and their putative
orthologs in other dicot genomes. (a) An example of a conserved paralogous triplication in the
castor bean genome. (b—e) Putative orthologous gene pairs are shown as colored lines connecting
the castor bean scaffolds (noted as Rc:scaffold number) to chromosomes or scaffolds in the
other dicot genome. In most cases, one copy of the paralogous castor bean genes corresponds to
two genes in poplar (b),
bean—papaya relationship (e) is inconclusive. Numbers around the circles correspond to linkage
group numbers (b), chromosome numbers (c and d) or scaffold numbers (e). Grapevine scaffolds
that were mapped to chromosomes but their exact location is unknown are noted with an ‘r’
(random). The size of the castor bean genomic regions is proportional in all circles. Additional
castor bean paralogous regions and their corresponding orthologs from other dicots are shown in
Supplementary Figure 3.

one gene in grapevine (c) and four genes in A. thaliana (d). The castor

m000581 and 29889.m003411, respectively).
In addition to DGAT-coding genes, it is
likely that other genes have evolved to maintain high and specific
flux of ricinoleic acid from its synthesis on phosphatidylcholine to
its storage in triacylglycerols in castor bean seeds.

Remarkably, even though ricinoleic acid accounts for nearly 90%
of the fatty acids in castor bean seeds, it represents <5% of the fatty
acids in phosphatidylcholine®°. Although the mechanism for ricino-
leic acid flux among lipid classes is not clear, a number of specialized
acyltransferase and phosphatidylcholine metabolic enzymes likely
participate in these reactions, including phospholipid:diacylglyc-
erol acyltransferase 1 (PDAT1; 29912.m005286)%! and the recently
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identified phosphatidylcholine:diacylglycerol cholinephosphotrans-
ferase3? (PDCT; 29841.m002865). Information on copy number,
genomic context and regulatory regions of these and other metabolic
genes will be important for the biotechnological transfer of ricinoleic
acid production to established oilseed crops that lack ricin and its
associated health risks. In addition, it is likely that the correct com-
bination of specialized metabolic genes identified from the castor
bean genome sequence will enable the engineering of triricinolein
accumulation to amounts substantially higher than the modest levels
achieved to date in model oilseeds®>3.
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Figure 3 Schematic representation of the members of the ricin/RCA lectin
gene family in castor bean. Ricin protein domains are represented at

the top by blue boxes, and gray boxes represent protein sequences from
this gene family aligned to the ricin precursor protein sequence used as
reference. The ruler indicates the amino acid coordinates. The ricin and
RCA genes are indicated and the amino acid sequence length for each
gene model is shown in parenthesis. Pairs of adjacent gene models that
could belong to a single pseudogene are shown in gray.

Disease resistance genes

To contribute to research aimed at understanding and improving
biotic stress resistance in members of the Euphorbiaceae, especially
for cassava3>, we compiled a list of predicted castor bean proteins with
a functional annotation related to disease resistance. One hundred
and twenty-one predicted disease-resistance proteins were identified
(Supplementary Table 5) using our automated annotation pipeline.
The majority of these predicted proteins belong to the nucleotide bind-
ing-leucine-rich repeat class, followed by the less common extracellu-
lar leucine-rich repeat-containing proteins®, and dirigent-like proteins
that have been associated with disease resistance®’. The castor bean
gene models coding for these resistance genes were found distributed in
69 scaffolds and were often found in clusters of genes from the same
class. However, in some cases (for example, scaffold 30190), different
resistance gene classes are found in the same cluster (Supplementary
Table 5). These data will be useful for comparative studies on resistance
genes in cassava, as well as other crop members of the Euphorbiaceae.

DISCUSSION
The sequence of the castor bean genome constitutes an important
resource to study genome evolution, not only in the Euphorbiaceae
family but also in plants in general. Besides its value for compara-
tive genomics, and the insights it has yielded regarding synthesis
of the highly toxic protein ricin®® and the accumulation of castor
oil, the castor bean genome promises to be invaluable in developing
improved diagnostic and forensic methods for ricin detection and cul-
tivar identification for tracing sample origins. Molecular diagnostic
methods® and worldwide analyses of castor bean populations!? have
been reported and the availability of the castor bean genome sequence
will accelerate efforts to advance such studies and technologies.

In addition to its relevance for biosecurity, availability of the castor
bean genome could have implications for the production of biofuels
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and thus contribute to reducing greenhouse gas production. The
industry of castor oil as a biodiesel component is being developed in
Brazil?, where the use of biofuels is highly advanced. Furthermore,
castor oil can also be used as lubricity additive to replace sulfur-
based lubricant components in petroleum diesel, helping to reduce
sulfur emissions*’.

Unfortunately, the presence of ricin poses a problem for castor bean
as a widely cultivated oilseed crop. Therefore, considerable effort has
been directed to engineering ricinoleic acid production in seeds of
the model plant A. thaliana as a prelude to transferring the required
genes to an established ricin-free oilseed crop such as soybean. The
initial strategy has involved the seed-specific expression of the castor
bean FAH gene for the FAD2-related A12 oleic hydroxylase?®, the key
enzyme in ricinoleic acid synthesis**2. However, transgenic expres-
sion of FAH resulted in the accumulation of ricinoleic acid and other
hydroxy fatty acids to only 15-20% of the total fatty acids in A. thaliana
seeds*142, Even co-expression of FAH with one additional ricinoleic
acid metabolic gene, including the castor bean gene for DGAT?2, yielded
only small increases in ricinoleic acid accumulation in seeds of trans-
genic A. thaliana that were far less than the levels typically found in
castor bean seeds®>*3. These results also reflect the modest production
of other unusual fatty acids that has been achieved by expression of
FAD?2 variants such as the A12 epoxygenase and fatty acid conjugases
in seeds of transgenic plants*»*>. These results suggest that expression
of a single biosynthetic gene, such as FAH alone or together with a gene
involved in the metabolism of a given unusual fatty acid, is insufficient
to reproduce the oil composition observed in castor bean seeds. Thus,
additional information on regulatory and metabolic genes is needed
to fully transfer high levels of unusual fatty acid production and accu-
mulation to engineered oilseed crops**4647. We believe that the castor
bean genome sequence and its annotation constitute the foundation
for identifying the regulatory and metabolic networks controlling cas-
tor-oil biosynthesis. When combined with metabolomics studies, these
castor bean genome resources will enable metabolic engineering for
improving castor oil production in crop plants lacking ricin.

Our analysis of the castor bean genome contributes to the debate on
the polyploidization events that occurred in dicotyledonous genomes,
supporting the presence of an ancestral hexaploidization event.
Extending this type of analysis to cassava will benefit the cassava
research community as it will synergize with the recently released
genome sequence of cassava (http://www.phytozome.net/cassava),
which is an important food and, more recently, industrial crop in
poor, tropical countries. It has been proposed that cassava is an allo-
polyploid*3, and preliminary comparative genomics analyses between
cassava and castor bean showed evidence of genomic duplications in
cassava relative to castor bean (S. Rounsley, University of Arizona,
Tucson, personal communication). These analyses suggest that the
allopolyploidization event may have occurred in the cassava genome
relatively recently, after the split between the two lineages. Further
genome-wide comparative studies will provide insights on the genome
evolution of cassava and the Euphorbiaceae family. Such information
will help advance cassava breeding, which is a key means for develop-
ing countries to generate improved cassava lines with increased levels
of stress resistance and nutritional content.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturebiotechnology/.

Accession codes. GenBank nuccore: AASG02000000 and GenBank
gene: XP_002509419.1-XP_002540639.1. (The annotation data
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can also be freely accessed through the project’s website (http://
castorbean.jcvi.org/), which includes a genome browser and a
BLAST server.)

Note: Supplementary information is available on the Nature Biotechnology website.
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ONLINE METHODS

Whole genome shotgun sequencing. Castor bean inbred cultivar Hale*
(NSL 4773) seeds were obtained from the National Center for Genetic Resources
Preservation (NCGRP) at Ft. Collins, Colorado (Germplasm Resources
Information Network). Nuclear DNA from etiolated castor bean seedlings
grown in a growth chamber was purified as described®® and was randomly
sheared by nebulization, end-repaired with consecutive BAL31 nuclease and
T4 DNA polymerase treatments and size-selected using gel electrophoresis
on 1% low-melting-point agarose. After ligation to BstXI adapters, DNA was
purified by three rounds of gel electrophoresis to remove excess adapters, and
the fragments were ligated into the vector pHOS2 (a modified pBR322 vector)
linearized with BstXI. The pHOS2 plasmid contains two BstXI cloning sites
immediately flanked by sequencing-primer binding sites. Six libraries with
small average insert size (3.5-9 kb) were constructed by electroporation of
the ligation reaction into E. coli. strain GC10. In addition, two fosmid librar-
ies were constructed using 30 g of DNA that was sheared by bead beating
and end-repaired (as described above). Fragments between 39 and 40 kb were
isolated with a pulse field electrophoresis system and ligated to the blunt-end
CopyControl pCC1FOS vector (Epicentre). Lambda phage packaging and
infection were performed following the manufacturer’s instructions. All clones
were plated onto large format (16 x 16 cm) diffusion plates prepared by lay-
ering 150 ml of antibiotic-free Luria Bertani (LB)-agar onto a previously set
50-ml layer of LB-agar containing ampicillin or chloramphenicol as required
by the vector. Colonies were picked for template preparation using Qbot or
QPix colony-picking robots (Genetix), inoculated into 384-well blocks con-
taining liquid medium and incubated overnight with shaking. High-purity
plasmid DNA was prepared using the DNA purification robotic workstation
custom-built by Thermo CRS and based on the alkaline lysis miniprep>! and
isopropanol precipitation. The DNA precipitate was washed with 70% ethanol,
dried and resuspended in 10 mM Tris HCI buffer containing a trace of blue
dextran. The typical yield of plasmid DNA from this method is ~600-800 ng
per clone, providing sufficient DNA for at least four sequencing reactions per
template. Sequencing was carried out using the di-deoxy sequencing method>2.
Two 384-well cycle-sequencing reaction plates were prepared from each plate
of plasmid template DNA for opposite-end, paired-sequence reads. Sequencing
reactions were completed using the Big Dye Terminator chemistry (Applied
Biosystems) and standard M13 forward and reverse primers. Reaction mix-
tures, thermal cycling profiles and electrophoresis conditions were optimized
to reduce the volume of the Big Dye Terminator mix and to extend read lengths
on the AB3730xl sequencers (Applied Biosystems). Sequencing reactions were
set up using a Biomek FX (Beckman Coulter) pipetting workstation. Robotics
was used to aliquot and combine templates with reaction mixes consisting
of deoxy- and fluorescently labeled di-deoxy-nucleotides, DNA polymerase,
sequencing primers and reaction buffer in a 5 pl volume. Bar-coding and track-
ing systems promoted error-free template and reaction mix handling. After
30-40 consecutive cycles of amplification, reaction products were precipitated
with isopropanol, dried at 25 °C, resuspended in water and transferred to an
AB3730x] DNA analyzer.

A total of 2,276,000 paired-end sequence reads were attempted yielding
2,079,000 high-quality sequences, of which 12% correspond to fosmid clones
(40 kb insert size), 60% to 9 kb insert size clones, 10% to 5 kb insert size
clones and 18% to 3.5 kb insert clones. The average read-length was 839 bp.
All reads were assembled into contigs using the Celera assembler>? version
3.20 that utilizes an ‘overlay-layout-consensus’ approach to produce consensus
sequences or contigs. Celera also uses mate-pair read information to build
scaffolds where contigs are ordered and oriented relative to each other. The
Celera assembler was run using the default parameters for large genomes. In
addition to the normal contigs, the assembler creates so-called ‘degenerate
contigs’ which have some kind of problem, such as excessive deviation from
the expected level of coverage. We manually inspected the degenerate contigs
and recovered ~12.4 Mb of sequences that contained plant gene-like sequences
as determined by BLAST analysis. The consensus sequences were entered in
an in-house genome annotation relational database called RCAL.

As the genomic DNA used for sequencing was purified from non-axenic
seedlings, plant-associated bacteria were likely to be present in our sequence.
Therefore, contigs smaller than 2 kb that did not show a high level of identity
to plant organelle sequences (BLASTN E value cutoff < 107°?), and showed
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sequence similarity to bacterial proteins from available bacterial genome
sequences with BLASTX E values < 1072° were removed.

Closure of sequence gaps. To increase the quality of the ricin gene family
annotation, we performed finishing work on eight scaffolds that contained
members of this gene family to close sequence gaps or ambiguities within the
corresponding gene models. Closure was conducted by editing the ends of
sequence traces, primer walking on plasmid templates, sequencing genomic
PCR products that spanned the gaps or by transposon insertion and sequenc-
ing of selected fosmids clones*.

Gene prediction and genome annotation. All R. communis scaffolds were
processed through the TIGR eukaryotic annotation pipeline. Before running
the gene prediction software, we used RepeatMasker to mask the genomic
sequence using a library of known plant repeats from an in-house plant repeat
database and novel castor bean repeats identified by running RepeatScout, an
algorithm that identifies sequences that are overrepresented in the assembly>>.
To prevent incorrect annotation of repeats as genes, we took a conservative
approach and any sequence repeated at least ten times in the genome was
considered repetitive. Manual inspection of the list of repeats generated by
RepeatScout was carried out to remove members of known gene families that
were wrongly reported as repeats. Further screening by manual review was
carried out to remove putative gene families that were mistakenly identified as
repeats, resulting in a final set of 1,517 consensus repeat sequences. With the
so-constructed repeat library, 50.33% of the castor bean genome was masked
as repetitive sequences. Low complexity sequences and tandem repeats were
identified but not masked because they are often part of protein coding
sequences. The RepeatScout library masked 49.88% of the genome whereas
the known plant repeat library masked 8.24% of the genome. Repeats were
classified using 2,994 Viridiplantae repeats from RepBase®® and the consensus
repetitive sequences identified by RepeatScout (Table 2).

Four gene finders were run on the masked genome: FgenesH gene predic-
tion algorithm trained with a dicotyledonous matrix®’; Augustus trained with
Arabidopsis®®; GlimmerHMM trained with Arabidopsis®®; and SNAP trained
with Arabidopsis®.

We used PASAS! to align 53,516 castor bean cDNA sequences to the
castor bean genome. We used all available castor bean cDNA sequences from
GenBank at the time, and 52,165 ESTs from five cDNA non-normalized librar-
ies constructed from mRNAs from leaves, flowers, roots and two different seed
developmental stages. cDNA clones were sequenced from the 5" end, except for
the root cDNA clones, which were sequenced from both ends to increase the
chances of obtaining full-length cDNA sequences. PASA also assembles the
aligned cDNA sequences into so-called ‘PASA assemblies’ Using the unmasked
castor genome sequence, PASA aligned and assembled ~73% of the castor
bean cDNA sequences. For a cDNA sequence to be aligned to the genome, it
should have at least 95% identity along 90% of its length, and consensus splice
sites should be present at all inferred exon/intron boundaries. After align-
ment, PASA generated 8,132 nonredundant cDNA assemblies, of which 5,491
overlapped predicted gene models and 688 identified nonannotated regions.
These PASA assemblies were used for identification of new gene models as
well as to validate or update existing ones. Other PASA assemblies were not
incorporated into gene models owing to intron/exon structure conflicts or
because the fragmentary nature of the genome assembly precluded the align-
ments to meet the stringency criteria.

Sequence homology to nucleotide and protein datasets was computed using
the Analysis and Annotation Tool (AAT) package®? on the unmasked castor
bean genome. AAT utilizes a two-step approach consisting of a fast database
homology search followed by a rigorous, splice-aware local alignment. The
datasets used for AAT analyses included: (i) Oryza sativa peptides (October
2006 release); (ii) Arabidopsis proteins (TAIR 6, September 2006 release);
(iii) an in-house nonredundant amino acid database; (iv) a database of tran-
script assemblies that contains clustered and assembled ESTs and other cDNA
sequences from plant species® for which over 1,000 sequences are available
in GB (http://plantta.jcvi.org/).

Proteins having the highest scoring amino acid alignment to our gene models
were incorporated into the gene models using GeneWise® to increase protein
prediction reliability.
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All gene structures predicted by the methods described above as well as the
alignments to protein and nucleotide databases were combined into consensus
gene models using EVM®?, a software package developed at The Institute for
Genomic Research (TIGR, now the J.C. Venter Institute or JCVI) that inte-
grates data from multiple gene prediction programs as well as protein and
cDNA similarity searches, to achieve the most accurate annotation possible
with automated tools. It uses a nonstochastic, weighted-evidence combining
technique that accounts for both the type and abundance of evidence to
compute weighted consensus gene structures. All potential gene structure
components were scored based on manually set weights so that exon and intron
structures supported by PASA alignments and high-quality protein alignments
had the highest relevance in determining a gene model’s final structure, and
the structure predicted by ab initio gene-finding software were given lower
weights according to their accuracy for castor bean. Evidence from transcript
assemblies alignments, protein alignments and gene prediction software were
given a weight of 1, whereas GeneWise protein alignments received a weight
of 5, and the weight of PASA assemblies was set at 20. Dynamic programming
then was applied by EVM to find the highest scoring consensus gene structure,
supported by all available evidence.

Gene models produced by EVM were then updated by new PASA assem-
bly alignments. PASA extended untranslated regions and added small missed
exons. This resulted in a total of 31,237 gene models of which 19,768 have
either EST or protein support (5,316 gene models have castor bean EST sup-
port determined by PASA, and 16,848 have protein evidence support deter-
mined by AAT searches). 3,150 models were labeled as ‘partial’ because they
missed either start and/or stop codons. 354 gene models contained an internal
gap, which is represented by ‘Ns’ in the nucleotide sequence and Xs’ in protein
sequence, indicating the location and predicted size of the gap.

A dataset of 60 castor bean genes manually modeled based on highly
conserved cDNA and protein alignments across multiple plant species were
used as reference to evaluate the gene prediction algorithms’ performance
in comparison with EVM consensus predictions (Supplementary Table 1).
Although this is a small set of genes, we used the exons to estimate the specifi-
city and sensitivity of exon prediction by the different gene-finder programs
as described®”. Future iterations of the annotation can be improved by using a
larger set of genes for training and evaluation of the gene prediction software,
as more castor bean cDNA sequences become available.

Gene models were automatically named and their function was assigned by
computationally extracting this information from BLASTP searches against
the TAIR6 Arabidopsis peptides, Uniprot-Swissprot and experimentally veri-
fied Panda (http://www.ebi.ac.uk/panda), Panther (http://www.pantherdb.
org/) and Interpro (http://www.ebi.ac.uk/interpro) databases. Gene mod-
els whose hits in those databases were defined as “unknown function” were
labeled “conserved hypothetical protein” in our genome annotation. Gene
models with no match in these databases above the selected threshold were
labeled “hypothetical protein.”

Automated Gene Ontology GO term assignments were done by extrapolating
GO terms from matching Arabidopsis proteins using BLASTP with an E value
threshold of 10~%°. Castor bean gene models with no match to Arabidopsis were
screened against Pfam domains and assigned the Pfam associated GO term,
if matches were above the selected cutoff. Altogether, this resulted in the
assignment 0f 43,657 GO terms to 14,991 R. communis proteins.

Putative signal peptide sequences were identified using SignalP® and
TargetP (http://www.cbs.dtu.dk/services/TargetP), and transmembrane
regions were predicted by tmHMM?®’. Castor bean protein domains
were also compared against the Pfam database of conserved families®®.
Proteins were organized into putative paralogous families based on con-
served domain composition, taking into account both previously identified
domains from public databases and potential novel domains identified
using independent methods®®7°.

Noncoding RNAs were identified by searching against various RNA librar-
ies. tRNAscan-SE”! was run on the assembled genomic sequence to identify
tRNAs. All 20 tRNAs were found in the genome with a total of 717 copies.
rRNA sequences were annotated based on homology to previously published
rRNA sequences in plants. snRNA were searched by blasting against the
NONCODE database’?.

NATURE BIOTECHNOLOGY

We assigned Enzyme Commission (EC) classification developed by the
Nomenclature Committee of the International Union of Biochemistry and
Molecular Biology, to provide metabolic pathway annotation. Castor bean
proteins were searched against PRIAM profiles’® using PSI-BLAST, and EC
numbers were assigned for hits with an E value < 10710,

Annotation data are displayed in the project website (http://castorbean.
jevi.org/), which includes a generic genome browser (http://gmod.org/wiki/
GBrowse), where gene models can be viewed in their sequence and genomic
context. We used a gene model nomenclature that is composed by the scaffold
ID number, followed by a period and the gene model number that consists of
the letter ‘m’ followed by the gene model number. This number can be used to
locate genes in the castor bean genome browser. Gene models in the genome
browser are linked to Manatee pages, which include additional annotation
information (http://manatee.sourceforge.net).

The castor bean predicted proteome could be matched to over 3,000 protein
domains from Pfam®, several of which are not present in Arabidopsis or poplar,
including secondary metabolism genes (Supplementary Fig. 1). However,
these results may have a substantial error due to inaccuracies of the automatic
annotation both in poplar and castor bean.

We also searched for tandem gene duplications and found a total of 2,610
(8% of the total) genes forming part of tandem arrays.

Identification of genome duplications. A total of 167,984 predicted polypep-
tides from R. communis, Vitis vinifera, Populus trichocarpa, Arabidopsis thaliana
and Carica papaya were subjected to an all-versus-all BLASTP analysis using
WU-BLASTP 2.0MP, with the default BLOSUMS62 substitution matrix, no
low-complexity sequence filter, and an E-value cutoff of 107. The castor bean
subset of the BLAST results was analyzed to extract 5,536 pairs of castor genes
that are reciprocal best hits and reside on distinct sequence contigs.

Each of the 721 (of 25,828) castor scaffolds with at least five annotated
protein-coding genes was examined for runs of five or more genes that are
collinear and are reciprocal best hits of collinear genes in another castor bean
scaffold. Images were generated from these results and inspected manually for
the presence of regions that appear to be triplicated in the castor bean genome,
on the basis of overlapping runs of collinear matching gene pairs. The regions
thus determined were also cross-checked against dot plots showing the relative
positions of the paralogous gene pairs.

To further analyze these putative triplications four sets of Jaccard’# ortholo-
gous (protein) clusters'® were computed between castor and each of the four
other genomes: Jaccard clusters were first defined within each genome by
taking all BLASTP matches with E value < 10710, >80% identity and >70%
sequence coverage and then forming clusters by transitively merging all pairs
of proteins with Jaccard coefficient 20.6. In the second step, pairs of Jaccard
clusters in distinct genomes were merged if each contained a protein with a
best hit in the other cluster, taking into consideration only BLASTP matches
with E value < 1071% and 270% sequence coverage (but imposing no other
restriction on percent identity). For each triplication, Circos”> was used to
display the three castor regions and any collinear cluster matches between
genes in those regions and those in the respective target genomes.
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