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Preface to the Series

Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of “markers” physically linked to them. These included visible
or morphological, cytological, protein, and molecular or DNA markers.
Among them, the first DNA marker, the RFLPs, introduced a revolutionary
change in plant genetics and breeding in the mid-1980s, mainly because
of their infinite number and thus potential to cover maximum chromosomal
regions, phenotypic neutrality, absence of epistasis, and codominant nature.
An array of other hybridization-based markers, PCR-based markers, and
markers based on both facilitated construction of genetic linkage maps,
mapping of genes controlling simply inherited traits, and even gene clusters
(QTLs) controlling polygenic traits in a large number of model and crop
plants. During this period, a number of new mapping populations beyond F2
were utilized and a number of computer programs were developed for map
construction, mapping of genes, and for mapping of polygenic clusters or
QTLs. Molecular markers were also used in studies of evolution and phy-
logenetic relationship, genetic diversity, DNA-fingerprinting, and map-based
cloning. Markers tightly linked to the genes were used in crop improvement
employing the so-called marker-assisted selection. These strategies of
molecular genetic mapping and molecular breeding made a spectacular
impact during the last one and a half decades of the twentieth century. But
still they remained “indirect” approaches for elucidation and utilization of
plant genomes since much of the chromosomes remained unknown and the
complete chemical depiction of them was yet to be unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated the development of the “genomic resources” including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic–physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But development of information technology made the
life of biologists easier by leading to a swift and sweet marriage of biology
and informatics, and a new subject was born—bioinformatics.

Thus, the evolution of the concepts, strategies, and tools of sequencing
and bioinformatics reinforced the subject of genomics—structural and
functional. Today, genome sequencing has traveled much beyond biology
and involves biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods.
Development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, development of collab-
orative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes”, a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and 3 basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization is growing rapidly every day. However, the information is scat-
tered in research articles and review papers in journals and dedicated Web
pages of the consortia and databases. There is no compilation of plant gen-
omes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful both to
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are, therefore, focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, the potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s, and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
Dr. Christina Eckey and Dr. Jutta Lindenborn in particular, for all their
constant and cordial support right from the inception of the idea.

I always had to set aside additional hours to edit books beside my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav, and Devleena. I must mention
that they not only allowed me the freedom to take away those hours from
them but also offered their support in the editing job itself. I am really not
sure whether my dedication of this compendium to them will suffice to do
justice to their sacrifices for the interest of science and the science
community.

New Delhi, India Chittaranjan Kole
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Preface to the Volume

Castor bean (Ricinus communis) is a member of the Euphorbiaceae or spurge
family, which includes other economically and scientifically important spe-
cies, such as the staple crop cassava, the ornamental poinsettia, the parasitic
Rafflesia that produces the largest flower among angiosperms, and the
industrially important rubber tree, among others. Despite its name, castor
bean is not legume but it is an important oilseed crop because of the high
proportion of the unusual hydroxylated fatty acid ricinoleate found in its oil.
The high unusual fatty acid content confers castor oil unique properties that
make it extremely valuable for multiple industrial and chemical applications.

The castor bean genome sequence published in 2010 was the first to be
completed within the Euphorbiaceae family. Therefore, it provided not only
in-depth insights into the biology of this important crop, but also a better
understanding of the Euphorbiaceae family in general, which is an important
and, until then, understudied plant group. However, the main motivation to
initiate the castor bean genome sequencing project was safety concerns. In
addition to oil, the castor bean seeds accumulate large amounts of ricin, a
highly toxic ribosome inactivation protein that has been reportedly used in
the 1970s to assassinate a Bulgarian broadcaster in London using an injection
device disguised as an umbrella. Allegedly, the attack deployed 0.28 mm3 of
ricin into the victim's bloodstream, and although no traces of any poison
could be detected, ricin was assumed to be the culprit because no other
known substance could kill a man in such small amounts.

Even though ricin is one of the deadliest toxins known when inhaled or
injected into the bloodstream, it is less toxic if ingested due to proteolytic
inactivation in the digestive tract. Therefore, it would be very difficult to use
ricin as a bioweapon and no such incidents have been reported. Nevertheless,
the presence of ricin as well as other toxic agglutinins and allergens in its
seed poses security challenges for castor bean cultivation, industrial pro-
cessing, and use as animal feed. The castor bean genome sequence has
uncovered previously unknown details about the ricin gene family and has
opened the door for comparative studies using natural diversity as well as,
eventually, genome-wide association studies (GWAS) to develop varieties
with low ricin content. Such cultivars would reduce health risks for workers
involved in castor bean cultivation and related industries and would expand
the potential use of castor bean processing waste as animal feed.

The improvements of castor bean that its genome sequence could catalyze
are not limited to reducing toxicity. Developing new cultivars with increased
and/or altered castor oil production to achieve high yields of tailored fatty
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acids can be facilitated by the availability of the castor bean genome
sequence, which has increased our knowledge of castor bean lipid metabolic
pathways as well as the regulatory networks that control them. New castor
bean lines with improved oil properties combined with low toxicity would
revitalize the castor oil industry that has been negatively affected by the
biosafety concerns posed by ricin, particularly in the USA.

Furthermore, with the advent of plant genome editing technologies, irre-
versibly eliminating all members of the ricin and allergen gene families is
becoming a real short-term possibility, and high-throughput genome rese-
quencing technologies can be easily used to analyze the genetic makeup of
natural diversity or newly engineered varieties.

This volume intends to cover multiple aspects of castor bean’s biology,
from anatomical descriptions to genetic engineering. Different chapters
highlight how the availability of the genome sequence has enabled new
research in this important oilseed crop, including the development of genetic
markers and maps, mining for relevant gene families such as disease resis-
tance genes, oil biosynthesis and metabolomics, epigenetics, and the gener-
ation of transgenic plants for different purposes. While each chapter is meant
to be an independent read, we hope that the diverse topics addressed in this
book will be of interest to researchers within the specific field as well as in
other areas of plant biology.

We are thankful to all the authors that contributed their work to put
together this volume.

New Delhi, India Chittaranjan Kole
Rockville, USA Pablo Rabinowicz
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1Botanical Descriptions of Castor
Bean

Bhimasen Naik

Abstract
Castor bean, Ricinus communis L., belongs to
the spurge family (Euphorbiaceae). Despite its
name, the seed is really not a true bean and it
is not related to the bean or legume family
Fabaceae. It is an oilseed crop cultivated
mainly in India, Mozambique, Brazil, and
China; and believed to have polyphyletic
origin with four centers of diversity. The plant
is an annual herb, or a perennial shrub or small
tree. Blooms are found on the stem and certain
other parts of the castor bean plant. The
inflorescence is an erect and terminal panicle
of cymes (panicled cymes). The flowers are
usually unisexual and monoecious. The stami-
nate and pistillate flowers are borne on the
same inflorescence. Castor bean has a mixed
mating system generating both selfed and
cross-fertilized offspring. It is basically a
long-day plant, but is adaptable, with less
yields, to a wide range of photoperiods. The
fruit is botanically a “schizocarpic capsule” or
regma. The seed is ovoid, tick-like, caruncu-
late, albuminous, poisonous, and allergenic.
The germination is epigeal. The oil extracted
from the seeds is non-drying in nature with a
lot of uses in medicine, cosmetics, biodiesel,

and other industries. The detoxified castor
bean meal and husk are used as animal feed.
The castor bean meal is also an organic
manure. The active poison in castor bean
seeds is ricin, a very deadly protein called
lectin. Ricin is found in the meal or cake after
the oil has been extracted. It is not carried over
into the oil if it is properly extracted, but
remains in the meal. The leaves contain ricin,
but in much smaller quantities than in the
seeds.

1.1 Introduction

Castor bean (syn. castorbean, castor, castor-oil-
plant), Ricinus communis L. (2n = 20, X = 10), is
a species of flowering plant in the spurge family,
Euphorbiaceae. It is an oilseed crop cultivated
mainly in India, Mozambique, Brazil, and China
(FAOSTAT 2014). It is interesting to trace the
origin of the name “castor”. Castor is the generic
name of the North American beaver (Castor
canadensis) and one of the brightest double stars
in the constellation Gemini. In Greek and Roman
legend, castor was one of the twin sons of Jupiter
and Leda. According to Weiss (1971), the name
“castor” has nothing to do with beavers, luminous
stars, or offspring of Greek and Roman Gods.
Castor was apparently coined by English traders
who confused it with the oil of another shrub,
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Vitex agnus-castus, which the Spanish and Por-
tuguese in Jamaica called “agno-casto”. Although
it is commonly known as castor bean plant, the
seed is really not a true bean and it is not related to
the bean or legume family, Fabaceae. There are
many other examples of “beans” that are botani-
cally not beans, such as Mexican jumping beans
and coffee beans. It has been proposed that the
term “bean” should be discontinued in favor of
castor plant and castor seed (Weiss 2000).
Avoiding the use of the term bean is really
important because the seed and whole plant are
very poisonous and should not be eaten. To call
simply “castor” is logical.

1.2 Origin and Distribution

1.2.1 Origin

There are various opinions regarding the center of
origin of castor bean. Hooker (1890) is of opinion
that though castor bean is cultivated throughout
India, it is indigenous to Africa. De Candolle
(1860) also has a similar view. But Fluckiger and
Hanbury (fideWatt 1892) affirm that it is native to
India. They hold this view mainly on the basis of
knowledge of the medicinal uses of this plant as
found in Sanskrit literature. Bentley and Trimen
(fide Watt 1892) also believe that castor bean is
native to India.Watt (1892) in his extensive tour of
India found some evidence only at the foot of the
Himalayas to show that castor bean is native of
India. He, therefore, believed that it might have
originated in India as well as in Africa. Hindus
have known castor oil from very ancient times.
This oil has been mentioned in Susruta Ayurveda,
one of the oldest works on Ayurveda. It is, there-
fore, possible that castor bean had originated in
India or Africa.

Castor bean is also believed to have polyphyletic
origin with four centers of diversity, viz,
(i) Ethiopian-East African, (ii) North–West and
South–West Asia and Arabian Peninsula, (iii) Sub-
continent of India, and (iv) China. However,
Ethiopian-East African region is considered to be
the most probable site of origin (Moshkin 1986).

1.2.2 Distribution

Wildvarieties of castor beangrow inEast andNorth
Africa, and the Near and Middle East. It was cul-
tivated in ancient Egypt as long ago as 4000 BC. It
was taken at an early date to India and beyond, and
was recorded inChina in the Tang period (618–906
AD). It was introduced into the NewWorld shortly
after Columbus (Purseglove 1968). According to
Weibel (1948), the oldest record of castor bean
presence in the USA was in 1818 in Illinois. The
castor bean plant is now naturalized in many trop-
ical and subtropical countries.

1.3 Taxonomy

1.3.1 Taxonomy Tree

According to the phylogenetic system of classi-
fication of Hutchinson (1959), castor bean is
classified as:

Phylum—Angiospermae
Subphylum—Dicotyledones
Division—Lignosae
Order—Euphorbiales
Family—Euphorbiaceae
Group—Platylobeae
Subfamily—Crotonoideae
Tribe—Acalypheae
Subtribe—Ricininae
Genus—Ricinus L.
Species—communis
Binomial name—Ricinus communis L.

1.3.2 Classification

According to Hutchinson, Euphorbiales is the
thirty-fifth order of the phylum Angiospermae,
subphylum Dicotyledones and division Lig-
nosae. The order consists of only one family, i.e.,
Euphorbiaceae (spurge family), which is the
fourth largest Angiosperm family, and it includes
218 genera and 6745 species distributed
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worldwide (Pandey 1976; Shukla and Misra
1982; http://www.cabi.org/isc/datasheet/47618).

1.3.2.1 Salient Features
of Euphorbiaceae

Trees or shrubs, a few herbs. Milky latex invari-
ably present. Leaves generally simple, stipulate,
alternate. Inflorescence variable. Flower unisex-
ual, hypogynous, and regular. Perianth 1–2
whorls, rarely absent. Stamen 1–∞, free or con-
nate. Ovary trilocular, placentation axile, with 1–2
ovules in each loculus, style as many as carpels,
stigma bifid. Fruit schizocarpic, regma. Seeds
albuminous (Shukla and Misra 1982).

1.3.2.2 Divisions of the Family
Pax and Hofmann divided Euphorbiaceae into
two groups (Shukla and Misra 1982).

Group A—Platylobeae. Cotyledons broader
than radicle.

Subfamily I. Phyllanthoideae. Ovule two in each
ovary cell. Latex vessel absent.
Tribe 1. Bridelieae. Sepals in male flower val-
vate, e.g., Bridelia, Cleistanthus, etc.
Tribe 2. Phyllantheae. Sepals in male flower
imbricate, e.g., Phyllanthus, Bischofia.
Subfamily II.Crotonoideae. Ovule one in each
ovary cell. Latex vessel present or absent.
Tribe1. Chrozophoreae. Petals in male flowers
present. Sepals of the same valvate. Stamens in
1–3 whorls, e.g., Aleurites, Chrozophora.
Tribe 2. Crotoneae. Sepals almost open, valvate,
or imbricate. Petals in male flowers present.
Filaments bent in bud, e.g., Croton.
Tribe 3. Cluytieae. Flowers with petals, sepals of
the flower imbricate. Inflorescence always cym-
ose, e.g., Jatropha, Cluytia.
Tribe 4. Foannesieae. Leaves digitately com-
pound. Petals absent. Calyx copular, shortly
toothed, e.g., Hevea.
Tribe 5. Acalypheae. Sepals in male flowers
valvate. Petals absent. Inflorescence racemose,
e.g., Acalypha, Ricinus.
Tribe 6. Manihoteae. Calyx of male flower
petaloid, gamosepalous, e.g., Manihot.

Tribe 7. Gelonieae. Petals absent. Sepals in male
flower imbricate. Male flowers clustered or
racemose, e.g., Gelonium.
Tribe 8. Hippomaneae. Calyx in the male very
much reduced, segments open during flowering,
e.g., Sapium, Hippomane.
Tribe 9. Dalechampeae. Inflorescence cymes of
male and female flowers surrounded by leafy
involucre. Stigma simple, e.g., Dalechampia.
Tribe 10. Euphorbeae. Inflorescence cyathium.
Flowers very much reduced, naked, e.g.,.
Euphorbia, Pedilanthus.

Group B—Stenolobeae. Cotyledons narrow
and as broad as radicle.

Subfamily I. Porantheroideae. Ovules two in
each loculus, e.g., Poranthera.
Subfamily II. Ricinocarpoideae. Ovules one in
each loculus, e.g., Ricinocarpus.

1.3.2.3 The Genus Ricinus L
The genus Ricinus L. is considered to be
monotypic. Previously described species within
the genus Ricinus have been transferred to other
genera or grouped within R. communis. The
scientific name for the castor bean plant, Ricinus
communis L., has a logical derivation. Communis
means “common” in Latin, and castor bean
plants were already commonly naturalized in
many parts of the world when the eighteenth
century Swedish naturalist Carolus Linnaeus was
assigning scientific first and last names to plants
and animals over 200 years ago. Ricinus is the
Latin word for tick and the specific epithet for
Mediterranean sheep tick (Ixodes ricinus).
Apparently, Linnaeus thought that the seeds
looked like ticks, particularly large ticks
engorged with blood. The mottled body of cer-
tain ticks superficially resembles the castor bean
seed (especially when the tick is engorged with
blood), and the tick’s head resembles the carun-
cle of a castor bean seed (http://waynesword.
palomar.edu/plmar99.htm, http://www.cabi.org/
isc/datasheet/47618).
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1.4 Morphology

1.4.1 Habit

The plant is an annual herb or a perennial shrub,
1–7 m high (Fig. 1.1), glabrous. In the wild, it
reaches the size of a small tree (Purseglove
1968). The plant height is highly influenced by
the environment. In poor soil and scarcity of
moisture, the plant attains a height of 30–90 cm;
but the same cultivar, if sown in fertile soil with
good rainfall, may attain a height of 3–4 m.
There are types that are comparatively dwarfed
even under favorable conditions. They usually
attain a height of only 60–90 cm (Kulkarni and
Ramanamurthy 1977).

1.4.2 Root

The plant has well-developed tap root with
prominent laterals which produce a surface mat
of feeding roots (Purseglove 1968). The tap root
looks like an extension of the stem below the
soil. It can reach up to 5 m underground in
extremely poor soil. The secondary roots are
restricted to the upper 75 cm of the soil. They
mostly travel parallel to the ground, with a slight
bend downward and grow to about 90–120 cm.
The tertiary roots are not very long, hardly 30–
45 cm. Root hairs have not been noticed in castor
bean. The short duration types show high rate of

root development during the early period, while
medium- and long-duration types exhibit later.
The long-duration types show longer lateral roots
with greater penetration as compared to short-
and medium-duration types (Kulkarni and
Ramanamurthy 1977).

1.4.3 Stem

The stem is erect, cylindrical, branched, often
brittle, glabrous, glaucous, green, or reddish,
with waxy deposits (blooms), solid (pithy)
becoming hollow with age, with well-marked
nodes and prominent leaf scars, internodes
shortest at base of the stem. A single stem is first
produced which terminates in inflorescence at 6–
10th node in dwarf early cultivars, at 8–16th
node in later-maturing cultivars, and at 40th or
more node in tall and wild plants. As the panicle
develops, 2–3 sympodial branches grow out, one
from each node immediately below it; they end
in inflorescences and one or more sympodial
branches grow out from the nodes immediately
below them and the process continues. Thus, the
development along each axis is sequential and a
plant will have inflorescences at various stages of
development. Degree of branching varies con-
siderably (Purseglove 1968; Pandey 1976; Sun-
dararaj and Thulasidas 1976; Shukla and Misra
1982). The branching character is very much
influenced by environmental factors such as type

Fig. 1.1 Castor plant with
different heights. Courtesy
Milani and Nobrega (2013)
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of soil, fertility of soil, moisture, and spacing.
(Kulkarni and Ramanamurthy 1977).

1.4.3.1 Color of the Stem
The color of the stem is variable. White (1918)
classified the stem color into five categories, viz,
(i) bright green, (ii) green with reddish-bluish
on the sunny side, (iii) carmine or rose-red,
(iv) mahogany red, and (v) purple (dark red).
Seshadri and Varisai (1951) reported four distinct
stem colors, viz, mahogany, red, red-bluish and
green. In the absence of a unified code, different
workers recognized different grades of stem color.

The waxy bloom gives red or green stem a
bluish appearance in the field. The stem color may
be green, red or purple, and every gradation of the
color may be noticed. It generally turns into
gray-like color at the base when the castor bean
plant is old. The presence of plastids in the stem at
juvenile stage gives opportunity for additional
photosynthetic activity (Salihu et al. 2014).

1.4.3.2 Bloom on the Stem
The blooms (waxy coating) are found on the
stem and certain other parts of the castor bean
plant. The color of the bloom is ashy white. The
types of bloom found on castor bean are descri-
bed under the following categories:

No bloom With no bloom on any part of the
plant.

Single-
bloom

With bloom only on stem, but not
on leaves or fruits.

Double-
bloom

With bloom only on stem, fruits,
and on the lower (dorsal) surface of
leaves, not on the upper (ventral)
surface of leaves.

Triple-
bloom

With bloom on every part such as
stem, petiole, both upper and lower
surfaces of leaves, and fruits.

Narain (1952) described different grades of
bloom in castor bean.

Most of the cultivars of castor bean in India
comes under the double-bloom and triple-bloom
groups (Kulkarni and Ramanamurthy 1977).

Bloom is a natural protection to the plant from
extremes of weather and from some insect pests.

Castor bean raised in the winter (rabi) season
(October–May) showed that plant without bloom
suffered more from cold than plant with bloom
and also showed that the former suffered a more
severe attack of jassids than the latter (Kulkarni
and Ramanamurthy 1977). Cultivars with a
heavy bloom are more resistant to jassids and
leaf hoppers than bloomless types (Seshadri and
Seshu 1956; Brar et al. 1977).

1.4.4 Leaf

The leaves are petiolate, stipulate, dorsiventral
(bilateral, bifacial), peltate, simple and palmately
partite, alternate and 2/5 in phyllotaxy, and glossy.
The size of the leaf varies in different cultivars.
Some cultivars are characterized by large leaves
whereas others bear only small leaves. The length
of the leaf ranges from about 15 to 45 cm. The
petiole is fistular, 8–50 cm long, round, pale green
or reddish, and with two nectiferous glands at
junction to lamina, two glands on either side at leaf
base and one or more glands on upper surface
toward leaf base. The stipules are 1–3 cm long,
united, broad, prominent, sheathing the bud, and
deciduous. The leaves are spirally arranged except
two opposite leaves at the node immediately above
cotyledons. The leaf lamina (blade) is orbicular,
10–75 cm in diameter, and with 5–11 partite lobes
for about half length. The lobes (segments) are
ovate or lanceolate; lobe-apex acuminate; margin
serrate; venation reticulate, multicostate, diver-
gent, prominent veins on the lower surface; dark
green or reddish above, paler green beneath. The
leaf is usually green, but it is associated with the
color of the stem. In case of green stem, the leaf
lamina and mid-ribs are all green. In case of red
stem, the young leaves have red tinge which
becomes green when the leaf is fully developed;
but the mid-rib maintains the reddish tinge. The
leaf color varies from light green to dark red
depending on the level of anthocyanin pigmenta-
tion present. In some castor bean varieties, the
leaves start off as dark-reddish-purple or bronze
when young but gradually changing to a dark
green, sometimes with a reddish tinge as they
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mature. The leaves of some others are green
practically from the start, whereas in yet others a
pigment masks the green color of all the
chlorophyll-bearing parts such as leaves, stems
and young fruits, so that they remain a dramatic
purple-to-reddish-brown throughout the life of the
plant (Purseglove 1968; Sundararaj and Thulasi-
das 1976; Kulkarni and Ramanamurthy 1977;
Salihu et al. 2014).

1.4.5 Inflorescence

Usually, the main shoot and the branches termi-
nate in inflorescences. The inflorescence is erect,
10–40 cm long, and terminal panicle of cymes
(panicled cymes). Under adverse soil and rainfall
conditions, inflorescences often emerge when
plants are hardly 20–30 cm tall, while the same
cultivar under optimum soil and weather condi-
tions gives out main panicle at a height of 180–
220 cm. The panicle first appears in the form of a
bud. The time required for the appearance of
such bud from seeding varies with different cul-
tivars. For the bud to develop into a panicle it
takes 8–15 d. The flowers are usually unisexual
and monoecious. The male (staminate) and
female (pistillate) flowers are borne on the same
inflorescence. The staminate flowers are at the
base in 3–16 flowered cymes and the pistillate
ones, on the top in 1–7 flowered cymes, occu-
pying about 50–70 and 30–50%, respectively
(Cobley 1956; Purseglove 1968; Pandey 1976;
Sundararaj and Thulasidas 1976; Kulkarni and
Ramanamurthy 1977). Sometimes reverse case
may be found, i.e., pistillate flowers at the base
and staminate ones at the top (Hooker 1890).

1.4.5.1 Monoecy Versus Dioecy
Monoecy in castor bean is classified into two
categories:

1. Normal monoecious: Pistillate flowers on the
upper part of panicle and staminate flowers on
the lower part.

2. Interspersed monoecious: Pistillate and
staminate flowers interspersed along the
entire rachis.

The proportion of pistillate and staminate
flowers among panicles varies widely both
within and among genotypes. It is also influenced
considerably by environment (Zimmerman and
Smith 1966 fide Milani and Nobrega 2013).

In normal monoecious cultivars, the percent-
age of pistillate flowers along the rachis is usu-
ally the highest on the first panicle, with a
decreasing percentage on subsequently devel-
oped panicles. With the decrease in pistillate
flowers, there is a proportional increase in the
number of staminate flowers (Zimmerman and
Smith 1966 fide Milani and Nobrega 2013). This
intraplant variation is generally associated with
the seasons. Female tendency is the highest in
spring and early summer; male tendency is the
highest in mid- and late summer. Temperature is
probably the main environmental component
affecting sex. Moderate temperature promotes
female flowers while high temperature promotes
male flowers. However, age of plant and nutri-
tion may also influence sex expression. Female-
ness is the strongest in young plants with a high
level of nutrition while maleness is the strongest
in old plants with a low level of nutrition (Shi-
friss 1956 fide Milani and Nobrega 2013).

In addition to monoecy, a subtype of dioecy
occurs in plants with only pistillate flowers along
the entire rachis of all panicles (Zimmerman and
Smith 1966 fide Milani and Nobrega 2013). The
counterpart, plants with only staminate flowers,
occurs in extreme climatic conditions, with high
temperature or water deficit (Fig. 1.2).

1.4.6 Flower

1.4.6.1 Male Flower
Pedicellate, pedicel 0.5–1.5 cm long; bracteate,
ebracteolate, actinomorphic, incomplete,
apetalous.
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Calyx Sepals 3–5, ovate, spreading, 5–
7 mm long, membranous,
polysepalous, green, valvate
estivation.

Corolla Absent.
Androecium Stamens 5; each filament

profusely branched; anthers
borne in ultimate branchlet,
small, spherical, pale yellow,
basifixed, introrse.

1.4.6.2 Female Flower
Pedicellate, pedicel 4–5 mm long; bracteate,
ebracteolate, actinomorphic, incomplete, apeta-
lous, hypogynous.

Calyx Sepals 3–5, spathaceous, 3–5 mm
long, membranous, connate and
bursting irregularly, caducous
(quick falling), green, valvate
estivation.

Corolla Absent.

Gynoecium Ovary superior, covered with
fleshy soft spines each
terminating in a transparent
bristle which breaks off as fruit
develops, tricarpellary,
syncarpous, trilocular, axile
placentation, single large ovule
in each locule; styles 3, very
short; stigmas 3, deeply bifid,
fleshy, red, papillate, long
persistent.(Cobley1956;
Purseglove 1968; Pandey 1976;
Sundararaj and Thulasidas 1976,
Shukla and Misra 1982)

1.4.7 Fruit

“Schizocarpic capsule” or regma with elongated
pedicel, globose, 3-lobed, 1.5–2.5 cm in diame-
ter, pericarp usually spiny, but may be smooth,
warty or echinate; unripe fruits green, but red in

Fig. 1.2 Arrangements of
male and female flowers in
inflorescences of castor:
a monoic normal; b and
c gynodioic; d androdioic;
e interspersed; f monoic
bearing some perfect flowers.
Courtesy Milani and Nobrega
(2013)
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some cultivars, turning brown on ripening
(Figs. 1.3, 1.4); woody remains of pistil at apex.
Dehisce by woody pericarp splitting along dorsal
suture into three cocci (Fig. 1.5); in wild plants
and some cultivars splitting is violent ejecting
seeds; most modern cultivars are indehiscent and
seed is held in regma for several weeks (Cobley
1956; Purseglove 1968; Pandey 1976; Sundararaj
and Thulasidas 1976; Shukla and Misra 1982;
Nanda and Agrawal 2009).

Panicles may be conical, cylindrical, or oval
in shape with different fruit arrangements. The

Fig. 1.3 Different colors in
the fruits of castor. Courtesy
Milani and Nobrega (2013)

Fig. 1.4 Developing fruits. Courtesy Wikipedia, the free
encyclopedia

Fig. 1.5 Fruit dries and splits into three cocci, forcibly
ejecting the seeds. Courtesy Wikipedia, the free
encyclopedia
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fruit arrangement may be compact, semicompact,
or loose (Salihu et al. 2014).

1.4.8 Seed

Three seeds/regma; ovoid, elongated, oval or
square in shape; compressed dorsally, tick-like,
shining, pale gray, or pale buff to almost black
with darker mottling (Fig. 1.6); carunculate,
yellowish-white integumentary warty appendage
called caruncle at micropylar end (base), a type
of elaiosome, promoting dispersal of seed by ants
(myrmecochory); hilum almost concealed under
caruncle; size variable, 0.5–1.5 cm long; inter-
cultivar and interpanicle variation in 100-seed
weight 9–100 g; seed coat differentiated into
testa and tegmen; testa (hull) brittle, about 20%
weight of the seed; tegmen, thin integument
enclosed by testa; raphe very prominent; albu-
minous (endospermic), endosperm copious,
embryo small, cotyledons thin and papery; poi-
sonous, allergenic (Cobley 1956; Purseglove
1968; Sundararaj and Thulasidas 1976; Kochhar
1981; Nanda and Agrawal 2009; Salihu et al.
2014).

1.4.9 Floral Formula

i. Male flower: Br Ebrl ⊕ ♂ K3–5 C0 A5

(branched) G0

ii. Female flower: Br Ebrl ⊕ ♀ K3–5 C0 A0

G(3)

1.5 Floral Biology

The main shoot terminates in an inflorescence
which is the oldest and those on the branches are
later ones. It is generally believed that the male
flowers open first and the female ones 1–2 d
later. However, it has also been found that in
many cases both male and female flowers open at
the same time, and in a few cases either males or
females open first (Sundararaj and Thulasidas
1976).

A male flower, after opening, sheds viable
pollen grains for 1–2 d. The best weather con-
ditions for pollen shedding are 26–29 °C tem-
perature and 60% relative humidity (RH), which
may vary according to cultivar. High tempera-
ture, plant age, and short-day length favor the
appearance of male flowers (Milani and Nobrega
2013). Dehiscence of anthers takes place
between 4 a.m. and 8 p.m. (Sundararaj and
Thulasidas 1976). Pollen shedding occurs 2–3 h
after sunrise until late afternoon with peak
shedding at mid-morning. Pollen grains are
viable for a long period ranging from 2 to 21 d
with a viability of 76–26%, respectively, and up
to one year under deep-freeze conditions or
freeze drying (Hegde and Lavanya 2015). How-
ever, as per Sundararaj and Thulasidas (1976),
the pollens remain viable for 66 h.

Regarding the female flowers, most research-
ers claim that the male flowers mature first and
anthesis usually occurs in a short period of time
before opening of the female flowers. The stigma
becomes fully receptive in a few hours after
opening of the flower. It remains receptive for a
period of 5–10 d after anthesis depending on

Fig. 1.6 Seeds of castor plant. Courtesy Wikipedia, the
free encyclopedia
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environmental conditions. However, some
researchers claim a short protogyny (Milani and
Nobrega 2013). According to Hegde and Lava-
nya (2015), the stigma remains viable for 5–6 d
and by tenth day, fertilization decreases to 9–
10%. The exertion of the stigmatic lobes of the
female flowers occurs at all hours, and it takes
nearly 1–3 d for the stigmas to attain full
development and become receptive from the time
of opening of the female flowers. Stigmas remain
receptive for 2–3 d (Sundararaj and Thulasidas
1976).

Pollen shedding (dehiscence of anthers) and
viability, and receptivity of stigmas depend on
cultivars and environmental conditions.

1.6 Pollination

The flowers of the central panicle tend to
self-pollinate (30–70%), and those of lateral pani-
cles are cross-pollinated (Hegde and Lavanya
2015). A fairly high percentage of self-pollination
occurs due to the structure of the flowers and their
disposition. But, cross-pollination also takes place
(Sundararaj and Thulasidas 1976). So, castor bean
has a mixed mating system generating both self-
and cross-fertilized offsprings. Under natural con-
ditions, cross-pollination in castor bean can exceed
80%, but the actual level of cross-pollination is
dependent on both genotypes and environmental
conditions (Milani and Nobrega 2013). A natural
outcrossing of 5–14% occurs in castor bean. This is
considered high in crop improvement work, and
hence castor bean is a highly cross-pollinated crop
(Sundararaj and Thulasidas 1976). Unlike other
cross-pollinated crops, castor bean is inclined
toward self-pollination with low inbreeding
depression (Moshkin 1986).

It is usually stated that castor bean is mainly
wind-pollinated. But as the flowers open, the
glands on the young leaves on the sympodial
branches below the inflorescence exude copious
nectar. So, it seems probable that insects play
part in pollination (Purseglove 1968). In large
areas of the crop, pollen can be transported up to
2.5–3.0 km away from the originating plant
(Hegde and Lavanya 2015).

1.7 Germination

Sound seed will retain their viability for 2–
3 years. More even germination may be obtained
by pouring boiling water on the seeds and leav-
ing them to soak for 24 h. Some castor bean
seeds show dormancy, but this can be broken by
removing the caruncle and cutting a small hole
on the testa. Germination is epigeal, and emer-
gence takes 7–10 d; sometimes longer (Purse-
glove 1968).

Earlier it was believed that caruncle absorbed
moisture and helped the seed germinate. Now, it
is understood that this is not essential for the
absorption of moisture. A cultivar from Persia is
devoid of the caruncle but gives good germina-
tion (Sundararaj and Thulasidas 1976).

Suitable soil temperatures for germination are
between 10 and 18 °C, and average day tem-
peratures of 20–26 °C with a minimum of 15 °C
and a maximum of 38 °C, with low humidity.
The hard and brittle testa breaks near the caruncle
and the radicle emerges. With a little more
growth, the hypocotyl pulls out of the soil with
the thin cotyledons still enclosed by the endo-
sperm. The testa gets split to a great extent and
falls off the mass of endosperm which is being
absorbed by the growing cotyledons. The
cotyledons make rapid growth absorbing nutri-
ents from the endosperm, subsequently opening
up into two green oblong or oval leafy structures.
The remnants of the endosperm fall off as a thin
mass. The growing plumule and the radicle get
the prepared nutrients from this first pair of green
seed leaves (Sundararaj and Thulasidas 1976;
http://www.cabi.org/isc/datasheet/47618).

1.8 Anatomy

Very little work has been done on the anatomy of
castor bean. Pentfound (1932) carried out
anatomical studies on castor bean plants grown
in different soils, moisture content and
light-intensity combinations. The root system
showed better development in sunlight than in
the shadow, despite greater leaf area. The
development of the mechanical system was
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related to the intensity of light and soil moisture
condition. Scott (1937) studied the development
of spiral vessels in detail. The development and
distribution of calcium oxalate in mature green
plants, etiolated plants, green and etiolated
seedlings was also studied by her (Scott 1941).
Reynolds (1941) made a detailed study of the
development of node and the differentiation of
the vascular network in castor bean. Scott and
Sharasmith (1933) studied the transition region
in the seedling of castor bean and discussed the
findings from a physiological standpoint. The
following information is the outcome of the
studies conducted at the Rajendranagar Farm
(Kulkarni and Ramanamurthy 1977).

Root The root develops cork externally and
the first phellogen originates in the
cortex.

A single endodermal layer is present. The
pericycle consists of strong thick-walled
elements.

The xylem is tetrarch and is visible even after
considerable secondary thickening. The sec-
ondary xylem is characterized by the presence of
large-diameter vessels. The entire wood is
roughly divided into four sectors by fibrous
zones. The rays are uniseriate. The vascular
elements appear embedded in a sheet of fibrous
tissue when observed in a transverse (cross)
section.

Stem The epidermis is single-layered with a
cuticle, and is interrupted by large
secretory cells which are filled in by
oily or resinous substances. The
epidermis shows an elevation over the
secretory cells.

The hypodermis is collenchymatous in 8–9
layers and is interrupted by a cortical zone con-
sisting of plates of chlorenchyma.

This collenchymatous hypodermis is also
interrupted by the large secretory cells.

The chlorenchymatous cortex is five- or
six-layered with intercellular spaces. The endo-
derm is not clear. The pericycle as such, con-
sisting of fibrous cells, is not recognizable. The

vascular system in the primary condition consists
of conjoint, collateral bundles separated by
medullary rays. The pith consists of polygonal
parenchymatous cells.

John and Rao (1942) reported that the anat-
omy of the stem of seedlings of annual and
perennial types revealed that the stem structure of
perennial type differs from the annual one in that
it has a more or less continuous cylinder of pri-
mary xylem ensheathed by an unbroken cylinder
of secondary xylem which is added on indefi-
nitely. In the annual ones, the vascular tissues are
arranged in the form of discrete or discontinuous
bundles in a cylinder.

Leaf The leaf is dorsiventral. The upper and
lower epidermis are interrupted here and
there by secretory cells which are
flask-shaped. The palisade is single-
layered with elongated and small
closely abutting cells. The spongy
tissue is relatively less interspaced.

In the transverse (cross) section of the petiole,
there are as many as eight vascular bundles
running all along the length and, in general, the
structure is very similar to that of the stem.

1.9 Embryology

No mention is found in published literature about
work on embryology of castor bean. Maheshwari
(1950) made the following mention:

“Regarding the final fate of the endosperm in
Ricinus, it forms a permanent storage tissue
which persists until the germination of the seed,
while in others it is used up by the growing
embryo and is no longer seen in the mature
seed.”

1.10 Ecology

1.10.1 Climate

Castor bean is a hardy crop which survives in a
wide range of environments. It is essentially a
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warm season crop, cultivated in tropical, sub-
tropical, and temperate regions. Its cultivation is
largely confined to countries lying between 40oN
and 40oS latitudes, but in Russia, a few varieties
are grown even up to 52oN latitude. It is being
cultivated up to an attitude of 2500 m with an
optimum between 300 and 1500 m. But in
regions where frosts are common during the crop
season, its cultivation is restricted up to 500 m.
A frost-free growing period of 140–190 d
depending on variety is highly essential for
obtaining satisfactory yield. It grows in tropical
and subtropical regions as a perennial plant and
in temperate climate as an annual. A moderate
temperature of 20–26 °C is highly favorable
during crop period for obtaining higher yield.
A low temperature (less than 15 °C) in the seed
bed prolongs the emergence of seedlings. Seed
may fail to set if the temperature is above 38 °C
for an extended period. Castor bean, being a deep
rooted crop, is fairly resistant to drought. It is
generally raised under rainfed conditions and a
well-distributed rainfall of 500–600 mm during
growing period is necessary for reasonably good
yield. Castor bean can withstand long dry spells
as well as heavy rains but is highly susceptible to
water-logged conditions. Castor bean is basically
a long-day plant, but is adaptable with less yields
to a wide range of photoperiod. However, castor
bean flowers normally on both a short 12 h and a
long 18 h day, but at 9 h growth and develop-
ment were severely retarded (http://www.cabi.
org/isc/datasheet/47618; http://www.jatrophabio
diesel.org/castor/about-plant.php; Purseglove
1968; Kulkarni and Ramanamurthy 1977; Shiv
Raj 1978; Nanda and Agrawal 2009; Salihu et al.
2014).

1.10.2 Soils

Castor bean grows almost anywhere land is
available. It can be grown on a wide range of
soils, provided they are fairly deep and well
drained. Heavy clays, with poor drainage, and
marshy soils are unsuitable. The highly suitable
soils for castor bean are deep, moderately fertile,
with slightly acidic conditions (pH 5.0–6.5),

well-drained, sandy loams. Castor bean tolerates
pH of 4.5–8.3. Castor bean can tolerate a pH of
8.0 but at this pH, the soil structure and physical
properties become the important limiting factors
for castor bean cultivation. It also tolerates
dry-arid conditions and grows in semi-arid and
arid soils with poor water-holding capac-
ity. Excessively fertile soils are not desirable, as
they favor excessive vegetative growth at the
cost of seed yield. Insufficient nitrogen results in
reduced seed yields. Excessive nitrogen results in
extensive and heavy vegetative growth with
non-significant increase in yield (http://www.
cabi.org/isc/datasheet/47618; http://www.jatro
phabiodiesel.org/castor/about-plant.php; Purse-
glove 1968; Kulkarni and Ramanamurthy 1977;
Shiv Raj 1978; Nanda and Agrawal 2009; Salihu
et al. 2014).

1.11 Chemical Composition

Seeds of commercial cultivars contain 40–55% of
non-drying oil. Large-seeded cultivars have less
oil than smaller-seeded ones. The oil contains 80–
90% of ricinoleic acid, which is unique among
vegetable oils in having a hydroxyl group near a
double bond. On dehydration a drying oil is pro-
duced, which does not turn yellow on drying or
baking; hence its value in paints and varnishes.
The seeds contain a toxic protein, ricin, which acts
as a blood coagulant. Eating a single seed may
cause serious illness and more may be fatal. They
contain a powerful allergen, a glycoprotein. Nei-
ther ricin nor the allergen is carried over into the oil
if it is properly extracted, but they remain in the
meal. The leaves contain ricin, but inmuch smaller
quantities than in the seeds; they should not be fed
to livestock (Purseglove 1968).

1.12 Economic Botany

1.12.1 Castor Oil in Medicine
and Cosmetics

Castor oil is very effective laxative, and it is used
as moisturizer for the treatment of skin problems
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like sunburn, wrinkles and fine lines, dry skin
and stretch marks. It has also been claimed that it
prevents infections like warts, boils, athlete’s
foot, acne, ringworm, and chronic itching.

1.12.2 Castor Bean in Agriculture

Castor Bean Meal and Husk for Animal Feed:
Detoxified castor bean meal (castor cake,

pomace, oilcake), the residue left after extraction
of oil, can be used as animal feed. Castor bean
meal detoxified by boiling could be added up to
100 g/kg in broiler finishing diets without any
harmful effects. Castor bean meal detoxified by
autoclaving can replace up to 67% of the soybean
meal in sheep rations. The husk is a low value
by-product that can be used as roughage for
ruminants. A sample castor bean husks contain-
ing a considerable amount of seed fragment
(60 g/kg) was evaluated for feeding dairy goat.
When hay was completely replaced by castor
bean husks, there was reduction (27%) in milk
but increase (28%) in lipid concentration. The
husks were not subjected to any detoxification
process, and no symptom of toxicity was
observed (Kochhar 1981, Salihu et al 2014).

Castor Bean Meal as an Organic Fertilizer:
The use of castor bean meal as organic fer-

tilizer is very advantageous because of high N
content, fast mineralization, and anti-nematode
property. The mineralization of castor bean meal
was found to be 7 times faster than bovine
manure and 15 times faster than bagasse of
sugarcane. Castor bean meal promotes the
growth in wheat and castor bean plants. Castor
bean husks can also be used as organic fertilizer
but must be blended with an N-rich organic
material to provide a better balanced nutrient for
plant growth (Salihu et al 2014).

1.12.3 Castor Bean in Ornamental
Horticulture

Castor bean is used extensively as a decorative
plant in parks and other public places, particu-
larly as a “dot plant” in traditional bedding

schemes. If sown early, under glass, and kept at a
temperature of around 20 °C until planted out,
the castor bean plant can reach a height of 2–3 m
in a year. In areas prone to frost, it is usually
shorter, and grown as if it were an annual
(Phillips and Rix 1999).

1.12.4 Castor Oil in Biodiesel

Production of biodiesel from castor oil is tech-
nically feasible. The major constraint has been
the high price paid for the oil as industrial oil
because of high demand by the chemical indus-
tries to manufacture very high-value products.
Biodiesel produced from castor oil has a
remarkable advantage regarding lubricity
because of its high energy-value and positive fuel
properties (Salihu et al. 2014).

1.12.5 Other Industrial Uses of Castor
Bean

Castor oil can be used as bio-based polyol in the
polyurethane industry. In food industry, castor
oil is used in food additives, flavoring, candy,
and as mold inhibitor. The oil can also be used to
prevent rice, wheat, and pulses from rotting. The
oil is also important raw material in paints and
nylon industries. Castor bean wax produced by
hydrogenation is used in polish, electrical con-
densers, carbon paper, and as a solid lubricant
(Salihu et al. 2014).

1.12.6 Castor Bean Seed as Food
Condiment

The white, large seeds of castor bean are
important sources of food condiment called Ogiri
in the South-Eastern part of Nigeria. The condi-
ment is believed to improve eye sight. The
condiment is prepared by: remove the seed coat
—boil the cotyledons for 8–10 h—sieve the
cotyledons—leave the sieved cotyledons to stand
for 12–14 h—grind the cotyledons to paste as
Ogiri. The condiment can be stored for several
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months as the oil content inhibits the growth of
microbes (Salihu et al. 2014).
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2Genetic Diversity in Castor Bean

Prathap Reddy Kallamadi and Mulpuri Sujatha

Abstract
Castor bean is an important nonedible oilseed
crop that has many industrial uses. Genetic
diversity in a germplasm is the fundamental
requirement for crop improvement programs.
There are several genetic markers available for
assessment of genetic diversity among the
genotypes and accessions. Though castor bean
is a monotypic, it exhibits wide phenotypic
diversity. In castor bean, genetic markers such
as agro-morphological characters, biochemi-
cal and cytological markers were widely used
in characterization of genetic variation in the
germplasm from India, Nigeria, Turkey,
China, Brazil, Iran, and Ethiopia which indi-
cated a low-to-high-level diversity in the
castor bean germplasm depending on the
markers and the genotypes studied. Genetic
diversity in castor bean was assessed by using
both dominant and codominant molecular
markers (random amplified polymorphic
DNA, RAPD), inter-simple sequence repeats
(ISSR), start codon targeted (SCoT), amplified
fragment length polymorphism (AFLP), sim-
ple sequence repeat (SSR), expressed

sequence tag-simple sequence repeats
(EST-SSR), and random microsatellite ampli-
fied polymorphic DNA (RMAPD), and also
advanced molecular markers, such as single
nucleotide polymorphism (SNP), sequence-
related amplification polymorphism (SRAP),
target region amplification polymorphism
(TRAP), and methylation-sensitive amplifica-
tion polymorphism (MSAP). Molecular mar-
ker utilization in the characterization of
genetic diversity in germplasm from countries
including India, China, Brazil, Mexico, and
worldwide collection revealed a low-modest
genetic diversity in castor bean. The avail-
ability of castor bean genome has accelerated
the molecular marker development of easy,
fast, and reliable DNA markers for the
assessment of genetic variation in the castor
bean and further these would serve as a major
tool in the characterization of genetic diversity
and assist marker-assisted breeding programs
for crop improvement.`

2.1 Introduction

Germplasm collections constitute one of the
world’s most readily available sources of plant
genetic material (Allard et al. 1991). Managers of
these collections strive to accumulate and main-
tain these collections as a way of preserving the
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biological diversity of crops and other economi-
cally important plant species (Gilbert et al. 1999).
Genetic diversity is defined as the variation in
genes and genotypes (Rao and Hodgkin 2002).
An understanding of the extent of genetic varia-
tion among the germplasm collection is the prime
prerequisite for success of a breeding program
(Allard et al. 1991). The improvement and
development of new varieties and hybrids purely
depend on the extent of exploitable genetic
variation available in the parental material. In
castor bean, very wide phenotypic diversity is
observed, which is due to its cross-pollinating
nature and outcrossing (Allan et al. 2008). Before
utilizing the germplasm resource, it is essential to
characterize the germplasm with regard to the
level of diversity. Genetic markers are available
to assess the extent of genetic diversity in a
germplasm and are mainly categorized into three
major types, viz, morphological, biochemical,
and molecular markers. The ideal genetic marker
should possess the characteristics of being
codominant for discrimination of homozygotes
from heterozygotes, single copy, economical to
use, highly polymorphic, easily assayed,
multi-functional, robust, and genome-specific in
nature. This chapter presents an account of the
different type markers including morphological,
biochemical, cytogenetical, and molecular used
for the assessment of genetic diversity in castor
bean.

2.2 Assessment of Genetic Diversity
Using Morphological Markers

Plants exhibit variation in different morphologi-
cal characters, which can be easily scored
through visual observation. The morphological
markers are generally used as they are rapid and
cost-effective. However, the major limitations of
these markers are that they are few in number
and are subject to variation due to the influence
of environment and developmental stages of
plant. Castor bean exhibits enormous phenotypic
plasticity, and hence several agro-morphological
characters were used as markers for characteri-
zation of genetic variation among the genotypes.

Castor bean is predominantly cultivated in India,
Mozambique, China, Brazil, Myanmar, and
Ethiopia (FAOSTAT 2016); and germplasm
from India, Nigeria, Turkey, Iran, and Ethiopia
was characterized by using morphological char-
acters. The germplasm available at the Castor
bean Germplasm Management Unit, Hyderabad,
India was characterized not only for the
agro-morphological traits but also for agrnomi-
cally desirable traits and reaction to major biotic
stresses. Anjani and Reddy (2002) characterized
the genetic variation among 89 accessions col-
lected from Northeast India by using eight mor-
phological traits, and these accessions were
categorized into six clusters based on D2 analy-
sis. Anjani (2010a) reported the genetic diversity
among 23 early-maturing genotypes by using 14
morphological traits. The multi-year analysis of
these genotypes revealed a high level of genetic
diversity. A nonsignificant G � E interaction
was observed for the traits including 100-seed
weight, oil content, number of main stem nodes,
days to 50% flowering, and days to maturity.
Anjani (2010b) assessed the genetic diversity
among 20 wilt-resistant castor bean genotypes.
Nine important agro-morphological characters
were considered in the estimation of genetic
diversity in these genotypes. The large distance
reported among the groups showed a significant
genetic diversity within the 20 wilt-resistant
accessions for their quantitative traits.

Udoh and Abu (2016) reported phenotypic
characterization of ten castor bean accessions
collected from savannah agro-ecological zones of
Nigeria using agro-morphological characters, and
the variation in morphological characters
including fruit texture and stem color was sig-
nificant among these accessions. Chavan et al.
(2012) reported genetic divergence among 40
castor bean genotypes (India and a few exotic
germplasm) based on 14 morphological charac-
ters. The results showed that the main contribu-
tors to genetic divergence in these genotypes
were plant height (38.21%) and the effective
length of primary spike (10%). Ramesh et al.
(2012) assessed genetic variation among 64
Indian genotypes of castor bean for nine mor-
phological characters. The percentage of oil
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content was the major contributor (24.8%) for
total genetic diversity, followed by seed
yield/plant (20.14%) and 100-seed weight
(13.69%). Arslan (2012) reported genetic varia-
tion among 17 castor bean populations naturally
grown in the eastern Mediterranean regions of
Turkey. The morphological characters including
stem color, seed color, days to maturity, plant
height, main spike length, 100-seed weight, and
seed yield per plant showed significant variabil-
ity among the populations. Goodarzi et al. (2012)
characterized the genetic variation in 12 Iranian
castor bean accessions based on 32 agro-
morphological traits. The study reported low
genetic diversity among the accessions and about
75% of the accessions were clustered into a
single group.

A coreset of castor bean representing 165
genotypes with wide variation in 14 morpho-
logical characters was developed in India (Sarada
and Anjani 2013) and further this coreset was
evaluated for their resistance to wilt, root rot gray
mold disease, leaf hooper, and contents of fatty
acids and oil (Anjani et al. 2018). A set of 24
castor bean genotypes from India were evaluated
for the extent of diversity for eight morphological
traits (Onkarappa et al. 2014). Number of cap-
sules (30.29%), effective spike length (23.91%),
and oil content (20.80%) contributed the maxi-
mum to the total genetic diversity. Alemaw et al.
(2014) assessed the genetic diversity among 105
castor bean accessions from Ethiopia based on 12
morphological characters. Out these morpholog-
ical characters studied in this investigation, eight
were influenced by the environment and showed
a significant G � E interaction. Alemaw (2016)
characterized 102 castor bean accessions from
Ethiopia for their diversity by using 12 mor-
phological traits. Higher variation among the
accessions was reported and the majority of total
variation was mainly contributed by capsules per
plant and seeds per plant.

A study was undertaken on yield components
and root traits to find out the genetic variation
among 27 castor bean accessions (Ramesh et al.
2014). The maximum contribution toward the
total genetic diversity in these accessions was
from seed yield (31.19%), total dry matter

(23.36%), and 100-seed weight (13.6%). Vinay
et al. (2017) investigated the genetic diversity
among 51 castor bean genotypes. The major
contributors to total genetic diversity were plant
height up to the primary spike (20.24%),
100-seed weight (15.43%), and effective spike
length (14.43%). The inter-cluster distance
among the genotypes ranged from 31.64 to
40.31. Rukhsar et al. (2018) reported on genetic
variability among 15 castor bean genotypes by
using yield and its component traits using 13
agro-morphological characters. The genotypic
and phenotypic coefficients of variation were
reported high for number of capsules on the
primary raceme. A positive association between
the number of nodes up to primary raceme and
total length of primary raceme with seed yield
per plant was observed. Yadav and Anjani
(2017) characterized 392 castor bean accessions
(Andaman and Nicobar Islands, India, Brazil,
Hungary, Italy, Nigeria, and USA) for their oil
content and fatty acid composition. The oil
content among the germplasm ranged from 38 to
54%, and there was no significant variation in oil
content between Indian accessions and exotic
germplasm. The ricinoleic acid content in the
germplasm ranged from 71.15 to 93.68% with an
average of 85.68%, representing a significant
variation among the ricinoleic acid content.
Lower levels of linoleic acid and linolenic acid
were reported.

2.3 Assessment of Genetic Diversity
Using Biochemical Markers

Biochemical markers reveal variation among the
individuals by exhibiting polymorphism in cer-
tain proteins, viz, isozymes, seed-storage pro-
teins and secondary metabolites. These markers
are fairly cheap, rapid, and codominant. The
limited use of biochemical markers is due to their
low polymorphism, labor-intensive nature and
they are few in number. Similar to morphological
markers, these markers are influenced by the
environment and developmental stage of the
plant. Arslan (2012) investigated the genetic
variation among 17 castor bean genotypes that

2 Genetic Diversity in Castor Bean 17



are naturally grown in the Mediterranean regions
of Turkey. The sodium dedocyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
of seed-storage proteins revealed high homo-
geneity in the major protein bands. However,
there was a variation in the major protein bands.
The similarity coefficient among the genotypes
ranged from 0.364 to 0.955. Wang et al. (2013a)
reported genetic diversity among 37 castor bean
varieties by using peroxidase isoforms. The
number of peroxidase isozyme bands varied
from 3 to 7, and the varieties were grouped into
five major categories at similarity coefficient
of 0.79.

2.4 Assessment of Genetic Diversity
Using Cytogenetic Markers

Cytological marker assays were performed with
chromosome-specific probes such as, fluorescent
in situ hybridization (FISH) and Genomic in situ
Hybridization (GISH). Vasconcelos et al. (2010)
investigated the chromosome markers for the
characterization of ten castor bean genotypes.
The techniques like chromomycin/4,6-diam
inido-2-phenylindole (CMA/DAPI) banding, sil-
ver impregnation, FISH using rDNA 5S, and 45S
probes were used in the analysis. The mean
chromosome length ranged from 1.19 to
2.12 µm. Variation was observed among the
genotypes with regard to the nondistentions of
chromosome A satellite.

2.5 Assessment of Genetic Diversity
Using Molecular Markers

Molecular markers (also known as DNA mark-
ers) are extensively used in the genetic charac-
terization and improvement of crop species.
A number of marker techniques were developed
to assess genetic diversity in plants. The dis-
covery of the Polymerase Chain Reaction
(PCR) to amplify short segments of DNA gave
rise to a second generation of faster and less
expensive PCR-based markers. The emerging
oligonucleotide-based technologies derived from

the use of hybridization arrays and
sequence-based techniques have accelerated the
genome-wide diversity analysis. Molecular
markers are hybridization-based such as restric-
tion fragment length polymorphism (RFLP) and
PCR-based; but in castor bean, the marker tech-
niques employed were predominantly
PCR-based. In castor bean, the genetic diversity
analysis was carried out by using several marker
techniques (Table 2.1). The availability of the
draft genome of castor bean gave access to an
enormous amount of sequence information,
which resulted in the development of new
insights into castor bean genomics. The follow-
ing DNA-based markers were used for the
assessment of genetic diversity in castor bean.

2.5.1 Random Amplified
Polymorphic DNA (RAPD)

RAPD technique involves amplification of any
DNA segment by using a short oligodeoxynu-
cleotide primer of arbitrary nucleotide sequence
(Kahl 2001). These markers are dominant, con-
siderably abundant with low-cost running per
data point. The main advantages of RAPD
markers are; technically easy, does not require
prior sequence information about the organism
and results in robust polymorphism (Fig. 2.1a).
RAPDs were the general choice of marker in
many plants, where sequence databases were not
available. The main disadvantages of this marker
system lie in its non-reproducibility across lab-
oratories and often across runs, besides being
dominant. Gajera et al. (2010) determined the
genetic variation among 22 genotypes from India
by using 30 RAPD markers. A total of 200
RAPD primers were initially screened for poly-
morphism, of which only 15% were polymor-
phic. The low proportion of polymorphism in the
RAPD analysis was attributed to the small
number of genotypes used in the study. The
similarity coefficient among the 22 genotypes
ranged from 0.53 to 0.91 and the polymorphic
information content (PIC) ranged from 0.63 to
0.90 with a mean value of 0.82. Li et al. (2012)
reported low polymorphism and associated
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genetic variation among the 37 Chinese castor
bean varieties using 50 RAPD primers.

A study was undertaken to measure the genetic
relatedness between 40 genotypes from Slovakia
using eight RAPD markers (Vivodik et al. 2014).
The diversity index (DI) value ranged from 0.621
to 0.896 with a mean of 0.798. Lakhani et al.
(2015) performed RAPD analysis to determine
genetic variation in 13 genotypes from India.
A total of 27 RAPD primers were used in the
assessment of genetic diversity, and the PIC of the
primers ranged from 0.423 to 0.883 with an aver-
age of 0.705.Reddy et al. (2015) employedRAPD,
inter-simple sequence repeat (ISSR) and start
codon targeted (SCoT) markers for assessment of

genetic variation in 31 castor bean accessions
collected from seven geographical regions of the
world. RAPD markers exhibited a relatively
higher level of polymorphism (54%) as compared
to ISSR markers (38%) and SCoT markers (21%).
A total of 145 primers were found to be polymor-
phic out of the 214 primers screened. The high
proportion of polymorphic primers (67%) was
reported with PIC ranging from 0.06 to 0.49. The
mean effective multiplexing ratio (EMR), marker
index (MI), and resolving power (RP) were 2.33,
0.07, and 4.33 per primer, respectively. This study
reported a modest genetic diversity with RAPD
markers, and the similarity coefficient ranged from
0.47 to 0.91.

Fig. 2.1 a Electrophoretic
analysis of DNA
amplification produced using
RAPD primer OPO-18.
b Electrophoretic analysis of
DNA amplification produced
using ISSR primer UBC-856.
c Electrophoretic analysis of
DNA amplification produced
using SCoT primer SCoT-14.
Lanes designated as M
represents DNA double digest
with EcoRI and HindIII
restriction enzymes,
Nc-negative (no DNA)
control, and 1–31 represent
the DNA samples of 31 castor
bean genotypes (Reddy et al.
2015)
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2.5.2 Inter-Simple Sequence Repeat
(ISSR) Markers

ISSR markers are PCR-based markers, which use
simple sequence repeat primers to amplify
regions between their target sequences (Kahl
2001). This PCR-based technique exploits the
abundant distribution of simple sequence repeats
that are randomly present in the genome. The
main advantages of ISSR technique are their low
development costs, high portability across the
crops, highly polymorphic and robust in usage
(Fig. 2.1b). These markers are dominant that is
the main disadvantage of this marker system.
Five ISSR primers were used to investigate the
molecular diversity among 21 castor bean
genotypes from India (Gajera et al. 2010). This
study reported a similarity coefficient range of,
0.51–0.93 among the genotypes. Wang et al.
(2013b) employed ISSR marker technique to
characterize the genetic diversity among 39
Northeastern China genotypes. The highest mean
number of alleles for population belongs to
Mongolian province, while the lowest for popu-
lation from the Jilin province. The dendrogram
analysis divided the 39 genotypes into four major
clusters with a common node at 66% similarity.
It is reported that 65.5% of the total genetic
diversity were within the population and 34.5%
was among the populations and these investiga-
tions revealed wide genetic diversity in the castor
bean genotypes of Northeastern China.

Goodarzi et al. (2015) investigated the genetic
diversity within the 12 castor bean accessions
from six regions of Iran. The genetic diversity
within population and total variation were 0.121
and 0.232, respectively. The AMOVA results
showed that genetic diversity was mainly within
an accession (82%) than among the accessions
(18%). Reddy et al. (2015) assessed genetic
diversity of 31 genotypes collected from seven
geographical regions of the world using ISSR
markers. The results showed the mean EMR,
PIC, and RP were 1.34, 0.20 and 4.79 per primer,
respectively. This study had reported a modest

genetic diversity with ISSR markers and the
similarity coefficient ranged from 0.34 to 0.94
and had reported few accessions specific bands,
which can be converted into a SCAR marker for
the identification of specific accessions. Vas-
concelos et al. (2016) employed ISSR markers to
find out the genetic diversity of Brazilian germ-
plasm. A set of 21 ISSR primers had generated
264 loci, of which 187 were polymorphic.
The PIC values in this study ranged from 0.137
to 0.499 indicating a modest diversity among the
germplasm.

2.5.3 Start Codon Targeted (SCoT)
Markers

Start codon targeted (SCoT) polymorphism is a
PCR-based marker technique that involves
amplification of the DNA region, surrounding
the translation start codon (ATG). The technique
employs a single primer as both forward and
reverse primer similar to the RAPD and ISSR
methods and is designed from the
short-conserved regions flanking the start codon
(ATG) of plant genes (Joshi et al. 1997; Sawant
et al. 1999; Collard and Mckill 2009). These are
functional markers that were widely used for
genetic diversity studies and quantitative trait
loci (QTL) mapping. Compared to the RAPD
and ISSR techniques, SCoT polymorphism is
reproducible but the markers are dominant like
RAPD and ISSR markers (Fig. 2.1c). A study
was reported on the use of SCoT markers for the
characterization of 31 castor bean genotypes
from different countries (Reddy et al. 2015).
A set of 36 primers was employed in this study,
of which ten primers generated polymorphism.
The polymorphism of the primers ranged from 6
to 37% and the mean PIC, EMR, MI, and RP
were 0.24, 0.61, 0.07, and 2.19, respectively.
Similarity coefficient among the genotypes ran-
ged from 0.41 to 1.0 and disclosed a modest level
of genetic diversity through SCoT primers.

2 Genetic Diversity in Castor Bean 23



2.5.4 Amplified Fragment Length
Polymorphism (AFLP)
Markers

The AFLP technique combines the advantages of
both restriction digestion and PCR amplification
of the restriction-digested products (Vos et al.
1995). It is a stepwise procedure of digestion of
genomic DNA with restriction enzymes (usually
a frequent and a rare cutter) followed by ligation
adaptors of a known sequence of the digested
fragments. Then primers’ complementary to the
adaptors are used to amplify the restricted frag-
ments by PCR. AFLP markers produce high
polymorphism and are dominant in nature. The
advantage of the technique is that it does not
require prior sequence information and can be
adapted with cDNA-AFLP. The disadvantage of
AFLP is that it is technically challenging and a
dominant marker system. Assessment of genetic
variation in worldwide germplasm of castor bean
using AFLP polymorphism is reported by Allan
et al. (2008). This is the first report on utilization
of molecular markers in assessment of genetic
diversity of castor bean. A set of 41 castor bean
accessions representing five continents (North
America, South America, Europe, Asia, and
Africa, a total of 39 countries) was subjected to
molecular characterization. The study used three
AFLP primer pairs, which generated a total of
303 loci (among those 43% were polymorphic).
The minimum and maximum genetic diversity in
between the accessions reported were 0.048 and
0.499, respectively, and the mean genetic diver-
sity among the accessions was 0.294. The lower
level of genetic diversity reported in the study
might be due to the use of very few number of
AFLP primers. AMOVA results showed that the
majority of the genetic variation was detected
within accessions (55%) than among the acces-
sions (45%).

Quintero et al. (2013) employed AFLP tech-
nique for the assessment of genetic diversity
among 82 populations from Chiapas, Mexico.

The AFLP analysis of four combinations had
reported an overall similarity coefficient that
ranged from 0.03 to 1.0 and estimated a high
level of genetic diversity (71%) in the popula-
tion. Vasconcelos et al. (2016) reported an
average of 70.8% polymorphism in 27 castor
bean genotypes adapted to semiarid conditions of
Brazil. A total of 278 loci were polymorphic
(43.4%) fragments out of a total of 640 fragments
generated by 21 AFLP primer combinations.
AMOVA analysis reported higher variation
within the groups (89.2%) than between the
groups (10.8%).

2.5.5 Simple Sequence Repeat
(SSR) Markers

Simple sequence repeats, also known as
microsatellites, are the di-, tri-, tetranucleotide
repetitive DNA sequences present in the genome
of the organism (Tautz 1989). The SSRs are
distributed abundantly in plants and flanked by
conserved nucleotide sequences. These con-
served nucleotide sequences are used from which
the forward and reverse primers are synthesized
to amplify the DNA regions containing SSR
alleles by PCR. SSRs are codominant markers
and have several advantages, i.e., rapid, highly
polymorphic, multi-allelic and thus, making
multiplexing possible. The main drawbacks of
these markers are the high development and
startup costs and normally give single loci even
in polyploids. Allan et al. (2008) characterized
the genetic variation among the worldwide
germplasm accessions by using SSRs. A total of
41 castor bean accession representing five con-
tinents from 39 countries were subjected to
characterization. The PIC of nine primer pairs
used in the study ranged from 0.078 to 0.647.
The minimum and maximum genetic diversity
reported were 0.443 and 0.595, respectively, and
the mean genetic diversity among the accessions
was 0.595. The lower level of genetic diversity
reported in the study was attributed to the limited
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number of SSR primers. Bajay et al. (2011)
developed 11 microsatellite markers to investi-
gate genetic diversity in 38 Brazilian castor bean
genotypes. The mean observed and expected
heterogeneity were 0.060 and 0.416,
respectively.

Seo et al. (2011) developed and used 28
polymorphic SSRs for the characterization of 72
castor bean accessions (68 accessions from
Korea, two from Taiwan and one each from
Israel and Russia). A total of 625 unigene clones
were screened for microsatellites of which 423
clones (67.7%) contained SSRs. Of these iden-
tified clones, 340 (80.4%) were dinucleotide
repeat motifs and the rest were trinucleotide
repeat motifs. After screening 237 primers for
polymorphism, only 28 were found to be poly-
morphic. The observed and expected hetero-
geneity mean values among the accessions were
0.01 and 0.31, respectively. The phylogenetic
analysis showed three major clusters with a
genetic distance of 0.23 suggesting low genetic
diversity among the accessions. Quintero et al.
(2013) reported the genetic relationships among
82 castor bean accessions from Chiapas, Mexico
by using SSR and AFLP markers. Seven SSRs
were used and the PIC values of the reported
markers ranged from 0.5 to 0.8 and indices of
genetic diversity ranged from 66 to 94% with an
average of 70%. The presence of a mixture of
genotypes from different regions in the cluster
analysis indicated that there was a narrow geo-
graphic structure in the accessions.

A set of 144 inbred lines derived from castor
bean coreset (134 lines from India, three lines
from the USA and one each from Hungary,
Nigeria, Australia, Brazil) was used to determine
the genetic diversity and population structure by
using 45 SSRs (Senthilvel et al. 2017). Lower
allelic diversity reported in this study was due to
use of 91% of SSR primers that belonged to
trinucleotide repeats. The mean PIC and hetero-
geneity for the markers were 0.36 and 0.04,
respectively. Modest gene diversity (0.382) was
observed in the germplasm collection. The
genetic structure of the population estimated by
neighbor joining clusters, PCoA and STRUC-
TURE reported the lack of distinct genetic

structure in the inbred panel. Rukhsar et al.
(2017) reported a combined use of 13 morpho-
logical descriptors and 14 SSR markers in the
assessment of 27 castor bean inbred lines from
India. The PIC values ranged from 0.16 to 0.68
with an average of 0.43. The Nei’s genetic dis-
tance among the 27 genotypes ranged from 0.04
to 0.62 with a mean of 0.34. Vivodik et al. (2016)
investigated the genetic diversity among 60
genotypes obtained from Slovakia using five
SSR primers. This study reported an average
diversity index of 0.82.

2.5.6 Expressed Sequence
Tag-Simple Sequence
Repeat (EST-SSR) Markers

EST-SSRs are the simple sequence repeats that
are derived from transcribed regions of the gen-
ome. Compared to genomic SSRs, EST-SSRs are
three times more transferable across the species.
The main limitations of EST-SSR markers are
that they require sequence information and they
also exhibit substantially decreased level of
polymorphism. The advantages of these markers
lie in their rapidity, highly reproducibility, and
reliability. Qiu et al. (2010) characterized the
genetic variation among 24 castor bean acces-
sions representing 14 countries using EST-SSR
markers. The analysis of genetic relationships
among the germplasm accessions was moderate.
The study revealed 118 polymorphic EST-SSR
markers with 2.97 alleles per marker, and these
markers displayed PIC and gene diversity values
of 0.36 and 0.41, respectively. Pranavi et al.
(2011) developed a set of 130 EST-SSR markers
for assessment of genetic purity of nine Indian
commercial castor bean hybrids. Ramana Rao
et al. (2012) reported the results of genetic vari-
ation among the drought-tolerant and -sensitive
genotypes by using 10 EST-SSR markers. The
estimated genetic variation was low.

A total of 51 castor bean accessions from
Northeast India were characterized for their
genetic variation by using 35 EST-SSRs (Kanti
et al. 2014). The mean PIC and discriminating
power (DP) values were 0.38 and 0.59,
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respectively. Kanti et al. (2015) assessed genetic
variation among 33 castor bean germplasm lines
collected from Andaman and Nicobar Islands,
India by using agro-morphological traits and
EST-SSRs. The total germplasm fell into three
major groups. The average expected hetero-
geneity in the germplasm was 0.58, which indi-
cated a significant diversity among the collected
germplasm. Ramesh et al. (2016) investigated
genetic variation among 27 Indian castor bean
accessions by utilizing 28 EST-SSR primer pairs
of which 12 primers showed polymorphism with
an average PIC of 0.33. Wang et al. (2017)
determined the genetic variation and population
structure in 574 accessions of US germplasm
collection with 22 polymorphic EST-SSR
markers. The mean PIC (0.44) reported was
slightly higher than the reported values of
Senthilvel et al. (2017) and Allan et al. (2008),
which were 0.403 and 0.36, respectively. This
study reported a moderate genetic diversity index
of 0.53. This is the only study which used a large
number of accessions from 48 countries in
determining the genetic diversity. The population
was broadly divided into four subpopulations
based on structure analysis. Genetic diversity
among the subgroups were G1 (0.49), G2 (0.54),
G3 (0.39), and G4 (0.39). The genetic distance
(Nei’s minimum distance) between the groups
were reported as 0.22 (G1 and G2), 0.23 (G1 and
G3), 0.17 (G1 and G4), 0.25 (G2 and G4), and
0.12 (G3 and G4).

2.5.7 Single Nucleotide
Polymorphism
(SNP) Markers

A single nucleotide polymorphism (SNP) refers
to a variation at a single position in DNA
sequences between individuals. SNPs are the
most abundant polymorphic markers with a fre-
quency of 2–3 polymorphic sites per kilobase of
the genome (Cooper et al. 1985). The SNP data
is highly dependent on sequence information.
Several sequencing and bioinformatics methods
are available for the identification and develop-
ment of SNPs. These markers are robust in usage

and highly suitable for high-throughput geno-
typing. However, the high development cost is
the major limitation of this technique. Foster
et al. (2010) used high-throughput SNP geno-
typing to assess the genome-wide variation and
population structure in 152 castor bean acces-
sions collected from USDA germplasm resources
information network (total samples represent
worldwide distribution from 45 countries). This
study reported a low level of genetic diversity in
the genotypes studied. The mean observed
heterozygosity across the population was 0.15
and estimated heterozygosity was 0.21.
The AMOVA results showed the majority of
molecular variation within populations (74%)
followed by among the population (22%) and
among the continents (4%).

2.5.8 Sequence-Related
Amplification
Polymorphism (SRAP)
Markers

Li and Quiros (2001) developed the marker
technique known as sequence-related amplifica-
tion polymorphism (SRAP). The objective of this
marker method is for the amplification of
open-reading frames (ORFs). It is a two-primer
marker technique that consists of forward and
reverse primers. The forward primer is of 17 base
length, of which the first 5′ ten bases consist of a
core sequence (filler sequence) followed by the
sequence CCGG and then by three selective
nucleotides at 3′ end. These markers have high
reproducibility with the optimal marker distri-
bution. The reverse primer is structurally similar
to the forward primer except for AATT instead of
the CCGG sequence. A set of 20 SRAP primers
was used in the assessment of genetic relation-
ships among 81 castor bean Chinese varieties (Lu
et al. 2010). A total of 263 fragments were
generated by 20 SRAP primers, of which 214
(81.37%) were polymorphic. The genetic simi-
larities of 81 varieties ranged from 0.32 to 0.92.
The cluster analysis grouped the varieties based
on geographical regions. Mei-Lian et al. (2012)
assessed the genetic diversity in 50 Chinese
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accessions using the SRAP markers. The results
indicated a lower level of polymorphism
(29.97%) with the average gene diversity index
of 0.09. Similarity coefficients among the germ-
plasm ranged from 0.64 to 0.97.

2.5.9 Target Region Amplification
Polymorphism (TRAP)
Markers

TRAP is a technique based on the combination
of conserved sequences derived from ESTs and
arbitrary primers (Hu and Vick 2003). The TRAP
marker method adapted the concept of SRAP in
designing arbitrary primers with slight modifi-
cation in the principles of primer design. The
principles involved in designing the primers
include: (1) The selective nucleotide, 3–4
nucleotides at the end, (2) The core, 4–6
nucleotides with AT- or GC-rich regions, (3) The
filler sequences that make the 5′ end. The
advantages of this method are that the assays are
rapid with high reproducibility. Simoes et al.
(2017) employed TRAP marker technique to
estimate the genetic diversity in 40 castor bean
genotypes developed at NBIO-UFRB, Brazil.
A total of 168 primers were selected for ampli-
fication by using 28 fixed and six arbitrary primer
combinations. The fixed primers were designed
to target the regions of either the metabolic
pathway of ricin or the fatty acid synthesis.
A total of 64 effective TRAP primer combina-
tions generated a total of 580 fragments, of which
335 (58%) fragments were polymorphic.
The PIC of the TRAP markers ranged from 0.03
to 0.33 with a mean value of 0.24. A significant
level of genetic dissimilarity (0.66) was reported
among the castor bean elite lineage evaluated.

2.5.10 Random Microsatellite
Amplified
Polymorphic DNA
(RMAPD) Markers

RMAPD is a PCR-based method which involves
the use of a combination of random primers

(RAPD) and microsatellite primers as forward
and reverse primers (Lan et al. 2006). It has wide
applications in determination of genetic diversity,
population structure, and marker-assisted selec-
tion. There is a report on utilization of the
AP-PCR (or RAPD) and RMAPD technique for
the characterization of genetic diversity among
31 castor bean germplasm accessions from
domestic regions of China (Dong et al. 2012). In
this study, a set of 84 RMAPD and nine AP-PCR
primer pairs were used for analyzing the genetic
diversity. The number of polymorphic bands in
AP-PCR ranged from 2 to 10, whereas in
RMAPD, it ranged from 5 to 12. At a heritable
coefficient of 0.56, the 31 germplasm accessions
were categorized into three groups.

2.5.11 Methylation-Sensitive
Amplification
Polymorphism (MASP)
Markers

DNA methylation is an important epigenetic
mechanism that controls the gene expression,
transposon mobility and genome integrity (Law
et al. 2010). In plants, DNA methylation mech-
anism usually occurs in three sequence contexts;
CG, CHG, and CHH (H might be A, C, or T).
MSAP is a method used to detect the DNA
methylation status of an organism. The differ-
ences in the methylation pattern between two
individuals produces a differential polymorphism
when digested with restriction enzymes, which
target this region (Law et al. 2010). The MSAP
technique involves a sequence of steps; (1) di-
gestion of DNA with a methylation-sensitive
restriction enzyme; (2) DNA fragments are liga-
ted with adaptors in order to facilitate their
amplification; (3) these generated fragments are
selectively amplified by fluorescently labeled
primers. This technique is highly reproducible
and reliable.

MASP technique was employed to survey the
genetic diversity in 60 landraces of castor bean
collected from 29 countries (USDA National
Plant Germplasm System and landraces from
China). A reproducible PCR fragments are
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achieved with 20 primer combinations sets and
amplified fragments among the landraces ranged
from 123 to 292. The DNA methylation level
ranged from 3.8 to 34.3% in the 60 castor bean
landraces. The study clearly demonstrated that
the rate of DNA methylation greatly varies
among different landraces (He et al. 2017). The
percentage of polymorphic loci (PPB), number of
different alleles (Na), number of effective alleles
(Ne), Shannons information Index (I), and
unbiased expected Heterozygosity (He) were
observed as 69.07%, 1.69, 0.36, 1.39, and 0.24,
respectively. The polymorphic methylated loci in
the study were detected predominantly in the
nuclear and organelle genomes of the castor bean
landraces.

2.6 Transferability of Castor Bean
Molecular Markers Across Taxa
and Genera

The conservation of the structure of genetic
regions across the genomes is well documented.
The availability of genome sequences in the public
domain and bioinformatics tools provide an alter-
native method for the identification of molecular
markers (particularly SSRs). These identified
molecular markers can be tested for their amplifi-
cation across taxa, genera, and species. It reduces
the developmental costs and saves time. Sharma
and Chauhan (2011) showed higher rates of
transferability (70%) of castor-bean-derived SSRs
to 49 Jatropha curcas genotypes and eight Jat-
ropha species. The genome analysis identified
5,80,986 SSRs in castor bean of which 302 ran-
domly selected SSRs were tested for their cross
transferability with J. curcas and eight other Jat-
ropha species. Out of 302 castor bean SSRs tested,
211 primers showed amplification with Jatropha
species. The transferability across the Jatropha
species ranged from 58% (J. gandulifera) to 70%
(J. curcas) with transferability of 63–68% with
other species. A total of 37 primer pairs generated

amplification in J. curcas and other species. Most
of the polymorphic primers (35) belonged to din-
ucleotide repeats. Tetra- and pentanucleotide
repeats failed to show polymorphism.

Qiu et al. (2010) tested the cross transfer-
ability of castor bean EST-SSRs to Spernskia
cantonensis and Jatropha curcas. A total of 308
castor-bean-derived EST-SSRs were tested for
their cross transferability with S. cantonensis and
J. curcas of which 155 (50.2%) primer pairs
amplified in S. cantonesis and 74 (24%) in
J. curcas. Raji et al. (2009) tested cross trans-
ferability of EST-SSRs developed in cassava
with castor bean. The results showed lower
transferability of cassava derived EST-SSRs to
castor bean. It is reported that only 13 (15%) out
of 85 EST-SSRs were amplified in castor bean.

2.7 Genomic Resources Available
in Castor Bean for Marker
Development and Diversity
Analysis

Arabidopsis is the first plant genome that was
sequenced in the year 2000. After ten years of its
publication, castor bean genome was published
(First in the family of Euphorbiaceae) in the year
2010 by Chan et al. (2010). Before the publica-
tion of castor bean genome, there were only two
reports on molecular marker utilization in castor
bean (Allan et al. 2008; Foster et al. 2010).
Availability of the castor bean genome in the
public domain gathered a momentum in the
development of molecular markers (particularly
SSRs) and its use in the diversity assessment of
the crop (Qiu et al. 2010; Bajay et al. 2011; Seo
et al. 2011; Ramana Rao et al. 2012; Quintero
et al. 2013; Ramesh et al. 2016; Wang et al.
2017; Senthilvel et al. 2017; Rukhsar et al. 2017;
Vivodik et al. 2016). The availability of the
genome sequence of castor bean and its genomic
resources (Table 2.2) had accelerated the struc-
tural and functional genomics approaches to
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discover the molecular genetic diversity and
mapping important traits in the crop (Rivarola
et al. 2011; Liu et al. 2016; Tan et al. 2016;
Tomar et al. 2017).

2.8 Conclusion and Future
Prospects

Genetic diversity studies in castor bean germ-
plasm using morphological markers showed a
high genetic variation in Indian and Ethopia and
low-to-high in Nigeria, Turkey, China, Brazil,
and Iran. The morphological characters such as
100-seed weight, oil content, number of main
stem nodes, days to 50% flowering, days to
maturity, the effective length of spike, and plant
height were major contributors of morphological
diversity existed across the germplasm from
different countries. Molecular diversity indicated
low-moderate genetic diversity in germplasm
collection from India, China, Brazil, Mexico, and
worldwide collection. The studies, which
employed worldwide germplasm collection and
used different marker systems had showed a
narrow genetic diversity among the world col-
lection and indicated a modest genetic variation
among the Indian coreset germplasm. Morpho-
logical diversity in most cases was not in
agreement with molecular diversity indicating a
strong influence of environment in the assess-
ment of genetic diversity of morphological
characters. In few of the molecular diversity
studies reporting high genetic diversity among
the castor bean germplasm could either be due to

use of low number of markers or limited number
of genotypes. There is a need to combine both
morphological and molecular markers to identify
the variation in the germplasm and pooling up
large germplasm sources in one place. These
combined enhancements (morphological and
molecular) would allow accurate assessment of
the genetic diversity with a single collection
representing divergent germplasm from world-
wide. The availability of the castor bean genome
had opened up a new avenue for development of
novel molecular markers and also to construct
dense-linkage maps for castor bean. The avail-
ability of genetic diversity information and
dense-linkage maps in castor bean would provide
the identification of molecular markers that are
closely associated with important agronomical
traits.
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3Classical Genetics, Cytogenetics,
and Traditional Breeding
in Castor Bean

C. Lavanya, A. Vishnuvardhan Reddy, Bhramar Dutta
and Rajib Bandopadhyay

Abstract
Castor being a perennial, cross-pollinated,
sexually polymorphic crop with high environ-
mental sensitivity, initial plant breeding efforts
were restricted to plant height and duration.
Domestication of a wild, perennial crop to an
annual crop of medium plant height and
duration is the first success. Further, develop-
ment of a two-line breeding system and
standard seed production technology led to
successful commercial exploitation of hetero-
sis. Being a monotypic genus, diversification
of parental base is restricted to intra-generic,
intraspecific, or inter-varietal hybridization.
Phenotypic expression is highly plastic and
varies with locations and seasons. Majority of
the morphological characters are monogenic,
independently assorted with very limited link-
ages among the traits. However, information
on genetics of major morphological characters
is scattered in several old publications. Con-
ventional breeding methods were successful in
developing about 40 high-yielding hybrids and
varieties with inbuilt resistance to major pests

and diseases. An effort is made in the present
chapter to consolidate the information on
genetics and breeding methods followed in
India and elsewhere.

3.1 Introduction

The castor plant, a member of Euphorbiaceae or
spurge family, is a commercially valuable,
non-edible oilseed crop due to its high yield
potential even under optimum management con-
ditions. It is an ideal commercial crop due to its
high oil content (45–55%) of seed with high levels
of a unique fatty acid, ricinoleic acid (80–90%).
Ricinoleic acid (12-hydroxyl-cis-9-octadecenoic
acid) has more than 250 industrial uses in addition
to biofuels. Castor is cultivated in more than 29
countries over an area of 14.48 lakh ha with a
production of 19.48 lakh tons and productivity of
1346 kg/ha (2015–16). India has the largest area of
8.3 lakh hawith a production of 14.2 lakh tons and
1713 kg/ha productivity. Though indigenous to
Eastern Africa and Ethiopia, it is reported as
polyphyletic in origin with four major centers of
diversity, viz. Iran–Afghanistan–(former) USSR
region, Palestine–South West Asia, India–China,
and the Arabian Peninsula.

Castor, a drought-tolerant crop, usually grows
well in relatively dry and warm regions having a
well-distributed rainfall of 500–750 mm. In
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heavy rainfall areas, the crop puts an excessive
vegetative growth and assumes a perennial habit.
Castor requires a moderate temperature
(20–26 °C) with low humidity throughout the
growing season to produce maximum yields.
A kharif crop is also being cultivated as a rabi
crop in southern states like Telangana, Andhra
Pradesh, Tamil Nadu, and Odisha with assured
irrigation. The crop can withstand long dry spells
but cannot establish under waterlogging
conditions.

3.2 Monotypic Genus

Ricinus is a monotypic genus, and the species
communis is subdivided to six subspecies, viz.
persicus, chinensis, zanzibarinus, sanguineus,
Africans, and Mexicans based on eco-
geographical grouping (Kulkarni and Ramana-
murthy 1977; Moshkin 1986; Weiss 2000). The
species R. communis was also considered as a
composite species (sp. collectiva) with three ele-
mentary species, while many considered this spe-
cies as a monotype. There is no difference in the
chromosome number (2n = 20) among the sub-
species, and they all can cross easily with each
other (Kulkarni andRamanamurthy 1977;Atsmon
1989). Genetic variability though restricted to
intraspecific variability, variable phenotypic
expression due to its cross-pollinated nature and
independent assortment of several phenotypic
characters provided a wide genetic base for the
breeders.

3.3 Cytogenetical Studies

The somatic diploid chromosome number of R.
communis is 2n = 20. The karyotype analysis
indicated that chromosomes differ in size (4.6–
19.2 lM) and distribution of heterochromatin.
Castor is considered to be a secondary balanced
autopolyploid with N = 10 (Richharia 1937).
Based on the maximum number of secondary
associations (5) observed at I and II metaphases,
the haploid constitution was postulated as AAA,
BB, CC, DD, E. Polyploidy has been induced

using colchicine (0.3%) on apical meristems
(Narain 1953). Increase in stomatal size and
decrease in stomatal density were observed in
colchicine-induced tetraploids of three castor
genotypes, viz. 48-1, DCS-107, and AP-41
(ICAR-IIOR 2017). Pollen fertility varied from
0 to 35% in 48-1 and AP-41 mutants, while
quadrivalent associations were more frequent in
the tetraploid mutants.

3.3.1 Idiogram

The idiogram is constructed in different species
of Ricinus to correlate the chromosome mor-
phology variation with respect to changes in sex
expression. Jakob (1956) has shown that each ten
chromosome pairs of the compliment is easily
morphologically distinguishable in pachytene
stage of meiosis cell division, by the regions
which stained deeply with acetic orcein. “Chro-
matic” region for deeply stained zones was
coined by Brown in 1949 in Lycopersicum
esculentum. Macro-chromosome-bearing region
of pachytene chromosome of Ricinus sp. appar-
ently supports the view. The micro-chromomere
of the chromatic zone is not clearly distinguish-
able, whereas the achromatic zone, flanking both
sides of the chromatic zone, shows the presence
of lightly stained micro-chromomere. The ten
pairs of chromosomes were numbered by Paris
et al. (1978) in numeric fashion, whereas
Alexandrov and Karlov (2016) marked the
chromosomes pairs in alphabetic order. Paris
et al. in (1978) described the details of chromo-
some morphology. It is clear from Fig. 3.1 that
Chromosome 1 is the longest and least hete-
rochromatic chromosome of the complement.
Chromosome 2 is the main nucleolar organizer
(NOR). Chromosome 3 contains proximal hete-
rochromatic region. Chromosome 4 is second
longest chromosome after Chromosome 1.
Chromosome 5 is metacentric as it has two arms
almost equal in length. In Chromosome 6, cen-
tromere is flanked by one large chromomere in
long arm and proximal chromomere is in the
one-third way of centromere. A NOR region is
present in Chromosome 7 as of Chromosome 2.
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However, the NOR in chromosome 9, previously
reported by Jelenkovic and Harrington in 1973,
was not confirmed. Chromosome 8 is more or
less similar with Chromosome 4. Chromosomes
9 and 10 are the shortest.

3.3.2 Molecular Cytogenetics
of Castor Bean

The study of molecular cytogenetics spread some
light on genome sequencing of castor plant. The
organization of the major DNA repeat sequences
can be studied by fluorescence in situ
hybridization (FISH) mapping. Earlier, several
authors (Paris et al. 1978; Zhong et al. 1996)
characterized pachytene chromosome by

high-resolution FISH technique. But FISH-based
mapping done for the first time showed that 45S
rDNA and 5S rDNA signals on the pachytene
chromosome are on the short arm; contrarily,
Vasconcelos et al. (2010) showed that they were
localized on the long arm. Alexandrov et al. in
2016 experimented the FISH-mediated karyotype
which constitutes ten pairs of chromosomes
shown in Fig. 3.2. Six chromosomes among
them, viz. B, C, D, F, H and J, emit hete-
rochromatin bands and rcsat39 probe labeled
with digoxigenin-11-dUTP signals that are
depicted in Fig. 3.3. A chromosome pair which
is non-heterochromatic carries rcsat390 probe
signals. The telomeric probe rcsat47 emits faint
yellow signal, if it is placed at the chromosome
terminals.

Fig. 3.1 Idiogram of ten pachytene bivalents of Ricinus
communis; where centromere represented by arrows, long
arms are in the left side and short arms are in the right
side, euchromatic regions are the thin line and thickened

lines represent heterochromatic regions. The space
between the lines represents secondary constriction.
Adapted from: Paris et al. (1978)

Fig. 3.2 Castor bean Karyotype based on FISH signals. Adapted from: Alexandrov and Karlov (2016)
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3.4 Pollination Mechanism

Due to monoecious nature, castor is highly
cross-pollinated, and wind is the main agent for
pollination indicating cross-pollination to the
extent of 5–36% (Sesadhadri and Muhammad
1951). Pollen can travel up to even 1 km on a
clear day with normal wind velocity, but no
pollen movement happens on a rainy day.
Weather factors like continuous cloudy weather
during flowering, low temperature due to con-
tinuous rains cause infertility as low temperature,
and/or high humidity produce abnormal pollen
grains and also restrict the free movement of
viable and healthy pollen.

Castor is a cross-pollinating plant but unlike
other cross-pollinating crops, it is inclined
toward self-pollination with low inbreeding
depression (Moshkin 1986). Flowers of central
spike are inclined toward self-pollination (30–
70%), and flowers of lateral spikes pollinate by
cross-pollination. In large areas of the crop,
pollen flies up to 2.5–3 km. Maximum quantity
of pollen was on the level of castor plants
(60 cm), and it was ten times less at a height of
3 m. Isolation distance varied from as low as
300 m for certified seed production to 1500 m
for nucleus seed production of female lines
(Zaveri et al. 2010; Varaprasad and Lavanya
2015). Due to its low inbreeding depression,
breeding techniques are not restricted to that of a
cross-pollinated crop.

3.5 Genetics of Major
Morphological Characters

Three morphological characters including stem
color, bloom, and spines on the capsules are
essential for characterization or description of a
genotype. Several other characters like plant
type, leaf shape, nature of the spike, echinate
nature of stem, and petiole are also useful as
morphological descriptors.

3.5.1 Stem Color

Stem color is a stable, distinct morphological
trait of monogenic inheritance. A wide variation
ranging from bright green to dark red through
green with reddish–bluish tinge on sunny side,
carmine or rose red, mahogany red, sulfur white,
etc., is observed in the germplasm. Earlier bota-
nists classified stem color into five categories
while classification as three categories, viz. red,
green, and mahogany, or two categories as
among the cultivated varieties, green and faint
red is most common.

Stem color is due to the pigmentation of sap
color in epidermal palisade cells and parenchy-
matous areas of the stem and used to classify the
genotypes (Kulkarni and Ramanamurthy 1977).
Recent studies conducted under Distinctiveness,
Uniformity, and Stability (DUS) tests on antho-
cyanin pigmentation starting from seedling to

Fig. 3.3 FISH signal-based ideogram of castor bean
where 45S rDNA represent in cyan color, 5S rDNA in
red, rcsat39 probe emits green, magenta emitted by

rcsat390 probe, telomere produces very little yellow
signals. Source Alexandrov and Karlov (2016)
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flowering stage indicated that green is the basic,
distinct color while the presence of anthocyanin
pigmentation over the green color turns to red,
while its magnitude and intensity result into
either light red, mahogany, or dark red. The
intensity of anthocyanin pigmentation varies with
sunshine, presence and intensity of bloom, and
age of the plant, etc. Stem color is more deep and
intense when there is no bloom on any plant parts
or zero bloom. In DUS testing, stem color is
determined with the color charts of Royal Hor-
ticultural Society, after the removal of bloom as
it distorts the original color (Chakrabarty et al.
2006, 2009).

Genetic studies conducted during 1920 s
indicated monogenic inheritance for stem color
and dominance of colored stem over green stem.
In crosses between red-blush � green, Kulkarni
(1959) reported monogenic inheritance where F1
was all red-blush with 3 red-blush: 1 green in F2
which was later confirmed by Solanki and Joshi
(2001), Rao et al. (2005), Lavanya and Gopinath
(2008), and Gourishankar et al. (2010). Epistatic
ratios for stem color indicated two factors M and
G for three colors, where factor G converts tin-
ged green to green and mahogany to rose and M
is the factor for mahogany (Seshadri and
Mohammd 1951). A single-gene Rst/rst for stem
color in three crosses of castor also indicated
digenic epistatic ratio of 9 green: 6 red: 1
mahogany where green stem color is dominant to
red stem color (Lavanya and Gopinath 2008).
The presence of either of two genes Rst or Gst
individually produces red stem color, while the
presence of both the two genes RstGst poly-
merizes the effect to turn to green color. The
presence of two recessive genes rstgst produces
mahogany stem color in cross DPC 13 � M 574.
Mahogany color has both green and red colors
with predominance of red color.

A distinct dark purple color morphotype,
collected from Assam and Manipur states, how-
ever showed maternal inheritance in a cross
between purple and green color morphotypes
(Anjani et al. 2007).

3.5.2 Bloom

Bloom or waxy coating on the stem and other
parts like leaves, capsules, and spines in castor
serves as a natural protection against extremes of
weather and infestation of insect-pests (Seshadri
and Seshu 1956; Chandrasekharan and Sundaraj
1946). Cold injury and leaf hopper incidence are
higher in plants without bloom than in plants
with bloom, while it is vice versa for white flies.
The intensity of ashy white bloom increases with
sunlight and decreases with the fog or humidity.
Castor plants are classified mainly based on the
absence or presence of bloom on all external
plant parts as zero bloom or with bloom. How-
ever, further classification is based on the pres-
ence of bloom on combination of plant parts, as
single bloom (stem + petiole + capsule stalks),
double bloom (stem, petiole, capsule + lower
side of the leaf), and triple bloom (all the above
parts + upper side of the leaf) (Kulkarni 1959;
Narian 1961; Kulkarni and Ramanamurthy
1977).

Bloom is monogenic dominant or partially
dominant over zero bloom (Kulkarni 1959;
Kulkarni and Ramanamurthy 1977; Lavanya and
Gopinath 2008). Single bloom was monogenic
and dominant over zero bloom while double
bloom had a dominant digenic complementary
action of 9 double:3 single:4 zero bloom in a
cross between double bloom and zero bloom
(Peat 1926). Double bloom was controlled by
two complementary genes B and C, where B
alone expresses single bloom while C can
express double bloom only in the presence of B
(Peat 1926). The variation in the intensity of
bloom was also controlled by another dominant
gene D. Triple bloom was always dominant to
other bloom variations (Seshadri and Muhamed
1951; Narian 1961; Pathak and Asthana 1962).
Dominant nature of a single gene for bloom
(PtBl) was confirmed in F2 ratios of 3 triple
bloom: 1 single and double bloom (Lavanya and
Gopinath 2008).
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The intensity of bloom within the plants var-
ies with the age of the leaves; mild in the
youngest to traces in matured, senescing leaves
but highest in the physiologically active leaves.
Even a series of single bloom families were
heterozygous for the intensity of bloom varying
from normal to heavy bloom. In triple or double
bloom types, the presence of bloom on upper or
lower side of the leaf is mostly confined to the
latest emerged leaf indicating the role of pene-
trance and expressivity of the genes controlling
the bloom character or due to multiple alleles.

3.5.3 Plant Type

The concept of plant type in castor gained
importance especially with Texas stable
pistillate-tenth-order revertant (TSP-10R), an
exotic pistillate line introduced from USA. It was
further crossed with three other inbred lines, viz.
JI-15, JP-5, and 26006 at Vijapur, Gujarat in 1968
to develop an indigenous, stable pistillate Vijapur
Pistillate-1 (VP-1), with distinct characters like
dwarf stem, condensed nodes, cup-shaped leaves,
convergent branching, long primary spike, and
non-shattering character. Majority of the pistillate
lines derived from VP-1 background have dwarf
stem, condensed nodes, cup-shaped leaves, and
convergent branching which are highly linked
characters (Rao et al. 2005). The plant type of
VP-1 was an instant success due to its feasibility
in hybrid seed production for agronomic man-
agement and wind pollination. In addition, plant
type is monogenic inheritance where dwarf plant
type is recessive to the normal plant type with
elongated nodes, normal plant height, and diver-
gent branching (Moshkin 1986; Lavanya and
Gopinath 2008; Gourishankar et al. 2010). Single
dominant gene (PtN) is reported for normal,
elongated plant type segregated in F2 as 3 normal
(N): 1 dwarf (Dw) in two crosses between Nor-
mal � Dwarf and Dwarf � Normal while in
another Dwarf � Normal cross, F2 segregated to
fit into 45:19 ratio indicating the role of three
genes for plant type (Lavanya and Gopinath
2008).

The distance between stem color (Rst/gst) to
plant type (PtDw) and single gene for pistillate
character and plant type was estimated as 40.2
and 47.6 centimorgans based on square root of
frequency of double recessive phenotypes in F2
data (Lavanya and Gopinath 2008).

3.5.4 Leaves

Leaves in castor are simple, small to large size
and palmate with 7–11 lobes. The genotypes
differ in the size and number of the leaves which
is also influenced by the environmental factors
like season, soil type, and water stress. Papaya
leaf type, with deeply dissected leaf lobes and
serrated margins, is a distinct trait, observed in
germplasm and exotic collections. The trait
developed in parental lines like DPC-12,
DPC-15, DCS-12, DCS-59 is of monogenic,
recessive control and serves as a distinct mor-
phological marker. The petioles of castor leaves
are long (30 cm to > 40 cm) restricting the
adoption of high plant density. A short petiole
plant (< 20 cm), was used to transfer the mono-
genic trait to a high-yielding cultivar FCA-PB.

3.5.5 Number of Nodes to Primary
Spike

Node number is an indication of flowering initi-
ation, and on an average, every node takes 4–
5 days to develop (Shifriss 1964; Moshkin
1986). Node number varies between the loca-
tions and planting season, while it is constant for
each genotype within the locations based on
planting season (Lavanya and Gopinath 2008).
Genotypes were classified as early (< 12 nods),
medium (13–16 nodes), and late (> 17 nodes)
based on the number of nodes to the primary
spike. Low node number is dominant to higher
node number and segregates as 9 early:6 med-
ium:1 late types. Digenic or trigenic epistatic
ratios controlled the character and varied with the
parents of the crosses involved (Lavanya and
Gopinath 2008).
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3.5.6 Spike

3.5.6.1 Spike Compactness
In castor, spikes are classified based on the
arrangement or density of capsules on the spike
as loose, compact, and semi-compact (Kulkarni
and Ramanamurthy 1977). Compact and
semi-compact spikes are highly susceptible to
fungal diseases like Botrytis gray mold under
conditions of high humidity, rainfall, and cloudy
weather due to poor aeration and ventilation. In
local collections, the basal portion of the raceme
up to 15–20 cm did not bear any capsules, while
in improved varieties like HC-1 and HC-6, the
first portion (of 13 cm) of raceme bore 70% of
the total capsules (Kulkarni 1959).

Inheritance pattern of spike nature indicated
monogenic inheritance, either incomplete domi-
nance or dominance of the compact versus loose
spike (Solanki and Joshi 2001; Lavanya and
Gopinath 2008). The distinction between compact
and semi-compact is not much clear while loose
spike is distinct from compact or semi-compact
spikes. Dominance of a single gene, SpSc, for
compactness of the spike was indicated in 3
semi-compact: 1 loose spike in a cross between
compact spike type (viz. DPC 13) and
semi-compact (viz. M 574). In another cross
between two pistillate lines of compact vs.
semi-compact, two epistatic inhibitory genes
controlled the spike type while F2 population fit
into the ratio of 13 semi-compact: 3 compact spike
types. The presence of dominant gene at one locus
[SpSc] and recessive gene at other locus [Spll]
produced the same phenotype—semi-compact
spike while presence of dominant gene at other
locus [spL] resulted in loose spike types.

3.5.7 Capsule Color

Capsules with purple, mahogany, sulfur white
and green colors were available in the germ-
plasm. The green color of capsule was controlled
by a single dominant gene (Patwardhan 1931;

Sesharadri and Muhammad 1951). Similarly in a
cross between green and sulfur white, the F2 is
segregated in the ratio of 15 normal green:1
sulfur white.

3.5.7.1 Capsule Spines
Spines on capsules in castor are a misnomer as
they are not of pricking type. Spines vary in
length, number, and distribution on capsules. The
number of spines may vary from 0 to 150 per
capsule. Based on the presence and distribution
of spines on capsules, genotypes were classified
as spiny, non-spiny, and semi-spiny. In some
instances, capsules on main raceme were
non-spiny while those on secondary and tertiary
were spiny indicating xenia effect (Pathak et al.
1965). Capsules with long and densely packed
spines as in DCH-519 provide congenial
micro-climate like high humidity, retention of
raindrops, moisture for the germination of spores
of Botrytis gray mold. Capsules with short
spines, sparsely distributed spines, or absence of
spines as in, viz., DPC-9, GCH-4, and 48-1
indicated tolerance to Botrytis gray mold. The
presence of spines is partially dominant to
non-spininess and controlled by a single gene,
while F2 gave a good fit to the 1 spiny:2 partial
spiny:1 non-spiny capsules indicating incomplete
dominance of sparse spiny nature and monogenic
control of spiny capsule (Narain 1961; Anjani
1997; Chandramohan 2002). In a cross between
spiny (130 spines per capsule) and non-spiny, the
F1 was intermediate (68 spines) and F2 segre-
gated in the ratio of 1 spiny:2 intermediate:1
non-spiny (Sehardri and Muhammad 1951;
Kulkarni 1959). The non-spiny capsules have
either rugged, wrinkled, or smooth surface. The
rugged surface of capsule was partially dominant
over smooth surface and controlled by a single
dominant gene. Further, a single dominant gene
controlled the stalk of the capsule over sessile
capsule. The stalk of the capsule may be bran-
ched; partially dominant over non-branched and
F2 segregated in the ratio of 1:2:1 indicating
monogenic inheritance of capsule stalk.
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3.5.7.2 Locules
Normally, the capsules are trilocular but some-
times bi- and tetralocular capsules were also
noticed. Rarely, capsule with 4–8 locules were
recorded (Rao and Thandavarayan 1954; Pathak
et al. 1965).

3.5.8 Fruit Dehiscence

Capsules of all local varieties are shattering type,
dehiscing at maturity compelling premature har-
vesting leading to low oil content. Breeding
efforts led to non-shattering varieties where
threshing became difficult. Partial dehiscence of
capsules is preferred where in membranes cov-
ering the seed remains intact even though cap-
sules dehisce preventing the shattering of the
seeds on the ground (Kulkarny and Ramana-
murthy 1977).

3.5.9 Seed Color

Seed color at the base varied from light choco-
late, deep chocolate, red, purple, black, and white
and is further modified by mottling patterns,
which are of independent inheritance. Seed coat
color is a distinct, stable morphological marker
along with either low or high mottling pattern.
Genotypes were classified based on the size of
the caruncle as small, viz. GCH-2 or big, viz.
DCH-177 (Chakrabarty et al. 2009).

3.5.10 Cotyledons

Being a dicot, castor has two cotyledons. A sin-
gle cotyledon was observed in Cimarron variety
at Berhampur (Savithri and Aiyadurai 1961;
Savithri 1963).

3.6 Floral Morphology

Castor is an indeterminately determinate plant as
each branch is terminated by a raceme or spike
which develops in a sequential order. Unisexual

flowers occur in clusters of three or more, spi-
rally on the axis. Male flowers are protected by
fused tepals, split into 3 or 5 segments, five
stamens with branched, tree-like filaments, in
branched clusters with distinct anther cells.
Female flowers have spathaceous caducous
calyx, a single superior three-celled ovary, short
or long styles terminated by two or three bifid
stigmatic branches, each of which is divided into
two fleshy lobes with a papillose surface
(Kulkarni and Ramanamurthy 1977).

The floral morphology of castor is described
based on the arrangement of male and female
flowers on the spike. Several classifications were
given by different authors based on the number
and pattern of arrangement of male and female
flowers on the spike (Moshkin 1986; Kulkarni
and Ramanamurthy 1977; Weiss 2000).

Castor, though a sexually polymorphic spe-
cies, monoecious is still the most common floral
morphology, with male flowers on the lower
side while female flowers are on the upper half
of the same raceme. Occasionally, both male
and female flowers on either side were also
observed (Joshi 1926). Normally, the male
flowers occupy 30–50% of lower part of the
raceme. At Kanpur, lines with 90–98%
femaleness were recorded.

Based on the proportion of male and female
flowers, the racemes are broadly classified as
(1) mostly female: with one cluster of male
flowers at the bottom of raceme; (2) partially
female: upper half with female flowers and lower
half with male flowers; and (3) mostly male: with
female flowers on top one-third portion of the
raceme. Plants either with 100% pistillate flowers
(Joshi 1926) or with 100% male flowers were
recorded. Presence of bisexual flowers was also
reported (Joshi 1926; Seshadri and Muhammad
1951; Konwar 1960). Monoecious trait is
monogenic and dominant over pistillate nature,
but highly sensitive to environment and varia-
tions were also noticed with age and nutrition.

The basic sex forms in castor are monoecious,
pistillate, and sex reversion either to monoecious
or interspersed staminate flowers. Monoecious
(M) spike has basal one-third to 1/2 male flowers
while the top portion has female flowers. The
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proportion of male flowers may vary usually
from 30 to 50% of lower part of the raceme to 2–
10% (Lavanya 2002). In between these few
whorls have both male and female flowers in an
interspersed fashion. However, in few cases, both
upper and lower parts of the spike had both male
and female flowers. Variations like topmost male
flower, lowermost female, male flowers inter-
spersed with female flowers at the tip of the spike
are common. The extreme variation of highly
male or mostly male occurs with 1–5 female
flowers throughout the entire spike and in dif-
ferent orders.

Pistillate (P) occurs as a rare recessive mutant
with the spike having female flowers throughout
the central and lateral spike orders. Variations
like mostly female or inclined toward female
produce female flowers from the base to the
entire length of the spike while few staminate
flowers are clustered at the base of the peduncle
and sometimes dispersed at the lower end only.
Interspersed Staminate Flower (ISF) is a
variant of pistillate form with male flowers
interspersed, throughout the female flowers on
the spike.

Sex revertant is a female that turns to
monoecious at later stage. Shifriss (1960) and
Moshkin (1986) classified the sex variants based
on the proportion of female and male flowers on
the spike.

3.6.1 Classifications of Sex
Revertants or Variants

Shifriss (1960) classified sex variants in five
categories; Type A-monoecious, Type
C-pistillate, Type B-sex revertant from C to A, D
to A, E to A, Type D with an apically inter-
spersed raceme as a monoecious variant, Type E
uniformly interspersed raceme as a female vari-
ant. Among the above variants, A and C are
developmentally persistent forms.

Moshkin (1986) classified the sex variants as
stable female (female flowers from primary and
later spike orders), unstable female (primary
pistillate while later orders partial or fully
monoecious), inclined toward female (up to ten
male flowers in the lower part of the spike),
interspersed (few male flowers interspersed
throughout the spike) and monoecious and male
with a possible occurrence of individual her-
maphrodite flowers in any of the forms
(Fig. 3.4).

3.6.2 Sex Reversion

Sex reversion in castor or the genetic instability
of female line is the major problem in hybrid
seed production in castor. Shifriss (1960) in his
extensive study on sex variants in castor

Fig. 3.4 Sex variants in
castor
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classified them as conventional and unconven-
tional types. In conventional variants, qualitative
genes determine the production of male or female
flowers, while polygenes either accelerate or
deplete a growth regulator to determine the
male-to-female flower ratio (Shifriss 1960).
Unconventional variants evolved as dominant
spontaneous female mutants from monoecious
inbreds are predominantly early-reverted. The
genetic instability in all spontaneous female
mutants was not linked with male sterility or
meiotic abnormalities (Shifriss 1960). The time
of phenotypic reversion is unstable, but reversion
as such is not associated with any serious
breakdown in the female producing mechanism.
Reversions in later spike orders, seventh order or
more, called late revertants were heritable and
predictable to produce higher proportion of
female plants, which in turn were late revertants.
Development and maintenance of female lines in
India commercially exploited the late revertants
for production of quality hybrid seed while early
revertants of less than third spike order are low
heritable and unpredictable.

3.6.3 Inheritance of Sex Expression

Castor is typically monoecious plant, but the
proportion of male and female flowers is greatly
influenced by non-genetic factors. In normal
monoecious varieties, the percentage of pistillate
flowers on racemes is usually the highest on main
raceme and decreases gradually on subsequent
raceme orders. A proportionate increase in the
number of male flowers is related to propor-
tionate decrease of pistillate flowers and is highly
influenced by seasons. The number of pistillate
flowers and subsequent number of capsules on
the main raceme have high heritability value
(Sindagi 1964).

The expression of pistillate character is
recessive to monoecious trait in majority of the
cases and controlled by single to polygenes,
depending on the material involved (Louis et al.
1986; Patel et al. 1986; Chauhan et al. 1992);
additive and epistatic gene effects for the inher-
itance of 100% pistillate whorls in primary and

later two orders (Solanki and Joshi 2000).
Monogenic recessive gene control of perfect
femaleness was indicated in M2 of three female
mutants of Aruna using 100-125 KR gamma rays
(Weiss 1971). In 16 pistillate mutants, two pairs
of closely linked recessive genes, ppII for pis-
tillate expression and narrowly lanceolate func-
tional leaves on floral axes and peduncles of
inflorescences were obtained in Yong 283 (Zhou
and Gu 1990).

3.6.4 Sex Expression Versus
Environment

The role of environment for variation in the sex
ratio of flowers within a genotype was well
established and classified as female and male
promoting environment. The tendency to pro-
duce female flowers in a spike increased with
several environmental factors like winter season,
low monthly mean temperatures (< 30 °C),
young age or early spike orders, high nutrition,
less difference between maximum and minimum
temperatures, etc. On the contrary, summer or
rainy season, high monthly mean temperatures
(> 32 °C), old age or late spike orders, low
nutrition, and large difference between maximum
and minimum temperature promote male flowers
on a spike (Lavanya 2002). The role of exoge-
nous and endogenous growth hormones like
gibberellic acid, silver nitrate, and ethylene in
shifting the female and male tendency has been
well documented (Ramesh et al. 2000; Laksh-
mamma et al. 2002, Murthy et al. 2003; Neeraja
et al. 2010).

3.6.5 Inheritance of Interspersed
Staminate Flowers (ISFs)

Two pairs of recessive genes, id1 and id2, result
in expression of ISF, while two, dominant genes,
Id1 and Id2, lead to the absence of ISF and are
partially dominant to id1id2 (George 1966). The
highest number of ISF with homozygous reces-
sive genes (id1id1id2id2) was produced irre-
spective of any environment. Higher peroxidase
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activity was detected in male flower buds, which
had five isoenzymatic bands than in female
flower buds, while female lacked one and had
two extra electrophoretic bands in peroxidase
extracts from female flower buds (Jaiswal and
Kumar 1983). Pistillate with ISF expression is
recessive to pistillate trait and controlled from
one (P1) or two (P1P2) to four genes (P1P2P3P4).
Digenic epistatic ratios like 13 pistillate: 3 pis-
tillate with ISF in secondary spikes and tetra-
genic epistatic ratios in primary (162:94) and
secondary (229:27) spikes were also observed in
two crosses (Lavanya and Gopinath 2008).

3.7 Genetic Parameters

3.7.1 Correlations

Seed yield, a complex trait of low heritability, is
essentially dependent on the expression and cor-
relation of different component characters. Cor-
relation studies help in simultaneous selection of
positively associated characters, correlated
response, and indirect selection. Several studies
on correlation in castor indicated that seed yield
was positively correlated to total and effective
primary spike length, weight of the primary
raceme, total number of capsules per primary or
plant, total number of effective spikes per plant,
100-seed weight, number of nodes and plant
height (Ramesh et al. 2001, 2010; Lavanya et al.
2006; Severino et al. 2012), plant height, number
of leaves, branches, stem girth, petiole length, leaf
area, number of capsules per plant and dry matter
accumulation (Shinde et al. 1985), while oil yield
is closely and positively associated with plant
height, effective length of primary raceme, num-
ber of spikes, number of capsules and seed yield
on whole plant basis (Ratnakumari 1996).

Under rainfed conditions, significant and
positive correlation between seed yield and
number of capsules per plant was reported while
days to 50% flowering and number of nodes to
primary spike had negative significant correlation

with seed yield (Patel and Jaimini 1991). Days to
flowering recorded positive correlation with plant
height, number of nodes on main stem, and
number of capsules on primary raceme, while it
was negatively associated with number of sec-
ondary branches and total number of racemes per
plant (Bhatt and Reddy 1981). Several other
yield components had negative association
among themselves like seed yield with duration
and node number (Dorairaj et al. 1973a), number
of spikes with total and effective length, capsule
number (Ratnakar 1982), and capsule number
with test weight (Shinde et al. 1985).

3.7.2 Path Coefficient Analysis

Majority of the characters like number of nodes
to primary spike, total primary spike length,
number of capsules on main spike, number of
effective spikes per plant, and 100-seed weight
had positive direct effect on seed yield (Lavanya
et al. 2006; Omkarappa et al. 2010; Ramesh et al.
2010), while a few studies reported negative
direct effect of number of nodes to primary
raceme, plant height up to primary raceme,
effective spike length, number of capsules on
main spike, 100-seed weight, oil content on seed
yield (Ananthasayana and Reddy 1981; Raju
1981; Patel and Jaimini 1991; Yadav et al. 2004).

Number of capsules on the primary spike had a
positive indirect effect through other characters
except 100-seed weight on capsule yield (Anan-
thasayana and Reddi 1981), while plant height,
seed yield from primary spike, and number of
lateral spikes indirectly increased yield per plant
(Moshkin 1986). Majority of the traits like plant
height, seed yield of primary spike, number of
lateral spikes, days to flowering, number of nodes
up to primary raceme, total and effective length of
primary spike had an indirect effect on seed yield
per plant (Ramesh et al. 2010), while oil content
and 10-seed weight had a large negative direct
effect on seed yield under irrigated conditions
(Yadav and Raviprakash 2004).
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3.7.3 Gene Action

Studies on predominant gene action and their
heritability assist the plant breeders to formulate
the immediate breeding methodology to be fol-
lowed and further selection programs. Predomi-
nance of non-additive gene action for seed yield
and many other yield components was reported
by many researchers (Lavanya et al. 2003;
Madariya et al. 2008; Barad et al. 2009; Patel
et al. 2010). Additive gene action was predomi-
nant only for plant height, length of the raceme
(Narkhede et al. 1987), and all the characters
(Mehta et al. 1991). Both additive and non-
additive gene actions were also reported for some
of the characters (Mehta et al. 1991; Dobariya
et al. 1992; Padhar et al. 2010; Ramesh et al.
2010).

Complementary epistasis was observed for
days to flowering, effective branches, node
number on main stem, and 100-seed weight in
three different crosses, while for other characters,
duplicate epistasis was recorded (Pathak et al.
1988). Tertiary racemes had the highest genetic
advance under moderate stress conditions when
ten genotypes with divergent plant type and
duration were evaluated under early and late
sown conditions. Breeding methods like mass
selection for reducing the duration and improv-
ing the seed yield and biparental mating with
reciprocal recurrent selection, bulk population,
and mass pedigree methods of selection for
improving the seed yield were suggested (AICRP
on castor, DOR 2006).

3.8 Heritability

Among the several yield components, apart from
morphological characters, 100-seed weight is a
highly heritable trait, while other characters like
total and effective primary spike length, total
number of capsules per plant, number of effective
spikes per plant, plant height, number of nodes to
the primary raceme, days to 50% flowering and
maturity are mostly influenced by local envi-
ronmental conditions. However, higher narrow
sense heritability estimates for maturity,

flowering time, and low for seed yield were
reported (Singh and Yadava 1981; Ratnakumari
1996).

Number of nodes had the highest heritability
(Kaul and Prasad 1983), while all the characters
except plant height showed higher heritability
values (Dhapke et al. 1992). High heritability
coupled with high genetic advance and genotypic
variability was noted for number of
branches/plant, number of capsules/main raceme,
length of pistillate region, capsules/plant, and
seeds/plant suggesting the influence of additive
gene action (Dhapke et al. 1992).

In a study on genetic association and selection
indices in three height groups of castor, plant
height markedly affected trait associations and
selection index (SI) of traits, including seed yield
and it was more efficient than selection based on
seed yield alone (Bhatt and Reddy 1986). The
selection index for dwarf varieties included
number of primary and secondary branches/plant
and capsules/raceme, while for moderately tall
varieties, number of primary branches/plant, days
to maturity, and seed weight were important.
Selection indexes for tall varieties were days to
flowering, node number, and plant height. Seed
yield and racemes/plant were included in the
five-trait SI for all varieties.

Further, high heritability coupled with high
genetic advance and genetic variability were
found for branches/plant, capsules/plant, and
seed/plant indicating the influence of additive
gene action providing scope for further selection.
Mass selection was effective for shortening the
duration and improving the yields (Reddy et al.
1999). Estimates for heritability and genetic
advance were higher for secondary over primary
yield components like capsule number, weight,
seed number, and 100-seed weight indicating a
higher selective value for these characters.

Heritability ranged from 0.152 for seed
yield/plant to 0.893 for number of nodes on main
stem. Genetic advance was high for plant height
and number of days to flowering. High positive
phenotypic correlations were shown by all char-
acters except for number of days to flowering and
node number. Path coefficient analysis indicated
that both the number of capsules/primary raceme
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and number of secondary branches exhibited
high positive direct effects on seed yield/plant. In
yet another study, Bhatt and Reddy (1986) fur-
ther suggested that semi-dwarf lines with a large
number of capsules on primary raceme and with
a moderate number of primary and secondary
branches are desirable parents in a breeding
program.

3.9 Worldwide History of Castor
Plant Breeding

Castor, a native of Africa and India, is a very
interesting crop with all possible transitions from
an uncultivated plant to a weedy type,
semi-cultivated to a field crop with no gap
between uncultivated and cultivated forms.
Under natural conditions, castor plants show a
wide variety of growth habit and seed collection
was done mainly for oil extraction (through
crushing) at local markets. Production of high oil
content seeds in a commercial scale was difficult
mainly due to the natural height of the plant and
prolonged flowering period.

Crop improvement of castor was initiated in
the USA long back in early 1902, at the Brook-
lyn Botanical Gardens, New York and Okla-
homa. Initial attempts were directed toward pure
line selection for higher oil content from a col-
lection of a large number of samples (White
1918b). Later in 1940 s, intensive work was
carried out in 22 different states to combine dif-
ferent desirable characters like earliness, short
plant, and non-shattering habit in different vari-
eties like “Conver” and “Kansas” with oil con-
tent of 53%. Techniques for emasculation, hand
pollination, and hybridization were standardized
for effective breeding programs (White 1918a, b;
Weibel and Woodworth 1946).

The breeding objectives in erstwhile USSR
were aimed to develop genotypes with early
maturity and non-shattering capsules. In the ini-
tial phase (1922–1931), the objective was to
introduce varieties with early maturity to escape
frost and uniform maturity suitable for manual
harvesting. Breeders were successful to develop,
Manchurian, an early maturing (75–85 days)

variety. In the second phase (1932–39), efforts
were directed toward introduction of
non-shattering Sanguineus types suitable for
double-stage combine harvesting. In the third
phase (1939–1956), the aim was to introduce
varieties suitable for single-stage combine har-
vesting (uniform/synchronous maturity) with
simultaneous hulling of seeds. The emphasis is
now shifted to development of high-yielding
varieties with synchronous maturity, suitable for
combine harvesting and resistant to harmful
diseases such as Fusarium wilt. Among the sev-
eral varieties developed, “Persian” variety with a
single spike was the most productive variety
(Moshkin 1986).

Intensive breeding efforts for desirable char-
acters, specifically for only seed yield, high oil
content, and spike length through different
breeding techniques at State Agronomic Institute,
Sao Paulo, EMBRAPA, Brazil, resulted in sev-
eral high-yielding promising strains like No. 14,
38, and 45 (Kulkarni 1959).

In Italy, castor is an annual crop grown under
irrigated conditions during spring–summer per-
iod, while recently the possibility of unirrigated
semi-perennial crop is explored in eastern coast
of Sicily (Anatasi et al. 2015). Initial breeding
efforts through selection and hybridization based
on germplasm collection led to early maturing
(100 days), small plant height, like variety M-6.
A Tunisian cultivar performed better for seed
yield and ricinoleic acid (89%) compared to the
local RG-2 (Sicilian genotype) (Anatasi et al.
2015).

Breeding efforts in France were carried out at
the Central Plant Breeding Station, Versailles.
Mutants generated from pollen grains by elec-
tromagnetic treatment had non-dehiscent cap-
sules with thin walls.

In the Transvaal area of South Africa, near
Johannesburg and Pretoria, Knapp worked on a
large collection of geographically diverse germ-
plasm from Italy, India, Manchuria, Africa,
Brazil, and Russia for over 20 years. Screening
for drought resistance under extreme hot summer
and cold winter conditions of Transvaal (1800 m
above sea level) resulted in annual varieties with
drought resistance and tolerance to Alternaria
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ricini. Other promising varieties of non-spiny,
non-shattering, and short types were cultivated in
several other African and Asian countries like
India, Pakistan, and Iran.

Breeding work in India was initiated in early
1920 s at different places like Tindivanam,
Rajendranagar, Hebbal, Raichur, Nagpur, Jal-
gaon, Nadiad, Junagadh, Jullandhar, and Kanpur.
Crop improvement in castor was initiated as
selections from populations with an emphasis on
seed yield and branching habit. Later on,
non-shattering character and oil content were
given importance in the fifties. Selections from
local populations resulted in only 10–20%
improvement for seed yield and 1–2% for oil
content for want of large stock of germplasm. In
1960 s, castor was the first oilseed crop to induce
variability for duration, plant height, and oil
content using ionizing radiations, viz. X- and
gamma rays and chemical mutagens. Later on,
with the introduction and development of pistil-
late lines, hybrid development took a momentum
and up to 70% of the castor-growing areas are
dominated by mostly public sector hybrids. The
emphasis is now on development of high oil
yielding, early and medium duration (90–
150 days) hybrids, and varieties resistant to
major pests and disease like wilt complex,
Botrytis gray mold and sucking pests (Lavanya
et al. 2006).

In the Philippines, the most common varieties
(tangan-tangan in Pilipino) grown in the country
are Bangkok, Brazilian, Ethiopian, and Lamao
Red which differ in their seed color, plant height,
and adaptability. Among the two types of
Bangkok, Bangkok brown-spotted type is gen-
erally adapted to the Philippine conditions with
49–56% oil. Bangkok white-spotted type, on the
other hand, has few small chestnut white spots
scattered on its back side.

The Brazilian variety, commonly grown in
Mindanao and Luzon, is tall (6–8 ft) with dark
brown stem color and 49.3% oil content. Ethio-
pian is an early maturing, agronomically adapt-
able variety with red seed having small white
dots on both the sides and 49% oil. Another
variety is Lamao Red which is tall (6–8 ft) with
reddish brown stem color. Other castor bean

varieties include Cimarron, Connex, Baker
No. 1, Baker 195, and Iranian variety (Anon.
2007).

3.10 Breeding Methodology

3.10.1 Selection from Germplasm
or Introduction

Castor, a cross-pollinated crop with limited
inbreeding depression, is often treated as a
self-pollinated crop in breeding programs
(Severino et al. 2012). Castor, being a monotypic
genus, subspecies and local germplasm collec-
tion were the base material for selection program.
At V.S. Pustovoit All-Union Scientific Research
Institute (VNIIMK), USSR, high-yielding,
non-shattering varieties like Donskaya 172/1 and
Kruglik 5 were selected from Persian subspecies,
while early maturing Saratovskaya 66 and Ceripi
Wild were selected from ruderalis subspecies of
African and Asian countries (Moshkin 1986).
In USA, tall and late maturing zanzibarian sub-
species were used for selecting early, short,
non-shattering, and high oil content varieties like
Cimarron, Baker 296, Lynn, Dawn, Hale, Cam-
pins with high yield, short internodes, and better
foliage (Moshkin 1986; Hegde and Lavanya
2012). In India, selections from local germplasm
led to selection of several medium to late
maturing, medium plant height, non-shattering,
high oil lines like HC-1 to HC-9 in India
(Lavanya et al. 2006).

3.10.2 Mass Selection

Mass selection is an effective breeding method in
case of heterogeneous local landraces with
highly heritable qualitative and quantitative
characters. In castor, it is used mainly for selec-
tion of female plants, long primary spike, and
reduced plant height. Mass selection followed by
progeny row selection was effective to select
wilt-resistant plants and improvement of local
selections (Moshkin 1986). Significant achieve-
ments by mass selection included Kavkazskaya
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from VNIIIMK, USSR, IAC-38 from Brazil,
Conver and Kansas from USA (Kulkarni and
Ramanamurthy 1977).

A revised mass selection or family selection
was also used to select high-yielding families and
individual plants within the families. The method
includes random-mating in isolation between
new and unimproved old varieties followed by
selection of the best plants along with parental
types coupled with negative or reverse selection
of low yielding, late and shattering plants. About
15–30 families and 100–150 individual plants
within each family were selected. Mass selection
along with progeny testing was effective for oil
content and resistance to Fusarium wilt, viz.
Fioletovaya, a variety improved for wilt resis-
tance (Moshkin 1986). The method was also
used to select early, short, annual types in place
of perennial types.

Initial selection criteria like yield and
branching habit were gradually replaced by other
traits like non-shattering capsules and oil content
(Kulkarni and Ramanamurthy 1977). Three
varieties were purified for two variable characters
like days to flowering and number of capsules
after three cycles of mass selection (Reddy et al.
1999). A population CCP-1 was developed by
inter-breeding with free flow of genes among
selected lines of the varieties, viz. HC-6, HC-8,
JI-35.

3.10.3 Single Plant Selection
with Progeny Tests

The method was followed initially in germplasm
collections having natural genetic variability for
several heritable traits. Single plant selections for
highly heritable traits followed by progeny row
testing unravel the hidden, recessive genes.
Several heritable traits can be simultaneously
dealt by selecting highest possible number of
self-pollinated lines. The method is similar to
Pustovoit method of recurrent selection in sun-
flower and followed both after selfing and
hybridization to reveal the hidden genotypic
variability behind the phenotypic expression of
heritable traits.

Half of the seed of the best plants within a
family are sown and evaluated by progeny row
testing method. Remnant seeds of the best plants
within the progeny rows are sown in the next
season and are allowed to cross-pollinate.
Selection for specific characters like non-
shattering capsules, plant height, sparse or less
branching suitable for combine harvesting was
practiced in VNIIMK, USSR (Moshkin 1986).

In open-pollinated populations, individual
selections were made between and within fami-
lies to maintain genetic diversity, while bulk
selections between families are quantitatively
restricted to 1–2% of the total number of plants.
In the initial stages of selection, pistillate spikes
which are prone to high cross-pollination are
selected. Selection in segregating populations is
initiated in F2 but may be delayed up to F4–F6
when the homozygosity increases. In case of
breeding for Fusarium wilt resistance, selections
started in F1 itself when incomplete dominance
was involved.

Selection needs to be based on phenotype
alone with minimum interference of environ-
mental conditions. Precautions need to be taken
for a leveled field with crop rotation and appli-
cation of fertilizers to the preceding crop. Selec-
tion of plants is more effective under wider
spacing (70 � 70 cm in USSR, 90 � 60 cm in
India) for maximum phenotypic expression and
yield potential of individual plants. Single seed
per hill is most ideal for selection of plants with
productive spikes, increased oil content, and low
hull percent in seeds. However, the evaluation of
varieties and hybrids needs to be done under
good agronomic conditions with required fertil-
izer and irrigation conditions.

3.10.4 Development of Inbred
or Pure Lines

Inbreeding or induced self-pollination is essential
to develop homozygous and homogenous pure
lines for morphological and quantitative charac-
ters. Due to minimum inbreeding depression on
selfing, inbreeding was used to develop and
maintain varieties or inbreds or pure lines.
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At VNIIMK, USSR, inbreds for several traits like
duration, seed yield, oil content, plant height, and
morphological characters like stem color, inten-
sity, and distribution of bloom and presence of
spines were separated. Successful examples
include red-stemmed inbreds from green Kruglik
5, non-spiny and tall inbreds from Sanguineus
401, purification of Kruglik 5 for plant height,
spike compactness, and maturity through
inbreeding (Moshkin 1986). Inbreeding was also
essential for recessive characters like non-
shattering capsules, shortened internodes, and
single spike. Wilt resistance of varieties, viz.
Chervonnaya, VNIIMK 165, improved; Fioleto-
vaya and VNIIMK 360 improved by selfing
wilt-resistant plants in wilt sick plot (Moshkin
1986). The percentage of female plants was also
increased by selfing or sibbing plants with highly
female spikes (Moshkin 1986; Lavanya et al.
2006).

Inbreeding was practiced either from germ-
plasm or working collection or interspecific
breeding material. Segregation for plant height,
length of spike, arrangement of capsules, matu-
rity, and other morphological characteristics in
addition to transgressive segregation was high in
F2 and fixed in later generations by selfing.
Majority of the inbred varieties in India were
developed by selection from the existing types
followed by sibbing until homozygous condition
is retained and evaluated in trials as inbreds
(Kulkarni and Ramanamurthy 1977; Lavanya
et al. 2006).

3.10.5 Hand Pollination and Selfing

Parental lines are sown in a crossing block, and
morphological off-types are removed from them.
Spikes with majority of unopened female buds
and a few buds with extended stigma of yel-
lowish green or light red color are selected either
for selfing or crossing. The spikes, measuring 8–
10 cm, are tagged one day prior to the pollination
after removing male flowers, if any and covered
with butter paper cover. Male flowers, which
have just opened, from male parent are collected
in a petri dish early in the morning, and the burst

out pollen is used to pollinate female spike early
in the morning from 6 AM to 9 AM on alternate
days. Pollination has to be repeated 5–6 times
depending on the spike length and opening of
female flowers. Pollen is applied by brush or
rubbing the male flowers pollen on the stigma of
the female flowers. Details of crossing like par-
ents, dates of pollination need to be mentioned
on a separate tag instead of butter paper cover, as
it need to be changed, minimum 3–5 times dur-
ing the pollination period.

Sibbing is done with a mixture of pollens
from plants of the same line. Selfing of highly
female spikes is done either by inducing or
forced selfing. At the beginning of the flowering,
opened or fertilized female flowers were
removed and enclosed in butter paper covers.
Nipping induces male flowers within the whorls
of female flowers and contributes to forced or
induced selfing.

3.11 Hybridization and Selection

3.11.1 Intra- and Inter-generic
Hybridization

The six subspecies within the monotypic genus,
with 2n = 20, are inter-crossable without any
barriers or meiotic abnormalities. Each sub-
species has its own strengths and limitations, and
thus, intra-generic hybridization was successful
in the initial stages of breeding program.
In USSR, communis (earlier sanguineus), Persian
and Chinese subspecies, were used as the initial
breeding material.

3.11.1.1 Subspecies Communis
(Sanguineus)

Originated from South west Asia, widespread
near Mediterranean Sea and American continent.
Plants are characterized by specific traits like
large seed size, drought resistance, high seed
yield, oil content, and indehiscent capsules but
late maturing and unsuitable for mechanized
harvesting due to their excessive vegetative
growth.
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3.11.1.2 Subspecies Persicus (Persian)
Originated from Asia Minor region, requires less
heat, faster growth during vegetative period but
susceptible to Botrytis gray rot due to its dense
spikes and Fusarium wilt. Plants are character-
ized by small seed, productive, uniform maturity
with dehiscent capsules. Varieties of Persian
subspecies like Donskaya 172/1, Kruglik 5,
Kavkazskaya improved were introduced in
USSR (Moshkin 1986).

3.11.1.3 Subspecies Sinensis (Chinese)
Developed in East Asia under high humidity, has
specific traits like early ripening, indehiscent
capsules, drought resistant but low yielding, low
oil content. Plants have higher number of lateral
spikes, loose and weakly attached capsules
resulting in losses during harvesting.

3.11.1.4 Subspecies Indicus (Indian)
Originated from India, tropical, prolonged vege-
tative period, tall, high yielding, indehiscent
capsules, resistant to drought. Two small-seeded
forms, variety indicus and variety griseofollius,
were used to develop medium maturing varieties
like SA-1 and SA-2.

3.11.1.5 Subspecies Zanzibarian
(Zanzibarinus)

Is also tropical with slow growth rate, high
yielding under optimum moisture conditions, and
occurs in three tall and late types.

3.11.1.6 Subspecies Ruderalis (Ruderal)
Poorly developed, late maturing, low productiv-
ity and includes common, wild cultivated vari-
eties (var. ruderalis) also includes wild growing
varieties of Ethiopia and Asia Minor (var.
Spontaneous), shattering local types from Sudan,
Egypt, Mediterranean coast and huge tall forms
from Mexico, Colombia, and Guatemala.

3.11.2 Examples of Intragenic
Hybridization

A small-seeded variety microspermus developed
by intercrossing the large-seeded communis

subspecies with small-seeded Persian subspecies
at VNIIMK, USSR, was the base material to
develop the female line, CNES-1 at USA, and
k-1182 at France. Nebraska 145/4, the female
line of green stemmed variety was further used to
develop high-yielding varieties like Pacific-6 at
USA (Moshkin 1986). Varieties like VNIIMK
165, Stepnaya 6, large-seeded Donskaya, were
also interspecific derivatives with majority of
Persian characteristics. VNIIMK 165 is
double-cross-derivative involving four sub-
species, Persian (Kruglik 5), Chinese, communis,
and Indian subspecies, and has non-shattering
capsules and single spike for mechanical har-
vesting. Similar hybridization between early
maturing, non-shattering, and drought-resistant
Chinese or sinensis subspecies and local collec-
tions at VNIIMK led to dove colored, early
maturing varieties like early hybrid, kubanskaya
9. Other interspecific derivatives include Ameri-
can variety Cimarron, suitable for irrigated con-
ditions and varieties with condensed internodes
of 1–3 cm, like Baker 296, Lynn, Dawn, Hale,
Campinas with higher foliage and rapid growth
of dry matter and yield. Dwarf female line,
TSP-10R, is another widely used pistillate parent
for development of hybrids in USA, Brazil,
India, with a potential of 25–30 q/ha under irri-
gated conditions.

Initial attempts on inter-generic hybridization
with related genera in the Euphorbiaceae family
like Euphorbia lathyris were not successful
(Moshkin 1986). Recently, putative hybrids were
developed by using castor and cassava
hybridization, and molecular tools were stan-
dardized to prove the hybridity of the material
(Gedil et al. 2009).

3.12 Handling of Segregating
Generations

3.12.1 Pedigree Method of Selection

The method is most commonly used to select
simultaneously several heritable and morpho-
logical traits after hybridization. The possibility
of recombinants is usually high, when parents are
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genetically diverse. Selection criteria and
detailed description of each selected plant are
maintained in the registers. In castor, three highly
heritable characters, viz. stem color and presence,
and distribution of bloom and spines on the
capsules of individual selected plants are main-
tained in the registers. Promising selected
hybrids were selfed to generate a large F2 pop-
ulation. Individual desirable plants from F2 s
were selected, selfed, and advanced to F3, F4 to
derive uniform lines based on highly heritable
characters. Continuous selfing will lead to a high
degree of homozygosity in F5 and F6 generations
where selection is based on quantitative charac-
ters. In F6, selfed seed of individual best plants
with uniform characters within a family is
bulked.

Several such inbred lines are evaluated in
preliminary varietal trials in unreplicated aug-
mented randomized block design with standard
checks replicated after every ten entries in each
block. Simultaneous screening for resistance to
pests and diseases either under natural or artifi-
cial inoculation conditions resulted in several
high-yielding varieties with pest or disease
resistance.

Pedigree method was used to transfer poly-
genic controlled character like long raceme.
A number of long-duration (240–270 days), tall
plant-type varieties like HC-1 to HC-8, EB-16 A,
S-20, Junagadh 1, Punjab castor 1, EB 31, Rosy,
MC 1 were developed by hybridization and
selection methods prior to inception of All India
Coordinated Research Project (AICRP) on cas-
tor. High-yielding varieties, viz. SA-I, SA-II,
TMV-1, TMV-2, TMV-3, TMV-4, and TMV-5
developed at Tindivanam center were recom-
mended for Tamil Nadu (Lavanya et al. 2006).

Major drawback in pedigree method of
selection is that generation of diversity is limited
to the initial population size in F2 which is
essential to produce F3 inbred lines. The F2
population size is determined by the diversity of
the parents, number, and heritability of the
characters involved; greater the diversity, larger
the F2 population size.

3.12.2 Bulk Method

Segregating populations are allowed to open pol-
linate without any artificial selection until the later
generations, F5 or F6 or F7, attain homozygous and
homogenous populations. The method is more
successful for selecting segregating generations
both under abiotic and biotic stress conditions like
drought, salinity, acidity, and disease resistance
followed by preliminary yield evaluations.

3.12.3 Backcross Method

This method is most successfully used to transfer
monogenically inherited qualitative characters in
an otherwise highly adaptable, high-yielding
background. Fixation of the various desired
characters in the breeding material allowed the
use of backcross method to transfer simply
inherited characteristics, viz. short internodes,
non-spiny capsule, stem color, presence or
absence of wax on the stem, seed shattering,
plant height, and disease resistance.

3.13 Recurrent Selection

The efficiency of recurrent selection breeding
procedure for reducing the plant height or altering
the plant stature ofGuarani cultivar formechanical
harvest was established after four cycles of recur-
rent selection in three locations at Brazil (Auld
et al. 2009). In the first stage of selection cycle,
short plants were selected and self-pollinated. In
the second stage, 180 self-pollinated lines were
evaluated for plant height in isolation and 30 plants
were selfed (Filho 1999). The selected lines were
gone through five cycles of selection, and the 30
selected lines were intercrossed and the seed
bulked to generate the cycle 1 seed. The procedure
was repeated for four additional cycles of selec-
tion, and reduction in plant height ranged from 3.4
to 28 cm for thefive cycles of selection, while seed
yield was not influenced by reduction in plant
height (Oliveira and Zanotto 2008).
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3.14 Population Improvement

The method was initiated as a random-mating
population involving hybrids, F2 populations,
improved varieties, inbred lines in a population
and sown in 0.1–0.2 ha area under isolation for
2–3 years. Negative and mass selection was done
to remove the unwanted plants and bulk the
productive, healthy plants for evaluation in pre-
liminary and multi-location trials, viz. Sovkhoz-
naya and Stepnaya 6 varieties (Moshkin 1986).

Breeding programs aim to combine high seed
yield and oil content and thus need to exploit
both non-additive and additive gene actions
simultaneously through parental mating and
recurrent selection. A population improvement
program was initiated with an objective to isolate
high oil lines with 6–25 nodes to flower. Single
crosses involving three high oil lines, CO-1
(58.6%), HO, HC 8 (56%) and 15 other diverse
male lines, viz. Pb-1, T-3, T-4, 411, Baker, 4-4,
Sowbhagya, 413 A, 1-21, Aruna, 239, 279,
Bhagya, VI-9, JI-44 formed the base material.
Part of the F1 seed was used to raise the segre-
gating population. Biparental mating was
attempted in each segregating population by
crossing 50–100 selected plants from promising
crosses to broaden the genetic base. Promising
recombinants of the crosses were crossed in F3
generation to generate base material for further
improvement (Lavanya et al. 2006). Similar
efforts initiated in major All India Coordinated
Research Project (AICRP) castor centers,
through construction of gene pools for monoe-
cious and pistillate trait to generate diverse par-
ental material.

3.15 Mutation Breeding

Creation of variability in castor is limited to
intra-genetic, inter-varietal hybridization in
absence of wild species and related genera.
Mutation breeding was resorted to induce vari-
ability for morphological characters, sex

expression, and resistance to Fusarium wilt.
Basic studies on relative efficiency of chemical
and physical mutagens, standard doses, and
genotypic variability of mutagen sensitivity were
studied in detail during 1970 s (Kulkarni and
Ramanamurthy 1977).

In castor, three types of radiations, viz.
gamma rays 20 to 45 KR, fast neutrons
2.5 � 1012, 5 � 1012, 1 � 1013 and
5 � 1013, and thermal neutrons 0.87 � 1013,
1.75 � 1013, 2.62 � 1013, 3.49 � 1013 were
used to induce variability. Irradiations of HC-1
by castor breeders resulted in several morpho-
logical variants, viz. chlorotic leaves, distorted
ovaries, sex variants, and cytological abnormal-
ities like inversions, translocations, anaphase
bridges, and ring chromosomes. Other mutagens
like X-rays (50–1100 R) resulted in variants for
zero and single bloom from triple bloom. Irra-
diation of HC-6 with thermal neutron treatment
of 0.87 � 1013 mh/cm2 led to isolation of a
short duration mutant, NPH-1 and later released
as Aruna variety. The variety is early flowering
(35-40 DAS), maturing (110-150 DAS), short
height (75 cm) with 11 nodes to primary raceme.
It was popular in several south Indian states like
Andhra Pradesh, Tamil Nadu, and Karnataka
under rainfed conditions.

Three female mutants obtained using 100-125
KR gamma rays confirmed monogenic and
recessive nature of the pistillate trait (Chauhan
et al. 1992). Other mutagens like gamma rays,
ethidium bromide, diethyl sulfate were also uti-
lized to induce variations for plant type, growth
duration, female spikes, etc. Gamma ray irradia-
tion at 55-60 KR gamma rays, of VP-1, a wilt
susceptible stable S-type pistillate line led to sev-
eral wilt-resistant pistillate lines like M-574 and
M-619 (Lavanya et al. 2001) which were used in
the development of hybrids like DCH-519 and
YRCH-2. Recent example includes, DPC-23, a
triple bloom, wilt- and leafhopper-resistant, early
pistillate with less than ten nodes from DPC-9, a
zero bloom, wilt-resistant but leafhopper suscep-
tible pistillate line (Lavanya et al. 2008).
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3.16 Varietal Breeding

In castor, monoecious lines or male lines were
also used as varieties initially before the devel-
opment and popularization of hybrids. Conven-
tional breeding programs like mass or pure line
selection, recombination breeding followed by
pedigree and backcross method led to the release
of several varieties in erstwhile USSR, USA,
Brazil, India, and several other countries.

Selection criteria for varietal development in
erstwhile USSR varied from non-shattering, early
maturing, short plant height, high seed yielding,
synchronous maturity suitable for combine har-
vesting. The variety VNIIMK 165 developed in
1952 at VNIIMK gained popularity for its high
seed yield, suitable for combine harvesting,
non-shattering capsules, and uniform maturity.
Since 1957, the emphasis has shifted to devel-
opment of wilt-resistant varieties resulting in
Chervonnaya, VNIIMK 165 improved, Don-
skaya long-spiked, and Donskaya early. The
major donor for wilt resistance was small-seeded
Sanguineus. Three major groups of varieties
were identified for their high seed yield and wilt
resistance (Table 3.1, Moshkin 1986). Breeding
efforts were also directed toward varieties with
shortened internodes like Karlik heterozygotic
(Moshkin 1986), Dawn, Lynn (Brigham 1967,
1993), dwarf female lines like CNES-1, TSP-10R
in USA, and Frantsiya 301 M. The variety SA-2
has outyielded VNIIMK 165 by 3 q/ha under
Russian conditions.

Varietal development in India intensified after
the initiation of seven AICRP castor centers,
mainly to reduce duration, plant height,
non-shattering, high seed yield, and oil content.

Available varieties like Aruna, JI-44, GCH 3 were
evaluated in seven centers, and breeding program
was initiated by recombination breeding between
available material and local selections, viz. RC-7,
RC-12, RC-8, L.448.57, HC, 413 A, T3, 6501,
Kalpi 6, 6501, Tarai-4, and TMV 2, in individual
centers and selected for seed yield and important
yield components. Consistent plant breeding
efforts led to the release of two high yielding
vaieties in 1974. Bhagya (65), a cross of high oil
line (HO) and MI 415, which is earlier and shorter
than Aruna and Sowbhagya (157-B) from a
double cross involving Aruna and a short mutant,
Mauthner’s dwarf. Sowbhagya was suitable for
intercropping systems due to its convergent plant
type and slightly longer duration than Aruna. RC
8, an induced mutant from RC 1188 (a tall plant
type from Tamil Nadu) is a medium maturing
(150–180 days) variety with 1200–2000 kg/ha
yielding ability, was released in Karnataka. Other
promising varieties like AKC 1 for Maharashtra,
GAUC-1 or VI-9 for Gujarat (a selection from S
20) were released under State Varietal Release
Committees. GAUC-1 variety has an average
productivity of 1200–1500 kg/ha with an oil
content of 46–47%. SKI 73 is another early
maturing (150 days) variety released for all irri-
gated areas of the country as GC 2.

Intensive cultivation of improved varieties
without crop rotation and/or cultivation of castor
in poorly drained soils led to increased buildup of
Fusarium wilt and susceptibility of all the above
selections. The breeding objectives were modi-
fied to develop high-yielding varieties resistant to
Fusarium wilt or wilt complex.

Natural and artificial screening of available
germplasm, crossing between wilt-resistant

Table 3.1 Promising varieties in USSR (1974–1978)

S.
No.

Group Specific characters Varieties

1. I High seed yield, uniform maturity, suitable for
combine harvesting, resistance to Fusarium wilt

VNIIMK 360, 3218, 4280, Sizaya 7,
Chervonnaya, VNIIMK 165 improved

2. II High yielding, moderately resistant to Fusarium wilt Donskaya long-spiked, Donskaya 39/44,
Donskaya early, Stepnaya 6, VNIIMK 165

3. III Average yield, highly susceptible to Fusarium wilt Early hybrid and Kruglik 5

Source Moshkin (1986)
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sources and agronomically superior and
high-yielding genotypes led to development of
wilt-resistant varieties like 48-1 and DCS 9 from
diverse wilt-resistant sources (Mauthner’s Dwarf
and 240). Variety 48-1 (Jwala) is the male parent
of GCH 4 hybrid and recommended for endemic
areas like Karnataka. It has non-spiny capsules,
medium maturing 110–120 days to first picking
with very high branching potential. The variety
DCS 9 (Jyothi), recommended for rainfed areas
of peninsular India, is an early maturing (90–
100 days to first picking), wilt-resistant variety
with high yielding capacity (1200 kg/ha) under
rainfed conditions. Another popular variety,
Kranti (PCS 4), was released from Palem center
for rainfed areas of Andhra Pradesh which has
early maturity 90–100 days to first picking with
good branching potential. Other varieties like
Haritha (PCS 124), a wilt-resistant variety, and
Kiran (PCS 136), a non-spiny variety from Palem
center, were also recommended for rainfed areas
of Andhra Pradesh. Some of the promising
varieties along with their yield potential, suitable
areas for cultivation, and specific features are
given in Table 3.2.

3.17 Heterosis Breeding

Exploitation of heterosis in castor was initiated
since 1960 s even before the development of
pistillate lines. Due to its inbuilt self-pollination
nature and limited inbreeding depression on
selfing, it was considered that heterosis may not
be as high as in other cross-pollinated crops but it
varied from < 20 to > 100% over the standard
checks (Lavanya et al. 2006). Heterosis was
observed for non-economical characters like
plant height in early seedling stages, leaf number,
and leaf area index. Attempts to exploit hybrid
vigor through monoecious lines were not suc-
cessful due to laborious process of emasculation.
Heterosis was high for seed yield followed by
number of capsules on the main raceme and
100-seed weight. Heterosis and heterobeltiosis
for seed yield per plant were due to heterosis for
capsules on main raceme, length of pistillate
region of main raceme, effective branches per
plant, and seed yield of main raceme while
heterosis for seed yield was associated with
number of effective spikes per plant (Lavanya
et al. 2006). However, heterosis for seed yield, as

Table 3.2 Promising castor varieties in India

Variety Yield
potential
(kg/ha)

Oil
content
(%)

Recommended states/regions Salient features/traits

Kiran
(PCS 136)

1200–
1500 (R)

51 Rainfed areas of Andhra Pradesh and also late
sown kharif conditions with one or two
irrigations.

Tolerant to Botrytis gray
mold

Haritha
(PCS-124)

1400–
1600 (R)

49 Light soils of Southern Telangana,
Rayalaseema, and Prakasam district.

Resistant to wilt

Jwala
(48-1)

1000 (R)
1800 (I)

50 All castor-growing areas under both rainfed and
irrigated

Resistant to Fusarium wilt;
tolerant to Botrytis gray
mold, salinity

GC-3 2340 (I) 49 Irrigated areas of Gujarat Resistant to wilt

Chandra
prabha

Uttar Pradesh Suitable for intercropping

DCS-107 1500–
1700

49 Identified for both rainfed and irrigated areas of
the country

Resistant to wilt and
tolerant to leafhopper

JI-273
(GC-3)

2340 49.6 Irrigated areas of Gujarat Resistant to wilt, tolerant to
Macrophomina root rot

Pragathi
(PCS-262)

1500–
2500

48 Rainfed areas of Telangana High seed yield and wilt
resistant
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per Atsmon (1989), may be due to the highly
female expression inherited from the dominant
female nature of the S-type pistillate line. Genetic
basis of heterosis of seed yield is due to the
factors other than heterosis per se like the
improved parental lines for spike density, highly
female spikes, earliness, and short stature (Ats-
mon 1989).

Heterosis was mainly manifested in parental
lines of contrasting morphological characters like
dwarf plant type with condensed nodes,
cup-shaped leaves in pistillate lines vs. normal
tall plant type, elongated nodes, flat leaves in
male lines (Lavanya et al. 2006). Per se perfor-
mance and average heterosis in dwarf � tall
crosses were higher to the parents involving
moderately tall � tall and tall � dwarf crosses.
Heterosis for seed yield was correlated with
heterosis for main spike length and capsules/
primary spike when one of the parents was tall.
The first-generation hybrid between Kruglik 5
and Sanguineus gave 1400–1900 kg/ha higher
seed yield than both the parents in USSR
(Moshkin 1986). Heterosis has increased up to
18–23% when parents were of diverse origin and
upon emasculation of pistillate lines. Heterosis
breeding gained its momentum due to the iden-
tification of pistillate lines and suitable male
lines.

3.17.1 Types of Pistillate Mechanism
Used in Hybrid
Development

3.17.1.1 N-Type
The N-type pistillate lines, viz. Nebraska 145-4,
CNES-1, were initially used in USA for devel-
opment of castor hybrids. The pistillate character
in N-type, governed by a recessive sex-switching
gene and maintained by sib-mating, is similar to
conventional rare recessive female mutants pro-
posed by Shifriss. It is similar to genetic male
sterility system as the progeny from female
plants segregate into 1 monoecious: 1 pistillate in
hybrid seed production plots. Seed production is
laborious as normal monoecious plants have to

be rouged out before anthesis leading to low
genetic purity and high cost of rouging. The
female line is maintained by allowing 20–25%
monoecious plants in foundation seed production
plots. The progeny of spontaneous sibbing of
pistillate plants of four varieties, TMV-2, S-20,
D-3, and HC 6, which segregated in the ratio of 1
monoecious: 1 pistillate was grouped under the
N-type. CNES-1, the N-type pistillate line,
developed at Davis, California, was also used in
the development of pistillate lines at AICRP
(castor) centers.

3.17.1.2 S-Type
S-type pistillate line was obtained by selection
within sex reversals at the Weizmann Institute,
Israel, and governed by dominant and epistatic
effects. Sex reversals are plant variants, which
begin as female and revert to normal monoecism
at any time after the first raceme and ten or more
racemes when grown as perennials. These
perennial plants were considered as females, if
grown only as annuals. Sex reversion is onto-
genetically irreversible and is variegated where a
part of the plant may still be pistillate, while the
other half is reverted to monoecious.

Selection for femaleness within sex reversals
is carried out by growing the plants as perennials
and choosing the late revertants. Selection within
a graded series of unconventional dominant
female variants led to the development of S-type
pistillate lines. Selfed plants of the second and
third orders of reversion yielded more number of
pistillate plants than sibbed pistillate and first
selfed order revertants (Gopi et al. 1996) while
fourth-order revertants gave significantly more
number of pistillate plants than the early rever-
tants (Patel and Joshi 1972). Selfed plants of the
tenth order of reversion yield nearly hundred
percent pistillate plants in their progenies. The
rate of reversion in a female progeny is decreased
from 79.2% in first-order revertant to 12.2% in
fourth-order revertant. The highest number of
capsules and seed yield was obtained when the
fourth-order revertant was crossed with the male
line having 50% flowers. Depending on the
genetic background, the selection pressure, and
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number of cycles of selection, female plants
varied from 60 to 95% in the progenies from sex
revertants when grown as annuals.

The development of a stable pistillate line,
TSP-10R (Texas stable pistillate tenth-order
revertant) in 1962, with 100% pistillate raceme
on a high percentage of plants brought the
momentum to the castor hybrids. The exotic line
was further utilized to develop a stable pistillate
line VP-1 in Gujarat, India.

VP-1 was the first stable pistillate line devel-
oped in Gujarat, India, from the segregation of a
double-cross between F2 of JHB 48 (JP
5 � 26006) � JHB 67 (TSP-10R � 719/1) with
distinct morphological characters like green
stem, triple bloom, cup-shaped leaves, condensed
nodes, long primary spike with spiny capsules.
Majority of the commercial hybrids were gener-
ated from S-type pistillate lines, viz. LRES-17,
DPC-9, SKP-84, MCP-1-1, M-574, and M-619.

3.17.1.3 NES Type
In NES system, pistillate character is governed
by a homozygous recessive gene, while inter-
spersed staminate flowers (ISF) were manipu-
lated by environmentally sensitive genes, but not
confined to any particular raceme order (Anki-
needu and Rao 1973). Temperatures of above
31 °C promote ISF, while lower temperatures
result in fully female racemes. A pistillate line
“240” of NES background was developed by a
cross between non-revertant pistillate progeny of
the cross 625-4 � HC 6 with US3 415-9. The
male parent, US3 415-9, is an “E”-type sex
variant with ISF from base to top. The pistillate
population has 56% strictly pollinate and 44%
pistillate with few ISFs that mature later than the
topmost female flower appearing on the spike.
Later, few pistillate lines like NES-6, NES-19,
NES-22, JP-65 were developed in India.

3.17.2 Pistillate Lines

Prior to the development of pistillate lines, inbred
lines having highly female spikes were used as
female lines. Initial research by Sidorov and
Sokolov led to the identification of a

heterozygous female line K-57, which segregated
into 1:1 female: male plants (Moshkin 1986).
In USA, plants with partial or total femaleness
were selected from the collection of Gilmore.
Classen and Hoffman (1950) developed an
N-type pistillate line Nebraska 145-4.
A three-way inter-line hybrid was also developed
using the female plants of the hybrid between N
145-4 and Brazil 330 with a male line.

The NES system of pistillate line 240 was
developed by a cross between non-revertant
pistillate progeny of the cross 625-4 � HC 6
with US3 415-9. The male parent, US3 415-9, is
an “E”-type sex variant with ISF from base to
top. The pistillate population has 56% strictly
pistillate and 44% pistillate with a few ISFs that
mature later than the top most female flower
appearing on the spike (Kulkarni and Ankineedu
1966). Yet, another NES type from segregating
generations of the cross (high oil mutant from
HC 6 � Mauthner’s dwarf) � (Aruna � Mau-
thner’s dwarf) with desirable attributes such as
low node number on main stem (12), normal
plant type, medium tall, red stem, double bloom,
non-spiny, and non-shattering habit with an oil
content of 55% was identified (Ankineedu and
Rao 1973). Temperatures above 31 °C promote
ISF, while lower temperatures (< 31 °C) result in
fully female racemes. The NES system is
advantageous due to easy transfer and mainte-
nance of a single recessive gene for femaleness in
contrast to polygenic, dominant, and epistatic
gene complex in S-type. JP-65, a NES-type pis-
tillate line, was utilized for the development and
release of a high-yielding hybrid, GCH-6 at
Junagadh. Several other sources were identified
by screening of 1250 germplasm accessions at
ICAR-Indian Institute of Oilseed Research (for-
merly DOR, Directorate of oilseed Research)
Hyderabad, viz. EC 153132, EC 169761, EC
169803 for pistillate character and used in
hybridization program (1986–87). Four pistillate
lines NES 15, NES 16, NES 17, and NES 18
were derivatives of these pistillate selections.

Diversification of pistillate base through
hybridization, selection, and generation
advancement for early-to-medium duration,
stable pistillate character, wilt resistance, and
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economic characters was taken up at ICAR-IIOR
in collaboration with AICRP castor centers at SK
Nagar, Junagadh, Mandor, and Palem. At
Hyderabad, seeds of VP-1 were subjected to
irradiation (55 KR gamma rays) and selections
stable pistillate behavior and wilt resistance by
screening in wilt sick fields five mutant VP-1
selections, viz. M-574, M-619, M-568, M-571,
and M-591, were stable for pistillate behavior
and resistance to wilt (Lavanya et al. 2000).
Among the 20 pistillate lines developed at
ICAR-IIOR, M-619, DPC 9, and DPC-11
showed resistance to wilt. In addition, pistillate
lines NES 6, DPC 9, and 10 were stable for
pistillate nature up to sixth order of spike irre-
spective of seasonal conditions. Genotypic vari-
ation for production of ISF was highest in
NES-22, DPC-9, DPC-10, and M-568 during
May to June. Good combiners for seed yield,
100-seed weight, oil content (DPC-12), number
of effective spikes per plant (NES-6, DPC-11,
and M-568) were identified (Rao et al. 2000).
Stringent selection pressure for the maintenance
of non-reversal and ISF nature of pistillate lines
were the key factors for pistillate line stability
(Chakrabarthy and Banu 1999). DPC-9, the most
promising pistillate line with high femaleness,
late revertant nature, and high seed yield
(279 g/pl), was the female line of several hybrids
like DCH-177, PCH-111, YRCH-1, and HCH-6.
Clustering pattern indicated five groups of pis-
tillate lines.

Majority of the pistillate lines are developed
from VP-1 or S-type of stable pistillate line
source, which is originated from an exotic source
–TSP-10R from USA. This has been converted
to suitable agronomic types of Indian conditions

like LRES 17, DPC 9, DPC 10, DPC 14,
DPC-15, DPC-16, DPC-17 to DPC-29 through
conventional breeding techniques like
intraspecific or inter-varietal hybridization fol-
lowed by pedigree selection and mutation
breeding.

A diversified source of pistillate character,
i.e., 240, was introduced to local genotypes like
Bhagya, CO-1 and selected for very early, dwarf,
normal plant, good branching pistillate line
called NES 6. The early nature of pistillate line
resulted in very early hybrids with low seed yield
and thus converted to a new agronomic back-
ground like TMV-5, using pedigree method of
selection and a new pistillate line-DPC 16 with
purple stem, zero bloom, spiny capsules with
medium duration (12–14 nodes), unlike NES 6
(> 10 nodes) having a unique trait like her-
maphrodite flower at the tip of the pistillate line
was developed. A list of sources along with the
pedigree and the pistillate lines developed in
India is given in Table 3.3.

DPC-18, a medium duration, non-VP-1 based
pistillate line, was generated by inter-varietal
hybridization involving a triple-cross-derivative
163-1-10-2 (Bhagya � CO-1 � HC-8) and a
wilt-resistant variety 48-1. IPC-23 (DPC-23), a
mutant pistillate line developed from a zero
bloom, leaf hopper susceptible DPC-9 pistillate
line, with green stem, triple bloom, low node
number (7–8), short plant height (40–50 cm),
early flowering (30–40 days to 50% flowering),
was resistant to leaf hopper and Fusarium wilt
and good combiner for early flowering and
maturity (Lavanya et al. 2008, 2018).
Inter-varietal hybridization involving different
castor hybrids, pistillate lines helped to generate

Table 3.3 Diversified sources of pistillate character in castor (ICAR-IIOR, Hyderabad)

Source Pedigree Pistillate lines developed

S-type TSP-10R � VP-1 LRES-17, DPC-9, DPC-10, DPC-14, DPC-21, DPC-25

NES type 240 NES 6, DPC 15, DPC 16, JP-65

163-1-11 � 1501-4 DPC 11

Mutant VP-1 VP-1 with 55 Kr gamma rays M 571, M 574, M 619, M 584

Hybridization 163-1-10-2 � 48-1 DPC 18 (new)

M 619 � JI 225 F4 DPC 17 (new)
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new pistillate sources through recombinants or
transgressive segregates and about 15 diverse
pistillate lines were stabilized after 12–15 gen-
erations of selection pressure for pistillate char-
acter. Table 3.4 is a list of five pistillate lines
registered for their unique or specific traits by
Plant Germplasm Registration committee
(PGRC), ICAR-NBPGR.

Evaluation of pistillate lines in different sow-
ing seasons indicated variation in the expressiv-
ity of the ISF character with either one or two
male flowers or > 10 male flowers per spike in
all the pistillate lines irrespective of the sowing
season. Variation is due to a complex phe-
nomenon of both genetic and environmental
factors like monthly mean day temperatures at
the time of spike initiation, triggering mecha-
nisms or the role of modifying genes. Sowing in
the months of July and August leads to high ISF
production in female lines and low genetic purity
of hybrid seed produced. September and October
are ideal months for sowing of certified hybrid
seed production while January is ideal for sowing
of foundation seed production of pistillate lines.

3.17.3 Male Lines

Male or inbred line in castor is a monoecious line
with a balanced proportion of both male and
female flowers. The criteria for selection of an
inbred line as a male line for testing its

combining ability are based on several characters
like earliness compared to the female parent,
desirable agronomic characters, closely maturing
secondary and third-order spikes, resistance to
Fusarium wilt, non-shattering, balanced propor-
tion of male and female flowers on the raceme,
high 100-seed weight (28–35 g), and high oil
content (48–55%). A dominant marker gene to
estimate the hybridity in the F1 especially a
seedling character like stem or hypocotyl color is
useful in early detection of rogues or off-types
before flowering (Atsmon 1989). The ideal
combination would be contrasting stem color
characters like red and green for the male and
female parents (Lavanya and Solanki 2010).

Several inbred lines were developed by
intraspecific hybridization involving pest- and
disease-resistant germplasm accessions in com-
bination with agronomically suitable cultivars,
parental lines, etc., either in single-, double-,
triple-, or backcross followed by pedigree
method of selection. Male lines with early or
medium duration (150 days), short-to-medium
height, high oil content, resistance to wilt com-
plex, and insect-pests were evaluated for their
combining ability in a series of line � tester
crosses. Among more than 1000 inbred lines
available in the country, some of the inbred lines
like DCS-5, DCS-9, 48-1, DCS-78, DCS-89,
DCS-107, TMV-5, and TMV-6 were repeatedly
used in the hybrid development programs. Male
lines with good agronomic adaptability, per se

Table 3.4 Pistillate lines registered by PGRC, ICAR-NBPGR for unique traits

Pistillate
line

Registration
No.

Pedigree Special features

LRES 17 INGR 01010 VP-1 � HC 8 Green, triple bloom, spiny, dwarf, condensed nodes, cup
leaves, resistant to Jassids

DPC 9 INGR 01009 87-V-2-1 Non-revertant, S-type pistillate, green, zero bloom, spiny,
resistant to Fusarium wilt

M 619 INGR 03095 Mutant of VP-1 (55
Kr gamma rays)

Green, triple bloom, spiny, dwarf, condensed nodes, cup
leaves, resistant to Fusarium wilt

MCP 1-1 INGR 04121 Selection from VP-1 Mahogany, triple bloom, spiny, dwarf, cup leaves,
resistant to leaf hoppers

DPC-16 INGR 14003 NES-6 � TMV-5 Pistillate line unique for hermaphrodite flower at the tip of
the spike, purple stem, zero bloom
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performance, and combining ability are ideal for
male lines (Costa et al. 2006; Lavanya and
Varaprasad 2012).

3.18 Hybrids

The first castor hybrid in the world, GCH 3
(TSP-10R � JI-15), was an instant success due
to its high yielding ability (88% yield increase
over S-20), drought resistance, medium maturity
(140–210 days), high oil content (46.6%) and
was popular even in the rainfed castor-growing
area. The problem of non-shattering was over-
come in another early maturing hybrid,
GAUCH-1 (VP-1 � VI-9) with 16% yield
increase over GCH 3 and drought escape mech-
anism due to efficient root system than the vari-
eties under receding moisture conditions (Reddy
et al. 1999). Another hybrid GCH 2 (VP-1 � JI
35) was released in 1985 for irrigated areas of
Gujarat with tolerance to root rot, 13% yield
increase over GAUCH 1. The hybrid has spikes
with interspersed male flowers increasing the
number of capsules in higher-order spikes
(Lavanya et al. 2006).

Among the 18 hybrids released so far in the
public sector system, GCH-4 is high yielding
(1200–2200 kg/ha), suitable for rainfed and irri-
gated conditions, tolerant to wilt and still the
most popular hybrid even after 32 years of
release. It also gave the world’s highest seed
yield (9 tons/ha), as a perennial crop under
intensive cultivation with high inputs near
riverbanks of Khisurpuri regions of Ahmedabad
district (Lavanya et al. 2006). It was replaced by
the latest high-yielding hybrid GCH-7
(3000 kg/ha), which is resistant to both Fusar-
ium wilt and reniform nematode complex.
Table 3.5 represents three early duration,
high-yielding, wilt- and leaf hopper-resistant
hybrids, viz. DCH 32, DCH 177, DCH 519,
suitable for rainfed and irrigated conditions
which were developed from ICAR-IIOR,
Hyderabad. Hybrids like YRCH-1, PCH-111,
PCH-222 were released for rainfed conditions of
Tamil Nadu and Telangana states of Southern
India. More than 70% area of castor is under

hybrid cultivation with a seed replacement rate
(SRR) of 100%. However, for remaining area
SRR is about 28–30% with varietal cultivation.
Castor, being a commercial crop in Gujarat,
about 43 private seed companies registered 88
experimental hybrids for commercial sale during
2010 (agri.gujarat.gov.in). More than 95% of the
castor-growing area in Gujarat is occupied by
castor hybrids, and the rise in productivity is
spectacular from 350 to 1970 kg/ha (Damodaram
and Hegde 2010).

3.19 Resistance Breeding

3.19.1 Resistance to Fusarium Wilt

Fusarium wilt caused by Fusarium oxysporum f.
sp. ricini (F.o.ricini), a soil-borne fungus, is a
destructive disease causing 39–77% loss in pro-
duction (Pushpavati et al. 1998). The success of
any resistance breeding program relies upon the
basic information on etiology of pathogen,
inheritance pattern of resistance, and develop-
ment of standard screening procedures, avail-
ability of resistant sources, and reliable breeding
methods for incorporation of the disease resis-
tance (Lavanya and Solanki 2010). Standard
screening procedures through development of
sick plot and artificial inoculation in pot culture
conditions were developed in AICRP castor sys-
tem (Santha et al. 2014). A large number of
germplasm accessions, breeding lines, varieties,
and hybrids were identified in sick plots devel-
oped at three AICRP castor centers (Table 3.6).
Several inbred lines were developed by
intraspecific hybridization, involving wilt-
resistant sources either in single-, double-, tri-
ple-, or backcross followed by pedigree method
of selection.

The inheritance and genetics of resistance to
Fusarium wilt varied with each cross and con-
trolled either by recessive genes (Sviridov 1988;
Podkuichenko 1989; Lavanya et al. 2011; Rao
et al. 2005), dominant genes (Reddy et al. 2010,
2011), interaction of duplicate genes (Sviridov
1988); polygenes (Desai et al. 2001), or oligo-
genes with epistatic interactions (Lavanya et al.
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2011). However, for the development of a
wilt-resistant castor hybrid, both the parents
should be wilt resistant (Desai et al. 2001;
Lavanya et al. 2011). The inheritance of resis-
tance in 48-1, a highly resistant variety is gov-
erned by two recessive genes (Rao et al. 2005).
In a cross between susceptible and resistant
parents, hybrids have a tendency toward sus-
ceptible parent (Golakia et al. 2005). Breakdown
of resistant cultivars is a serious problem,

especially in high-intensive cultivation without
proper crop rotation. Heterotic and wilt-resistant
hybrids should be further exploited through
recurrent selection and inter se mating in segre-
gating generations for developing wilt-resistant
parental lines (Patel and Pathak 2011).

Several sources of resistance to Fusarium wilt
were incorporated in high-yielding, agronomic
background leading to the development of several
inbreds, pistillate lines, and hybrids (Lavanya

Table 3.5 Salient features of castor hybrids in seed chain

Hybrid Mean
seed yield
(kg/ha)

Areas recommended Salient features

GCH 4 1200 (R)
2200 (I)

Both rainfed and irrigate areas, all
over country

Resistant to leafhoppers, tolerant to Fusarium wilt

GCH 5 1800 (R)
2800 (I)

Rainfed and irrigated areas of Gujarat Red, double bloom, medium duration (120–
180 days), semi-spiny, wilt tolerant.

DCH
177

1550 (R)
2130 (I)

Rainfed areas of Andhra Pradesh,
Karnataka, Tamil Nadu,
Maharashtra, and Orissa

Red single bloom, spiny, early duration (90–
150 days), resistant to Fusarium wilt, both parents
are resistant to wilt

DCH
519

1740 (R)
2130 (I)

All over the country Green, triple bloom, spiny, resistant to Fusarium
wilt, leaf hoppers, and both parents are resistant to
wilt.

GCH 7 3000 (I) Irrigated areas of Gujarat Resistant to nematode-wilt complex

HCH-6 1800 (R) Karnataka Resistant to wilt and white fly

GNCH-1 2500–
3000 (I)

Late kharif, rabi Gujarat Resistant to wilt and leaf hopper

GCH-8 1895 (R)
3590 (I)

All over the country Resistant to wilt and leaf hopper

YRCH-2 2100 (R) Tamil Nadu Resistant to wilt

R Rainfed; I Irrigated

Table 3.6 Parental lines and hybrids resistant to wilt complex

Disease Male lines Pistillate lines Hybrids

Fusarium wilt SKI 232, 271, 291, 293, 252, 263, JI-273,
274, 296, 298, 299, 303, 314, 315, 319,
320, 322, 326, 327, 331, 338, 340, 342;
DCS 5, 9, 33, 57, 84, 85, 86, 86-1, 89,
97, 98, 100, 102, 103, 104; PCS 124,
171, M-36-03, 35-03, 3-04 (PVT 16-03),
7-04 (F6-235-3-03).

SKP 23, 42, 72, 84, 106, 112, 117,
118, 119, Geeta, JP 81, 83, 85, 86,
88, 90, 93, 96, DPC 9, 11, M 584,
571, 619

GCH 4,
5, 7,
DCH
177, 519

Macrophomina
root rot

JI-220 JP-81, 86, 88, 89, 93 and 96,
M-584, 619

GCH 6

Reniform
nematode

– M-619 GCH-7
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et al. 2006). Prominent among them were DCS-9,
48-1, Haritha, DCS-107, DPC-9, M-574, M-619,
DCH-177, DCH-519, GCH-7, etc.

Several preliminary hybrids, advanced breed-
ing material, parental lines were identified as
wilt-resistant consecutively for two years while
DCS-86, DCS-105, DCS-107, DCS-118,
DPC-23, and M-571 were the ideal wilt-resistant
parental lines with consistent wilt reaction (9–
18%) compared to susceptible check, JI-35 (94–
96%) in the sick plot (Santha et al. 2016).

3.20 Summary

The present chapter on classical genetics and
traditional plant breeding methods is an attempt
to consolidate the scattered information available
on different aspects. A brief history of genetics of
different morphological characters and the com-
plexity of sex expression provides the base for
the future breeding programs. Several gaps in
traditional plant breeding methods like develop-
ment of a stable CMS system, resistance to
Botrytis gray mold rot, and the complexity of sex
reversion can only be addressed through collab-
orative and multidisciplinary approach.
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4Recurrent Selection for Improved Oil
Content in Castor Bean

Grace Q. Chen, Kumiko Johnson and Eva Morale

Abstract
Castor (Ricinus communis) seed oil is cur-
rently the only commercial source of hydroxy
fatty acid (12-hydroxyoleic acid, 18:1OH)
which is used in industrial products such as
lubricants, coatings, plastics, and cosmetics.
Increasing seed oil content has immense
benefits as it is one of the major factors
contributing to oil yield. This chapter
describes an effective procedure to increase
oil content through recurrent selection based
on screening individual castor seeds using
nuclear magnetic resonance technology.

4.1 Introduction

Castor bean (Ricinus communis) is an important
oilseed crop in the Euphorbiaceae family. Castor
oil contains 90% an uncommon hydroxylated
fatty acid, ricinoleic acid (or 12-hydroxyoleic)
(Wang et al. 2011). The hydroxy group imparts

unique chemical and physical properties that
make castor oil a vital raw material for manu-
facturing numerous industrial products, such as
high lubricity lubricants and greases, a variety of
polymers traditionally made by petroleum-based
products for various coatings, elastomers and
plastics, and an array of castor oil derivatives
utilized in cosmetic industry (Caupin 1997;
Sharma and Kundu 2006; Johnson 2007; Mutlu
and Meier 2010). Besides, several favorable
features, including high oil content (37–60% of
seed dry weight) (Wang et al. 2010), high oil
yield (1250–2500 L ha−1) (Severino et al. 2012),
and being a nonfood crop, make castor bean an
attractive industrial oilseed.

Improvement of castor bean cultivars by
increasing oil content would be of great benefit
as it contributes to oil yield and makes the pro-
duction more cost-competitive. Sprague et al.
(1952) demonstrated that the oil content can be
increased through recurrent selection. The
application of nuclear magnetic resonance spec-
troscopy, hereinafter designated “NMR,” to
nondestructively achieve analysis of oil in living
seeds (Conway and Earle 1963; Rubel 1994), or
even in a single seed (Bauman et al. 1963),
allows quick selection of seeds and the selected
seeds can be directly planted after measurement.
Single-seed recurrent selection has been demon-
strated to be an effective method to increase seed
oil content in a number of species such as maize
(Lucas et al. 2013), soybean (Feng et al. 2004),
and oat (Frey and Holland 1999).
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4.1.1 Using Nuclear Magnetic
Resonance Technology
for Recurrent Selection

A nuclear magnetic resonance (NMR) analyzer
can be used to measure the percentage of oil in a
living castor bean seed (Chen et al. 2016). Each
single castor bean seed is weighed and placed in
an NMR tube and then measured against a cali-
bration curve to determine oil content. Recurrent
selection is performed by the following basic
procedures: (1) individual seeds with high oil
content are selected from a base population by
screening the base population using NMR;
(2) selected seeds are planted and a new gener-
ation of seeds is produced through
open-pollination; (3) the new generation of seeds
forms a new population for the next cycle of
screening and selection.

4.1.2 A Test Case of Recurrent
Selection

We performed two cycles of recurrent selection
using an NMR analyzer in a greenhouse with
controlled temperatures ranging from 18 to 28 °
C (night/day) under a 15/9 h (day/night) pho-
toperiod. A base population consisted of bulk
Impala cultivar seeds (Chen et al. 2016). Indi-
vidual seeds were germinated in 4” pots con-
taining peat-vermiculite growth mixture and
seedlings with four true leaves were transferred
to five-gallon pots supplied with complete fer-
tilizer throughout the remaining time of plant
growth.

The schematic selection procedures were as
follows:

Cycle 0 seeds or
base population:

233 seeds screened for oil
content using NMR

#
Top 30 seeds selected, planted,
and produced

Cycle 1 seeds (or population)
in a greenhouse

(continued)

#
Cycle 1 population: Total 770 seeds screened for

oil content using NMR

#
Top 30 seeds selected, planted,
and produced

Cycle 2 seeds (or population)
in a greenhouse

#
Cycle 2 population: Total 1859 seeds measured for

oil content

The results of the recurrent selection are
summarized in Table 4.1 and Fig. 4.1. The oil
content in the base population ranged from 40.13
to 57.49% with an average of 50.33%. The top
30 seeds with an oil content of 53% or higher
were planted in a greenhouse and 770 mature
seeds (or Cycle 1) were collected and analyzed
for oil content. The oil content in Cycle 1 ranged
from 44.34 to 58.65% with an average of
53.87%. The shift in the mean oil content of
Cycle 1 showed a 3.54% increase, with a 95%
lower confidence limit of 3.28%. To further
improve seed oil content, the top 30 seeds of
Cycle 1 with an oil content of 56% or greater
were planted in the greenhouse and 1859 s cycle
seeds (Cycle 2) were collected. The oil content in
Cycle 2 ranged from 45.26 to 59.16% with an
average of 54.47%. Cycle 2 exhibited an increase
in mean oil content of 4.14% compared with that
of Cycle 0. From Cycle 1 to Cycle 2, a 0.6%
increase in mean oil content was observed. In
addition to the increase of mean oil content, we
also observed a reduction of natural variability in
oil content after the selection. The original base
population had a standard deviation of 2.98%,
which was reduced to 1.93% in Cycle 1 and
1.62% in Cycle 2. Besides, the range of seed oil
content (minimum-to-maximum) was also
reduced from 17.36% in Cycle 0 to 14.31% in
Cycle 1 and 13.9% in Cycle 2. Therefore, the
average seed oil content was increased because
the frequency of seeds with low oil content was
reduced and the frequency of seeds with high oil
content was increased after selection (Fig. 4.1).
We did not observe any adverse effect on plant

68 G. Q. Chen et al.



growth and morphology during our selection. In
the greenhouse, castor pollen can be transferred
from the anther of a male flower to the stigma of
a female on the same plant (self-pollination), or
to the stigma on a different plant (cross-
pollination). Such mixed pollination system
apparently avoided inbreeding depression.

Based on the survey of 1033 castor bean
accessions from the United States Department of
Agriculture (USDA), seed oil content ranged
from 37.2 to 60.6% with an average of 48.2%
(Wang et al. 2010). The variation range and
sample distribution formed a normal distribution
with 70% accessions having oil content between
45 and 51% (Wang et al. 2010). Impala Cycle 0
had a mean oil content of 50.33% which is
comparable to that of most castor accessions.
However, after one recurrent selection, Cycle 1
increased oil content to an average of 53.87%
which falls into the top 2% of the entire USDA
collection. Additional recurrent selection
increased the mean oil content to 54.47% which
put Cycle 2 at the top 1% of the USDA collec-
tion. These results indicate that single-seed
recurrent selection is an effective method to

increase the mean oil content in a castor bean
population.

In our two selection cycles, we observed a
quick drop of selection efficiency for oil content.
The first cycle increased mean oil content from
50.33 to 53.87%,which represents about 7%mean
improvement, whereas the second cycle increased
from 53.87 to 54.47%, representing only 1%
improvement. Awide range of selection responses
of oil content to number of cycles or generations
were reported among species with different
genetic backgrounds and initial genetic variability.
In maize, 54–70 genes were estimated to affect oil
content (Dudley 2007). It took 110 cycles of
recurrent selection to develop Illinois High Oil
strain frommean oil 5–20% (Lucas et al. 2013). In
oat, the starting background was an F1 hybrid
between a cultivar and a wild relative, which had
large genetic variances and resulted in a linear
increase of groat-oil content during nine cycles of
selection (Frey and Holland 1999). Although the
number of genes controlling castor oil content is
unknown, the Impala base population is a cultivar
rather than an F1 hybrid, thus one possible reason
for the lower rate of increase in the second cycle

Table 4.1 Cycle means,
standard deviation (SD),
minimum (min), maximum
(max)

Number of seeds Oil content (%)

Population Mean ± SD Min–max (%)

Cycle 0 233 50.33 ± 2.98 40.13–57.49

Cycle 1 770 53.87 ± 1.93 44.34–58.65

Cycle 2 1859 54.47 ± 1.62 45.26–59.16
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Fig. 4.1 Comparison of
frequency distributions of oil
content in cycle 0, cycle 1,
and cycle 2 of individual
castor seeds
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could be a low initial genetic variability in the base
population, which may have limited the genetic
potential for further enhancement in oil content.
A similar phenomenon was reported in soybean
(Feng et al. 2004). Another possibility could be the
existence of a biological upper limit of oil content
in castor bean seeds. Among 1103 USDA castor
germplasms, there are only two accessions found
to have extremely high oil content (57.1 and
60.6%) (Wang et al. 2010). Given that the oil
content gained in our Cycle 2 Impala population
among the highest recorded in the USDA castor
bean accessions, it is likely that our selection
process has approached the genetic ceiling of
improvement within the species.

4.1.3 Average Seed Weight Increased
After Recurrent Selection

Because seed weight is an important yield com-
ponent, it was of interest to know if the selection
of seeds with higher oil content was associated
with a change in seed weight in the populations
generated by recurrent selection. As shown in
Table 4.2, single-seed weight from base

population (Cycle 0) ranged from 0.30 to 0.56 g
with an average of 0.44 g (±0.06 g, SD) and the
correlation between oil content and seed weight
was moderate (r = 0.43, p < 0.0001). After
selection, the seed weight range increased,
showing 0.34–0.65 g in Cycle 1 and 0.34–0.71 g
in Cycle 2 (Table 4.2 and Fig. 4.2) (Chen et al.
2016, 2017). The average seed weight and its
correlation with oil content were also increased,
showing 0.50 g (±0.06 g, SD) with r = 0.63
(p < 0.0001) in Cycle 1, and 0.54 g (±0.06 g,
SD) with r = 0.77 (p < 0.0001) in Cycle 2
(Table 4.1, Fig. 4.2). The strong correlation after
two cycles of selection indicated that seeds with
higher oil content were frequently associated
with heavier seeds.

Our results are similar to previous reports of
castor bean cultivar BRS Energia, in which
heavier seeds (0.45 g/seed) showed higher oil
content (54.7%) compared with lighter seeds
(0.25 g/seed, 48.2% oil content) (Severino et al.
2015). Detailed characterization of seed mor-
phology indicated that in BRS Energia, when
seeds were de-coated (leaving mainly endosperm
tissue containing oil), there was little variation in
average oil content between a light 0.25 g seed

Table 4.2 Cycle means,
standard deviation (SD),
minimum (min), maximum
(max), and correlation
(r) between oil content and
weight

Number of seeds Seed weight (g) r (p < 0.0001)

Population Mean ± SD Min–max (g)

Cycle 0 233 0.44 ± 0.06 0.30–0.56 0.43

Cycle 1 770 0.50 ± 0.06 0.34–0.65 0.63

Cycle 2 1859 0.54 ± 0.06 0.34–0.71 0.77
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frequency distributions of
seed weight in cycle 0, cycle
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and heavy 0.45 g seed, estimated at 67 and
68.9%, respectively. In fact, the ratio of seed coat
to seed weight in heavier seeds (or larger seeds)
was reduced. Therefore, larger seeds contained
proportionally less seed coat than smaller seeds.
Furthermore, the heavier or larger seeds were
associated with higher density in BRS Energia
(Severino et al. 2015). Thus, it is likely that
lighter seeds might hold internal empty spaces.
The relationships among seed oil content, seed
weight, seed coat, and endosperm characteristics
in Impala remain to be investigated. Nonetheless,
our findings suggest that it might be possible to
further increase castor bean seed oil content by
screening larger or heavier seeds. Despite of the
strong correlation between seed oil content and
weight observed both in Impala and BRS Ener-
gia, there was no significant correlation among
40 different castor bean genotypes (r = 0.014,
p = 0.49) (Severino et al. 2015). A very weak
correlation (r = 0.157, p < 0.0001) between seed
weight and oil content was reported among 1033
USDA castor accessions (Wang et al. 2010)
suggesting that strong positive correlations
between seed oil content and weight can be
found within the same castor bean cultivar.

4.2 Evaluation of Seeds
from Field-Grown Populations

Recurrent selection in castor bean has also been
tested in field trials performed at the University
of California-Davis (Davis, CA) (DMS latitude:
38° 32′ 41.7′′ N, longitude: 121° 44′ 25.9′′ W).
In these experiments, the Control seeds were the
same batch of seeds as Cycle 0 base population
of Impala as described above and the Test seeds
were the Cycle 2 Impala population that had
showed increased oil content in greenhouse set-
tings. Impala is a dwarf cultivar and grows to
*1.5 m tall with a *0.6 m spread. Each
400-seed plot was planted in five rows with
spacing of 1.5 m between rows and 0.9 m
between plants. Two control plots (Control A
and Control B) and two test plots (Test A and
Test B) were planted. The plots were spaced ten

rows apart. The field was maintained by
hand-weeding and surface irrigated with com-
plete fertilizer. All seeds were hand-planted in
the first week of June. Mature Impala plants
produce monoecious inflorescences or racemes
bearing both male and female flowers. To
maintain the genetic purity of seeds to be pro-
duced, over 400 racemes (at least one from each
plant) in each plot were covered with white cloth
bags. Mature racemes from each plot were
hand-harvested in late September and early
October. The field trial was duplicated in two
years (Year 1, 2011 and Year 2, 2012). Detailed
weather information regarding 2011 and 2012 in
Davis, CA, is documented at https://www.timea
nddate.com/weather/usa/davis/historic?month=8
&year=2011. In 2011, the daily mean tempera-
tures were 21 °C in June, 23 °C from July to
September, and 17 °C in October and in 2012,
the daily mean temperatures were 22 °C in June,
24 °C in July and August, 22 °C in September,
and 18 °C in October. No precipitation occurred
from June to September in either year. Very light
precipitation (<0.1 inch) occurred in October of
both years. The general monthly weather climate
in 2011 and 2012 was similar to the annual
weather averages at Davis, CA (https://www.
timeanddate.com/weather/usa/davis/climate).

Impala seedlings emerged from the soil one to
two weeks after planting. Seedling germination
rates in all plots and both years were high, at 98–
100%. This indicates that selection of
high-oilseeds does not affect seed viability.
Flowering time, measured as days from planting
to 50% of first raceme initiation and can vary
among varieties. Some extra-early (26 days) and
late varieties (120 days) are known (Anjani
2010). In each year, both Control and Test plants
initiated their first racemes 60–74 days after
planting, indicating that selection for oil content
did not influence time of flowering. After flow-
ering, both Control and Test plants took an
additional 60–65 days for developing seeds to
mature. During the entire season, no difference in
growth pattern was noticed between control and
test plants. Temperature influences seed matura-
tion time (days from flowering or pollination to
seed mature) (Severino and Auld 2014). The
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observed 60–65 days to maturation of the most
primary racemes of Control and Test plants
occurred under a mean temperature from August
to September of 23 °C in 2011 and 22–24 °C in
2012. Similar days to maturation were found in
our previous study of strain PI215769 castor
grown at a mean temperature of 23 °C (Chen
et al. 2004). These results are consistent with a
castor bean seed maturation study using a
degree-days approach, which is a weather-based
index used to predict number of days required for
a crop to reach maturity, with the variety Brig-
ham (Severino and Auld 2014).

There was no significant difference in the data
obtained between Controls A and B, between
Tests A and B, or between Years 1 and 2
(Table 4.3 and Figs. 4.3, 4.4) (Chen et al. 2018).
Therefore, data from Control seeds or Test seeds
are pooled for a succinct description here. The oil
content of Control seeds ranged from a minimum
of 30.13% dry weight to a maximum of 57.59%
dry weight, with an average of 50.5% dry weight,
similar to Cycle 0 seeds, which had an average of
50.3% dry weight (Table 4.1). Test seeds had oil
contents from 30.13 to 59.41% dry weight, with
an average of 54.01% dry weight, which is also
comparable to the mean oil content of 54.47%
dry weight in Cycle 2 seeds (Table 4.1).
Single-seed weight from Control populations
ranged from 0.31 to 0.58 g, with an average of
0.44 g. Test seeds had single-seed weights
ranging from 0.31 to 0.64 g, with an average of

0.54 g. Thus, the average single-seed weight of
Control and Test seeds remained the same as
those of Cycle 0 (0.44 g) and Cycle 2 (0.54 g),
respectively (Table 4.2). There were no signifi-
cant differences in correlations between oil con-
tent and seed weight between Control seeds
(r = 0.43 or 0.44, p < 0.0001) (Table 4.3) and
Cycle 0 (r = 0.43, p < 0.0001) (Table 4.2), or
between Test seeds (r = 0.71 or 0.72,
p < 0.0001) (Table 4.3) and Cycle 2 (r = 0.77,
p < 0.0001) (Table 4.2). In addition, the fre-
quency distribution of Control seeds and Test
seeds for oil content (Fig. 4.3) and seed weight
(Fig. 4.4) resembled the corresponding Cycle 0
and Cycle 2 populations (Figs. 4.1, 4.2),
respectively.

The results of the field test support our pre-
vious greenhouse study that recurrent selection
through screening of single seeds is an effective
method to improve seed oil content and thus seed
weight in castor bean. Our studies also support
the notion that seed oil concentration is a heri-
table trait in castor bean, as demonstrated in other
crops (Bauman et al. 1963; Frey and Holland
1999; Feng et al. 2004; Lucas et al. 2013).
A detailed study on castor-oil yield components
(number of racemes, number of seeds per
raceme, seed weight, and seed oil content) indi-
cated that castor has adapted to environmental
changes by adjusting the number of racemes and
seeds per plant, but barely changed seed oil
content and weight (Severino and Auld 2013).

Table 4.3 Average seed oil content, weight, standard deviation (SD), minimum (min), maximum (max), and
correlation (r) between oil content and weight

Population n Oil content (% dry weight) Seed weight (g) r (p < 0.0001)

Mean ± SD Min–max Mean ± SD Min–max

Year 1 Control A 3027 50.57 ± 1.84 32.62–57.59 0.43 ± 0.05 0.33–0.58 0.43

Control B 3104 50.36 ± 1.74 30.38–56.94 0.45 ± 0.05 0.31–0.57 0.44

Test A 3115 53.95 ± 1.94 33.45–58.36 0.53 ± 0.06 0.34–0.62 0.71

Test B 3231 54.07 ± 2.04 35.26–59.06 0.54 ± 0.04 0.31–0.64 0.72

Year 2 Control A 3054 50.77 ± 1.84 30.13–57.41 0.45 ± 0.04 0.33–0.55 0.44

Control B 3206 50.45 ± 2.01 31.45–57.11 0.44 ± 0.05 0.32–0.56 0.43

Test A 3124 53.88 ± 2.06 30.13–59.41 0.53 ± 0.05 0.34–0.61 0.71

Test B 3087 54.12 ± 1.85 30.13–58.87 0.54 ± 0.06 0.33–0.63 0.71

n = number of seed

72 G. Q. Chen et al.



Castor bean seed oil content was not affected by
planting density (Soratto et al. 2012), nor by
growing the same population in different years
(Anastasi et al. 2015). Our studies using green-
house (Tables 4.1, 4.2 and Figs. 4.1, 4.2) and
field settings (Table 4.3 and Figs. 4.3, 4.4) were
conducted in different geographic locations but
under similar water and fertilizer conditions. The
temperature during castor bean growth in the
field in these two years was also similar to the
greenhouse temperature as described above. In
addition, the studies used seeds mostly from
primary racemes and were based on two con-
secutive years at one field location. Taken toge-
ther, we observed no significant differences
between field- and greenhouse-grown castor

bean seed in oil content and weight. Seed oil and
other storage compounds are important reserves
for supporting seed germination and seedling
growth and provide basic assurance for the next
generation’s viability. Negative side effects of
recurrent selection have been reported in other
crops. For example, increased oil content was
accompanied by decreased oil yield in sweet corn
(Rosulj et al. 2002) and grain yield in oat (Frey
and Holland 1999). The seed and oil yields of
this new Impala population still need to be
investigated. As oil is the primary product with
economic value in castor bean, development of a
cultivar with enhanced oil content will provide a
new genetic resource for increasing the oil yield
of this important crop.
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4.3 Conclusions

Recurrent selection through screening single seed
is an effective method to improve oil content in
castor bean. Two cycles of recurrent selection
increased the mean oil content of Impala from
50.33 to 54.47%, reaching levels comparable to
those at the top 1% of 1103 castor bean lines
collected by USDA. As a consequent result, we
found that seed weight was also increased after
recurrent selection and the strong correlation
uncovered between seed oil content and weight
will allow further improvement of oil content by
screening heavier or larger seeds in a population.
Given that single-seed recurrent selection was
successful under field conditions, this method
should be applicable to commercial castor bean
crops.
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5Molecular Linkage Maps in Castor
Bean

Xuegui Yin, Jiannong Lu, Rukam Singh Tomar,
Rajinder Singh Chauhan
and Kwadwo Gyapong Agyenim-Boateng

Abstract
With the development of the global economy,
the demand for castor bean and castor oil is
increasing rapidly, but its cultivation suffers
from a lack of high-yielding varieties due to
limited genetic research. In this chapter, we
describe novel SSR markers developed from
the castor bean genome sequence and the first
SSR-based genetic linkage map of castor
bean, constructed with three different F2
populations derived from crosses between
the YC2, YF1, and YF2 lines. The SSR
density in the castor bean genome is approx-
imately 15.81 SSR/Mbp, and the frequency of
SSR motifs decreased with the increase of
repeat unit size. Dinucleotide and trinucleotide
repeats, with (AT)n and (AAT)n are the most
common repeat units. The linkage map con-
sisted of 331markers, distributed on ten linkage

groups (LGs), encompassing 1164.73 cM,with
an average marker interval of 3.63 cM.Wewill
also discuss the first high-density genetic map
of castor by using SLAFmarkers, developed by
specific length amplified fragment sequencing
(SLAF-seq). This map contains 4300 markers
as well as 120 SSR markers with an average
marker interval of 0.35 cM, making it the
densest castor bean genetic map. These genetic
resources are expected to facilitate castor bean
research and breeding as well as comparative
genomics analyses within the spurge family.

5.1 Introduction

Genetic mapping is the process of determining
the order of and relative distance between genetic
markers (specific DNA sequences or heritable
elements that generate a detectable phenotype)
on a given species’ chromosomes. The relative
location of genetic markers is determined based
on their pattern of inheritance and is represented
on a genetic or linkage map. The frequencies of
recombination between markers due to the
crossover of homologous chromosomes during
meiosis are used to construct genetic maps. The
genetic distance between markers in a genetic
map is proportional to the recombination
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frequency between them and does not necessarily
correlate with the physical distance between
markers on a chromosome. The genetic and
physical order of genetic markers on a chromo-
some is the same, but distance between markers
is not (Wei et al. 2007). Linkage maps have been
constructed in many important species using
different types of markers such as protein poly-
morphisms, restriction fragment length poly-
morphism (RFLP), random amplification of
polymorphic DNA (RAPD), amplified fragment
length polymorphism (AFLP), sequence-related
amplified polymorphism (SRAP), inter-simple
sequence repeat (ISSR), simple sequence repeat,
also called microsatellites (SSR), and single
nucleotide polymorphism (SNP). Although a
rather large variety of markers exist, each with
advantages and drawbacks, microsatellites are
very commonly used for linkage mapping
(Goldstein and Schlotterer 1999). Genetic maps
facilitate the identification of the genetic region
of a trait of interest, providing a mechanism to
track the cosegregation of genetic markers with
traits in segregating populations. Such marker
tracking can be used for the selection
(marker-assisted selection) of individuals that
harbor genes responsible for agronomically
important traits and thus, serve as an aid in crop
improvement (Morgante and Salamini 2003;
Tuberosa and Salvi 2006). The comparative
analysis of genetic maps can be used to under-
stand the processes that led to the evolution and
diversification of a species. Between related taxa,
comparative mapping can reveal regions of
chromosomal synteny (conservation of gene
order). Within a taxon, mapping can pinpoint
regions of chromosomal duplication derived
from polyploidization events (Helentjaris et al.
1988; Moore et al. 1995; Bennetzen and Freeling
1997; Devos and Gale 1997; Feuillet and Keller
2002; Wei et al. 2007). High-density genetic
maps have been shown to serve many purposes
in both basic and applied researches. Such maps
are the cornerstone of a variety of biological
studies including map-based cloning, association
genetics, and map-assisted breeding, especially
for organisms that pose severe challenges for
genomic sequencing due to their large and

repetitive genomes (Wu et al. 2011). The con-
struction of highly saturated maps is often seen
as a time-consuming process, mainly if they
employ different parental stocks and markers that
are not easily transferable (Diaz et al. 2011).
Merging different genetic maps increases marker
density without additional genotyping, expands
marker portability (i.e., polymorphic markers can
be used in more than one population), improves
marker alignment precision (i.e., congruent
anchor maker position), and broadens inferential
capabilities (i.e., cross-population prognostica-
tion) (Diaz et al. 2011). With further research,
genetic map will be more perfect and play an
increasingly important role in studies on castor
genetics and breeding.

5.2 SSR Markers Developed
in Castor Bean

SSR markers are codominant, highly repro-
ducible, very abundant, and evenly distributed
throughout the genome. Most SSR loci are
defined by a unique pair of primers (Chen et al.
2006) and therefore, they are widely used in
different genetic analyses, map construction, and
QTL mapping. A limiting factor for SSR was the
development cost in the past, but their value as
markers made the investment worthwhile for
their applicability in genome mapping studies
(Rallo et al. 2000; Zane et al. 2002). Whole
genome sequencing technologies have made SSR
markers more affordable, facilitating their iden-
tification by computational genome mining
(Cordeiro et al. 2002; McCouch et al. 2002; Song
et al. 2010; Tan et al. 2014; Wei et al, 2014; Liu
et al. 2016). High-density SSR-based genetic
maps have been constructed in many crops,
including rice (McCouch et al. 2002), wheat
(Gupta et al. 2002; Song et al. 2005), maize
(Sharopova et al. 2002), potato (Milbourne et al.
1998), and sesame (Rallo et al. 2000).

Until recently, large-scale development of
castor bean generic markers had not been con-
ducted. Foster et al. (2010) reported the devel-
opment of 232 high-quality SNPs and their use to
genotype a worldwide castor collection of 488
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germplasm samples, resulting in the identifica-
tion of five different worldwide genetic clusters.
Only a few castor bean SSR markers had been
developed before 2014, which severely ham-
pered genetic studies. Allan et al. (2008) assessed
the genetic diversity using AFLPs and SSRs,
found the relatively low genetic diversity in
castor bean germplasm and that there is no geo-
graphic structuring of genotypes. Additionally,
SSRs were more informative than AFLPs as they
showed higher polymorphism, heterozygosity,
and range of genetic distances. Bajay et al.
(2009, 2011) developed 23 SSR markers from
microsatellite-enriched libraries and identified 38
genotype accessions from castor bean germplasm
from the Brazilian Agricultural Research Com-
pany (EMBRAPA). The number of alleles
observed for each locus ranged from two to five,
with an average of 3.3 alleles per locus. The
information derived from microsatellite markers
led to significant gains in conserved allelic rich-
ness and provided support to the implementation
of several molecular breeding strategies for cas-
tor bean. Seo et al. (2011) detected 28 SSR
markers from microsatellite-enriched libraries.
A total of 73 alleles were detected in 72 acces-
sions, with an average of 3.18 alleles per locus,
and the polymorphism information content
(PIC) ranged from 0.03 to 0.47 (mean = 0.26).
Values for observed (HO) and expected
(HE) heterozygosity ranged from 0.00 to 0.19
(mean = 0.11) and from 0.04 to 0.54 (mean =
0.31), respectively. Machado and Silva (2013)
developed microsatellite primers from castor
bean sequences deposited at the GenBank/NCBI
using the bioinformatic tools Websat and Net
Primer. A total of 30 primer pairs were designed.
The primer pairs presented an average
guanine/cytosine (GC) percentage of 47.29% and
amplified fragment sizes varying from 128 to
381 bp. Twenty-nine pairs of SSR primers
(96.7%) were validated, of which nine were
polymorphic (23.3%). Qiu et al. (2010) devel-
oped 118 polymorphic SSRs derived from
expressed sequence tags (EST) which displayed
moderate gene diversity with an average
heterozygosity of 0.41 by screening 24 castor
bean samples collected from different countries.

A total of 350 alleles were identified from 118
polymorphic SSR loci, ranging from 2 to 6 per
locus with an average of 2.97. This study also
found that trinucleotides were the dominant
motifs in EST-derived SSRs. Genetic relation-
ships among 24 germplasms were investigated
using the genotypes of 350 alleles, showing a
geographic pattern of genotypes across genetic
diversity centers of castor bean. Pranavi et al.
(2011) reported 92 novel polymorphic
EST-derived SSRs and used them in genetic
purity assessment of hybrids. Sequence assembly
and clustering of 57,895 ESTs of castor bean
resulted in the identification of 10,960 unigenes
(6459 singletons and 4501 contigs) having 7429
SSRs. On an average, the unigenes contained 1
SSR for every 1.23 kb of unigene sequence. The
identified SSRs mostly consisted of dinucleotide
(62.4%) and trinucleotide (33.5%) repeats.
The AG class was the most common among the
dinucleotide motifs (68.9%), whereas the AAG
class (25.9%) was predominant among the trin-
ucleotide motifs.

The release of the castor bean draft genome
sequence that spans 352.27 Mb in nearly 26,000
scaffolds (or fragments of assembled sequence)
(Chan et al. 2010) facilitated the development of
SSR markers. Although the sequencing depth is
only 4.6-fold, it still provided substantial infor-
mation for marker development. By mining the
castor bean genome, Tan et al. (2014) developed
1435 SSR primer pairs, among which 670
(46.7%) were polymorphic between six acces-
sions. In total, 18,647 SSR loci were identified,
with a density of one SSR per 18.89 kb. Dinu-
cleotide repeats were the most frequently
observed microsatellites, although the AAT
repeat motif was also prevalent. Trinucleotide
motif loci contained a higher proportion of
polymorphisms (48.5%) than dinucleotide motif
loci (39.2%). Polymorphism levels were posi-
tively correlated with the increasing number of
repeat units in the microsatellites. These SSRs
were also used to evaluate the phylogenetic
relationship among 32 castor bean varieties.
Cultivars developed at the same institute clus-
tered together, suggesting that these cultivars
have a narrow genetic background.
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Another 3000 SSR primer pairs were devel-
oped by Liu et al. (2016) using the castor bean
draft genome sequence. Using microsatellite
Identification Tool Software (MISA) (http://pgrc.
ipk-gatersleben.de/misa/), 25,828 sequence
assemblies were mined for SSR motifs including
dinucleotide repeats (DNRs), trinucleotide
repeats (TNRs), tetranucleotide repeats (TTRs),
pentanucleotide repeats (PNRs), hexanucleotide
repeats (HNRs), and heptanucleotide repeats
(HTRs) with 20, 10, 7, 7, 7, and 7 repeat units,
respectively. Primer pairs were designed based
on the flanking sequences of the detected SSR
motifs, and the parameters were set as follows,
primer length of 15–27 bp, amplification product
size of 100–400 bp, melting temperature at 55–
60 °C and GC content of 40–60%. As a result,
5546 potential SSR loci were identified, with a
density of approximately one locus per 63.2 kb.
Among these SSR loci, 108 were compound
(more than one SSR in the same locus) and 98 of
them were had two immediately adjacent SSRs,
six with three SSRs, three with four SSRs, and
one with five SSRs. The frequency of SSR motifs
decreased as the repeat unit size increased
(Tables 5.1 and 5.2). The motifs could be divi-
ded into 143 repeat types, containing 3618
DNRs, 1651 TNRs, 136 TTRs, 27 PNRs, 23
HNRs, and 91 HTRs, indicating a nonrandom
distribution of SSR unit size in the castor bean
genome. Although the types of DNRs and TNRs
were only 10 and 35, respectively, they accoun-
ted for 65.25 and 29.77% of all SSR loci,
respectively, with a density of one SSR per 96.91
and 212.37 kb, respectively.

Although SSR motifs larger than TNR were
the most diverse (98 types in total), their fre-
quency was low, with only 278 loci (4.99%)
detected, representing a density of one SSR per
1265.82kb. The frequency of different motifs
was very variable, even within the same-unit-
sized SSRs. For example, AT was predominant
in DNRs, followed by TA and AG,while AAT
was common in TNRs (Table 5.2). The longest
dinucleotide repeat locus was an AT motif that
spanned 126 bp, and the longest trinucleotide
repeat was an ATT motif with a length of 144 bp.

Based on 25,828 assemblies, the density of
SSR distribution observed by Liu et al. (2016)
was approximately 15.81 SSRs/Mbp which was
lower than that observed in previous work by
Tan et al. (2014), which reported a density of
52.9 SSRs/Mbp. The discrepancies may be due
to a difference in the SSR detection criteria and
primer design parameters used by the two stud-
ies. Also, each study used different versions of
the genome assemblies, which may have
accounted for some of the differences.

The polymorphic rate of SSR markers repor-
ted by Liu et al. (2016) was 27.38 and 59.6%
when detected by limited biparent materials and
ten randomly selected accessions, respectively,
suggesting that diversity was lower in the
biparent population than in the natural popula-
tion. Regardless of the discrepancies, both stud-
ies by Tan et al. (2014) and Liu et al. (2016)
substantially increased the number of castor bean
SSR markers available, representing powerful
tools for castor bean genetic research and
breeding.

Table 5.1 Characterization of castor bean microsatellite markers

Repeat type Counts Total Proportion to all SSR loci (%) Average SSR distribution (1/kb)

DNR 10 3618 65.24 96.91

TNR 35 1651 29.77 212.37

TTR 38 136 2.45 2578.09

PNR 16 27 0.49 12,985.94

HNR 21 24 0.41 14,609.18

HTR 23 91 1.64 3582.98

Total 143 5546 100.00
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Tomar et al. (2017) downloaded the draft
genome of 365 Mb with 35,370 scaffolds from
NCBI (http://www.ncbi.nlm.nih.gov/Traces/wgs/?
val=AASG02#contigs) for SSR mining again and
identified 120,895 SSRs. The SSR containing
4143 sequences were used for the designing of
primers using Primer3, and a total number of 662
primer pairs were identified.

5.3 The Genetic Map of Castor Bean

The first genetic map of castor bean was con-
structed in 2016 (Liu et al. 2016), and it was
mainly based on SSR markers derived from
genomic sequences. The map was built using
three different populations derived from the cross
combinations between the pistillate inbred line
YC2 and the monoecious inbred lines YF1 and
YF2, respectively, named population F2-1, F2-2,
and F2-3, each with 162, 182, and 161 individu-
als. Population F2-1 came from the only pistillate
F1 individual (self-cross with artificially induced
male flowers) of the YC2 � YF1 cross combi-
nation, and population F2-2 came from one of the
monoecious F1 individuals of the same cross
combination. The third F2 population, F2-3, was
derived from the cross YC2 � YF2, which pro-
duced no pistillate F1 individuals. The pistillate
line YC2 was derived from the self-progeny of
hybrid variety Jinbi No. 2, bred in Shanxi, China,
and the monoecious lines YF1 and YF2 were
derived from the self-progeny of the hybrid
variety CSR6.181, bred in Costa Rica. The
genetic distance (calculated using 30 important
traits and 19 SRAP primers) between YC2 and
YF1, and between YC2 and YF2 were 14.88 and
15.12, respectively, medium-to-large among 24
alternative key parents (the genetic distance
between them ranged from 7.49 to 17.36), which
was considered beneficial due to its potential to
enhance heterosis. Moreover, there were sharp
differences between each parent’s phenotypic
characteristics, spanning a wide range of impor-
tant agronomic and morphological traits. These
phenotypic differences included sex type
(pistillate/monecious), plant height (220.4 cm/
81.5 cm/80.6 cm), internode number in the main

stem (11/31/30), stem and petiole color
(green/red), resistance to castor blight (resistance/
susceptible), leaf style (smooth and flat/wrinkled
and cupped), spike type (column/pyramid), seed
coat color (solid black/decorated pattern), wax on
capsule and main stem (present/absent).

The markers used to construct the castor bean
genetic map included SSR markers developed by
Liu et al. (2016) plus nine SSR markers devel-
oped by Seo et al. (2011). To reduce the cost of
map construction, some SRAP, SSRAP, ISSR,
and three morphological markers were also used.
SSRAP markers are a novel kind of marker
invented by the author. SSRAPs are designed by
randomly combining primer pairs between SSR
and SRAP primer pairs, which proved to be an
economical and efficient method for developing
new markers using existing markers.

Three linkage maps were constructed with
different populations using the program JoinMap
4.0 (Van Ooijen 2006), and an integrated linkage
map with 331 markers was obtained (Table 5.3).
The linkage map was composed of ten linkage
groups (LGs) and spanned 1164.73 cM, with an
average marker interval of 3.63 cM (Fig. 5.1;
Table 5.3). On average, each LG covered
116.5 cM and contained 33.1 markers. Four
large gaps of 58.68, 36.76, 29.38, and 22.99 cM
remain in the map and therefore, more genetic
markers still need to be added to saturate the map
(Table 5.4).

Tomar et al. (2017) constructed another
genetic map of castor bean with a F2 population,
containing 261 markers (76 RAPDs, 34 ISSRs,
and 151 SSRs) assigned to 10 LGs correspond-
ing to the castor bean chromosomes (Tables 5.5
and 5.6; Fig. 5.2). Assignment of markers to LGs
was carried out using a LOD score value of 6 and
recombination fraction of 0.3. The total map
length was 1833.4 cM with an average marker
interval of 6.93 cM. The length of LGs ranged
from 121.5 cM (LG10) to 278.7 cM (LG9). The
maximum average marker interval was found on
LG3 (8.23 cM) and minimum in LG10
(5.78 cM). LG4 included the largest number of
markers (11 RAPDs, 8 ISSRs, and 16 SSRs,
representing 35 markers in total) with an average
density of 0.15 markers/cM, while LG8
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contained the lowest number markers (8 RAPDs,
1 ISSR, and 10 SSRs, 19 markers in total) with
average density of 0.15 markers/cM.

5.4 Building the First High-Density
Genetic Map in Castor

Xuegui Yin et al. (unpublished) constructed a
high-density genetic map in castor bean using
specific length amplified fragment (SLAF)
sequencing in 2017. The F2 mapping population
consisted of 150 individuals derived from a cross
between YC2 and YF2. SLAF library construc-
tion, high-throughput sequencing, sequence data
grouping and genotyping were performed
according to the procedure reported by Sun et al.
(2013). A total of 194.63 Mb of sequence were
generated using 200 bp paired-end reads and
submitted to the NCBI SRA database under

project accession number PRJNA414256.
89.83% of the produced sequence data were high
quality and the GC content was 37.51%. 117,025
and 146,843 SLAFs were developed in female
and male parents (Table 5.7), with an average
coverage of 21.73-fold and 30.96-fold, respec-
tively. On average, 108,686 SLAFs were devel-
oped in the offspring, with a 6.42-fold coverage
(Table 5.7; Fig. 5.3). Of the 18,188 polymorphic
SLAF markers identified, 4300 satisfied the fol-
lowing criteria: the sequence depth in the parents
should be more than tenfold, marker missing rate
should less than 0.3 in the F2 population, and the
P-value of segregation distortion should be less
than 0.05. Those 4300 high-quality markers were
used to construct the genetic map.

All of the 4300 SLAF markers plus 120 SSR
markers were anchored onto 10 LGs. The final
genetic map spanned a total of 1547.41 cM with
an average marker interval 0.35 cM (Fig. 5.4).

Table 5.3 Characteristics of the genetic linkage map of Ricinus communis L.

LG LG size
(cM)

Marker
number

Average
interval
(cM)

Max
gap

All
marker
percentage

Segregation
distortion
marker
number

Segregation
distortion
marker
percentage

Frequency of
segregation
distortion marker
(%)

LG 1 131.09 38 3.54 11.14 11.48 5 9.43 13.16

LG 2 115.95 44 2.70 15.00 13.29 4 7.55 9.09

LG 3 162.11 51 3.24 58.68 15.41 8 15.09 15.69

LG 4 88.63 53 1.70 8.52 16.01 7 13.21 13.21

LG 5 107.22 30 3.70 18.55 9.06 7 13.21 23.33

LG 6 101.08 6 20.22 29.38 1.81 1 1.89 16.67

LG 7 140.96 30 4.86 22.99 9.06 2 3.77 6.67

LG 8 141.05 25 5.88 36.76 7.55 3 5.66 12.00

LG 9 95.07 39 2.50 15.61 11.78 10 18.87 25.64

LG 10 81.59 15 5.83 12.75 4.53 6 11.32 40.00

Total 1164.73 331 3.63 58.68 100.00 53 100.00 16.01

5 Molecular Linkage Maps in Castor Bean 83



Fi
g
.
5.
1

G
en
et
ic

lin
ka
ge

m
ap

of
R
ic
in
us

co
m
m
un

is
L
.
T
he

L
G

re
fe
rs

to
lin

ka
ge

gr
ou

p

84 X. Yin et al.



Ta
b
le

5.
4

In
fo
rm

at
io
n
of

SS
R

m
ar
ke
rs

lo
ca
te
d
on

th
e
ge
ne
tic

m
ap

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
3

27
38

3
(A

T
)2
8

T
T
C
T
G
A
A
G
G
C
A
A
A
G
T
T
C
T
C
G

58
.2

T
G
T
C
A
G
C
T
T
G
A
A
C
A
A
C
G
C
A

60
.2

31
6

R
C
M
14

27
39

4
(A

T
)3
4

A
G
T
T
T
T
C
T
G
C
C
T
T
G
A
T
G
G
C
T

58
.9

A
T
A
C
G
A
T
A
T
G
C
C
A
T
G
T
G
A
A
A
A
A

57
.1

17
6

R
C
M
16

27
39

4
(T
A
)2
1

T
G
C
A
C
C
G
G
T
A
A
A
A
G
A
A
G
A
G
T
T

58
.9

C
T
G
G
A
T
C
T
C
G
A
T
A
A
T
C
G
G
T
G

58
.1

38
1

R
C
M
18

27
39

5
(T
T
A
)1
2

G
G
G
C
T
T
T
T
G
G
A
T
T
T
T
C
C
G

60
.4

T
G
G
G
G
C
T
A
A
T
G
A
G
A
T
T
G
A
G
T
G

60
.1

16
4

R
C
M
23

27
86

5
(T
A
)2
0

G
G
A
A
A
T
G
A
A
G
G
T
G
G
T
G
G
A
G
A

59
.9

T
G
G
C
A
A
A
A
T
T
G
A
G
T
C
G
C
A

59
.9

30
7

R
C
M
25

27
86

6
(A

T
)2
0

T
C
T
C
T
C
T
C
T
C
C
C
T
C
T
C
T
C
T
C
T
C
T
C

59
.1

A
A
A
T
C
C
C
T
T
T
T
G
A
G
T
T
A
T
G
T
A
A
T
A
A
T
G

57
.4

20
9

R
C
M
26

27
86

6
(A

T
A
)1
6

C
T
G
C
T
C
T
C
C
C
G
T
C
A
C
A
A
A
A

60
.0

C
C
G
G
T
T
A
A
T
C
A
A
T
C
A
A
T
A
C
C
T
T

57
.1

35
5

R
C
M
30

28
82

9
(T
A
)3
3

C
C
A
T
G
C
T
T
G
A
A
A
A
T
T
T
G
G
C

59
.1

G
A
C
C
C
C
T
T
A
A
T
G
G
A
A
G
G
C
A

59
.9

33
6

R
C
M
34

28
83

0
(A

T
T
)1
4

T
T
T
C
T
C
A
C
C
C
T
A
T
T
G
G
A
T
A
A
C
G

58
.1

A
T
A
G
C
C
C
A
T
C
G
C
C
A
A
A
C
A

60
.0

33
0

R
C
M
42

28
84

2
(A

A
T
)1
4

C
T
C
T
C
A
T
T
A
A
C
G
G
A
G
C
G
T
G

57
.0

C
G
C
C
G
C
A
A
A
A
T
T
A
G
A
A
G
G

59
.4

33
6

R
C
M
43

28
84

2
(A

T
)2
2

T
C
G
A
A
G
G
G
T
C
T
A
G
A
G
A
T
C
G
G

59
.4

C
A
T
G
T
A
G
G
C
T
C
A
A
T
G
G
G
G
A

59
.5

20
8

R
C
M
46

28
84

2
(T
G
)2
2

T
T
T
C
A
G
C
G
C
A
G
C
A
T
A
T
C
G

59
.6

T
T
G
T
C
G
T
T
G
T
G
G
G
C
A
T
G
T

59
.5

37
0

R
C
M
47

28
84

2
(A

T
)2
5

G
C
T
T
T
G
G
T
G
C
T
T
T
T
G
G
G
A

59
.8

T
G
T
G
T
C
A
A
A
T
A
C
A
C
A
T
G
T
C
A
A
A
A
T

57
.0

28
1

R
C
M
51

27
88

9
(T
A
)3
3

T
T
G
G
A
T
T
A
T
T
C
T
G
G
T
T
A
T
C
A
C
C
T
T
T

59
.2

C
A
G
G
T
T
C
C
G
A
A
G
A
G
C
A
G
G

59
.5

40
0

R
C
M
65

27
89

4
(T
C
)2
4

A
G
C
C
A
T
A
A
T
G
C
A
G
G
C
T
C
G

59
.9

T
C
C
A
G
G
G
C
C
A
C
A
C
T
T
C
A
T

60
.0

29
5

R
C
M
66

27
89

4
(T
A
)3
7

G
C
A
A
G
C
C
G
A
G
C
C
T
G
A
A
T
A

60
.1

C
A
A
G
C
T
T
G
G
A
T
A
A
T
T
T
C
T
C
T
C
T
C
T
C

59
.1

22
5

R
C
M
67

27
89

4
(A

T
T
)1
2

C
C
C
A
A
T
T
A
A
A
T
G
G
A
A
A
T
C
T
T
T
T
C
T

58
.9

T
T
G
C
A
C
C
T
T
C
C
T
G
C
C
A
T
T

60
.2

30
2

R
C
M
71

27
89

5
(T
A
)2
6

C
C
A
A
A
G
T
T
T
T
T
G
A
G
G
G
C
C
A

61
.0

C
G
C
C
T
A
A
G
G
A
G
T
T
C
C
C
T
T
T

58
.4

24
2

R
C
M
72

27
89

5
(A

T
)2
2

T
T
T
T
G
A
A
A
C
A
C
T
A
A
A
A
T
A
C
C
C
C
A

57
.7

T
T
G
A
T
C
C
A
A
A
T
G
C
A
A
T
T
C
T
C
A

59
.1

31
0

R
C
M
75

28
86

3
(A

A
T
)2
5

G
A
A
G
C
C
G
A
C
G
C
C
A
G
T
T
A
C

59
.4

C
A
T
C
A
T
C
A
T
C
A
C
A
A
T
C
C
T
T
A
T
T
A
T
C
A
C

59
.9

20
7

R
C
M
76

28
86

3
(T
T
A
)2
6

C
T
C
C
G
C
G
G
T
A
T
G
A
C
A
A
G
G

60
.2

C
G
A
A
C
G
T
A
A
A
T
C
C
G
G
C
T
A

57
.3

29
2

R
C
M
83

27
90

4
(T
A
)3
8

G
C
T
G
G
T
T
T
G
G
T
A
C
G
G
T
T
C
T
C

59
.6

C
C
G
C
G
T
T
T
T
C
T
A
A
C
T
T
T
G
T
G

58
.5

40
0

R
C
M
88

28
87

2
(T
A
)3
8

C
A
A
G
T
G
G
A
G
C
G
T
T
A
T
G
G
G
A

59
.7

G
A
A
A
G
C
A
A
G
T
T
G
A
T
T
A
T
A
G
G
C
G
A

59
.8

20
6

R
C
M
97

27
91

4
(T
A
)2
7

A
G
C
A
G
C
T
C
A
T
G
C
G
T
C
T
T
A
A
T
C

59
.6

T
G
G
G
A
A
A
A
T
C
T
T
T
A
G
T
G
C
T
A
T
G
C

59
.7

39
1

R
C
M
98

27
91

4
(A

A
T
)1
8

C
A
C
T
C
C
C
A
T
T
A
C
G
C
T
C
T
A
C
C
A

60
.1

G
T
G
C
C
T
G
C
T
A
C
T
C
C
C
A
G
C

59
.5

35
3

(c
on

tin
ue
d)

5 Molecular Linkage Maps in Castor Bean 85



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
99

27
91

4
(A

A
T
)1
3

C
T
G
T
G
G
G
T
C
C
A
A
T
T
T
C
G
C

60
.0

G
A
G
G
T
C
A
C
A
A
T
G
G
G
C
G
A
C

60
.1

39
3

R
C
M
11

1
27

91
7

(T
A
)2
8

C
A
C
A
T
G
C
G
T
T
G
C
A
C
G
T
A
A

58
.8

T
T
T
T
T
A
A
T
G
G
T
G
T
A
G
G
T
G
A
A
T
C
T
T
A
A
T

57
.8

28
6

R
C
M
11

7
27

93
4

(C
T
)2
7

A
A
C
C
C
C
A
C
C
G
T
G
T
G
T
T
T
C

59
.2

A
G
A
A
C
C
C
A
A
A
G
C
C
C
A
A
G
C

60
.2

24
1

R
C
M
12

3
27

94
5

(T
A
)3
9

T
G
G
T
T
C
C
A
A
G
G
G
A
C
A
A
C
A
A

59
.9

G
C
C
A
C
G
A
G
A
G
C
T
T
G
G
A
A
A

60
.1

36
5

R
C
M
12

6
27

95
5

(A
G
A
)1
1

A
A
C
A
A
G
C
A
A
C
A
C
A
A
A
A
T
G
C
A
A

59
.3

T
T
G
T
C
C
T
G
T
G
T
T
G
T
T
G
G
A
C
C

59
.4

24
8

R
C
M
12

8
28

92
7

(A
T
A
)1
7

C
A
C
C
T
T
G
A
T
A
T
G
G
T
T
G
A
T
T
T
A
T
G
A

58
.0

G
C
A
C
A
C
A
C
C
A
A
C
C
C
A
C
A
C

59
.4

19
1

R
C
M
13

3
27

95
6

(T
C
T
)1
0

G
C
A
G
C
A
G
C
A
G
C
A
G
C
A
G
T
A

60
.2

G
G
C
G
T
T
T
A
C
A
T
T
G
G
G
T
G
C

59
.9

22
4

R
C
M
13

4
27

95
6

(A
T
)2
7

A
C
T
T
C
T
C
G
G
G
A
G
G
G
A
T
C
G

60
.2

A
G
C
T
C
G
C
C
G
T
G
C
A
T
G
T
A
T

60
.4

39
4

R
C
M
13

7
27

96
1

(T
T
A
A
)7

T
T
G
T
C
C
C
C
T
T
T
G
T
T
G
A
T
G
C

59
.5

A
G
G
C
C
C
A
A
G
C
T
A
T
T
G
G
A
A
A

59
.7

30
5

R
C
M
15

0
27

98
5

(T
A
A
)1
2

C
C
C
A
G
T
A
A
T
T
G
G
G
A
C
G
C
A

60
.5

A
A
A
A
A
G
A
T
G
T
C
G
T
G
G
A
T
G
G
A

58
.0

23
7

R
C
M
16

2
27

99
6

(T
A
)2
3

T
T
T
A
C
C
A
A
A
T
T
G
C
T
C
C
C
T
A
A
A
A
A

59
.1

C
A
A
A
A
G
A
C
G
T
G
C
A
T
G
T
G
A
A
A
A

59
.8

25
3

R
C
M
16

6
28

00
6

(T
A
A
)1
7

A
A
C
A
T
T
G
T
T
T
A
A
C
G
C
A
T
G
G
A
T

57
.1

C
A
A
C
T
C
A
A
T
T
C
T
A
T
T
T
G
T
G
A
A
A
G
T
G

57
.2

14
1

R
C
M
18

2
29

00
5

(A
T
)2
8

C
A
A
G
A
C
T
T
A
T
T
T
T
C
A
G
C
C
A
C
G
T
T

59
.7

C
C
C
T
T
C
A
T
T
G
A
A
T
C
C
T
T
G
C

58
.1

36
5

R
C
M
20

1
29

03
2

(A
A
T
)1
1

G
A
A
C
T
A
G
G
C
A
A
A
A
A
G
T
G
G
A
G
G
A

59
.8

C
A
T
G
G
A
T
G
A
A
T
A
A
C
C
C
A
A
A
G
C

59
.3

26
2

R
C
M
20

8
28

07
6

(T
A
)2
1

T
C
C
C
C
T
C
T
T
T
T
G
G
G
T
T
C
C

59
.8

T
G
A
G
G
C
C
T
G
G
A
A
A
G
G
A
A
G

58
.9

29
2

R
C
M
20

9
28

07
6

(T
T
A
)1
2

T
T
T
C
G
T
T
T
T
T
C
C
A
A
T
A
A
A
G
T
C
C
A

59
.9

G
G
A
G
C
T
C
G
C
T
A
T
T
A
G
G
T
T
C
G

59
.1

37
3

R
C
M
21

9
28

09
3

(A
T
)3
6

T
C
A
A
A
T
C
C
G
C
C
A
G
A
G
A
A
A
A

59
.3

T
G
C
T
A
T
C
G
G
A
A
T
A
G
A
T
C
C
T
T
C
A
A

60
.1

39
4

R
C
M
22

3
28

09
4

(T
A
T
)1
5

C
A
A
T
C
T
G
C
A
G
C
T
T
A
T
T
G
G
G
A

58
.9

T
G
A
G
G
G
G
C
C
A
A
A
A
G
A
G
T
G

59
.8

32
7

R
C
M
22

5
28

09
4

(G
A
T
)1
2

T
G
G
C
C
A
A
A
A
C
A
G
C
A
G
A
T
G

59
.3

G
C
A
G
C
T
G
A
G
T
A
C
C
A
T
C
C
C
A

59
.8

38
5

R
C
M
22

6
28

09
8

(T
A
)4
0

T
G
T
T
A
T
G
C
T
T
G
G
A
A
T
T
C
T
T
T
C
A

57
.5

C
C
A
A
C
A
A
C
A
A
C
T
T
C
A
T
T
G
C
C

59
.0

38
4

R
C
M
24

9
28

12
8

(T
C
T
)1
4

C
A
C
C
G
A
A
A
A
C
A
C
C
A
T
C
C
C

59
.7

G
C
T
G
C
T
G
C
T
G
C
C
A
T
T
C
T
T

60
.3

24
2

R
C
M
25

9
28

13
4

(A
T
)3
2

T
C
G
A
G
C
T
T
T
T
A
T
G
A
A
G
G
T
G
T
G
A

59
.9

C
A
T
G
T
T
C
A
G
C
A
A
T
C
C
A
T
G
C

58
.6

21
7

R
C
M
26

2
28

14
0

(A
G
)2
3

C
C
A
A
G
C
T
T
C
A
G
C
C
T
C
C
A
A

60
.1

A
A
G
G
G
C
T
T
T
G
C
G
G
A
A
C
A
T

60
.6

32
1

R
C
M
26

7
28

15
2

(C
T
T
)1
0

C
C
A
A
C
A
A
G
G
C
T
G
C
C
A
A
T
C

60
.2

T
G
G
A
G
G
A
C
C
C
A
G
T
G
G
A
G
A

60
.2

20
8

(c
on

tin
ue
d)

86 X. Yin et al.



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
27

3
28

15
2

(T
A
)3
0

T
T
T
T
T
C
C
C
C
A
C
C
C
A
T
T
A
T
T
C
T

59
.5

A
C
G
G
C
A
G
C
A
T
G
C
T
T
G
A
A
T

60
.4

19
0

R
C
M
27

4
28

15
2

(A
T
)2
3

G
C
C
G
G
A
T
A
G
T
A
A
T
A
T
T
T
T
T
G
C
G

59
.9

T
G
A
A
G
A
A
C
A
T
G
G
A
C
T
T
G
G
T
C
A

59
.1

34
5

R
C
M
27

9
29

13
0

(A
T
)2
5

A
A
A
A
A
T
G
A
C
T
T
T
C
A
T
G
C
T
T
T
C
A
A

58
.0

A
G
G
T
A
G
G
G
G
C
C
T
G
T
T
C
C
A

60
.5

33
9

R
C
M
28

6
28

16
1

(T
T
A
)1
0

A
G
C
T
G
G
T
G
T
T
G
A
C
A
G
G
G
G

59
.7

G
C
T
T
G
T
C
C
C
G
A
C
A
C
T
C
T
C
A

60
.0

23
6

R
C
M
28

8
28

16
2

(A
G
)2
1

A
C
G
G
C
A
T
T
T
T
G
A
A
C
G
G
A
A

60
.0

T
C
T
C
G
A
T
G
C
G
A
T
C
C
A
G
G
T

60
.3

32
8

R
C
M
29

7
28

17
0

(T
A
)2
3

T
G
T
G
C
G
T
A
T
T
G
A
C
C
C
G
T
G

60
.1

T
C
T
T
A
C
A
G
T
G
G
A
A
A
C
T
C
A
T
G
A
A
A
A

58
.0

32
3

R
C
M
30

2
28

17
9

(T
A
)2
2

T
G
A
G
G
A
A
A
A
G
A
T
T
A
A
G
G
G
C
C
T
A

59
.2

T
T
T
C
G
C
G
C
C
G
A
T
T
T
T
A
T
C

59
.7

38
4

R
C
M
31

3
28

20
0

(A
G
)2
8

A
T
G
A
G
T
G
G
G
C
G
T
G
C
T
T
T
C

59
.8

T
G
G
T
T
C
T
G
A
A
A
G
G
G
C
C
A
A

60
.2

20
1

R
C
M
32

3
29

16
9

(A
T
)2
0

T
T
G
C
A
G
T
G
A
C
G
A
C
T
G
G
G
A

59
.9

T
G
T
A
C
G
A
G
G
A
A
A
T
G
G
C
G
T
C

59
.7

25
2

R
C
M
32

5
29

17
1

(T
T
A
)2
2

G
G
A
T
T
T
A
A
A
T
G
C
A
A
C
T
C
T
T
T
T
G
A
T
G

60
.2

C
A
C
A
C
A
T
G
G
T
C
T
T
G
A
T
G
C
G

59
.7

37
0

R
C
M
32

6
29

17
1

(A
G
)2
5

A
C
C
G
A
C
A
A
G
C
A
G
T
C
G
A
G
C

60
.1

G
A
G
G
C
G
A
G
G
C
A
A
T
T
T
T
G
A

59
.9

32
6

R
C
M
32

8
29

17
2

(T
A
)2
5

G
A
G
T
G
A
A
A
G
A
G
T
T
T
G
G
A
C
C
C
A
C

60
.0

C
A
T
T
T
G
C
T
C
T
T
T
G
A
C
G
G
G
A

59
.8

37
9

R
C
M
33

7
28

22
5

(T
T
A
)1
1

(T
T
G
)1
1

T
T
T
T
T
A
A
T
C
A
C
A
C
T
C
A
T
C
A
C
T
C
A
T
T
T
T

59
.4

C
C
A
A
A
A
C
C
C
T
T
C
G
C
T
C
A
A

59
.8

35
2

R
C
M
34

8
29

20
0

(A
T
)2
2

T
G
T
T
T
A
T
G
C
A
T
A
G
C
A
C
T
T
C
C
T
T
T
T

59
.3

T
T
G
G
T
C
C
T
C
A
A
C
C
C
A
A
A
C
A

59
.9

24
5

R
C
M
34

9
28

23
8

(A
T
T
)1
4

T
G
A
A
A
T
C
A
T
C
A
T
A
A
T
C
A
C
A
C
T
C
C
T
C

59
.4

T
G
G
A
T
T
C
G
G
T
A
A
A
T
G
G
A
T
A
C
C

58
.6

21
9

R
C
M
35

3
29

21
2

(A
T
)2
1

G
C
T
T
C
T
G
G
A
G
G
G
T
C
T
T
T
G
G

59
.8

G
C
C
C
T
A
T
A
T
T
T
C
G
G
A
G
T
T
C
C
T
T

59
.8

19
5

R
C
M
36

1
29

21
6

(T
A
)3
0

T
T
T
T
C
C
T
C
C
C
C
C
A
A
A
G
G
A

60
.4

G
G
T
G
G
G
G
T
C
G
T
G
A
C
A
G
T
T

59
.3

35
7

R
C
M
36

4
28

25
6

(A
T
)2
3

C
C
C
T
T
A
G
C
T
G
C
A
A
C
G
C
A
T

60
.0

A
G
T
T
T
T
C
A
G
G
G
G
C
A
G
T
C
G

58
.8

38
6

R
C
M
38

1
28

26
6

(A
A
T
)1
3

C
C
A
T
C
T
C
A
T
C
C
A
T
T
G
C
T
G
G

60
.0

T
T
T
G
G
A
G
A
G
A
T
T
T
A
A
A
T
T
C
G
G
A

57
.9

26
0

R
C
M
38

2
29

23
5

(T
A
)2
3

T
G
C
T
G
C
A
T
C
A
A
A
T
T
T
C
T
G
A
A
C

58
.9

T
C
T
A
G
C
C
C
C
A
T
T
C
T
C
A
G
G
C

60
.3

32
3

R
C
M
38

3
29

23
5

(T
C
T
)1
0

C
C
A
C
T
T
C
T
G
C
A
C
G
C
C
A
T
A

59
.4

A
G
G
C
A
G
G
T
G
C
G
T
A
T
C
A
G
G

59
.8

23
6

R
C
M
40

2
28

33
3

(T
A
)2
4

C
A
T
A
T
T
G
T
G
T
T
C
A
A
C
T
T
T
T
G
T
G
A
A
A

58
.2

T
G
A
G
G
A
T
C
C
T
G
C
A
C
A
C
C
A

59
.7

15
6

R
C
M
40

6
28

33
3

(A
T
)2
5

C
T
T
T
T
T
C
C
T
G
G
G
C
C
T
T
T
C
T

58
.4

T
G
G
G
T
T
G
G
A
A
A
A
G
A
A
T
C
C
A

58
.9

36
0

R
C
M
40

7
28

33
6

(A
T
)2
0

T
G
C
A
T
T
C
T
T
C
T
A
A
G
C
T
A
T
T
A
T
C
C
A
A

58
.6

C
A
G
G
A
A
T
G
T
T
T
T
C
C
T
T
A
G
G
T
G
G

59
.9

38
1

(c
on

tin
ue
d)

5 Molecular Linkage Maps in Castor Bean 87



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
41

1
28

34
5

(T
A
)3
1

T
G
G
C
A
A
C
C
G
A
T
G
A
G
A
T
G
A

59
.7

A
A
A
T
A
C
A
C
A
T
G
T
T
A
A
A
G
C
A
C
A
A
A
T
C
T
T

58
.7

33
8

R
C
M
41

3
28

34
5

(A
T
)2
2

T
C
A
A
T
C
A
A
A
C
A
T
C
A
A
C
T
A
T
T
C
T
C
A
T
C

58
.6

A
C
T
G
G
T
A
A
T
A
A
T
G
G
T
C
A
T
T
G
C
A
T

57
.5

23
5

R
C
M
42

3
28

35
7

(T
C
)2
6

T
C
A
T
C
A
T
T
G
G
C
C
C
A
A
C
C
T

59
.9

T
G
A
T
G
G
G
A
A
A
A
C
G
T
T
T
C
T
T
T
G

60
.0

22
3

R
C
M
42

4
28

31
2

(T
A
)2
0

T
C
A
C
G
C
C
T
C
T
C
T
C
T
C
T
C
T
C
T
C

59
.0

A
G
T
C
T
C
T
C
C
G
C
G
G
C
T
C
T
T

60
.2

37
3

R
C
M
43

0
28

39
2

(A
G
)2
9

A
A
T
G
C
A
A
A
G
G
G
G
T
G
C
A
G
A

60
.2

G
G
A
A
G
G
C
T
T
T
G
A
G
A
T
T
T
G
A
G
A

58
.5

39
7

R
C
M
43

6
28

40
2

(T
A
)2
0

A
A
G
A
T
G
T
G
G
T
T
G
T
T
T
T
T
C
A
G
T
T
A
T
T
G

59
.8

T
C
C
T
C
A
A
A
A
G
C
G
A
T
A
A
G
C
G

59
.1

35
9

R
C
M
43

8
27

42
8

(T
A
)2
8

T
C
A
T
C
C
A
A
A
G
A
A
A
G
A
G
A
A
A
T
T
C
A
A

59
.3

T
C
C
T
C
C
T
T
G
T
G
T
T
A
A
A
C
C
A
A
A
G
T
T

60
.3

34
0

R
C
M
43

9
28

42
1

(T
A
)2
7

A
G
C
G
C
A
T
A
G
G
C
T
G
G
A
A
A
A

59
.5

A
G
T
T
C
A
G
C
C
T
C
C
A
T
C
C
C
C

60
.0

28
4

R
C
M
44

0
28

42
1

(A
T
)2
1

G
C
G
G
G
A
A
T
A
C
T
C
C
C
A
G
T
G

59
.0

G
C
C
A
C
A
T
G
C
T
T
T
C
A
C
C
T
T

57
.1

40
0

R
C
M
45

0
27

44
6

(G
A
)2
6

G
G
C
A
T
G
T
T
T
C
G
A
G
G
T
G
G
T

59
.5

A
C
C
C
T
T
C
T
T
C
G
C
G
T
G
C
T
A

59
.5

21
8

R
C
M
45

3
28

42
9

(T
A
)2
3

A
A
A
G
C
A
C
A
T
A
T
T
T
C
C
G
C
C
A

59
.1

G
C
T
T
G
A
C
T
C
C
A
T
G
G
T
C
C
G

60
.2

34
7

R
C
M
45

4
28

42
9

(A
T
)2
0

T
A
C
G
C
T
C
G
A
T
A
C
T
C
C
G
C
C

59
.9

A
T
C
C
T
C
A
C
C
C
C
C
A
C
C
A
T
C

60
.6

36
3

R
C
M
45

8
27

46
7

(T
A
A
)1
1

G
G
C
C
A
A
A
C
C
A
A
T
G
T
G
C
T
C

60
.1

C
C
G
C
C
A
C
A
A
C
T
G
C
C
T
A
A
C

60
.3

21
5

R
C
M
46

0
27

46
7

(T
A
)2
2

A
A
T
T
G
G
T
G
A
G
A
A
T
C
C
A
T
T
T
G
C

58
.9

T
G
G
A
G
A
T
T
C
A
A
C
C
C
C
A
A
C
A

59
.9

34
1

R
C
M
46

4
28

44
8

(A
A
T
)2
8

C
C
A
G
G
T
C
A
T
G
A
C
G
A
G
C
A
G

58
.8

C
G
G
C
A
G
C
C
T
C
C
T
A
A
G
G
T
T

60
.4

35
7

R
C
M
47

6
28

44
9

(A
G
)2
4

G
G
G
G
A
G
T
A
T
G
A
C
A
T
C
G
A
G
C

58
.0

T
G
G
A
T
T
G
A
T
G
G
A
T
T
G
G
G
T
T
T

60
.0

39
5

R
C
M
47

7
28

45
2

(A
T
A
)2
0

C
A
C
C
G
A
C
C
A
C
C
G
A
C
C
T
A
C

60
.0

C
C
T
T
T
C
A
G
T
C
A
T
A
T
T
A
G
A
A
C
A
C
T
C
G

58
.5

38
2

R
C
M
47

9
28

45
5

(T
T
A
)1
9

C
C
G
A
C
A
C
A
T
T
C
T
A
G
A
T
C
A
A
T
T
C
C

59
.8

T
G
G
A
G
A
A
G
G
A
G
G
G
T
A
T
C
G
T
G

60
.1

20
2

R
C
M
49

4
28

47
0

(T
A
)2
5

T
G
A
A
G
G
A
T
G
T
T
C
A
T
T
A
T
T
T
A
T
G
A
T
T
T

57
.3

T
G
T
T
T
C
A
A
T
G
G
G
C
A
T
C
A
C
A

59
.5

21
5

R
C
M
50

4
27

50
4

(T
A
)2
0

T
G
C
C
A
A
T
T
C
C
A
G
C
A
T
T
G
T
T

60
.1

C
A
A
G
A
A
G
C
T
G
C
T
G
T
G
C
C
T
T

59
.3

30
8

R
C
M
50

5
28

49
0

(A
C
)2
0

T
T
G
C
G
G
A
G
A
G
A
A
T
C
C
A
G
C

60
.0

C
C
A
A
T
C
C
C
A
C
A
A
T
G
C
A
G
A

58
.9

32
0

R
C
M
50

6
27

50
6

(A
T
)2
3

T
G
A
C
T
T
C
T
A
G
T
T
G
C
C
C
A
T
G
T
T
T

58
.8

A
G
G
A
T
C
C
T
C
C
T
C
T
T
T
G
C
C
A

59
.7

33
4

R
C
M
51

0
28

49
2

(A
T
A
)1
1

(A
A
T
A
)7

a
T
G
C
T
T
A
A
T
T
G
A
A
T
G
C
G
T
G
G
A

60
.2

G
G
C
A
T
A
A
A
A
T
G
G
G
C
G
T
T
G

59
.9

25
6

R
C
M
51

1
28

49
5

(T
A
)2
0

T
C
C
A
A
A
C
T
G
C
A
A
C
C
C
C
A
T

59
.9

G
G
G
A
G
T
G
A
A
G
G
G
G
A
A
G
G
A

60
.0

27
8

(c
on

tin
ue
d)

88 X. Yin et al.



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
51

9
27

52
4

(A
T
)2
0

C
C
G
T
T
G
A
G
G
A
T
G
A
A
T
A
T
G
G
C

60
.3

T
T
G
T
A
T
G
C
G
C
G
C
T
T
T
T
C
C

60
.9

17
8

R
C
M
52

0
28

51
5

(T
T
C
)2
9

G
G
G
A
A
T
C
A
C
C
G
A
G
A
T
C
C
A

59
.3

T
G
C
T
A
A
T
G
G
C
A
T
C
C
A
A
A
A
C
A

60
.1

38
4

R
C
M
52

3
27

53
3

(A
T
)2
1

T
C
C
C
C
C
T
T
T
G
A
C
A
A
T
T
T
C
C

59
.7

A
C
C
C
A
T
T
T
T
C
A
T
T
G
T
C
A
T
T
C
A

57
.8

30
6

R
C
M
52

4
27

53
3

(A
C
)2
5

T
G
G
G
G
A
G
A
A
A
T
G
G
C
A
G
A
A

60
.1

A
T
G
A
G
A
G
G
G
A
A
G
A
G
G
C
G
G

60
.3

34
5

R
C
M
53

2
27

53
8

(C
T
)2
2

T
C
C
C
A
T
T
A
A
A
A
T
T
G
T
C
T
C
C
C
C

60
.0

T
G
G
G
A
C
T
T
G
G
G
C
T
C
T
T
G
A

60
.3

36
7

R
C
M
53

4
28

53
3

(A
T
)3
3

T
G
C
G
A
A
G
T
C
C
T
T
C
T
T
C
T
C
G

59
.3

T
T
T
T
G
A
G
G
C
G
C
A
T
G
T
T
T
A
A
T

58
.3

25
7

R
C
M
55

0
27

56
8

(A
T
)2
1

T
T
T
T
T
G
G
A
C
T
C
G
T
G
C
A
C
T
T
T

58
.4

C
C
A
A
G
C
C
A
C
C
A
G
A
T
T
T
G
C

60
.2

37
7

R
C
M
55

2
27

56
8

(T
A
)2
1

T
C
C
A
T
G
A
G
T
A
A
T
T
T
G
T
C
G
T
T
T
G
A

59
.5

T
G
T
G
T
T
G
T
C
G
T
G
T
G
A
C
A
T
G
A
A
T

59
.9

39
8

R
C
M
55

7
27

57
4

(T
T
A
)1
6

A
A
T
C
G
G
G
C
T
C
T
G
G
G
C
T
A
C

60
.2

T
T
T
C
T
G
T
T
T
C
A
A
A
C
G
T
T
C
A
T
T
T
T
T

59
.1

15
5

R
C
M
55

8
27

57
4

(T
A
)2
3

C
A
A
G
C
A
T
G
G
A
A
T
C
A
A
T
T
T
C
T
C
A

60
.1

G
A
T
G
C
A
C
A
T
T
T
T
T
G
G
C
C
G

61
.0

36
5

R
C
M
55

9
27

57
4

(A
A
T
)1
5

(A
T
T
)1
3

T
T
C
C
A
A
T
G
A
T
T
T
T
T
G
G
C
T
C
A

59
.1

A
A
C
A
T
G
T
G
G
C
C
A
G
T
C
A
C
T
T
T

58
.1

26
6

R
C
M
57

7
28

60
9

(T
A
A
)1
1

T
G
C
T
G
A
T
G
T
G
G
A
T
C
G
C
T
G

60
.5

G
G
G
A
A
A
A
T
G
C
T
G
T
C
G
G
T
G

60
.0

32
4

R
C
M
57

8
28

60
9

(A
T
)2
2

G
G
A
A
G
G
G
G
A
C
C
A
T
T
A
G
G
C

59
.3

T
G
A
T
G
C
A
G
T
T
C
T
A
A
A
T
G
C
T
C
A
G
A

60
.0

32
5

R
C
M
57

9
28

60
9

(A
T
)3
7

T
G
T
C
A
A
A
G
A
T
A
A
A
T
G
C
A
C
A
T
A
T
C
A
A
A

59
.8

A
A
C
A
C
G
T
C
A
G
C
T
A
A
A
C
A
A
T
A
A
C
A
T
T

58
.3

26
5

R
C
M
58

1
28

61
1

(T
T
A
)1
5

T
T
G
A
G
A
G
A
A
A
A
T
T
T
G
A
G
C
G
T
G
A

60
.0

C
C
G
T
A
C
T
T
G
T
A
A
G
A
C
C
C
G
A
G
A

59
.2

34
4

R
C
M
58

3
28

61
1

(A
T
)2
1

C
C
C
T
C
C
A
T
C
C
T
C
C
A
T
T
C
C

60
.2

T
G
T
G
C
C
A
A
C
C
C
C
C
A
T
A
G
T

59
.8

25
1

R
C
M
58

4
28

61
1

(T
A
)3
5

T
C
A
A
A
A
T
T
C
A
T
A
A
C
C
A
A
G
G
C
A

58
.1

T
G
C
C
T
A
T
T
A
A
G
A
T
A
C
C
A
A
C
C
T
T
T
G
A

60
.2

38
2

R
C
M
58

9
28

61
3

(T
A
)2
1

T
G
G
A
C
A
G
A
G
A
T
T
T
A
A
G
C
G
G
A
A

59
.8

A
A
T
G
T
T
T
C
A
T
T
T
A
A
T
T
G
A
T
T
A
G
G
A
G
A
T

57
.1

40
0

R
C
M
60

4
27

61
3

(A
G
)2
0

G
C
T
A
G
A
A
T
G
C
G
A
G
T
C
G
A
C
A
A

59
.2

T
T
G
C
C
T
C
A
T
C
C
C
T
T
A
C
G
T
C

58
.7

17
1

R
C
M
60

6
27

61
3

(T
A
)2
6

A
T
T
T
T
G
A
A
G
C
T
A
A
A
A
T
G
G
G
C
T

57
.1

T
G
T
G
T
A
A
T
T
G
T
C
T
T
T
T
G
G
G
T
G
T
T

58
.5

31
7

R
C
M
60

9
27

61
3

(T
A
)2
0

C
G
T
C
T
G
C
T
T
A
A
G
G
C
A
C
T
G
G

59
.6

C
A
T
T
T
C
T
G
C
T
G
C
T
G
G
G
T
G

58
.9

20
7

R
C
M
61

1
27

61
3

(T
A
T
G
)7

T
G
G
G
G
A
C
A
A
A
A
A
G
T
G
G
C
T

59
.1

T
G
A
T
T
C
G
T
G
A
A
G
C
A
G
C
A
G
A

59
.2

34
4

R
C
M
61

3
28

63
7

(A
T
)4
9

G
G
A
T
C
C
T
C
A
G
A
C
G
A
G
G
C
A

59
.9

C
A
A
T
G
C
G
G
T
T
A
T
T
C
A
A
T
T
C
G

59
.0

25
4

R
C
M
61

6
28

64
2

(T
A
)2
0

C
T
A
G
G
C
C
C
C
C
A
C
C
A
C
T
C
T

60
.1

C
A
C
G
C
A
T
A
T
G
G
C
A
C
C
A
A
C

59
.5

30
9

(c
on

tin
ue
d)

5 Molecular Linkage Maps in Castor Bean 89



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
62

3
28

64
4

(T
A
)4
5

T
G
C
A
C
C
T
T
T
G
G
A
G
A
A
C
A
T
G
A

60
.2

T
T
G
G
T
T
T
C
T
G
C
A
T
T
G
C
C
A

59
.8

29
8

R
C
M
63

4
28

65
7

(A
T
T
)1
4

T
G
G
A
G
A
A
T
T
G
T
G
T
C
A
T
C
T
T
T
C
T
T
G

60
.5

C
A
G
C
T
T
G
T
T
T
C
T
T
T
G
C
T
T
T
G
C

60
.2

27
3

R
C
M
64

4
28

67
2

(T
A
)2
2

A
A
A
A
A
G
A
G
A
C
G
G
A
A
T
G
G
C
A

58
.3

T
T
G
G
T
A
C
T
G
T
T
C
G
G
A
G
T
A
T
G
G
A

59
.5

37
7

R
C
M
64

6
28

69
1

(T
A
)2
3

G
C
C
A
T
T
T
T
A
A
T
A
A
A
T
T
T
G
T
A
C
G
T
T
C
T
T

59
.3

C
C
T
G
C
C
T
C
C
G
G
T
T
A
T
C
C
T

60
.0

20
8

R
C
M
65

2
28

70
8

(A
T
)2
0

A
A
T
G
C
A
T
G
G
G
A
G
G
A
A
G
G
A

59
.0

C
G
C
T
T
T
A
A
C
T
A
A
A
G
G
C
C
A
C
C

58
.9

36
1

R
C
M
65

8
27

69
9

(A
T
A
)1
5

C
A
A
G
T
T
G
G
C
G
G
A
C
C
A
T
T
T

59
.5

T
G
C
T
C
A
C
G
G
G
A
A
G
G
C
T
T
A

60
.5

16
8

R
C
M
65

9
27

69
9

(T
A
)2
6

T
C
C
A
A
A
T
T
A
A
A
A
A
C
T
C
C
A
A
C
T
C
T
T
T
T

59
.8

G
T
C
G
G
A
G
T
C
A
A
A
G
C
G
G
A
A

59
.9

38
4

R
C
M
66

1
28

72
5

(A
T
)3
8

G
C
T
A
C
T
G
T
T
G
T
T
G
T
C
T
T
C
G
T
C
G

60
.0

G
G
T
A
A
A
A
G
T
T
T
A
T
T
T
C
A
T
T
T
G
T
G
T
T
G

57
.5

28
5

R
C
M
66

2
28

72
5

(T
A
T
)1
9

T
T
C
T
C
C
T
C
A
A
T
G
C
T
T
G
T
A
A
A
A
A
T

57
.2

T
C
G
T
G
T
A
A
G
C
A
T
T
A
A
C
A
T
A
A
A
T
A
A
T
T
G

58
.0

22
7

R
C
M
66

8
28

73
2

(A
T
A
)1
3

G
G
G
G
C
A
T
A
C
G
T
G
G
G
T
T
T
T

60
.6

G
A
C
G
T
A
A
A
T
T
A
T
C
A
G
G
C
A
A
G
C
T
G

60
.2

15
3

R
C
M
67

0
27

71
5

(T
C
T
)1
0

G
T
G
T
G
G
C
T
G
T
T
G
G
C
A
G
T
G

59
.9

C
C
C
A
A
T
C
C
A
G
A
T
G
C
C
C
T
T

60
.8

25
5

R
C
M
68

3
28

75
2

(A
T
)3
9

T
T
C
C
G
G
G
A
T
G
G
A
A
A
T
T
T
T
A

57
.9

C
A
C
A
A
T
A
A
A
C
G
A
A
A
A
T
G
A
T
T
A
C
A
A
C
A

59
.3

31
8

R
C
M
68

4
28

75
2

(A
T
A
)1
1

T
C
A
A
T
T
G
C
T
T
G
C
T
T
G
C
C
A

60
.1

T
G
G
G
T
G
C
T
A
T
C
C
C
T
G
C
T
C

59
.7

24
7

R
C
M
69

1
27

73
2

(T
T
A
)1
5

A
A
T
T
A
A
T
C
A
C
C
G
C
A
T
T
T
T
T
A
G
C

57
.5

C
A
T
A
C
A
A
T
C
A
C
A
A
T
T
C
A
A
T
A
A
A
A
G
C

57
.0

37
1

R
C
M
70

9
28

78
1

(A
G
)2
1

T
G
C
C
A
A
G
G
C
A
T
C
C
A
A
G
A
T

60
.2

C
A
A
A
G
C
A
A
T
T
G
C
A
T
C
C
C
A

59
.2

38
8

R
C
M
71

0
27

75
1

(A
A
T
)1
0

T
C
A
C
C
T
T
C
C
C
T
A
A
G
C
T
T
G
A
A
A

59
.0

A
A
C
A
A
A
C
C
A
T
C
C
T
T
C
G
T
T
G
T
T
T

59
.8

27
3

R
C
M
71

1
27

75
1

(T
T
A
)1
2

A
T
G
G
A
G
C
A
A
T
T
T
G
G
G
C
A
G

59
.6

C
C
C
A
T
C
C
A
G
G
A
A
T
G
C
T
G
T

59
.4

30
3

R
C
M
71

2
29

70
5

(T
A
)2
3

A
T
G
A
T
G
A
C
C
C
T
G
G
A
C
C
G
A

59
.8

C
A
A
A
C
C
G
C
T
C
C
T
C
A
C
C
T
G

60
.4

39
5

R
C
M
72

0
27

76
3

(A
T
)2
1

C
A
C
C
A
T
C
G
G
C
A
A
T
A
A
C
C
C

59
.7

C
A
A
C
T
T
T
T
C
C
A
G
A
T
T
G
A
G
A
A
C
G

58
.9

30
4

R
C
M
72

5
27

77
0

(T
A
)3
0

C
A
T
T
G
A
G
C
T
G
T
T
T
T
C
A
G
G
C
A

60
.0

C
G
C
G
T
A
G
G
C
T
G
G
A
A
A
A
T
G

60
.4

20
7

R
C
M
72

9
27

77
2

(T
A
T
)1
3

T
C
G
A
A
T
T
G
G
A
T
G
G
A
C
C
T
C
T
T

59
.5

C
A
A
A
C
C
G
A
T
T
C
G
G
A
T
C
A
A
A

59
.5

16
0

R
C
M
73

2
27

78
9

(T
T
C
)1
3

C
G
A
A
A
T
T
C
A
A
T
T
G
C
A
T
C
A
A
C
A

59
.6

A
C
C
G
C
A
C
G
T
G
A
C
T
G
A
C
A
A

59
.9

32
5

R
C
M
73

7
27

79
8

(A
G
)2
1

G
A
A
G
T
T
C
C
C
C
G
C
C
A
A
A
A
T

59
.9

G
G
G
G
C
A
T
G
A
T
G
G
A
C
A
G
A
G

60
.0

30
3

R
C
M
74

1
27

79
8

(A
T
)2
9

A
T
G
T
G
G
G
T
C
C
T
G
A
G
G
C
A
A

60
.0

G
G
G
G
C
T
C
T
A
A
G
T
A
A
A
T
G
A
G
G
C

59
.2

39
9

R
C
M
74

3
27

79
8

(A
T
)2
6

G
C
A
T
G
A
G
G
A
C
T
A
T
G
C
C
A
T
G
A

59
.6

T
G
A
A
A
A
A
T
C
A
G
A
T
A
A
A
T
T
G
C
C
A

57
.3

37
4

(c
on

tin
ue
d)

90 X. Yin et al.



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
74

8
29

70
5

(T
T
A
)1
9

G
C
G
A
A
A
A
C
T
C
G
G
C
A
A
A
A
C

59
.4

T
C
A
T
C
C
C
G
A
A
C
C
A
C
A
A
T
A
T
A
C
A

60
.1

40
0

R
C
M
75

1
29

70
6

(T
A
)3
0

T
T
A
C
C
A
C
C
T
T
A
T
A
G
T
C
G
A
T
C
A
T
A
T
C
T
T

57
.9

T
G
C
C
G
C
A
C
T
T
A
A
T
T
T
T
G
G
T

59
.2

24
3

R
C
M
76

3
29

70
6

(A
T
)3
8

T
T
T
T
C
A
G
G
C
G
T
G
C
C
T
C
T
T

59
.5

C
A
A
T
G
C
G
G
T
G
T
T
G
A
A
A
C
T
T

57
.2

32
2

R
C
M
76

7
29

70
6

(A
A
G
)1
0

G
G
T
A
A
G
G
A
A
G
A
A
A
A
G
T
T
T
G
G
G
G

60
.2

C
G
A
C
G
A
T
A
G
C
A
G
C
A
C
C
C
T

60
.0

19
5

R
C
M
77

0
29

70
6

(A
T
)2
3

G
G
C
A
A
A
T
G
T
G
G
G
T
C
A
A
G
G

59
.9

T
G
C
T
T
T
T
T
G
A
A
C
T
G
G
C
A
T
C
A

60
.4

35
7

R
C
M
77

7
29

70
9

(C
T
)2
3

G
G
A
T
G
C
T
T
G
C
C
A
G
G
T
T
T
C

59
.2

T
C
G
G
C
A
C
C
T
G
G
G
A
A
T
T
T
A

60
.0

29
7

R
C
M
79

3
29

71
7

(C
T
T
)1
0

T
C
A
A
A
T
G
A
A
G
G
C
C
C
C
A
A
A

60
.0

T
T
G
C
A
T
G
T
T
T
T
T
G
G
A
G
G
G
A

60
.0

23
9

R
C
M
80

2
29

72
4

(T
A
)2
2

T
G
G
T
T
G
C
A
T
G
A
T
T
A
A
A
T
T
T
A
G
G
A

58
.6

G
G
C
T
T
A
G
C
A
C
T
G
A
G
C
C
G
A

60
.2

27
3

R
C
M
81

2
29

72
4

(T
A
)3
3

T
C
A
C
A
T
T
G
G
A
G
C
C
T
T
A
T
C
C
C

59
.9

C
A
T
G
T
C
A
A
T
A
T
A
A
A
A
A
T
T
C
T
A
C
G
T
G
T
T

57
.1

22
7

R
C
M
82

0
29

72
6

(C
T
T
)1
2

T
C
A
A
T
T
C
A
C
G
T
A
C
G
G
G
G
G

60
.3

A
A
A
A
G
C
T
A
G
A
C
G
T
G
C
C
C
A
A
A

59
.9

20
0

R
C
M
82

1
29

72
6

(T
C
)2
3

(T
C
T
A
)7

a
A
G
T
G
A
A
G
G
G
C
A
C
A
G
C
A
C
A

58
.9

T
C
A
A
T
G
C
C
C
C
A
A
A
A
C
C
T
C

59
.4

32
7

R
C
M
82

2
29

72
6

(A
T
)2
6

T
G
C
A
G
G
C
C
T
A
A
C
A
A
A
A
T
C
A
A

59
.3

A
T
C
A
C
A
A
C
T
G
C
C
G
C
G
T
T
T

60
.3

38
9

R
C
M
82

4
29

72
6

(A
G
)2
1

C
A
A
A
C
C
T
G
C
C
G
A
A
G
T
A
A
A
G
C

59
.9

A
T
T
C
A
A
C
C
G
C
T
G
C
T
A
C
G
C

60
.0

24
5

R
C
M
82

5
29

72
6

(A
T
)3
2

T
G
G
G
A
G
A
C
G
A
A
A
T
G
A
G
A
A
G
C

60
.3

C
G
C
C
A
T
C
A
A
A
C
A
C
C
G
A
A

60
.2

38
7

R
C
M
82

6
29

72
6

(C
T
)2
0

G
C
C
T
A
A
A
G
G
A
G
C
G
A
A
G
C
C

60
.1

T
G
G
G
A
T
T
G
G
G
A
A
A
C
C
T
G
A

59
.8

32
9

R
C
M
83

0
29

72
6

(A
G
)2
0

T
G
G
A
C
A
A
A
A
A
G
G
G
T
T
G
G
C

59
.5

T
T
G
C
A
A
G
G
C
A
A
T
A
A
G
A
A
A
A
G
A
A

59
.0

31
1

R
C
M
85

0
29

72
9

(T
A
)3
2

A
T
G
A
C
C
C
C
G
C
C
C
A
A
T
A
A
T

60
.0

T
T
A
T
T
G
G
G
T
G
C
C
A
A
C
A
A
T
T
T

57
.9

26
6

R
C
M
85

5
29

72
9

(G
A
A
)1
8

A
C
C
A
C
C
A
C
C
A
T
C
A
C
C
A
C
C

60
.1

T
G
A
A
G
G
A
G
G
A
C
A
C
G
G
G
A
A

60
.2

25
4

R
C
M
86

6
29

73
3

(T
A
)2
3

G
G
A
T
T
T
G
G
C
T
T
G
C
C
C
T
T
T

60
.0

T
T
T
A
C
A
T
G
C
T
C
G
C
A
C
C
C
C

60
.6

30
3

R
C
M
86

8
29

73
3

(A
T
T
)1
5

T
T
G
C
G
C
A
T
A
T
G
T
A
A
G
C
A
A
A
A
A

59
.4

T
T
G
A
C
A
A
A
T
A
A
A
A
T
T
A
T
G
A
T
G
G
G
C

59
.2

29
8

R
C
M
87

0
29

73
3

(A
T
)2
1

C
A
A
A
A
A
G
T
C
A
T
A
A
A
A
A
G
A
G
T
A
T
G
A
T
G
C

58
.8

T
T
T
C
T
T
C
C
T
T
G
A
C
T
C
A
C
C
T
T
C
C

59
.7

35
6

R
C
M
87

2
29

73
3

(T
A
)4
5

T
G
G
A
A
A
T
T
A
G
T
T
T
T
G
A
G
G
G
G
C

60
.3

G
G
C
T
C
C
C
A
T
G
G
T
T
G
A
A
G
A

59
.6

34
3

R
C
M
87

3
29

73
3

(T
A
T
)1
3

T
T
T
G
T
G
T
A
A
C
T
T
C
C
C
T
T
C
T
T
C
A
T
C

58
.7

T
T
C
C
A
C
C
G
A
G
A
A
A
T
A
A
A
A
G
A
A
A
A

59
.2

39
2

(c
on

tin
ue
d)

5 Molecular Linkage Maps in Castor Bean 91



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
87

5
29

73
3

(A
T
)2
4

C
G
G
C
G
T
C
A
C
T
C
C
T
G
A
A
A
T

59
.8

G
G
A
C
C
C
A
T
A
T
A
G
G
G
C
A
A
G
G

59
.2

22
3

R
C
M
89

4
29

73
7

(T
T
A
)1
0

T
C
A
T
G
A
G
G
G
C
A
A
A
T
C
C
G
T

60
.0

T
C
T
G
A
A
A
G
G
T
T
G
C
G
G
A
G
C

60
.1

21
5

R
C
M
89

8
29

73
7

(A
T
A
)1
0

C
G
G
A
A
A
A
T
A
A
G
A
G
A
C
A
T
T
G
C
T
T
G

60
.1

T
T
C
T
C
A
A
G
A
T
G
G
C
A
T
C
C
A
C
A

60
.2

28
0

R
C
M
90

0
29

73
7

(A
T
)2
7

G
A
T
G
T
G
T
T
T
A
A
A
A
G
T
G
G
C
G
T
T
T
T

59
.5

T
G
G
T
C
G
G
A
C
G
G
T
A
T
C
C
A
T

59
.7

40
0

R
C
M
90

7
29

73
8

(A
T
)2
9

G
G
C
A
G
C
T
C
A
T
A
T
C
A
T
T
C
C
C
T

59
.1

C
C
T
A
A
T
G
T
C
C
A
C
C
G
A
C
C
G

59
.9

23
0

R
C
M
91

0
29

73
8

(G
A
A
)1
3

T
A
T
G
T
T
T
T
C
G
G
G
G
C
A
G
G
A

60
.0

C
A
C
G
C
A
C
A
C
G
A
C
A
C
A
A
C
A

59
.9

29
3

R
C
M
91

2
29

73
8

(A
T
)2
4

A
A
A
T
G
C
T
G
G
T
T
G
G
G
C
A
A
A

60
.0

A
G
A
G
G
G
G
T
A
A
G
G
G
C
A
T
G
G

59
.9

37
9

R
C
M
93

3
29

73
9

(A
T
)2
9

A
G
C
C
T
T
T
G
G
A
T
G
G
A
A
G
C
A

59
.3

G
A
A
A
A
A
G
A
A
A
T
G
T
T
A
T
T
T
T
A
G
G
A
A
G
A
A

57
.1

39
1

R
C
M
93

4
29

73
9

(A
T
)2
7

A
T
T
T
T
G
C
C
A
A
C
C
C
A
A
C
C
C

60
.6

A
A
A
A
G
G
A
A
G
G
T
A
A
G
A
A
A
C
A
C
C
A
T

57
.4

26
2

R
C
M
93

5
27

81
0

(T
A
)2
2

G
G
G
A
A
T
T
T
C
G
G
T
C
T
G
G
C
T

60
.0

C
C
T
G
C
A
A
T
G
T
C
C
T
G
A
G
C
A

59
.5

38
8

R
C
M
93

8
27

81
0

(A
T
)2
2

G
G
G
G
A
A
T
T
G
C
T
G
A
C
C
C
A
T

60
.7

C
C
A
G
A
C
T
G
G
G
A
C
A
C
G
A
C
C

60
.1

36
7

R
C
M
94

0
27

81
0

(T
A
)2
3

G
G
A
A
A
A
C
T
G
T
G
G
C
A
G
C
A
A
A

59
.8

T
C
G
C
C
A
G
T
T
T
C
T
A
C
C
G
C
T

59
.5

38
6

R
C
M
94

1
27

81
0

(T
A
)2
1

T
G
C
T
G
T
C
T
G
T
G
T
C
A
T
G
G
A
A
G
A

60
.5

G
T
C
C
A
A
A
C
A
A
A
A
A
T
T
T
A
T
A
T
G
T
C
A
A
A
A

58
.8

33
3

R
C
M
94

3
27

82
7

(A
T
)2
2

C
A
A
T
T
G
A
A
A
A
T
A
T
A
A
C
T
C
A
T
T
A
G
T
C
G
C

58
.7

G
G
C
C
T
T
A
C
G
C
C
T
A
C
C
C
A
T

59
.9

29
2

R
C
M
94

6
27

84
3

(A
T
)2
0

G
C
G
G
T
T
A
T
T
A
T
T
C
G
C
G
C
T

58
.9

G
C
A
C
A
C
A
T
G
T
T
A
C
A
A
A
A
A
T
T
A
A
G
C
A

60
.3

34
2

R
C
M
94

8
27

84
9

(A
T
)2
7

T
T
C
T
C
C
T
C
A
C
G
C
A
T
A
G
A
A
A
T
G
A

59
.8

C
A
A
C
G
G
T
G
G
A
G
T
G
G
G
G
T
A

60
.4

37
2

R
C
M
95

0
29

73
9

(T
A
)2
3

G
C
C
A
T
C
G
A
C
G
A
A
T
C
A
A
G
C

60
.3

A
A
A
A
A
C
C
A
C
A
T
A
A
A
A
G
A
A
A
A
A
T
T
A
C
G

58
.3

34
4

R
C
M
95

3
29

74
0

(A
T
)2
0

G
G
T
G
A
C
A
C
C
C
A
T
G
T
G
C
C
T

60
.4

T
T
T
T
T
G
G
G
T
T
G
A
C
A
G
T
G
G
C

59
.5

35
4

R
C
M
95

4
29

74
0

(T
A
)2
2

T
C
G
A
C
T
T
T
T
C
A
T
T
T
C
A
T
C
T
T
T
C
C

59
.6

T
T
T
C
C
T
A
A
G
C
A
A
T
A
A
C
T
T
T
T
T
C
C
A

58
.5

34
4

R
C
M
95

5
29

74
0

(A
T
)2
4

C
T
C
C
T
A
C
C
G
G
G
G
C
T
T
G
T
T

60
.1

C
A
C
T
G
A
T
T
T
G
A
T
C
G
G
A
C
T
T
A
C
G

59
.6

36
0

R
C
M
95

8
29

74
1

(T
A
)2
9

A
A
A
A
T
G
T
T
G
T
G
A
A
A
T
A
A
A
A
A
C
A
A
A
C
A
G

59
.0

C
A
T
C
C
A
A
C
A
G
G
G
A
A
T
G
T
T
A
T
G
A

59
.7

29
5

R
C
M
96

3
29

74
2

(A
T
)3
0

C
C
A
A
A
A
G
A
T
A
A
C
G
G
C
C
C
A

59
.5

A
A
T
C
C
T
C
C
T
C
C
T
G
C
C
C
A
C

60
.0

26
4

R
C
M
96

8
29

74
2

(T
A
)3
3

A
T
C
A
G
T
G
T
T
T
A
T
C
C
A
A
A
A
T
A
A
T
T
G
A
A

57
.4

C
A
G
A
G
G
T
A
C
A
A
T
G
C
A
G
A
A
A
T
G
A
A

59
.3

28
4

R
C
M
99

4
29

74
7

(T
A
)2
6

C
A
G
G
T
A
T
A
T
A
A
T
T
C
T
C
T
G
A
T
G
C
T
T
G
C

59
.6

C
C
T
C
A
T
A
T
T
T
T
C
T
T
T
C
C
A
A
T
A
T
T
C
A

57
.8

17
1

(c
on

tin
ue
d)

92 X. Yin et al.



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
10

00
29

75
1

(A
T
)2
6

T
C
A
T
T
A
T
T
A
A
A
G
A
A
A
A
A
T
T
T
C
G
G
G

57
.8

A
C
G
G
A
A
A
G
C
A
T
A
T
C
G
A
T
T
T
T
T

57
.8

17
9

R
C
M
10

01
29

75
1

(A
A
G
)1
3

T
G
G
C
A
G
A
A
G
G
A
G
A
A
T
G
G
C

59
.9

G
G
C
A
A
A
G
T
T
A
C
T
G
G
T
G
A
C
C
C

59
.5

29
1

R
C
M
10

03
29

75
1

(A
T
)2
2

A
A
C
G
G
A
T
A
G
G
G
T
A
C
C
C
A
C
C
T
A

59
.6

T
G
G
G
T
T
C
G
G
A
T
A
A
T
A
T
A
C
G
G
G

60
.7

19
0

R
C
M
10

09
29

75
1

(T
A
)2
5

A
A
T
G
G
G
C
C
A
A
C
A
C
C
T
T
T
G

59
.3

G
A
A
T
C
T
C
G
T
T
T
T
C
C
G
G
G
G

60
.4

24
1

R
C
M
10

10
29

75
1

(A
T
)2
4

T
C
G
G
A
C
A
C
A
G
G
A
A
C
T
C
C
G

60
.8

T
G
G
C
A
G
G
G
A
C
A
A
C
A
A
C
A
A

59
.6

38
0

R
C
M
10

22
29

75
7

(A
T
)2
6

C
T
T
G
C
C
A
T
C
T
G
G
C
T
C
A
A
A

58
.4

T
G
C
C
A
T
T
G
G
T
G
G
T
T
C
T
C
C

60
.5

32
4

R
C
M
10

37
29

76
1

(A
T
)2
0

T
G
G
A
A
A
T
T
T
T
A
T
T
T
C
T
C
C
A
A
G
C
A

60
.0

T
C
A
G
T
T
T
G
T
G
C
A
T
T
A
A
G
A
A
T
T
G
G

59
.2

33
4

R
C
M
10

40
29

76
2

(T
A
)2
0

T
G
A
A
A
G
A
G
C
T
T
C
A
C
T
G
C
C
C

59
.1

T
G
G
T
T
C
A
T
C
C
T
G
G
C
C
A
T
A

58
.3

38
9

R
C
M
10

42
29

76
3

(A
T
)2
0

A
T
C
G
A
T
C
A
G
C
C
G
A
A
C
C
A
A

60
.2

C
G
T
G
T
G
A
G
A
A
G
C
T
G
C
G
G
T

61
.2

18
0

R
C
M
10

47
29

76
3

(A
A
A
G
)7

T
T
G
G
T
G
G
C
T
T
T
T
T
G
A
G
C
T
G

60
.0

T
G
C
A
A
T
G
A
T
T
T
T
G
G
G
T
G
C

59
.0

25
4

R
C
M
10

53
29

76
8

(T
A
)2
7

T
C
C
A
G
G
A
T
C
C
C
T
T
T
G
C
A
C

59
.6

C
A
T
C
C
C
G
T
G
A
G
A
C
T
T
G
G
C

60
.2

30
2

R
C
M
10

54
29

76
8

(T
T
A
)1
3

G
A
G
A
G
A
G
T
G
A
A
A
G
T
G
T
C
A
A
A
C
A
C
C

59
.3

G
G
C
T
T
A
T
T
G
G
G
C
A
C
A
G
G
A

59
.6

21
5

R
C
M
10

56
29

77
1

(A
T
T
)1
3

A
G
C
G
G
C
A
A
C
A
A
G
C
T
A
T
G
G

60
.0

C
A
T
T
G
G
T
G
C
T
G
C
T
G
G
A
A
A

59
.3

40
0

R
C
M
10

60
29

77
3

(A
T
)2
3

T
C
T
C
A
T
C
T
G
T
C
A
A
A
A
A
T
A
A
A
T
A
C
A
C
A

57
.1

T
T
G
C
C
G
A
G
T
C
G
T
A
T
G
A
G
G

58
.3

21
8

R
C
M
10

65
29

77
6

(A
T
)2
1

A
G
T
G
C
G
C
A
T
G
A
G
G
T
A
G
T
C
G

60
.0

G
A
A
T
C
T
T
G
T
G
A
A
C
C
G
C
A
T
G
A

59
.7

37
6

R
C
M
10

74
29

78
0

(A
T
)2
6

T
T
G
A
C
T
T
G
C
T
T
T
T
A
G
C
T
A
A
G
C
C
T

59
.0

T
C
A
A
T
C
G
A
A
G
A
C
G
G
A
G
C
C

59
.9

27
0

R
C
M
10

75
29

78
0

(G
A
A
)1
3

T
G
A
T
C
G
A
G
G
G
A
G
G
C
A
C
A
T

60
.2

C
A
A
C
G
G
G
T
C
C
A
T
C
C
C
T
T
A

59
.3

24
2

R
C
M
10

76
29

78
0

(T
G
)2
3

C
G
A
A
T
G
C
T
G
T
C
C
C
C
A
A
A
C

60
.0

T
G
T
C
A
T
G
G
A
T
G
C
A
C
A
C
A
C
A

59
.0

36
4

R
C
M
10

80
29

78
0

(A
T
)3
2

G
A
G
G
A
A
C
A
A
A
C
A
A
T
G
G
G
G
T
T
T

60
.1

A
T
G
G
G
A
C
G
T
G
T
G
A
G
T
G
C
C

60
.6

37
4

R
C
M
10

88
29

78
5

(A
T
A
)1
2

T
T
G
T
C
C
C
A
G
C
C
A
C
C
A
C
T
T

60
.1

T
T
T
C
A
T
G
C
C
A
A
A
A
A
T
C
A
C
C
A

59
.9

23
1

R
C
M
10

93
29

78
5

(T
T
A
)1
2

T
G
G
T
G
G
T
T
G
G
A
C
A
C
T
C
T
T
T
T
C

60
.0

G
A
C
T
T
T
G
A
T
A
A
T
A
C
A
T
C
T
T
G
G
G
T
G
C

60
.1

25
8

R
C
M
10

95
29

78
5

(A
A
T
)1
3

C
A
T
T
C
A
C
T
C
T
T
G
G
C
C
A
G
T
C
A

59
.8

A
T
T
A
T
G
G
T
G
C
G
C
G
G
A
T
T
G

60
.5

18
5

R
C
M
13

11
29

78
5

(A
T
A
)1
2

G
G
C
A
T
T
C
A
C
C
A
C
C
T
T
C
T
T
G
T

60
.0

T
T
T
C
A
T
G
C
C
A
A
A
A
A
T
C
A
C
C
A

59
.9

20
6

R
C
M
13

13
29

78
5

(T
A
T
)1
4

C
C
A
C
A
A
C
C
A
T
C
A
C
A
C
C
T
C
A
G

60
.0

C
C
G
G
T
T
G
A
T
T
T
T
G
T
G
T
A
C
G
A

59
.4

28
8

(c
on

tin
ue
d)

5 Molecular Linkage Maps in Castor Bean 93



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
13

16
29

78
5

(T
A
T
)…

(T
T
A
)1
0

T
T
G
A
G
G
T
G
A
G
T
A
G
T
G
A
G
C
A
A
T
T
T
T

59
.4

C
G
C
G
A
C
A
A
A
T
A
A
T
T
C
A
G
T
G
G

59
.2

39
9

R
C
M
13

17
29

78
5

(T
T
A
)1
2

T
G
G
T
G
G
T
T
G
G
A
C
A
C
T
C
T
T
T
T
C

60
.0

G
A
C
T
T
T
G
A
T
A
A
T
A
C
A
T
C
T
T
G
G
G
T
G
C

60
.1

25
8

R
C
M
13

19
29

78
5

(A
A
T
)1
3

C
A
T
T
C
A
C
T
C
T
T
G
G
C
C
A
G
T
C
A

59
.8

C
G
G
A
T
T
G
C
A
A
G
G
A
T
A
A
G
C
C

60
.6

17
4

R
C
M
13

35
29

79
2

(G
A
)3
4

A
T
T
T
G
A
C
G
A
C
G
A
A
A
A
C
G
G
T
C

60
.0

G
A
T
G
G
G
A
A
T
G
C
G
A
T
C
A
A
T
C
T

59
.9

32
8

R
C
M
13

36
29

79
2

(T
G
)2
4

G
G
C
C
C
A
A
A
T
C
T
G
A
G
C
A
G
T
A
A

60
.2

C
A
C
A
C
T
C
A
C
C
C
A
G
C
A
C
A
C
T
C

60
.4

38
6

R
C
M
13

38
29

79
2

(A
G
)2
9

A
G
C
T
T
C
A
G
G
T
C
C
A
C
C
A
T
C
A
C

60
.1

T
T
C
A
A
G
A
G
G
G
C
T
A
G
C
A
A
G
G
A

60
.1

37
4

R
C
M
13

41
29

79
4

(T
T
T
T
A
)7

G
G
G
G
T
T
T
T
T
C
G
G
T
T
T
T
G
A
T
T

60
.0

C
A
G
A
T
G
A
A
A
A
T
C
T
G
A
T
A
T
G
G
C
A
A

59
.1

27
3

R
C
M
13

43
29

79
4

(A
T
)2
9

A
A
T
G
G
C
A
A
A
T
G
A
G
T
G
C
C
T
T
C

60
.1

C
G
A
A
T
G
A
C
C
A
A
A
T
G
C
T
T
C
A
A

59
.7

20
7

R
C
M
13

50
29

79
4

(T
A
)2
1

T
G
C
A
G
A
A
G
C
A
T
A
A
G
T
T
T
C
C
A
A

58
.6

C
T
A
T
G
T
G
C
C
A
T
A
G
G
C
C
A
G
G
T

60
.0

39
6

R
C
M
13

51
29

79
4

(G
A
)2
2

A
T
G
T
T
T
C
C
G
A
G
C
A
A
A
G
G
A
G
A

59
.8

A
T
C
C
A
G
C
T
C
G
C
C
A
T
T
A
T
C
A
C

60
.1

37
6

R
C
M
13

82
29

80
1

(A
T
T
)1
4

A
T
G
T
T
T
G
C
A
A
A
T
G
T
C
A
G
G
C
A

60
.1

T
A
A
G
T
C
C
G
G
G
G
T
G
A
G
A
A
A
A
A

59
.5

38
5

R
C
M
13

86
29

80
1

(T
T
A
)1
0

G
C
A
G
T
G
C
A
A
T
C
A
T
G
G
T
T
A
A
T
G

59
.1

A
T
G
G
G
T
T
G
C
T
G
C
T
G
G
T
T
T
T
A

60
.5

28
4

R
C
M
13

94
29

80
1

(T
A
)2
2

A
G
A
T
G
A
C
A
G
C
C
A
T
C
A
C
C
C
A
T

60
.4

A
A
G
C
G
T
T
A
C
G
T
G
C
A
A
G
T
G
T
G

60
.0

28
1

R
C
M
13

95
29

80
1

(A
T
)2
4

G
G
A
A
A
A
T
T
G
C
A
A
G
A
A
T
T
T
G
A
C
A

59
.1

G
G
G
G
G
T
T
T
G
A
T
G
T
T
A
C
C
C
T
T

59
.9

38
9

R
C
M
13

96
29

80
1

(A
T
)2
4

T
A
G
T
G
G
G
A
C
C
A
C
T
G
A
C
C
C
A
T

60
.2

G
T
T
T
T
G
A
G
C
C
A
A
T
C
A
A
T
G
C
C

60
.5

36
0

R
C
M
14

13
29

80
4

(T
A
)3
1

T
G
G
G
T
A
T
T
G
G
G
T
A
C
C
C
T
C
T
T
T

59
.6

T
G
C
T
T
C
A
T
A
T
G
T
G
G
C
A
T
G
T
T
T

59
.1

37
9

R
C
M
14

24
29

80
6

(G
A
)2
1

G
C
A
T
C
A
A
G
C
A
G
A
G
T
G
C
C
A
T
A

60
.0

T
A
T
T
C
C
A
A
G
A
G
C
A
T
C
C
C
T
G
C

60
.2

38
3

R
C
M
14

34
29

80
7

(T
A
)2
8

G
G
T
T
G
G
G
T
C
C
A
G
T
A
G
C
A
A
A
A

60
.0

C
T
A
C
G
T
G
A
A
A
C
C
C
C
T
G
C
A
T
T

60
.0

38
3

R
C
M
14

44
29

80
8

(A
T
)3
4

A
T
G
A
A
C
C
A
C
G
C
T
C
T
C
A
G
C
T
T

60
.0

T
C
T
T
G
T
G
A
A
A
A
G
C
A
T
C
G
C
A
T

59
.4

36
8

R
C
M
14

50
29

81
1

(T
A
)2
6

T
C
C
C
G
A
A
T
T
T
A
T
A
C
T
T
C
T
A
T
T
C
A
A
G
G

60
.1

T
T
T
G
A
A
A
T
T
C
A
T
A
C
C
C
A
T
A
T
C
G
A
G

59
.3

38
2

R
C
M
14

63
29

81
3

(A
G
)2
4

G
G
C
A
C
T
T
A
G
G
A
C
C
A
C
T
T
G
C
T

59
.4

A
T
A
A
A
A
C
A
T
G
G
T
T
C
A
G
C
G
G
C

60
.0

27
0

R
C
M
14

66
29

81
3

(A
T
)2
4

T
C
G
G
G
A
A
T
G
A
A
C
T
G
T
T
C
G
A
G

61
.2

A
G
G
A
T
T
T
T
G
A
A
G
C
A
A
T
G
G
C
A

60
.6

36
3

(c
on

tin
ue
d)

94 X. Yin et al.



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
14

67
29

81
3

(T
A
)2
7

A
A
A
A
C
T
T
T
C
T
G
C
A
A
A
C
A
A
C
A
A
T
T
T

58
.4

T
C
A
A
A
A
G
A
T
T
T
C
A
T
A
A
C
T
C
G
T
G
A
T
T

58
.3

38
8

R
C
M
14

68
29

81
3

(A
T
)2
7

T
T
G
A
A
G
C
T
C
C
C
A
A
A
A
C
A
A
G
A
A

59
.8

T
C
A
A
T
T
T
G
C
A
A
G
G
T
G
T
A
G
C
C

58
.8

31
8

R
C
M
14

71
29

81
3

(T
A
)2
3

G
G
C
A
T
A
T
T
C
A
T
G
C
T
G
C
G
A
T
A

59
.7

T
A
A
A
C
A
A
T
G
T
C
C
G
A
G
A
G
G
G
G

59
.9

29
2

R
C
M
14

72
29

81
3

(G
A
A
)1
0

C
A
A
G
C
A
C
T
T
T
A
A
C
C
G
C
A
C
A
A

59
.9

A
G
C
C
C
T
T
C
T
C
T
T
T
C
C
T
T
T
G
C

60
.0

21
0

R
C
M
14

73
29

81
4

(A
G
A
)1
0

G
A
G
G
A
A
G
A
C
C
A
C
T
G
C
C
A
T
G
T

60
.1

C
A
A
G
T
G
G
G
T
C
C
T
T
G
A
A
G
A
T
G
A

60
.1

29
1

R
C
M
14

81
29

81
5

(C
C
A
)1
2

G
C
G
A
C
A
C
C
T
A
A
T
A
G
C
T
G
C
A
A

59
.1

T
G
A
C
C
C
A
A
G
A
G
A
A
A
G
A
G
G
G
A

59
.8

35
6

R
C
M
14

92
29

81
6

(A
T
)4
4

T
T
T
A
A
T
A
A
A
A
T
T
G
G
T
G
G
T
C
T
T
T
T
G
A
A

59
.3

T
C
A
A
A
G
A
A
T
T
T
G
G
A
A
G
C
T
A
A
A
G
A
A
A

59
.8

32
7

R
C
M
14

93
29

81
6

(T
A
)2
0

T
T
T
C
A
T
A
T
C
C
C
A
C
T
C
C
C
A
C
C

59
.6

A
C
G
C
A
T
T
G
G
A
C
C
G
T
T
A
T
T
T
T

59
.3

28
3

R
C
M
14

95
29

81
6

(G
A
)3
0

T
T
C
A
A
C
C
G
C
A
C
A
A
T
T
G
C
T
A
A

60
.3

A
G
C
A
A
G
A
G
T
G
G
T
G
A
G
A
C
G
G
T

59
.9

37
7

R
C
M
14

96
29

81
6

(T
A
)2
2

G
T
G
G
A
G
G
C
A
A
A
C
A
C
A
A
T
C
C
T

60
.0

A
G
T
A
T
A
T
G
G
C
C
C
C
C
A
C
T
C
A
A

59
.3

26
2

R
C
M
14

97
29

81
7

(A
G
A
)1
3

A
G
C
C
A
C
A
C
A
T
G
G
T
G
G
A
T
T
A
A
G

59
.9

A
C
C
C
A
T
G
A
G
C
T
G
C
T
G
A
A
A
C
T

59
.9

37
3

R
C
M
15

00
29

81
8

(T
A
)4
0

C
A
G
G
A
C
A
T
G
T
G
T
C
A
A
T
C
A
T
C
A
A

59
.4

T
T
G
G
A
C
A
T
T
T
T
C
A
T
T
T
T
G
G
G
A

60
.2

30
0

R
C
M
15

03
29

82
0

(T
T
C
)1
0

T
G
G
A
G
G
C
T
T
G
C
C
C
T
A
A
T
G
T
A

60
.6

C
G
T
G
C
T
A
C
A
A
T
T
C
T
T
C
T
G
C
G

59
.6

13
4

R
C
M
15

10
29

82
2

(T
A
A
)1
4

T
T
G
G
A
A
A
T
T
G
A
G
A
C
T
A
T
T
G
A
C
C
C

59
.4

T
T
C
A
T
T
T
G
G
C
A
G
A
A
G
A
T
T
T
T
G
A

59
.7

29
9

R
C
M
15

16
29

82
2

(A
T
)2
6

G
G
T
G
G
T
G
C
T
G
T
T
C
A
C
G
T
A
T
G

60
.0

G
T
A
G
A
A
G
G
C
A
A
C
C
A
A
G
T
G
C
G

60
.8

34
8

R
C
M
15

19
29

82
2

(T
A
)3
1

T
G
A
A
T
G
T
T
G
T
A
A
T
G
G
A
G
C
C
G

59
.5

C
A
G
C
C
A
T
T
T
G
G
T
T
A
T
T
T
G
G
A
A

59
.8

38
7

R
C
M
15

20
29

82
2

(A
T
)3
1

A
A
T
T
A
A
T
G
G
A
A
T
T
G
G
A
C
G
C
C

58
.8

C
G
G
A
C
G
G
A
T
C
T
T
G
T
G
T
C
A
T
A

59
.5

35
3

R
C
M
15

21
29

82
2

(A
A
T
)1
1

C
T
A
A
G
G
A
G
T
T
G
T
C
T
T
C
G
C
C
G

60
.0

G
G
C
A
A
A
G
G
T
T
T
G
A
C
A
G
T
G
G
T

60
.0

35
8

R
C
M
15

22
29

82
2

(A
G
A
)1
0

G
C
G
T
T
T
C
C
T
T
C
C
C
T
T
T
T
A
C
C

59
.9

A
A
C
C
A
T
G
C
A
T
G
C
A
A
A
A
T
C
C
T

60
.3

39
0

R
C
M
15

24
29

82
2

(A
T
)2
1

T
G
A
T
G
G
T
A
A
A
T
T
G
C
T
T
G
G
C
A

60
.1

T
G
C
A
G
G
G
A
A
C
A
G
G
T
A
G
T
T
G
A

59
.3

16
1

R
C
M
15

26
29

82
2

(T
A
T
)2
1

A
A
T
A
G
C
A
T
G
A
T
G
G
T
C
G
G
T
C
C

59
.8

T
G
T
C
C
C
C
T
T
T
T
C
C
A
T
T
C
T
T
G

59
.9

33
5

R
C
M
15

27
29

82
2

(T
A
)2
4

A
A
G
C
T
T
G
A
A
T
C
T
C
A
T
G
T
G
T
C
A
A
A

58
.9

T
G
G
G
T
C
T
T
C
A
G
G
A
T
C
G
T
T
T
C

60
.1

33
0

R
C
M
15

34
29

82
3

(T
A
T
)1
8

T
C
A
T
C
C
C
A
T
T
T
A
A
A
A
T
A
A
A
A
A
C
T
T
T
G

58
.9

G
A
A
G
C
A
T
G
A
G
A
G
T
T
T
T
T
C
T
C
C
C

59
.4

27
7

(c
on

tin
ue
d)

5 Molecular Linkage Maps in Castor Bean 95



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
15

40
29

82
5

(A
T
)2
2

C
C
C
T
A
T
G
G
A
G
C
T
T
T
G
A
C
C
C
T

60
.5

G
T
T
G
G
T
C
G
A
C
T
T
C
G
A
G
T
G
G
T

60
.2

39
0

R
C
M
15

45
29

82
6

(A
T
)2
8

G
G
A
C
C
A
T
T
A
C
A
C
G
C
A
A
C
T
G
A

59
.6

C
G
G
A
G
T
G
A
A
G
A
A
G
C
C
A
T
C
T
C

60
.0

39
7

R
C
M
15

47
29

82
7

(A
T
)2
1

G
C
T
G
A
T
A
G
C
T
G
A
T
T
T
A
A
A
T
T
T
A
T
T
T
G
T

57
.8

G
G
T
G
G
C
T
G
A
T
A
G
C
C
G
A
T
A
A
A

60
.1

33
8

R
C
M
15

52
29

82
7

(G
A
A
)1
0

A
C
T
T
T
T
G
C
T
T
C
T
T
C
C
C
A
C
G
A

59
.9

G
T
G
C
C
T
G
T
A
A
C
C
G
A
G
A
T
G
G
T

60
.0

22
5

R
C
M
15

53
29

82
7

(A
T
)2
5

T
T
T
A
T
G
C
C
C
A
G
A
A
G
A
C
C
T
G
G

60
.1

G
C
G
A
T
G
C
A
A
G
G
G
T
C
A
A
G
T
A
T

60
.1

27
2

R
C
M
15

55
29

82
7

(T
C
)2
5

T
G
C
A
C
A
T
T
A
G
C
C
T
G
A
A
G
G
A
A

59
.4

A
T
T
G
C
T
C
C
T
C
C
A
A
C
A
C
C
A
T
C

59
.9

34
7

R
C
M
15

67
29

82
8

(A
T
)2
2

C
T
G
C
C
T
C
T
G
T
A
G
G
G
T
T
C
T
G
C

60
.0

C
T
A
G
G
T
A
G
T
G
A
A
T
G
C
C
C
C
C
A

59
.9

34
6

R
C
M
15

81
29

83
5

(T
C
)2
3

A
T
C
A
C
A
A
G
G
C
A
A
C
C
C
A
A
G
T
C

60
.0

G
C
A
G
T
T
C
C
A
T
T
C
C
T
C
T
T
T
G
C

59
.8

18
5

R
C
M
15

82
29

83
5

(A
T
)2
6

G
C
A
C
G
T
A
A
A
A
A
G
C
C
C
A
A
A
A
A

60
.1

G
G
G
T
T
T
A
T
G
A
C
G
G
T
G
C
A
T
T
C

60
.2

31
8

R
C
M
15

88
29

83
5

(T
A
)3
1

T
T
A
T
G
C
T
A
T
T
G
T
T
T
T
T
A
G
G
G
G
G

57
.3

T
G
G
T
G
C
A
G
A
G
G
T
G
G
C
T
T
A
G
T

60
.9

39
5

R
C
M
15

94
29

83
6

(T
C
T
)1
3

T
G
A
T
T
G
T
C
T
C
G
G
T
C
T
T
G
C
A
G

60
.0

C
C
G
A
G
G
T
T
G
A
T
C
A
C
C
A
A
G
A
T

59
.9

33
2

R
C
M
16

00
29

83
6

(G
A
)2
9

A
T
C
T
C
T
G
C
A
T
C
T
G
A
G
C
G
T
G
A

59
.7

A
T
C
C
A
G
C
G
G
A
T
G
C
T
A
C
T
G
A
G

60
.4

36
9

R
C
M
16

01
29

83
6

(A
T
)3
1

A
G
C
T
A
G
A
T
G
G
T
G
C
A
A
G
G
T
C
A
A

59
.9

C
T
T
A
C
A
A
A
G
C
C
C
C
T
C
C
A
T
G
A

60
.1

33
6

R
C
M
16

02
29

83
6

(A
T
A
)2
3

C
C
T
T
G
A
C
C
A
G
T
T
G
G
T
T
C
T
C
C

59
.5

C
C
A
A
T
A
T
G
G
G
C
T
C
C
A
G
T
C
A
T

59
.8

17
1

R
C
M
16

03
29

83
6

(A
T
)2
3

T
C
A
A
A
A
C
C
A
A
A
C
T
C
C
A
A
C
C
C

59
.8

A
A
A
C
G
A
C
G
C
C
G
C
A
A
T
T
A
T
A
C

60
.0

31
3

R
C
M
16

08
29

83
8

(A
T
A
)1
4

G
C
A
A
A
G
C
A
G
G
A
A
A
G
G
T
C
A
C
T

59
.5

T
G
C
A
A
T
T
A
G
C
T
T
G
G
C
A
A
T
G
A

60
.4

39
8

R
C
M
16

25
29

83
9

(T
A
T
)1
3…

(T
T
A
)1
2

C
G
A
G
G
A
T
T
G
A
T
C
C
G
A
A
C
T
G
T

60
.1

A
G
C
A
C
G
T
T
T
T
A
C
T
G
C
C
A
T
C
C

60
.1

37
8

R
C
M
16

26
29

83
9

(A
T
T
)1
5

G
C
C
G
G
T
T
T
A
T
T
A
A
T
T
T
T
G
A
A
A
G

57
.1

A
T
G
A
C
G
T
C
T
T
C
C
T
A
T
G
C
G
C
T

59
.9

37
9

R
C
M
16

38
29

84
0

(T
A
T
)1
3…

(T
A
T
)1
2

G
C
A
T
G
A
G
C
A
A
C
G
C
A
T
A
A
G
A
G

59
.6

C
A
T
T
T
A
T
G
G
A
A
G
A
A
C
A
A
C
A
A
C
C
A

58
.9

40
0

R
C
M
16

41
29

84
1

(T
A
)2
3

C
T
G
G
G
C
T
A
G
A
G
C
A
T
T
G
G
A
A
G

60
.0

T
C
A
A
T
T
T
G
T
G
C
A
T
T
A
G
G
A
A
T
T
T
G

59
.0

38
0

R
C
M
16

42
29

84
1

(T
A
T
)1
0

C
C
C
C
G
A
T
A
A
C
C
A
A
T
T
A
A
A
C
A

57
.4

G
C
A
C
A
C
A
A
A
A
A
G
A
C
A
A
A
T
G
A
A
G
A

59
.3

40
0

R
C
M
16

43
29

84
1

(A
T
)2
3

T
G
C
A
T
G
G
C
T
T
G
A
G
C
T
A
T
C
T
G

60
.1

A
A
G
G
C
T
G
A
C
A
T
G
C
A
C
C
A
C
T
A

59
.3

30
0

(c
on

tin
ue
d)

96 X. Yin et al.



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
16

48
29

84
1

(C
T
)2
0

A
T
G
G
A
G
C
A
A
C
T
T
G
T
C
G
C
T
T
T

59
.9

A
A
A
C
A
A
C
A
C
A
T
C
C
A
C
A
T
C
G
C

59
.4

36
0

R
C
M
16

49
29

84
1

(T
A
)2
3

C
A
A
A
A
A
T
C
A
A
G
C
A
C
A
C
A
T
G
T
C
A

59
.6

C
G
T
G
A
A
A
T
A
T
G
T
G
A
A
A
C
G
A
T
G
A
A

59
.9

37
0

R
C
M
16

51
29

84
1

(T
A
)2
8

G
T
A
G
C
C
A
A
A
G
T
G
G
G
C
A
A
A
A
A

60
.1

G
A
G
A
T
T
T
C
C
C
C
A
A
A
C
C
A
C
C
T

60
.2

31
5

R
C
M
16

98
29

84
4

(T
T
A
)1
3

A
A
A
C
C
T
C
C
A
T
G
G
T
G
C
A
C
T
T
C

60
.0

G
T
T
C
G
A
T
T
T
G
T
T
G
G
C
G
A
G
A
T

60
.1

29
4

R
C
M
16

99
29

84
4

(T
A
)2
0

T
A
A
T
T
G
G
T
G
T
G
G
G
C
T
G
T
G
A
A

60
.0

A
A
C
A
C
C
G
A
G
A
T
T
G
A
G
G
A
T
G
G

59
.9

23
2

R
C
M
17

00
29

84
4

(T
A
)2
8

T
G
C
C
A
A
C
T
T
T
C
A
A
G
A
C
C
A
A
A

59
.3

A
A
A
T
T
T
T
G
T
G
C
A
T
G
T
T
G
G
G
A

58
.9

36
9

R
C
M
17

02
29

84
4

(A
T
)3
4

T
T
G
A
T
C
C
A
A
T
A
T
A
T
G
C
A
G
G
A
T
T
T

57
.6

C
C
A
C
A
A
A
A
A
G
G
C
A
T
T
T
G
T
C
A

59
.6

24
1

R
C
M
17

04
29

84
4

(C
A
A
)1
9

C
T
T
G
C
A
A
A
G
T
C
A
G
G
C
A
A
A
C
A

60
.0

G
T
T
G
G
T
T
C
T
G
G
T
T
T
G
G
T
T
G
G

60
.2

23
2

R
C
M
17

05
29

84
4

(A
T
)2
3

T
T
G
T
G
T
G
G
T
C
A
G
C
A
C
T
C
C
T
T

59
.3

T
T
T
T
T
G
A
A
A
A
C
T
G
C
A
C
A
G
C
G

60
.0

32
0

R
C
M
17

08
29

84
4

(A
T
)2
4

A
G
C
A
A
G
G
T
G
G
C
A
C
C
A
G
T
A
T
C

60
.1

C
C
T
T
A
C
G
T
C
C
C
T
A
C
C
T
T
C
C
A

59
.0

28
3

R
C
M
17

09
29

84
4

(T
A
)3
9

G
T
G
C
G
T
T
A
T
G
C
T
G
G
T
T
T
G
T
G

60
.2

G
A
G
A
C
G
G
T
G
C
A
C
A
T
G
G
A
T
A
A

59
.5

26
3

R
C
M
17

10
29

84
4

(A
T
)3
7

A
C
G
T
G
C
A
T
G
T
A
A
G
A
T
T
T
T
T
G
C

57
.8

A
A
G
T
T
T
T
G
T
T
G
C
A
C
T
C
A
C
C
G

58
.8

28
6

R
C
M
17

13
29

84
4

(A
T
G
T
)7

T
T
G
T
T
C
G
C
T
C
T
T
T
G
G
G
A
A
G
T

59
.9

A
G
C
A
A
G
C
C
T
C
C
A
C
C
A
A
C
T
A
A

59
.9

38
9

R
C
M
17

16
29

84
6

(T
A
)3
5

T
A
C
A
C
G
C
G
T
G
C
A
A
C
T
T
C
T
C
T

59
.7

G
C
T
T
G
T
A
A
G
A
C
A
G
G
C
T
C
C
G
A

60
.5

36
7

R
C
M
17

17
29

84
6

(G
A
)2
3

T
T
T
G
A
G
C
A
T
G
C
A
A
A
G
A
T
T
C
A

58
.0

T
T
G
C
A
T
G
T
T
G
C
A
T
T
C
A
G
T
C
A

59
.8

29
9

R
C
M
17

27
29

84
8

(T
A
T
)1
3

T
G
A
T
C
A
A
T
C
G
A
A
A
T
G
A
A
C
C
G

59
.5

G
G
T
C
G
G
C
T
A
G
G
T
T
T
G
A
C
A
G
A

60
.3

17
3

R
C
M
17

28
29

84
8

(A
A
A
C
A
)8

G
A
G
C
T
G
T
G
G
C
T
G
A
C
A
A
T
G
A
A

60
.0

T
C
T
C
C
T
A
G
G
C
C
A
A
T
C
C
T
T
G
A

59
.8

15
7

R
C
M
17

31
29

84
8

(T
T
A
)1
8

A
A
C
T
T
T
A
T
G
C
A
A
G
T
G
G
G
A
A
A
C
A
A

59
.9

C
C
C
T
C
A
T
T
T
C
T
G
G
C
C
T
A
T
G
A

60
.0

29
9

R
C
M
17

33
29

84
8

(C
T
)2
1(
A
T
)2
4

A
T
T
T
C
G
T
G
G
C
T
G
C
C
T
A
T
G
A
T

59
.6

A
G
A
T
G
G
C
G
T
C
A
T
G
T
A
T
A
G
T
T
G
G

59
.0

29
4

R
C
M
17

38
29

84
8

(A
T
)2
9

C
A
A
G
A
T
T
C
G
G
A
G
G
A
G
G
A
T
C
A

60
.2

A
G
A
A
T
G
G
A
C
G
A
C
G
C
A
G
A
A
C
T

59
.9

30
5

R
C
M
17

39
29

84
8

(C
T
T
)1
4

A
A
A
T
A
C
A
C
C
T
T
G
C
G
C
T
C
T
C
G

60
.4

T
G
C
C
A
T
T
T
A
T
C
A
C
T
G
C
C
T
T
G

59
.7

23
5

R
C
M
17

67
29

85
2

(T
A
)2
4

G
C
C
A
A
T
G
G
G
C
T
C
T
A
C
T
T
T
G
A

60
.2

G
T
C
A
G
G
A
A
A
A
G
G
G
G
T
G
T
T
G
A

59
.9

32
1

R
C
M
17

68
29

85
2

(A
T
)2
7

A
T
T
T
T
C
T
A
A
T
G
C
C
G
G
T
C
A
C
G

60
.0

G
C
G
T
C
T
G
T
T
G
T
C
T
T
G
T
T
G
G
A

59
.9

38
5

(c
on

tin
ue
d)

5 Molecular Linkage Maps in Castor Bean 97



Ta
b
le

5.
4

(c
on

tin
ue
d)

M
ar
ke
r

ID
SS

R
m
ot
if

Fo
rw

ar
d
pr
im

er
(5
′–
3′
)

T
m

(°
C
)

R
ev
er
se

pr
im

er
(5
′–
3′
)

T
m

(°
C
)

E
xp

ec
te
d

am
pl
ic
on

si
ze

(b
p)

R
C
M
17

69
29

85
2

(T
A
)2
0

C
G
A
A
A
A
C
A
A
A
A
G
A
A
T
G
A
A
T
T
G
C

58
.8

A
C
C
A
A
T
A
C
G
T
C
C
A
T
T
C
C
T
G
C

59
.8

38
5

R
C
M
60

85
27

79
8

(T
A
)2
8

C
G
A
T
T
C
A
A
T
C
A
G
G
A
C
C
C
T
A

58
.4

A
G
T
A
A
A
T
G
A
G
G
C
T
C
C
A
C
A
T
A

56
.7

32
5

R
C
M
60

86
27

79
8

(G
A
)2
0

G
A
A
T
A
G
A
A
G
T
C
T
A
A
C
C
A
C
A
G
A
G

59
.4

G
C
T
T
C
T
T
G
C
G
G
C
T
A
T
A
C
T
A

58
.4

14
3

R
C
M
12

01
a

(A
G
)2
0

T
G
A
A
C
A
G
T
T
T
A
A
A
T
G
A
A
C
T
C
C
A

50
.0

G
A
A
C
C
A
T
A
T
C
T
T
G
C
C
T
G
T
T
T
A
T

50
.3

17
6

R
C
M
12

03
a

(C
T
)1
2

G
C
G
G
T
G
T
T
A
T
C
A
T
T
C
C
T
A
T
A
T
T

50
.0

A
A
T
C
C
T
C
A
T
T
T
T
G
C
A
T
T
C
T
T
A
C

49
.2

30
1

R
C
M
12

04
a

(G
T
T
)9

C
A
C
T
T
G
G
A
T
C
G
A
A
C
T
C
A
G
A
C

51
.7

T
G
A
T
T
T
G
C
T
C
T
T
T
G
T
T
T
A
T
C
A
G

49
.2

27
2

R
C
M
12

10
a

(T
T
C
)4
,
(T
T
C
)5

C
A
T
A
T
G
T
G
A
T
C
A
A
T
A
G
G
G
A
T
G
T

49
.3

A
A
T
C
C
A
G
T
A
G
A
T
T
T
C
T
C
A
T
T
G
C

50
.4

26
5

R
C
M
12

12
a

(G
C
A
)4
,
(G

A
A
)

7
A
A
A
T
G
G
A
A
G
A
T
C
A
T
A
A
A
A
C
T
C
G

48
.8

C
T
C
C
T
T
C
T
C
T
T
G
G
A
A
A
T
T
A
C
T
G

50
.4

27
5

R
C
M
12

20
a

(T
T
C
)7

A
T
C
T
T
T
T
C
T
T
G
A
A
C
T
G
T
G
A
C
C
T

51
.7

C
A
T
G
G
T
G
T
A
G
A
T
T
C
A
T
C
A
T
T
G
T

50
.4

20
0

R
C
M
12

22
a

(C
A
G
)5

T
C
C
A
A
C
A
A
G
G
A
T
T
A
G
A
C
T
T
T
C
T

50
.8

A
A
G
T
T
G
T
C
T
G
T
T
G
T
T
G
T
A
G
C
T
G

53
.3

29
0

R
C
M
12

23
a

(A
G
)1
1

T
G
T
T
T
A
G
A
A
G
C
A
A
C
T
C
A
T
C
T
T
G

50
.9

T
T
C
A
G
G
G
T
G
T
T
T
T
T
A
G
A
C
T
T
T
T

50
.1

30
2

R
C
M
12

27
a

(G
A
A
)1
1

A
A
A
A
A
G
T
A
G
C
A
G
A
A
C
T
A
G
C
A
C
C

52
.8

A
C
C
A
T
C
T
T
C
T
T
C
A
T
C
T
T
G
T
T
T
C

50
.5

18
5

a R
C
M
12

01
,1

20
3,

12
04

,1
21

0,
12

12
,1

22
0,

12
22

,1
22

3
an
d
12

27
w
er
e
ci
te
d
fr
om

Se
o
et
al
.’
s
st
ud

y
(2
01

1)
,w

hi
ch

or
ig
in
al
na
m
es

w
er
e
G
B
-R
C
-0
25

,0
46

,0
59

,2
25

,0
01

,1
07

,
13

3,
13

5
an
d
21

7,
re
sp
ec
tiv

el
y

98 X. Yin et al.



The length of the 10 LGs ranged from
117.88 cM (LG5) to 190.47 cM (LG3), with an
average of 154.74 cM. The largest LG was LG4
with a genetic length of 148.50 cM. LG4

contained 1064 markers and had an average
marker density of 0.14 cM. The smallest LG
was LG5, with a genetic length of 117.88 cM,
149 markers, and a 0.80 cM marker interval.

Table 5.5 Molecular markers used for construction of genetic linkage map

Types of
markers

Number of
primers
screened

Number of
polymorphic
primers

Number of
polymorphic
markers

Polymorphism
(%)

Number of
mapped
markers

RAPD 520 119 (22.80%) 127 (1.06
marker/primer)

24.42 76 (59.84%)

ISSR 100 43 (43.00%) 47 (1.09
marker/primer)

47.00 34 (72.34%)

SSR 300 162 (54.00%) 162 (1
marker/primer)

54.00 151 (93.20%)

Total 920 324 (35.21%) 336 (1.03
marker/primer)

37.60 261 (77.68%)

Table 5.6 Salient features of genetic map of castor construction of genetic linkage map

LG No. of mapped markers Density
(Marker/cM)

No. of
interval
(>1 cM)

No. of gaps
(>10 cM)

Average marker
interval (cM)

Length
(cM)PAPD ISSR SSR Total

LG1 4 3 15 22 0.13 21 5 7.34 161.5

LG2 3 5 14 22 0.15 21 1 6.70 147.5

LG3 5 4 15 24 0.12 23 8 8.23 197.5

LG4 11 8 16 35 0.15 34 3 6.64 232.5

LG5 12 2 13 27 0.14 26 7 7.11 192.2

LG6 16 0 16 32 0.14 31 5 7.30 233.7

LG7 7 3 14 24 0.17 23 1 5.82 139.8

LG8 8 1 10 19 0.15 18 3 6.76 128.5

LG9 5 5 24 34 0.12 33 16 8.19 278.7

LG10 5 2 14 21 0.17 20 0 5.78 121.5

Total 76 34 151 261 – 250 49 – 1833.4

Average 7.6 3.4 15.1 26.1 0.14 – 5.7 6.93 –
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Fig. 5.2 Linkage map of Ricinus communis L. The C refers to the chromosome corresponding to the LG with the same
code
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The largest gap on this map was 10.13 cM
located in LG9 (Table 5.8). To our knowledge,
this is the densest genetic map of castor bean.

The SLAF-based castor bean genetic map was
used to anchor the sequence scaffolds that com-
pose the draft sequence of the castor bean

Table 5.7 Sequence coverage of SLAF markers

Samples SLAF number Total depth Average coverage

YC2 117,025 2,543,514 21.73

YF2 146,843 4,546,512 30.96

Offspring 108,686 697,910 6.42

Fig. 5.3 Number of markers and average sequencing depths in the F2 population. The x-axis indicates the individuals,
the left, and right y-axes indicate average sequence depth and number of markers, respectively

Fig. 5.4 High-density genetic map of castor bean
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genome (Chan et al. 2010) and 566 (2.19%) of
the scaffolds, covering 61.14% of the genome,
could be linked to markers in the genetic map
(Fig. 5.5). The average ratio of genetic-to-
physical distance was 1 cM per 226 Kb, which
is very similar to that observed in Jatropha
curcas L. (1 cM per 251 Kb) (Wu et al. 2015).
The scaffolds were assembled into ten pseu-
dochromosomes, which represents a useful
resource for comparative genomics analyses in
the Euphorbiae family.
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6Genomics of Disease Resistance
in Castor Bean

Archit Sood and Rajinder Singh Chauhan

Abstract
Castor bean is considered an economically
important plant species within the Euphor-
biaceae family from a number of industrial
perspectives. Large-scale cultivation has
increased the incidence of various biotic
stresses. Diseases such as leaf spot, leaf
blight, seedling blight, powdery mildew, and
virus infections have been reported in the
major growing regions, which has caused
significant global yield losses. Genomic and
transcriptomic analyses of the castor bean
genome have led to the identification of nearly
170 predicted disease resistance genes, includ-
ing members of the NBS-LRR family, along
with over 300 defense-response-associated
transcription factors. Furthermore, genetic
markers linked to disease resistance genes
have also been cataloged and comparative
genomics has uncovered common molecular
descriptors associated with disease resistance
in castor bean and other important members of

the Euphorbiaceae family. Resistance genes
that are common in Euphorbiaceae can be
leveraged for engineering biotic stress toler-
ance in castor bean. It is anticipated that
emerging engineering techniques such as
CRISPR/Cas9-based genome editing will
enable the enhancement of disease resistance
in castor bean. Modern biotechnological
approaches and advanced genomic and other
“omic” technologies will pave the way to
counter disease prevalence and to develop
resistance strategies to achieve castor bean’s
full-yield potential.

6.1 Introduction

In order to generate pathogen-resistant crops that
maintain high yields under biotic stress, breeding
programs have been focused on the identification
of genes that confer resistance to various dis-
eases. Sophisticated and reliable techniques to
identify disease resistance genes and to under-
stand their mode of action are required for
accelerated breeding. However, high levels of
heterozygosity and polyploidy represent serious
obstacles for traditional breeding approaches.
Modern, genomic-based methodologies are being
extensively used for gene identification and
molecular cloning. These technologies facilitate
mapping of important genes relevant to major
traits including disease resistance in numerous
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plant species (Joyeux et al. 1999; Dracatos et al.
2009; Arafa et al. 2018) without the need of
complex procedures such as map-based cloning.

Resistance to specific pathogens and pests in
plants is often due to single resistance (R) genes
(Chauhan and Sood 2013). Many R genes have
been cloned in numerous plant species, in which
they confer resistance to a wide range of patho-
gens, including bacteria, viruses, and fungi
(DeYoung and Innes 2006; McHale et al. 2006;
Seo et al. 2006). Although the mechanisms
underlying infection vary considerably between
pathogens, R genes are highly conserved.

There are eight main classes of R genes that
are summarized in Table 6.1. All these classes
contain nucleotide-binding site (NBS), leucine-
rich repeat (LRR) domains, and/or associated
motifs, except for enzymatic R genes.

The majority of R genes belong to the
NBS-LRR family, which provides resistance
against different pathogens such as parasites,
bacteria, fungi, viruses, and insects (Dangl and
Jones 2001; Martin et al. 2003; Tarr and
Alexander 2009; Narusaka et al. 2013). This
family is further divided into two subfamilies
based on the domains present in their N-terminal
regions (Fig. 6.1). One subfamily is called TNL
proteins (TIR-NBS-LRR) due to the presence of
an N-terminal Toll/interleukin-1 receptor (TIR)
motif, while the other is known as CNL

(CC-NBS-LRR) because they contain a
coiled-coil (CC) N-terminal domain.

NBS-LRR proteins are involved in signal
transduction, where the NBS domain binds and
hydrolyzes ATP while the LRR domain binds to
pathogen-associated proteins. The TIR and CC
domains also have major roles in signaling reg-
ulation (DeYoung and Innes 2006). NBS
domains also have Kinase-1 (P-loop), Kinase-2,
Kinase-3, and other short motifs with undefined
functions (van der Biezen and Jones 1998).
These regions are generally conserved across the
plant kingdom, which bring opportunities for the
development of cross-species genetic markers to
identify resistance genes in other plant species.

The identification and experimental validation
of new R genes will accelerate genetic
improvement programs and breeding practices to
develop disease-resistant varieties in important
crops. R genes, especially NBS-LRR ones, have
been actively targeted to develop genetically
improved and transgenic-resistant varieties, often
by overexpression of the selected R gene. These
approaches confer resistance specific to different
viral, bacterial, fungal, or even insect diseases.

Castor bean (Ricinus communis) is a member
of the Euphorbiaceae family and is considered an
economically important plant owing to its vari-
ous industrial applications. The industrial rele-
vance of this species has led to its large-scale

Table 6.1 Major categories of resistance (R) genes in plants

S. No. Major R gene category Example Reference

1 NBS-LRR-TIR L6, RPP5 Parker et al. (1997)

2 NBS-LRR-CC RPM1, RPS2 Bisgrove et al. (1994); Mackey et al. (2003)

3 LRR-TrD Cf-2, Cf-4 Joosten and de Wit (1999)

4 LRR-TrD-Kinase Xa21 Wang et al. (1998); Gao et al. (2013)

5 TrD-CC RPW8 Xiao et al. (2001)

6 TIR-NBS-LRR-NLS-WRKY RRS1R Deslandes et al. (2002); Zhang et al. (2016)

7 LRR-TrD-PEST-ECS Ve2 Kawchuk et al. 2001

8 Enzymatic R genes Rpg1 Brueggeman et al. (2002)

CC—coiled-coil; ECS—endocytosis cell signaling domain; LRR—leucine-rich repeats; NBS—nucleotide-binding site;
NLS—nuclear localization signal; PEST—amino acid domain; TIR—Toll/interleukin-1 receptor; TrD—transmembrane
domain; WRKY—amino acid domain
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cultivation, which in turn has increased the
incidence of various diseases. Castor bean’s
vulnerability to various diseases and pathogens
can significantly reduce its overall growth and
yield. Bacteria and fungi are the most prevalent
pathogens affecting castor bean while leaf spot is
a major disease in important growing regions
such as Costa Rica, India, and Yugoslavia
(Table 6.2). The fungus Cercospora coffeicola is
responsible for leaf spot disease in coffee, and it
has been shown to also infect castor bean (Souza
and Maffia 2011). Bacterial leaf blight caused by
Xanthomonas ricinicola results in overall reduc-
tion of plant growth and yield losses, and
brown/black angular lesions have been prevalent
in Sudan and other African countries (Sabet
1959). Another major castor bean pathogen is
Phytophthora palmivora, which is responsible
for seedling blight that causes large yield losses
and high mortality rate (Uchida and Aragaki

1988). There have also been reports of powdery
mildew disease caused by anamorph stages of the
fungus Leveillula taurica that devastated a large
castor bean population in Iran (Mirzaee et al.
2011).

Viral diseases have also been reported in
castor bean. Reddy et al. (2014) reported the
presence of tobacco streak virus in the South
Indian state of Andhra Pradesh. Symptoms of
this viral infection include vein mosaic and
necrotic spots on the abaxial surface of leaves. In
Greece and Italy, olive latent virus 2 caused leaf
yellowish speckling, mottling, and arabesque line
patterns resulting in high mortality rate in castor
bean (Parrella et al. 2008). In Lucknow, India,
Raj et al. (2010) reported significant yield losses
in castor bean fields due to cucumber mosaic
virus, which showed symptoms like blistering,
leaf distortion, and severe mosaic, and recently,
Mirhosseini and Nasrollah-Nejad (2017)

Fig. 6.1 Diagrammatic structure of a NBS-LRR gene
(NBS—nucleotide-binding site; LRR—leucine-rich
repeat; TIR—Toll and interleukin-1 receptors; CC—

coiled-coil; N—amino terminus; C—carboxyl terminus).
Source McHale et al. (2006)

Table 6.2 Major pathogens responsible for castor bean yield losses

Pathogen Pathogen type Disease Reference

Cercospora coffeicola Fungi Leaf spot Souza and Maffia (2011)

Xanthomonas ricinicola Bacteria Leaf blight Sabet (1959)

Phytophthora palmivora Fungi Seed blight Uchida and Aragaki (1988)

Leveillula taurica Fungi Powdery mildew Mirzaee et al. (2011)

Botryotinia ricini Fungi Gray mold Soares (2012)

Fusarium oxysporum Fungi Fusarium wilt Vahunia et al. (2017)
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described similar symptoms due to infection of
castor bean by this virus in some regions of Iran.

There is limited information on the molecular
basis of disease resistance in castor bean. The
availability of its genome sequence and tran-
scriptome data has opened new paths for detailed
analysis and characterization of castor bean
resistance genes. The castor bean genome
sequence is currently in the form of a draft,
composed of nearly 26,000 “scaffolds” or frag-
ments of different sizes, ranging from a few
thousand (kbp) to a few million (Mbp) base
pairs. Within 69 of those scaffolds, automated
gene annotation identified 121 putative disease
resistance genes (Chan et al. 2010), which
included three classes: NBS-LRR, extracellular
leucine-rich repeat (eLRR), and dirigent-like
proteins (Fristensky et al. 1988; van Ooijen
et al. 2007).

6.2 Disease Resistance Genes
in Castor Bean

In addition to the 121 putative disease resistance
genes identified in the castor bean genome, Sood
et al. (2014) identified 47 novel NBS-LRR
resistance genes through transcriptomic analysis.
Alignment of these genes to the castor bean
genome sequence showed that they had not been
previously annotated as such. All the NBS-LRR
resistance genes thus identified showed a larger
proportion of TNLs than CNLs. The N-terminal
domains such as TIR and CC are usually involved
in pathogen recognition. In the transcriptome
study mentioned above, 318 defense-response-
related transcription factors were also identified
(Sood et al. 2014). These genes belong to differ-
ent transcription factor families such as NAM,
WRKY, Homeo-domain, ERF/AP2-EREBP, bZIP,
Whirly, and SBP. Other genome-wide analyses
of castor bean identified multiple copies of
AP2/ERF transcription factors, which are

involved in biotic and abiotic stress tolerance in
dicotyledonous plants (Xu et al. 2013).

Conserved regions in these gene families can
be used to identify other potential resistance
genes, also called resistance gene analogs
(RGAs), by designing cross-species markers
using polymerase chain reaction (PCR) with
degenerate primers in other plant species. These
RGAs are frequently found in the vicinity of
major resistance genes or quantitative trait loci
(QTL) governing the resistance trait. Thus,
RGAs have been used as valuable markers for
disease resistance breeding through marker-
assisted selection. Gedil et al. (2012) isolated
several major RGAs from castor bean and other
important members of Euphorbiaceae family.
A total of 86 RGAs were identified using
sequence homology and degenerate PCR in
castor bean, which will help in future character-
ization and validation of predicted R genes, as
well as molecular breeding for biotic stress
resistance.

Although nearly 170 R genes have been
identified in castor bean, it is possible that many
other R genes are yet to be identified, considering
that other Euphorbiaceae members have shown
larger numbers of R genes e.g., approximately
200 in physic nut (Sato et al. 2011), over 300 in
cassava (Lozano et al. 2015; Wolfe et al. 2016;
Kayondo et al. 2018), and more than 480 in
rubber tree (Lau et al. 2016).

The identification of additional R genes in
castor bean through advanced “omics” approa-
ches will facilitate effective resistance manage-
ment through biotechnological interventions.

6.3 Comparative Analysis of Castor
Bean R Genes

Along with castor bean, several other Euphor-
biaceae plant species such as physic nut (Jat-
ropha curcas), cassava (Manihot esculenta), and
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rubber tree (Havea brasiliensis) are economically
important as industrial or staple crops. Castor
bean and physic nut are considered promising
biofuel crops as well. In spite of these two crops’
economic relevance, thorough breeding pro-
grams to develop disease-resistant genotypes are
still in their infancy. A comparative genomic
analysis of castor bean and physic nut showed
that these two species share a total of 13,887
gene families (Wu et al. 2015). Predicted
homologous NBS-LRR genes found to be con-
served in both physic nut and castor bean are
potential targets for enhancing biotic stresses
resistance not only in these two species but in
other Euphorbiaceae members as well (Marone
et al. 2013; Song et al. 2013; Wang et al. 2003).
This comparative study also identified 70 tran-
scription factors associated with defense
response that were common between the two
plants, suggesting that defense response mecha-
nisms may be conserved between the two species
(Voitsik et al. 2013; Chen et al. 2013).

The genome sequence of castor bean has also
been used for cloning and identification of RGAs
in Jatropha integerrima, another important spe-
cies in the genus Jatropha (Sharma 2011). These
RGAs are potential targets to explore the molec-
ular basis of disease resistance within this genus.

Transcriptomic studies aimed at understand-
ing the complex molecular processes involved in

disease induction and resistance such as those
carried out in physic nut (Sood and Chauhan
2017) will help understand these processes in
closely related plants like castor bean.

6.4 Marker Development,
Marker-Assisted Selection,
and Breeding of Disease
Resistance in Castor Bean

Although conventional plant breeding approaches
are important and still in use, they are
time-consuming and often cannot deliver solu-
tions to pathogen outbreaks. Molecular markers
are widely used for crop improvement through
genetic mapping and breeding. Marker-assisted
selection (MAS) is the application of single
marker-trait associations to plant breeding.
In MAS, the trait of interest is selected through a
linked marker, rather than the gene responsible for
that trait. MAS has become the breeding approach
of choice for disease resistance in the last few
decades. The availability of growing numbers of
genome sequences is an important source of data
for the development of new markers for fine
mapping important traits such as resistance to
biotic stresses (Neumann et al. 2011).
High-throughput genotyping techniques facilitate
tracking introgressed R genes in crossing

Fig. 6.2 Possible approaches
to develop disease-resistant
castor bean plants
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programs. Many studies using molecular markers
to identify R genes have been reported, mainly for
food crops. However, only a few such studies
have been conducted for industry-relevant crops
like castor bean. For example, Dhingani et al.
(2012) characterized the genetic diversity of
fusarium wilt resistance genes in castor bean
employing randomly amplified polymorphic
DNA (RAPD), inter-simple sequence repeat
(ISSR), and simple sequence repeat (SSR) mark-
ers, and Reddy et al. (2011) identified two RAPD
markers closely linked to the same traits. A com-
bination of MAS and classical breeding approa-
ches was also employed to map such traits,
resulting in three RAPDmarkers linked to the wilt
resistant gene in castor bean (Singh et al. 2011).
Molecular markers in castor bean have also been
used in a genetic diversity analysis that identified
natural resistance to fusarium wilt (Anjani 2010).
Target region amplification polymorphism
(TRAP) markers have also been generated from
mRNA sequences to assess genetic diversity of
pathogen resistance and other traits among large
castor bean populations (Simoes et al. 2017).

6.5 Conclusions

Although the mapping, identification, and char-
acterization of R genes in castor bean is only
starting, the completion of its genome sequence
along with that of other members of the Euphor-
biaceae family has paved the way to achieve dee-
per understanding of the molecular mechanisms
underlying biotic stresses in order to generate
resistant lines of this important industrial crop. The
deployment of state-of-the-art high-throughput
approaches as well as modern genetic engineer-
ing technologies will allow the introduction of
precise genetic alterations into commercial vari-
eties without the need of traditional breeding
approaches (Fig. 6.2). Genome engineering tech-
nologies like CRISPR/Cas9-based gene editing

have been used in different plant species to alter
components of their immunity mechanisms,
including susceptibility genes (S-genes), in order
to obtain pathogen resistance. However, single-R-
gene engineering confers pathogen-specific resis-
tance. The design of synthetic immune receptors
with multiple pathogen recognition sites can
overcome this limitation and broaden the range of
pathogens to which they confer protection.
Another strategy to pursue wide pathogen resis-
tance is to introduce various natural or engineered
resistance genes within the same cultivar. These
precise genome engineering technologies open
new avenues to generate desired mutations
avoiding unwanted pleiotropic effects.

Genomic-enabled advances in automation will
also accelerate marker-assisted selection and
pyramiding of resistance traits, as well as quanti-
tative disease resistance loci analysis. The devel-
opment of new molecular markers and the
identification of more disease resistance genes in
castor bean will be a key to reduce yield losses due
to diseases, allowing the generation of elite lines to
maximize production of high-quality specialty oils.
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7Genome Sequence of Castor Bean

Agnes P. Chan

Abstract
Castor bean (Ricinus communis) was the first
plant species with its genome sequenced in the
spurge family which also includes cassava,
rubber tree, and physic nut. Castor bean is a
unique plant species because the seeds are a
primary source for the natural product castor
oil that contains an unusual fatty acid of
economic interest, as well as ricin, the world’s
deadliest toxin to humans. A draft version of
the castor bean genome has been produced
using a conventional clone-based and paired-
end sequencing approach that reached a
sequence coverage of 4.6-fold. Based on the
genome sequence assembly, members of the
ricin gene family and key oil synthesis genes
were identified in a comprehensive manner,
representing an important resource for future
trait improvement. Importantly, comparative
genomics analysis of the castor bean genome
with other dicotyledonous plant genomes
supported the presence of a conserved ancient
hexaploidization event shared throughout the
dicot lineage.

7.1 Development and Current
Landscape of Plant Genomics

Deciphering the genetic code within the plant
domain in the tree of life has greatly improved
our understanding of genes, regulatory networks,
and metabolic pathways that control plant
growth, responses to environmental stress, and
the production of economically valuable natural
products. The availability of plant whole genome
sequences has also provided a comparative
genetics framework for the translation of plant
genome science into agricultural improvements
and efficient production of food crops.

7.1.1 The First Wave

The first plant genome sequence was completed
through an international consortium effort for the
model flowering plant Arabidopsis thaliana
almost two decades ago (Arabidopsis Genome
Initiative 2000). It was around the same time
when the completion of the first draft of the
2.9-gigabase (Gb) human haploid genome was
announced (Lander et al. 2001; Venter et al.
2001). The successful demonstrative sequencing
and annotation of the 125-megabase (Mb)
A. thaliana genome was soon followed by gen-
ome sequencing projects of agricultural crop
plants such as the two widely cultivated rice
subspecies japonica and indica (420 and
466 Mb, respectively) (Goff et al. 2002; Yu et al.
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2002), a grape variety derived from the over
2000 years old Pinot Noir lineage (487 Mb) (The
French–Italian Public Consortium for Grapevine
Genome Characterization 2007), the first com-
mercial virus-resistant SunUp papaya (372 Mb)
(Ming et al. 2008), the 2.3-Gb genome of the
crop plant maize (Schnable et al. 2009), and the
950-Mb genome of the nitrogen-fixing legume
crop soybean (Schmutz et al. 2010). A summary
of published plant genome sequencing efforts can
be found on the plaBi Database available as
timeline (http://www.plabipd.de/timeline_view.
ep) and phylogeny views (http://www.plabipd.
de/plant_genomes_pa.ep) (Kawakatsu et al.
2016; Bolger et al. 2018).

7.1.2 Sequencing Gigabase-Size
Plant Genomes

As of fall 2018, the genomes of over 200 flow-
ering plants have been sequenced since the
publication of that of A. thaliana (Chen et al.
2018). Technological advances brought about by
the second (e.g., massively parallel) and
third-generation (e.g., single-molecule real-time)
sequencing platforms have resulted in large cost
and time reductions in sequencing production,
and also importantly increased read lengths
compared to the conventional clone-based San-
ger sequencing approach. Decoding plant gen-
omes larger than 10 Gb or with high ploidy and
repeat content has been made possible as shown
by genomes of the ginkgo tree (10.61 Gb) (Guan
et al. 2016), the hexaploid bread wheat (15 Gb)
(Zimin et al. 2017a; International Wheat Genome
Sequencing Consortium (IWGSC) et al. 2018),
the Norway spruce (20 Gb) (Nystedt et al. 2013),
and the loblolly pine (22 Gb) (Zimin et al.
2017b).

7.1.3 Sequencing the Plant
Evolutionary Tree

A number of plant genome sequencing projects
carried out by international consortia are now
targeting a broad range of species across the

plant phylogenetic tree to further explore the
plant genome space. The 1000 Plants Initiative
(1KP) international consortium (http://www.
onekp.com) has sequenced and analyzed tran-
scriptomes from more than 1000 diverse repre-
sentative species of green plants (Wickett et al.
2014). As a continuation of the 1KP effort, the
10,000 Plants Genomes Project (10KP) has
planned to sequence the genomes of 10,000 plant
species in over 5 years between 2018 and 2023
(Cheng et al. 2018). The selected genomes will
include seed-plants, non-seed plants, green algae,
and protists, with a goal to address fundamental
questions in basic and applied sciences such as
evolution, gene and genome duplications, trait
diversification, genotype to phenotype correla-
tions, and potential for production of medicinal
compounds and high-value natural products. The
10KP project will be carried out using a “DNA
Nanoball” (DNB) platform, a next-generation
sequencing technology combined with method-
ologies for improving long-range genome
contiguity (Cheng et al. 2018; Li and Harkess
2018). In addition, the Open Green Genomes
Initiative (OGG) (https://jgi.doe.gov/csp-2018-
leebens-mack-open-green-genomes-initiative) that
will be conducted in collaboration with the DOE
Joint Genome Institute (JGI) has planned to
select approximately 35 species representing all
major evolutionary lineages in the land plant tree
of life, to generate high-quality genome assem-
blies and annotations (Li and Harkess 2018).

7.1.4 From Single to Multiple
Reference Genomes

The Human Genome Project was a multi-year
effort that delivered the first draft of the human
genome sequence in 2001 (Lander et al. 2001;
Venter et al. 2001). At the time, the
state-of-the-art high-throughput DNA sequenc-
ing platform used an automated version of the
classical Sanger sequencing approach developed
in the 1975 (Sanger and Coulson 1975). New
techniques, chemistries, and instruments in
sequencing and genomic analysis have evolved
at an explosive pace in the past two decades. It
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has been estimated that in 2001 the cost of
determining the genome sequence of a human
individual was $100–300 million, while by 2015
that estimate was reduced to $1500 (https://www.
genome.gov/sequencingcosts). Similarly,
sequencing efforts for large and complex plant
genomes of comparable size to that of humans
(e.g., 2.5 Gb for maize) have not only been
realized in recent years (Schnable et al. 2009;
Jiao et al. 2017b; Springer et al. 2018; Sun et al.
2018), but also expanded to large-scale efforts
such as the sequencing of 26 elite accessions for
maize breeding improvement (https://nsf.gov/
awardsearch/showAward?AWD_ID=1744001),
and dozens of sorghum accessions for pheno-
typing and biofuel purposes (https://arpa-e.
energy.gov/?q=programs/terra). The history and
advances of next-generation sequencing tech-
nologies have been extensively covered by others
in several in-depth reviews (Metzker 2010;
Morey et al. 2013; Reuter et al. 2015; Goodwin
et al. 2016; Heather and Chain 2016; Levy and
Myers 2016).

7.2 How Plant Genomes Are
Sequenced

7.2.1 General Challenges

Common challenges of plant genome sequencing
involve factors such as genome size, content
of repetitive sequences, and heterozygosity.
A. thaliana was selected as the first plant species
for genome sequencing because its genome is
relatively small (125 Mb) and has a low repeti-
tive DNA content (32%). Further, inbred lines
with minimal heterozygosity were readily avail-
able (Arabidopsis Genome Initiative 2000;
Maumus and Quesneville 2014). In plant gen-
omes, the majority of the repetitive DNA
sequences are represented by transposable ele-
ments. Unlike vertebrate genomes, in which
repetitive DNA content varies from 0.1 to 25%
irrespective of genome size, the repetitiveness of
plant genomes correlates with increase in gen-
ome size (Jiao and Schneeberger 2017). Based
on k-mer frequency analysis, which counts all

possible substrings of length k, the repeat content
of the approximately 0.4 Gb rice, 0.6 Gb sor-
ghum, and 2 Gb maize genomes was estimated
to be 20, 45, and 60%, respectively. Sequencing
heterozygous individuals (e.g., from outcrossing
species) adds the complications of producing
different haplotypes during read assembly
because of differences between the maternal and
paternal copies of the chromosomes. This issue
could be overcome if inbred or doubled haploid
accessions are available.

Due to the reasons described above, the first
steps in sequencing a plant genome de novo are
to obtain estimates of its genome size, repeat
contents, and level of heterozygosity (Li and
Harkess 2018). Genome size information is
available from the Kew Plant DNA C-values
database, which is maintained by the Royal
Botanic Gardens (Gregory et al. 2007). Alterna-
tively, DNA content per cell can be measured by
flow cytometry to deduce the size of a plant
genome. If preliminary DNA sequence data for
the species of interest are available, a bioinfor-
matics approach using k-mer frequency analysis
could provide estimations on the expected gen-
ome size, genome repetitiveness, and heterozy-
gosity. The genome size can be estimated by the
total number of k-mers (the area under the curve
in a k-mer frequency plot) divided by sequencing
depth, while repetitiveness can be assessed by the
length of the k-mer distribution tail, and
heterozygosity by the number of peaks (Li and
Harkess 2018).

7.2.2 Genome Sequencing
Approaches

The workflow of a genome sequencing project
would include sequence read production, assem-
bly of reads into long stretches of contiguous
sequence or “contigs,” and ordering and orienting
groups of contigs into scaffolds. For sequence
read production, two major approaches could be
considered: “short reads” and “long reads.” The
short-read approach based on massive parallel
sequencing has become the standard platform.
This approach, which is currently commercialized
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by Illumina (and therefore here it will be referred
to as “Illumina”), provides high base-calling
accuracy and low cost per base. Illumina reads
are relatively short (i.e., 150–300 bp) posing a
challenge for the assembly of reads into long
genomic contigs. As for the long-read approach,
there are two main platforms: single-molecule
real-time (SMRT) sequencing and nanopore
technology. They are marketed by Pacific Bio-
sciences (referred to from now on as “PacBio”)
and Oxford Nanopore Technologies (from now
on called “ONT”), respectively. These technolo-
gies produce over kilobase (kb)-long reads,
although the raw reads have a higher base-calling
error rates, lower throughput, and a higher cost
per base than Illumina. Long-read assemblies
have been reported for three genomes of three A.
thaliana relatives (Euclidium syriacum, Con-
ringia planisiliqua, and the perennial Arabis
alpina) and individual A. thaliana accessions
using long-read approaches (PacBio or ONT-
based) complemented with a set of highly accu-
rate but short Illumina reads to improve
base-calling accuracy (Berlin et al. 2015; Jiao
et al. 2017a; Michael et al. 2018). This hybrid
approach that combines long and short reads has
shown to be successful for sequencing large
genomes and it holds promise for future plant
genome sequencing efforts.

A brief overview of traditional approaches
and next-generation sequencing approaches for
generating short reads, long reads, and
long-range scaffolding is discussed below.

7.2.2.1 Traditional Approaches

Clone-by-clone approach. Initial efforts to
sequencing large eukaryotic genomes such as
humans and plants utilized genomic libraries that
harbored large DNA inserts. A common type of
cloning vector used was the bacterial artificial
chromosome (BAC) (Shizuya et al. 1992), which
typically contained inserts of 100–200 kb. To
provide extensive coverage of the genome, BAC
libraries were constructed to contain sufficient
number of clones that would cover at least sev-
eral genome equivalents.

In the clone-by-clone approach, a physical map
was needed to identify a set of partially over-
lapping BAC clones that spanned the chromo-
some arms. The physical map was built by
restriction endonuclease digestion and agarose
electrophoresis of all BAC clones to produce
restriction fragment profiles also known as fin-
gerprints (Marra et al. 1997). The fingerprints of
the BAC clones were then computationally
aligned to identify a minimal set of overlapping
clones (a “tiling path”) aiming to cover the entire
genome (Soderlund et al. 1997). The fingerprint-
based physical map approach was used by the
Arabidopsis Genome Consortium (Marra et al.
1999) and also the Human Genome Project
(McPherson et al. 2001).
For the set of BAC clones that were selected for
sequencing, each clone was mechanically
sheared to construct a shotgun library that would
contain randomly cut fragments originated from
the BAC clone. Each BAC shotgun library was
sequenced to about sixfold read depth and the
reads were assembled based on sequence over-
laps. Application of the BAC-based “shotgun
sequencing” strategy for clones belonging to the
tiling path typically would generate a draft gen-
ome sequence that covered around 90% of the
genome. The remaining 10% of the genome were
sequence gaps and could be due to several fac-
tors. First, the gap region was not covered by the
tiling path of the physical map and therefore no
representative BAC clone was selected. Second,
the gap region contained repetitive DNA which
prevented read assembly. Third, the gap region
contained difficult regions for DNA polymerase
to read through such as microsatellites that con-
tained arrays of short tandem repeats.
The problematic genomic regions were often
validated and finished to improve the quality of
the draft genome. Finishing techniques included
sequencing of additional BAC clones, amplifying
and sequencing problematic regions with specific
primers by polymerase chain reaction (PCR), etc.
Finishing was the most labor-intensive and
expensive phase of the genomic sequencing
process and was needed to achieve a high-quality
final sequence.
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Whole genome shotgun sequencing. An alter-
native to the clone-by-clone approach was the
whole genome shotgun (WGS) sequencing
strategy. The castor bean genome was sequenced
using the WGS sequencing strategy (Chan et al.
2010). WGS typically involved the construction
of individual genomic libraries of different insert
sizes. Paired-reads (i.e., both ends of each clone)
sequence information and estimated clone sizes
were used to assemble the whole genome using
computational algorithms. The very first WGS
genome project was successfully carried out
using the 1.8 Mb small bacterial genome Hae-
mophilus influenzae (Fleischmann et al. 1995).
The WGS approach was subsequently applied to
genomes of increasing sizes such as the 180 Mb
genome of the model organism fruit fly Droso-
phila melanogaster (Myers et al. 2000), and
eventually the 3000 Mb genomes of human
(Venter et al. 2001) and mouse (Venter et al.
2001; Mouse Genome Sequencing Consortium
et al. 2002). The WGS approach had also been
applied to two rice subspecies (Goff et al. 2002;
Yu et al. 2002). One limitation of the WGS
approach at the time was the enormous compu-
tational capacity required to assemble the WGS
sequence reads using de novo assembly algo-
rithms. The resulting WGS-based genome
assemblies often contained numerous gaps and
the length of the assembled contigs was short. In
complex plant genomes, nested repeats are
commonly present as long stretches of repetitive
DNA sequences in the intergenic regions (San-
Miguel et al. 1996; Shirasu et al. 2000; Wicker
et al. 2001), and the repetitive elements are
highly conserved (e.g., transposons). It was often
not feasible to assemble complex plant genomes
to the same level of contiguity as in mammalian
genomes where repeats were much less con-
served and less complex.
Methylation filtration. In animals and plants,
extensive DNA methylation silences transposons
and repetitive sequences in the heterochromatin.
However, a specific differential reduction in
DNA cytosine methylation around gene sequen-
ces was discovered as a unique property of plant
genomes (Rabinowicz et al. 1999). Such differ-
ential methylation observed between genes and

repetitive DNA has been used to develop a gene
enrichment approach called Methylation Filtra-
tion (MF). This method allowed the rapid
selection and sequencing of genic regions in
large and repetitive plant genomes. The tech-
nique involves randomly fragmenting plant
genomic DNA, cloning the fragments into a
plasmid vector, and transforming the library into
a E. coli host that contains a modified cytosine
restriction system (McrBC) (Raleigh 1992).
Inside the host, methylated genomic fragments
such as highly repetitive transposon sequences
would be restricted and selected against, since
DNA methylation in plants tends to occur in CG
and CNG sequences, which often overlap with
the McrBC recognition site (Raleigh 1992). The
resulting shotgun plasmid library would be
enriched for the hypomethylated genomic frag-
ments which would represent genic regions. An
“unfiltered” library would also be produced in
parallel using a McrBC-deleted strain to serve as
a background control to estimate the extent of
gene enrichment achieved in the MF library
(Rabinowicz 2003). Selection by MF has been
shown to be an efficient strategy for sequencing
the gene space of large, repetitive, and complex
monocot genomes (Rabinowicz et al. 2005),
maize (Palmer et al. 2003; Whitelaw et al. 2003)
and sorghum (Bedell et al. 2005). The latest
version of MF selection applied to the sugarcane
genome demonstrated the feasibility of combin-
ing in vitro McrBC digestion with next-
generation Illumina short reads sequencing for
the de novo assembly of genomic regions within
and around genes, including promoters, micro-
RNAs, and introns (Grativol et al. 2014). Since
organelle genomes are largely unmethylated, the
MF approach has also been applied as a selection
method to enrich for organellar sequences such
as the chloroplast and mitochondrion genomes as
described in Sect. 7.3.6.

7.2.2.2 Illumina
In the Illumina approach, sequencing-by-synthesis
reactions take place inside a flowcell (https://www.
illumina.com/science/technology/next-generation-
sequencing/sequencing-technology.html). Briefly,
single DNA molecules bind to the solid surface of
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the flowcell and are clonally amplified by PCR to
generate individual clusters, a process known as
bridge amplification. Sequencing of the clusters
occurs in a synchronous manner through repeated
flow cycles of each of the four nucleotides with
reversible dye-terminators. The attainable read
length is up to 150 bp in Illumina’s high-
throughput “HiSeq” platform, and 300 bp for the
lower-throughput “MiSeq” platform. The latest
Illumina “NovaSeq” platform produces up to 3
terabases (Tb) per run in 45 h, a further increase in
sequencing throughput and shortening of produc-
tion time (https://www.illumina.com/systems/
sequencing-platforms/novaseq/specifications.html)
relative to previously released devices. The Illu-
mina platform provides a highly competitive cost
per base and base-calling accuracy at the expense
of read lengths. For plant genome projects, a
hybrid strategy is commonly used to combine the
benefits of various sequencing platforms. For
example, the 844-Mb potato genome was assem-
bled from over 100-fold coverage of Illumina
reads from both ends of each DNA fragment
(paired-end), 8.5-fold coverage of another
short-read technology (Roche 454) and a much
smaller fraction of paired-end sequences of
large-insert molecular clones (fosmids and BACs)
using the traditional Sanger platform (Potato
Genome Sequencing Consortium et al. 2011).

7.2.2.3 PacBio
The PacBio platform uses SMRT cells (Eid et al.
2009; Rhoads and Au 2015; Ardui et al. 2018),
made up of hundreds of thousands of sequencing
units (called zero-mode waveguide, ZMW). Each
unit contains a single DNA polymerase molecule
immobilized at the bottom, to which a single
DNA molecule binds and starts replication by the
incorporation of fluorescently labeled nucleo-
tides. During incorporation, distinct light pulse
signals are produced by each of the four
nucleotides. A “movie” of light pulses is recor-
ded for each ZMW, which are interpreted to
obtain base calls. Base modification information
such as methylation can also be detected by
analyzing variation in the time between base
incorporations in the light-pulse movie. The lat-
est PacBio platform “Sequel” produces reads

averaging 10–14 kb. The output per
Sequel SMRT cell is *5 Gb. The single-read
base-calling error rate is reported to be 13–15%.
Error correction by building a consensus of
multiple overlapping sequence reads could attain
a final accuracy of 99.99% with *30-fold read
depth coverage (https://www.pacb.com/smrt-
science/smrt-sequencing/read-lengths) (Ardui
et al. 2018).

Because PacBio technology offers the ability
to produce long and contiguous genomic
sequences and deep sequencing provides
improved error rates, whole genome sequencing
and assembly has been attempted using exclu-
sively PacBio data. Among the first plant
genomes sequenced with this approach were
A. thaliana (Berlin et al. 2015) and the
desiccation-tolerant grass Oropetium thomaeum
(VanBuren et al. 2015). PacBio de novo assem-
bly of the perennial model plant Arabis alpina
has provided contiguous spans across repetitive
transposable elements extending the genome
space (Willing et al. 2015; Jiao and Schneeberger
2017). Three relatives of A. thaliana were
sequenced and assembled into only a few hun-
dred long contigs using a combination of PacBio
long-read data, optical maps (see Sect. 7.2.2.5),
and chromosome conformation capture data for
genome scaffolding (Jiao et al. 2017a). Although
all these genomes are of modest size (between
125 and 375 Mb), PacBio-based assembly has
also been applied to larger and more repetitive
plant genomes. The maize inbred B73 reference
genome was improved using a combination of
PacBio data and high-resolution optical mapping.
The updated assembly showed a 52-fold increase
in contig length and enabled the identification of
repetitive transposable elements and their
expansions (Jiao et al. 2017b). The sequence of
another maize reference genome Mo17 of 2.2 Gb
has been reported using a combination of PacBio
sequencing and optical mapping (Sun et al.
2018).

7.2.2.4 Oxford Nanopore Technology
Oxford Nanopore Technology (ONT) offers the
latest long-read sequencing technology in a
palm-sized device (Jain et al. 2016). Commercial
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production of the 100-gram sequencer “minION”
started in 2015. Because of the compactness and
portability of this device, it has been deployed in
many field applications, for example, real-time
genomic surveillance of the Ebola virus epidemic
in West Africa (Hoenen et al. 2016; Quick et al.
2016), in-flight sequencing on the International
Space Station (ISS) (Castro-Wallace et al. 2017),
and strain-type surveillance of a potentially fatal
RNA virus transmitted by mosquitoes in Florida
(Russell et al. 2018). In addition, the long and
ultra-long-read properties of ONT have demon-
strated the capability of de novo sequencing and
assembling a human genome from the cell line of
the US National Institute for Standards and
Technology’s (NIST) reference individual
NA12878, the assembly and haplotype phasing
of the 4 Mb major histocompatibility complex
(MHC) locus, and the closing of remaining gaps
in the existing human genome sequence. Over
half of the bases sequenced are represented in
reads longer than 100 kb, and read lengths up to
882 kb have been reported for the human gen-
ome assembly (Jain et al. 2018a). ONT data was
also used to resolve and assemble long tracts of
near-identical tandem repeats in the centromere
of the human Y chromosome (Jain et al. 2018b).
In terms of sequencing throughput, data gener-
ated from a single minION flowcell run in
*48 h can provide genome-scale coverage for
the de novo assembly of 100 Mb-size-range
genomes such as the model organisms
Caenorhabditis elegans (Tyson et al. 2018),
D. melanogaster and additional Drosophila spe-
cies (Miller et al. 2018; Solares et al. 2018), and
an A. thaliana accession (Michael et al. 2018).

The major distinction of the ONT technology
in contrast to other sequencing platforms is that it
uses nanoscale channels to read the sequence of
bases in a single DNA molecule without the need
of enzymatic synthesis or degradation of the
DNA. The current generation of the channels is
derived from the E. coli transmembrane protein
CsgG (sigma S-dependent growth subunit G).
The CsgG protein in its native form contains a
0.9-nm pore constriction, which is used as a
polypeptide secretion channel for the assembly
of curli, a bacterial surface protein fiber (Goyal

et al. 2014). Inside the minION flowcell, each
pore protein is set in an electrically resistant
polymer membrane where an electrode records
changes in electrical potentials across the mem-
brane. A motor protein (e.g., polymerase or
helicase) attached to the pore protein first helps to
unwind double-stranded DNA molecules and
allows single-stranded DNA molecules to enter
the channel at a controlled speed (450 bases of
DNA per second per channel). As the DNA
molecule traverses through the protein channel,
the profiles of the electric current are captured
and can be interpreted in real time to generate
sequence read data. In the base caller software,
raw MinION signals are converted to read
sequences using the recurrent neural network
(RNN) algorithm specifically developed for
base-calling ONT reads (de Lannoy et al. 2017).

ONT can generate reads in the range of kilo-
bases to as long as 2 Mb to date (https://nano
poretech.com/about-us/news/longer-and-longer-
dna-sequence-more-two-million-bases-now-achi
eved-nanopore). The theoretical read length limit
is bounded by the intactness and initial size of the
input DNAmolecules, and the library construction
method. In the minION flowcell, an array of
thousands of protein channels is built into a syn-
thetic polymer membrane with up to 512 active
channels at a given time. The sequencing
throughput perflowcell in general is between 5 and
15 Gb over a 48-h run time (depending on the
method used to construct the library), with average
read lengths around 6–8 kb and the longest reads
possibly reaching over 100 kb. Using plant-
specific protocols for DNA purification, the per
flowcell yield could reach 8.5 Gb with an average
read length of 13 kb (Schalamun et al. 2018). The
base accuracy of individual single-pass reads is in
the range of*88–95%. It is also worth noting that
the use of the minION platform does not require
capital investment for the sequencing device but
only the consumables, including the flowcells and
laboratory reagents needed for quality control of
DNA samples and library construction.

ONT has been applied to a number of plant
genomes including those of Solanum pennellii
(tomato) (1–1.1 Gb) (Schmidt et al. 2017),
A. thaliana (135 Mb) (Michael et al. 2018),
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Lactuca sativa (lettuce) (2.6 Gb) (https://
nanoporetech.com/resource-centre/tip-iceberg-
sequencing-lettuce-genome), a subspecies of
Musa (banana) (500–600 Mb) (Belser et al. 2018),
a subspecies of Brassica (e.g., cabbage)
(400–500 Mb) (Belser et al. 2018), Tectona
grandis L. (teak) (465 Mb) (Yasodha et al. 2018),
and Tulipa gesneriana (tulip) (34 Gb) (https://
nanoporetech.com/resource-centre/beauty-and-
beast-assembling-tulip-genome). ONT has also
been used to generate a single 160 kb contig of the
chloroplast genome of Eucalyptus pauciflora
(snow gum), using high molecular weight DNA
prepared from a rapid one-hour DNA extraction
protocol (Mayjonade et al. 2016).

7.2.2.5 Getting Long-Range Genome
Information

Long-range information across different parts of
the genome is important to link genomic contigs
and bridge over repetitive regions such as trans-
posable elements which are common in plant
genomes. Below is a brief review of long-range
technologies to improve the contiguity of the
genome assembly.

Optical mapping. The scaffolding of genome
contigs can be achieved by whole-genome opti-
cal mapping (WGM). An optical map is in
essence a high-resolution restriction map of the
physical DNA molecules. The method was
originally developed in the 1990s for typing
yeast strains (Schwartz et al. 1993). Optical maps
provide a genomic fingerprint to align, order, and
orient in silico digested DNA sequence contigs
(reviewed in Chaney et al. 2016). A new gener-
ation of single molecule physical maps (e.g.,
BioNano Genomics) can now be produced from
images of linearized, nicked, and fluorescently
labeled long DNA strands (Das et al. 2010).
Hi-C. Chromosome conformation capture (3C)
allows three-dimensional mapping of chromo-
somes by identifying their interactions (inside the
nucleus), and through the ligation of DNA frag-
ments that are physically close in their natural
conformation (Lieberman-Aiden et al. 2009).
DNA is cross-linked in vivo to its associated
histones, cleaved by restriction enzymes, and

isolated from the cells. The ligated DNA frag-
ments are then amplified and sequenced using
Illumina, and the read pairs are used for scaf-
folding. The more recently developed Hi-C
approach is an extension of 3C that creates
long-range chromosome conformation informa-
tion (Burton et al. 2013; Selvaraj et al. 2013).
10� Genomics linked reads. In the 10�
Genomics approach, the length of input DNA
molecules determines the quality of long-range
information. Long DNA fragments (up to
100 kb) are first highly diluted into over 10,000
droplet partitions formed using oil/water emul-
sions and gel beads. After each droplet receives a
unique barcode, all droplets are pooled together
for Illumina sequencing (Zheng et al. 2016). As
homologous DNA fragments are unlikely to be
included in the same partition, each individual
haplotype will receive its own barcode and can
be distinguished. For a highly heterozygous or
polyploid individual, 10� Genomics linked
reads has the potential to produce a phased
genome. Furthermore, a benchmark study com-
paring laboratory- and computational-based
approaches for whole genome phasing of the
NIST human reference individual NA12878
showed that the 10� Genomics data produced
the lowest switch error rate and outperformed
purely computational phasing approaches (Choi
et al. 2018).

7.3 The Castor Bean Genome

7.3.1 Economic and Biosafety
Importance

Castor bean is of economic importance because
of the high content of high-quality oil in its seeds
(da Silva Ramos et al. 1984). Castor oil contains
90% ricinoleic acid, an unusual hydroxylated
fatty acid that has unique chemical and physical
properties, and is used as vital industrial raw
material for high-quality lubricants, paints,
coatings, plastics, soaps, medications for skin
affections, and cosmetics. Castor bean is also of
interest from the biosafety point of view. The
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seeds of castor bean contain a high amount of
ricin, an extremely toxic protein. Ricin is con-
sidered one of the deadliest natural poisons when
it is delivered intravenously or inhaled as fine
particles. A better understanding of the castor
bean genome sequence would provide a genetic
tool kit for castor oil production without the
complications of ricin toxicity, and forensic
analysis to genotype and trace plant origins in
potential biosecurity scenarios.

The castor bean genome effort began around
2006 and was carried out at the J. Craig Venter
Institute (JCVI), formerly The Institute for
Genomic Research (TIGR) and the University of
Maryland Institute of Genome Science (IGS).
The project was funded as part of the National
Institute of Health (NIH) Genome Sequencing
Center (GSC) project because of the biosecurity
concerns of castor bean. Castor bean seeds can
be used as a source to extract the unique and
highly poisonous toxin ricin. In 2010, the castor
bean genome sequence was published as the first
genome from the spurge family (Euphorbiaceae)
and the 13th angiosperm genome. The genomes
of additional Euphorbiaceae species of economic
value have been subsequently determined,
including the rubber tree that is used to produce
rubber and other chemicals (Rahman et al. 2013;
Tang et al. 2016), cassava, which is an important
source of food starch in developing countries
(Prochnik et al. 2012), and physic nut that has
potential as for biodiesel production (Sato et al.
2011). Together with castor bean, these crops are
valuable resources for evolutionary and com-
parative genomics efforts for improvement of
traits related to the biosynthesis of natural plant
products.

7.3.2 Genome Assembly

The draft sequence of the castor bean genome
was generated from the Ricinus communis Hale
cultivar (Chan et al. 2010) using a whole genome
shotgun strategy. Genomic DNA was extracted
from etiolated seedlings to reduce the proportion

of chloroplast DNA. Over 2 million Sanger
sequence reads were generated from plasmid and
fosmid libraries and assembled using the Celera
assembly software (Myers et al. 2000). The
genome assembly contained 25,800 scaffolds,
spanned 350 Mb, and covered the genome � 4.6
times. The size of genome assembly is consistent
with previously reported flow cytometry mea-
surements that estimated the size of the castor
bean genome in 320 Mb. Counting contigs
longer than 2 kb, the assembly was constituted
by 3500 scaffolds, and it spanned 325 Mb. The
N50 was 0.56 Mb, which means that 50% of the
assembled bases were contained in contigs
spanning 0.56 Mb or longer. The repetitive DNA
content was estimated to be over 50% and
one-third of the repetitive elements were retro-
transposons. The most abundant known repeti-
tive sequences are long terminal repeat
(LTR) elements of which 22.7% were
Gypsy-type and 9.5% Copia-type retrotrans-
posons. Less than 2% of the repetitive elements
were DNA transposons.

Annotation of protein-coding genes was per-
formed using predicted models from multiple
gene prediction tools [Fgenesh (Salamov and
Solovyev 2000), Augustus (Stanke and Waack
2003), GlimmerHMM (Majoros et al. 2004), and
SNAP (Korf 2004)], homology searches against
rice and Arabidopsis protein sequences, a
non-redundant amino acid database, and expres-
sed sequence tags (ESTs) collected from the
National Center for Biotechnology Information
(NCBI) GenBank. To improve gene annotation,
over 50,000 ESTs were sequenced from five
cDNA libraries generated from mRNA purified
from leaves, flowers, roots, and two different
seed developmental stages. The cDNA
spliced-alignment tool PASA (Program to
Assemble Spliced Alignments) (Haas et al. 2003)
was used to assemble and consolidate transcript
alignments according to exon and intron bound-
ary alignments of EST and other cDNA
sequences. The EvidenceModeler tool (Haas
et al. 2008) was used to produce consensus gene
models from predicted genes, and alignments of
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EST, cDNA, and proteins. A total of 31,237 gene
models were identified, 58.5% of which could be
grouped into 3020 predicted protein families
using the TIGR paralogous family pipeline.
A summary of the castor bean genome assembly
and gene annotation is shown in Table 7.1.

7.3.3 Conserved Genome Triplication

Studying genomic duplications in the castor bean
genome provided a valuable opportunity to
examine the evolutionary history of the
dicotyledonous lineage. At the time of the castor
genome project, there was a debate regarding the
origin of polyploidy observed in dicots. One
model suggested the occurrence of an ancestral
hexaploidization event which took place at one
point in the evolution of dicots and is still present
in most lineages (The French–Italian Public

Consortium for Grapevine Genome Characteri-
zation 2007). The other model proposed that all
dicot genomes share one duplication event and
several successive genome duplications occurred
separately in each lineage (Velasco et al. 2007).

A comprehensive search for evidence of
genomic triplications in the castor bean haploid
genome assembly was carried out by performing
alignments of all the protein sequences in the
genome and identifying reciprocal best matches.
The location of those identified paralogous genes
was used to determine any conserved blocks of
paralogous genes that may be present among the
longest genome assembly scaffolds. Using this
approach, a total of 17 triplicated regions were
identified. One of the 17 regions is shown in
Fig. 7.1a. Triplicated regions refer to genomic
regions for which two additional paralogous
regions exist in the genome. The sequence
alignment results suggested that the castor bean
genome underwent a hexaploidization event. To
compare the triplication of the castor bean gen-
ome to ancestral polyploidization events in the
dicot lineage, the triplicated regions identified in
the castor bean genome were mapped to the
genomes of A. thaliana (Arabidopsis Genome
Initiative 2000), poplar (Tuskan et al. 2006), and
grapevine (The French–Italian Public Consor-
tium for Grapevine Genome Characterization
2007). The castor bean paralogous triplet gene
blocks displayed one-to-one, one-to-two, one-to-
four, and inconclusive relationships, with their
corresponding orthologs in grapevine, poplar, A.
thaliana, and papaya, respectively (Fig. 7.1b–e).
These results altogether supported the presence
of a hexaploidization event common to all dicots,
and that there was one additional genome
duplication in poplar, and two further duplica-
tions in the A. thaliana genome.

7.3.4 The Ricin Toxin Gene Family

The ricin toxin present in castor bean seeds is an
important subject for biosecurity research. Ricin
is a type 2 ribosome-inactivating protein (RIP),
composed of two subunits linked by a disulfide
bond: a 32 kDa ricin toxin A chain that harbors

Table 7.1 Summary statistics for the castor bean draft
genome assembly and gene annotation

Assembly

Fold genome coverage 4.59

Number of scaffolds (all) 25,828

Number of scaffolds (>2 kb) 3500

Total span 350.6 Mb

N50 (scaffolds) 496.5 kb

Largest scaffold 4.7 Mb

Average scaffold length 14 kb

Number of contigs 54,000

Largest contig 190 kb

Average contig length 6 kb

N50 (contigs) 21.1 kb

GC content 32.5%

Gene annotation

Gene models 31,237

Mean gene length 2258.6 bp

Mean coding sequence length 1004.2 bp

Longest gene 15,849 bp

Mean number of exons per gene 4.2

Mean exon length 251 bp

Longest exon 6590 bp

Modified with permission from Chan et al. (2010)
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Fig. 7.1 a An example of colinearity between three
paralogous castor bean genomic regions (triplications). 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),
one gene in grapevine (c), and four genes in A. thaliana
(d). The castor bean–papaya relationship (e) is inconclu-
sive. Reproduced with permission from Chan et al. (2010)
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the ribosome-inactivating activity, and a 34 kDa
ricin toxin B chain, with a galactose-binding
lectin domain. The ricin toxin A chain is an
N-glycosidase that depurinates adenine in a
specific residue of the 28S ribosomal RNA and
inhibits translation (Endo et al. 1987; Macbeth
and Wool 1999). The ricin toxin B chain allows
ricin to bind to cell-surface galactosides and enter
eukaryotic cells by endocytosis. Early reports
based on Southern-blot hybridization suggested
the presence of multiple copies (6–8 gene family
members) in the castor bean genome (Halling
et al. 1985; Tregear and Roberts 1992).

A search for ricin gene sequences in the castor
bean genome assembly identified 28 ricin-like
gene family members located in 17 genome
scaffolds. Some of these ricin-like genes were
found tandemly arranged in gene clusters on
different genome contigs. The largest gene clus-
ter spans 70 kb and includes a group of five
ricin-agglutinin gene family members. Other
clusters contain two or three genes in regions
ranging between 0.7 and 17 kb. The remaining
ten scaffolds contained single gene-family
members.

The predicted protein length of the gene
family ranged from 66 to 584 amino acids. The
shorter probably truncated members could be
nonfunctional or pseudogenes. In four cases, the
gene sequences were found at the end of a contig
or scaffold, which had led to the truncation. In
all, 7 of the 28 genes of the gene family encode
full-length proteins that contain the RIP and the
two lectin domains.

Among the castor bean genome contigs, the
precursors for the 577-aa ricin and RCA proteins
were identified as gene models RCOM_2159910
(60629.m00002) and RCOM_2160110 (60637.
m00004) respectively, in the castor bean genome
assembly. As for the seven additional full-length
ricin family members, their ribosome inhibiting
function had been functionally confirmed using
an in vitro transcription/translation system
(Leshin et al. 2010).

7.3.5 Oil Metabolism Genes

Castor bean has economic significance as an oil-
seed crop because of the high oil content in its
seeds. Castor bean has evolved two unique fea-
tures for the biosynthesis of fatty acids (ricinoleic
acid) and triacylglycerols (triricinolein) (McKeon
et al. 2000). For ricinoleic acid biosynthesis, castor
bean possesses an oleic acid hydroxylase (FAH)
(RCOM_0146820/28035.m000362),which likely
evolved from the commonly found D12-oleic acid
desaturase (FAD2) (RCOM_0503360/29613.
m000358) (Van De Loo et al. 1995). For the
incorporation of ricinoleic acid into oils, there are
three diacylglycerol acyltransferases (DGATs)
(RCOM_1047540/29912.m005373, RCOM_061
3570/29682.m000581 and RCOM_10040
00/29889.m003411) (He et al. 2004; Saha et al.
2006; Kroon et al. 2006).

7.3.6 The Castor Bean Organelle
Genomes

In addition to the nuclear genome, plants contain
plastid and mitochondrion genomes. The
chloroplast genomes contain genes essential for
structural and functional components of the
organelle. Their sequence commonly contains a
duplicated region arranged as inverted repeats
(IR), a large single-copy (LSC) sequence, and a
small single-copy (SSC) sequence (Sugiura
1992; Sugiura et al. 1998). In land plants,
chloroplast genome sizes vary between 115 and
165 kb (Palmer 1991). As for the mitochondrion
genomes, they are unusually large in higher
plants in comparison to the animal counterparts.
Plant mitochondrion genomes could span from
208 kb in white mustard (Brassica hirta) (Ward
et al. 1981; Palmer and Herbon 1987) to 11.3 Mb
in the flowering plant Silene conica (Sloan et al.
2012), in contrast to 16–20 kb in animals (Boore
1999). Plant mitochondrion genomes typically
code for a few RNA genes as well as ribosomal
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proteins and subunits of the oxidative phospho-
rylation complexes and are rich in repeats,
including tandem repeats, short repeats, and large
repeats. Because of the presence of over
1 kb-long repeats and active homologous
recombination, it is often a challenge to deter-
mine the exact sequence or structure (circular or
linear) of plant mitochondrial DNA (reviewed in
Woloszynska 2010).

Classical approaches to obtain the chloroplast
and mitochondrion genome sequences have
involved cloning fragments from purified
organellar DNA obtained either through diges-
tion with restriction enzymes or by random
shearing (Sandbrink et al. 1989; Maier et al.
1995; Negruk 2013). In BAC-based genome
sequencing projects, organelle genomes are often
assembled as by-products by screening BAC
clones that contain organelle DNA through PCR
or hybridization with organelle-specific probes
(Saski et al. 2005).

For the castor bean Hale cultivar, the chloro-
plast genome sequence was assembled from
WGS paired-end Sanger reads derived from the
draft genome sequencing project (Rivarola et al.
2011). Sequence reads that showed high simi-
larity to dicot chloroplast sequences were
extracted and assembled. Long-range fosmid
read pairs were used to resolve the large inverted
repeat sequences commonly found in angiosperm
chloroplasts. The Hale cultivar chloroplast gen-
ome was 163,161 bp with a near-perfect inverted
repeat of 27,347 bp.

Using a similar approach, mitochondrion
genome sequence reads were extracted from the
castor bean genome sequencing project and
assembled (Rivarola et al. 2011). The assembled
castor bean mitochondrion genome consensus
was 502 kb in length, which represents multiple
genomic and subgenomic configurations that
could be present in vivo. The castor bean mito-
chondrial genome contained 37 protein-coding
and 3 ribosomal RNA genes which are com-
monly found in other angiosperms.

Taking advantage of the unmethylated nature
of chloroplast DNA methylated (McCullough
et al. 1992; Fojtová et al. 2001), the MF approach
(described above in Sect. 7.2.2.1) was used to

sequence and assemble the chloroplast genomes
of a number of castor bean accessions retrieved
from different locations around the world. MF’s
selection of hypomethylated sequences can be
used to construct total plant DNA libraries enri-
ched in chloroplast sequences. Seven genetically
and geographically diverse varieties collected
from Ethiopia, India, US Virgin Islands, Puerto
Rico, El Salvador, Greece, and Mexico were
chosen for chloroplast genome sequencing, sin-
gle nucleotide polymorphism (SNP) discovery,
and phylogenetic studies (Rivarola et al. 2011).
An MF library was constructed for each variety
and pair-end Sanger reads were generated for
several thousand clones per variety. A compar-
ison of the MF library against a regular WGS
library showed an approximately 3-fold enrich-
ment in chloroplast sequences. On average, 35%
of the MF sequences corresponded to the
chloroplast across the seven accessions, with the
maximum reaching 58%. In all, MF provided a
simple and rapid approach to enrich for not only
genic sequences but also plant organelle gen-
omes because it does not require time-consuming
plastid preparations, library screenings, or
amplification.

The high-quality assembly of the chloroplast
genomes sequences allowed the identification of
83 high-quality chloroplast SNPs. Based on the
analysis of those SNPs across the chloroplast
genomes of the seven cultivars, two main groups
of accessions could be identified and grouped
into two clades called A and B, which were
separated by 69 of 83 SNPs. Several subclades
could also be determined within each main clade.
Members of clade A included the Hale subclade
and the India subclade. The Hale subclade con-
tained the Hale, Puerto Rico, Virgin Islands, and
El Salvador accessions. Clade B included the
Ethiopia subclade (which included the Mexico
variety) and the Greece subclade. The four
identified subclades (Hale, India, Greece, and
Ethiopia) were used in a large-scale analysis to
classify 894 castor bean accessions collected
around the world. Genotyping results showed
that limited chloroplast genetic diversity exists
globally among castor bean germplasm. These
results were consistent with the low genetic
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variation previously reported for nuclear geno-
mic sequences (Allan et al. 2008; Foster et al.
2010).

7.4 Perspectives

The castor bean genome draft assembly was
produced using the classical Sanger sequencing
platform (Chan et al. 2010). Further improve-
ments of the completeness and contiguity of the
genome assembly would include: (1) closing
assembly gaps, linking contigs, identifying pos-
sible structural misassemblies, and resolving
repetitive regions including the centromeres
using long-range data; (2) generating a more
complete catalog of coding- and non-coding gene
annotation using RNA-seq evidence from spatial
and temporal expression datasets; (3) determin-
ing the epigenetic landscape of DNA and histone
methylation of the genome and their roles in gene
regulation. In the short window of the last few
decades, technological advances in sequencing
production have brought in and established the
current mainstream short-read platform (e.g.,
Illumina) and more recently long-read technolo-
gies (e.g., PacBio and ONT). To generate
long-range genomic data, the ability of long and
ultra-long reads to span kilobase to megabase
genomic regions has been demonstrated, which
can be used in conjunction with complementary
approaches such as whole-genome optical map-
ping, Hi-C, or 10� Genomics approaches toward
achieving a more complete representation of
entire chromosome sequences.

The tremendous reduction in sequencing cost
has also allowed genomic research to move
beyond studying a single reference genome to
establishing reference genomes for multiple
accessions. In plants, multi-accession sequencing
projects have already been carried out in the
Arabidopsis 1001 Genomes Project (Weigel and
Mott 2009; Kawakatsu et al. 2016), the pearl
millet project for 994 lines (Varshney et al.
2017), and the 3000 rice genomes project (3,000
rice genomes project 2014; Wang et al. 2018).

These large-scale projects aim at understanding
genetic variation, population structure, genomic
diversity, and discovering novel alleles and
phenotypes to develop a foundational platform
for advancing breeding and trait improvement.
As for castor bean, there are over 1000 global
accessions collected or donated from 48 coun-
tries in the USDA germplasm collection (Wang
et al. 2011, 2017) which represents a rich
resource to apply genomics approaches and tap
on novel traits and alleles specific for increased
castor oil production, reduced ricin toxin content,
and improved adaptabilities to different growing
environments and the changing climate for the
unique castor bean plant.
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8Mining Gene Families in the Castor
Bean Genome

Zhi Zou

Abstract
Castor bean (Ricinus communis L.) is a
perennial shrub that belongs to the spurge
family, Euphorbiaceae. Several characteristics
such as low rate of evolution and not having
experienced additional whole-genome dupli-
cations after the ancient so-called c event
shared by core eudicots make this species an
ideal model to investigate lineage-specific
evolution of gene families in Euphorbiaceae
as well as core eudicots. In this chapter, I will
focus on several representative gene families,
i.e., AQP, PLCP, Lhc, WRKY, and Dof,
which were manually curated.

8.1 Introduction

Castor bean (Ricinus communis L., 2n = 20) is a
perennial shrub that belongs to the family
Euphorbiaceae, which consists of more than
6000 species also including several economic
importance crops such as physic nut (Jatropha
curcas L.), cassava (Manihot esculenta Crantz),
and rubber tree (Hevea brasiliensis Muell. Arg.)
(Zeng et al. 2010; Zou et al. 2016a, 2017b, 2018,
2019a, 2019b, 2019c). Although originated in
Africa, castor is now widely cultivated in many
tropical, subtropical, and temperate regions (Qiu
et al. 2010; Rivarola et al. 2011). Castor pro-
duces high level of oil in its seeds, about 90% of
which is composed of the unusual hydroxylated
fatty acid ricinoleic acid. The nearly uniform
ricinoleic acid content of castor oil and the
unique chemical properties of this fatty acid
make castor bean to be one of the most important
non-food oilseed crops for industrial, medicinal,
and cosmetic purposes (Ogunniyi 2006).

The draft genome sequence of castor bean
was released in 2010, which spans about 400 Mb
and is predicted to encode 31,221 protein-coding
genes (Chan et al. 2010). Comparative genomic
analysis indicated that the diploid castor bean
genome did not experience additional whole-
genome duplications (WGDs) after the ancient
so-called c hexaploidization event, which was
estimated to occur at about 117 million years ago
(Mya), shortly before the origin of core eudicots
(Chan et al. 2010; Jiao et al. 2012). Along with
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its genomic sequence, as of February 2018,
several transcriptome analyses have also been
carried out in castor bean, resulting in 62,629
Sanger expressed sequence tags (ESTs) and more
than 302,253,625 RNA sequencing (RNA-seq)
reads (Table 8.1). These datasets provide an
opportunity to characterize specific gene families
and analyze their evolutionary patterns in
Euphorbiaceae and species beyond.

Several genome-wide analyses of castor bean
gene families have been reported, e.g., 11S globulin

(Chileh et al. 2010),WRKY transcription factor (Li
et al. 2012a; Zou et al. 2016b), light-harvesting
chlorophyll a/b-binding (Lhc) (Zou et al. 2013),
APETALA2/ethylene responsive factor
(AP2/ERF) transcription factor (Xu et al. 2013),
basic leucine zipper (bZIP) transcription factor (Jin
et al. 2014a), DNA binding with one finger
(Dof) transcription factor (Jin et al. 2014b;Zouet al.
2019c), nucleotide binding site-leucine-rich repeats
(NBS-LRR) (Sood et al. 2014), SQUAMOSA
promoter binding protein (SBP)-box transcription

Table 8.1 Overview of castor bean transcriptome data available in NCBI

Tissue/developing stage Accession no. EST/read Instrument References

Developing endosperm – 158 Sanger Van De Loo et al. (1995)

Phloem – 4720 Sanger Doering-Saad et al. (2006)

Developing endosperm – 329 Sanger Lu et al. (2007)

Developing seed – 4902 Sanger Published only in NCBI

Leaf – 10,346 Sanger Published only in NCBI

Flower – 5619 Sanger Published only in NCBI

Developing seed (12–33 days after pollination) – 7645 Sanger Published only in NCBI

Developing seed (40–61 days after pollination) – 3988 Sanger Published only in NCBI

Root – 24,567 Sanger Published only in NCBI

Others – 355 Sanger Published only in NCBI

Developing endosperm II/III ERX021375 21,858,754 Illumina GA IIx Brown et al. (2012)

Developing endosperm V/VI ERX021376 14,326,641 Illumina GA IIx Brown et al. (2012)

Germinating seed ERX021377 17,374,537 Illumina GA IIx Brown et al. (2012)

Leaf ERX021378 19,322,724 Illumina GA IIx Brown et al. (2012)

Male developing flower ERX021379 17,869,625 Illumina GA IIx Brown et al. (2012)

Seed and endosperm SRX485027 76,310,445 Illumina HiSeq 2000 Xu et al. (2014)

Stage III endosperm SRX007402 137,839 454 GS FLX Troncoso-Ponce et al. (2011)

Stage IV endosperm SRX007403 159,209 454 GS FLX Troncoso-Ponce et al. (2011)

Stage IV endosperm SRX007403 144,142 454 GS FLX Troncoso-Ponce et al. (2011)

Stage IV endosperm SRX007404 89,386 454 GS FLX Troncoso-Ponce et al. (2011)

Stage V endosperm SRX007405 82,205 454 GS FLX Troncoso-Ponce et al. (2011)

Stage VI endosperm SRX007406 170,648 454 GS FLX Troncoso-Ponce et al. (2011)

Stage VII–VIII endosperm SRX007407 160,205 454 GS FLX Troncoso-Ponce et al. (2011)

Stage III–V endosperm SRX007408 195,250 454 GS FLX Troncoso-Ponce et al. (2011)

Root SRX1054812 2,651,111 Ion Torrent PGM Published only in NCBI

Leaf, root, seed, and endosperm SRX343933 24,004,526 Illumina HiSeq 2000 Xu et al. (2013)

RML SRX1330838 17,819,752 Illumina HiSeq 2000 Tan et al. (2016)

ABPL2 SRX1332476 18,001,231 Illumina HiSeq 2000 Tan et al. (2016)

ABML2 SRX1332477 18,014,510 Illumina HiSeq 2000 Tan et al. (2016)

BML1 SRX1332478 17,759,387 Illumina HiSeq 2000 Tan et al. (2016)

ABPL1 SRX1332479 17,665,132 Illumina HiSeq 2000 Tan et al. (2016)

RPL SRX1332480 18,136,366 Illumina HiSeq 2000 Tan et al. (2016)

Total 302,316,254
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factor (Zhang and Ling 2014), aquaporin
(AQP) (Zou et al. 2015b), GRAS transcription
factor (GAI, RGA, and SCR) (Xu et al. 2016), and
papain-like cysteine protease (PLCP) (Zou et al.
2018). Moreover, 1299 transcription factor genes
representing 57 families were also reported in
PlantTFDB4.0 (Fig. 8.1), which were based on the
annotated castor bean proteome (Jin et al. 2017). In
this chapter, I will focus on several representative
gene families, i.e., AQP, PLCP, Lhc, WRKY, and
Dof, which were manually curated.

8.2 AQP Gene Family

Aquaporins (AQPs) are a special class of integral
membrane proteins that belong to the ancient
major intrinsic protein (MIP) superfamily (Mau-
rel et al. 2008). Although they initially raised
considerable interest due to their high perme-
ability to water, an increasing body of evidence
has shown that some of them also transport cer-
tain small molecules such as glycerol, urea, boric
acid, silicic acid, arsenic, ammonia, carbon
dioxide, oxygen, and hydrogen peroxide (Maurel
et al. 2008; Gomes et al. 2009; Zwiazek et al.
2017). Since their first discovery in 1990s

(Preston et al. 1992), AQPs have been found in all
types of organisms (Gomes et al. 2009; Abascal
et al. 2014). Although the overall sequence sim-
ilarity between different family members can be
low, AQPs are characterized by the presence of
six transmembrane helices (TM1–TM6) con-
nected by five loops (LA–LE), as well as two
highly conserved asparagine–proline–alanine
(NPA) motifs located at the N-termini of two half
helices (HB and HE) in loops LB and LE. NPA
motifs create an electrostatic repulsion of protons
and act as a size barrier from one selectivity
region of the AQP pore. Another region called the
aromatic/arginine (ar/R) selectivity filter causes
size and hydrophobicity diversity in the pore
constriction site, determining substrate specificity
(Törnroth-Horsefield et al. 2006). Genome-wide
surveys showed that AQPs are relatively more
abundant and diverse in terrestrial plants
(Table 8.2) than in microbes and animals. Based
on sequence similarity, plant AQPs can be divi-
ded into seven main subfamilies: plasma mem-
brane intrinsic proteins (PIPs), tonoplast intrinsic
proteins (TIPs), NOD26-like intrinsic proteins
(NIPs), small basic intrinsic proteins (SIPs),
uncategorized X intrinsic proteins (XIPs), GlpF-
like intrinsic proteins (GIPs), and hybrid intrinsic

Fig. 8.1 Transcription factor family genes identified in castor bean (data from PlantTFDB 4.0, where the AP2/ERF
family were defined as two different families, i.e. AP2 and ERF)
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proteins (HIPs) (Anderberg et al. 2011, 2012; Zou
et al. 2015a, b, 2016a). The former four sub-
families are widely distributed among plant lin-
eages, whereas XIPs are found in mosses as well
as dicots (excluding the Brassicaceae family), and
GIPs and HIPs have only been reported in algae
and mosses (Danielson and Johanson 2008;
Anderberg et al. 2011, 2012; Zou et al. 2016a).

The search of the castor bean genome resulted
in 37 loci encoding AQPs (RcAQPs: Ricinus

communis AQPs) (Zou et al. 2015b), corre-
sponding 36 loci reported in the original genome
annotation (Chan et al. 2010). Among them, the
locus 28747.t000001 was reported to encode a
243 amino acid protein (28747.m000131).
However, mRNA sequence alignments revealed
that this 11,054-bp sequence is actually con-
taining two genes, and they were denoted as
RcXIP2;1 and RcXIP3;1 (Zou et al. 2015b). Both
of them harbor two introns and putatively encode

Table 8.2 Diversity of AQP family genes in high plants (after Zou et al. 2016a)

Species Common
name

Family Type of
organism

PIPs TIPs NIPs SIPs XIPs Total

Oryza sativa Rice Poaceae Monocot 11 10 10 2 0 33

Zea mays Maize Poaceae Monocot 13 12 5 3 0 33

Hordeum vulgare Barley Poaceae Monocot 20 11 8 1 0 40

Panicum virgatum Switchgrass Poaceae Monocot 21 20 23 4 0 68

Setaria italica Foxtail millet Poaceae Monocot 12 15 12 3 0 42

Sorghum bicolor Sorghum Poaceae Monocot 13 11 11 3 0 38

Brachypodium
distachyon

Common
wheat

Poaceae Monocot 10 10 7 1 0 28

Musa acuminate Banana Musaceae Monocot 18 17 9 3 0 47

Arabidopsis thaliana Arabidopsis Brassicaceae Dicot 13 10 9 3 0 35

Brassica rapa Chinese
cabbage

Brassicaceae Dicot 23 16 15 6 0 60

Brassica oleracea Cabbage Brassicaceae Dicot 25 19 17 6 0 67

Solanum tuberosum Potato Solanaceae Dicot 15 11 10 3 8 47

Solanum
lycopersicum

Garden
tomato

Solanaceae Dicot 14 11 12 4 6 47

Cicer arietinum Chickpea Fabaceae Dicot 8 13 15 4 0 40

Glycine max Soybean Fabaceae Dicot 22 23 17 8 2 72

Gossypium hirsutum Upland
cotton

Malvaceae Dicot 28 23 12 7 1 71

Vitis vinifera Grapevine Vitaceae Dicot 8 11 9 2 2 32

Citrus sinensis Sweet orange Rutaceae Dicot 8 11 9 3 3 34

Phaseolus vulgaris Common
bean

Fabaceae Dicot 12 13 10 4 2 41

Linum usitatissimum Flax Linaceae Dicot 16 17 13 2 3 51

Jatropha curcas Physic nut Euphorbiaceae Dicot 9 9 8 4 2 32

Ricinus communis Castor bean Euphorbiaceae Dicot 10 9 8 4 6 37

Manihot esculenta Cassava Euphorbiaceae Dicot 14 13 9 4 2 42

Hevea brasiliensis Rubber tree Euphorbiaceae Dicot 15 17 9 4 6 51

Populus trichocarpa Poplar Salicaceae Dicot 15 17 11 6 6 55
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306 and 304 residues, respectively (Table 8.3).
Moreover, based on a manual revision of their
gene structures via aligning of mRNA sequences
(including Sanger ESTs and RNA-seq reads) to
AQP-encoding scaffolds, the gene models of four
other loci (i.e., 28962.t000006, 30101.t000004,
29816.t000013, and 28846.t000001) were also
optimized. Homology searches showed that 25
out of the 37 RcAQP genes had matched ESTs in
GenBank. Moreover, the expression of the
remaining 12 RcAQP genes were supported by
RNA-seq reads. In addition, alternative splicing
isoforms existing in nine RcAQP-encoding loci
were supported by the presence of different
mRNA sequences that could be aligned to the
same loci (Zou et al. 2015b). Although the cur-
rent castor bean genome sequence is comprised
of 25,763 scaffolds that have not been anchored
to the physical chromosomes (Chan et al. 2010),
eight scaffolds were shown to harbor two
AQP-encoding loci and the other 21 scaffolds
contain only one (Table 8.3).

Phylogenetic analysis divides 37 RcAQPs
into five subfamilies: PIP, TIP, NIP, XIP, and
SIP, with ten, nine, eight, six, or four members,
respectively. The PIP subfamily can be further
divided into two phylogenetic subgroups (5
RcPIP1s and 5 RcPIP2s), the TIP subfamily into
five subgroups (4 RcTIP1s, 2 RcTIP2s, 1
RcTIP3, 1 RcTIP4, and 1 RcTIP5), the NIP
subfamily into seven subgroups (1 RcNIP1, 1
RcNIP2, 1 RcNIP3, 2 RcNIP4s, 1 RcNIP5, 1
RcNIP6, and 1 RcNIP7), the SIP subfamily into
two subgroups (3 RcSIP1s and 1 RcSIP2), and
the XIP subfamily into three subgroups (4
RcXIP1s, 1 RcXIP2, and 1 RcXIP3). A few gene
pairs (paralogs) were identified in castor bean,
contrasting with a larger number of AQP paral-
ogous gene pairs found in poplar and Ara-
bidopsis (Fig. 8.2), which is probably due to
recent WGDs reported in those two species
(Bowers et al. 2003; Tuskan et al. 2006). Among
four castor bean gene pairs identified, they were
found as simple (head-to-tail) tandem duplica-
tions within the same scaffold (RcPIP1;2/
RcPIP1;3 on scaffold29669, RcSIP1;2/RcSIP1;3
on scaffold30010, RcXIP1;1/RcXIP1;4 on scaf-
fold28929, and RcXIP1;2/RcXIP1;3 on

scaffold28846), and the intergenic spacer was
about 3.1, 0.5, 8.5, or 31.1 kb, respectively (Zou
et al. 2015b). Nevertheless, the evolutionary
relationships between RcXIP1;1/RcXIP1;4 and
RcXIP1;2/RcXIP1;3 were not well resolved. The
coding sequence (CDS) of RcXIP1;2 showed a
sequence identity of 85.1% with RcXIP1;1 and
72.1% with RcXIP1;3, while RcXIP1;1 only
exhibited 47.3% identity with RcXIP1;4. When
using a substitution rate (per base per year) of
6.5 � 10−9 (Gaut et al. 1996), the estimated
divergence time between RcXIP1;1 and
RcXIP1;2 was 30.89 Mya, which is relatively
younger than RcXIP1;2/RcXIP1;3 (59.61 Mya)
and RcXIP1;1/RcXIP1;4 (74.57 Mya). These
results suggest that RcXIP1;1 and RcXIP1;2 are
proximal or dispersed duplicates, which was
defined as separated duplicates within or between
chromosomes, respectively. The Ka/Ks ratios of
these duplications are all smaller than 1 (from
0.01 to 0.32), indicating that the divergence was
driven by purifying selection.

Gene structure analysis revealed that exon–
intron structure is usually conserved within a
subfamily but diverges between different sub-
families: All PIP subfamily members feature
three introns except for RcPIP2;5, which con-
tains an additional small intron close to its 5′
end; the TIP subfamily has two introns except
for RcTIP1;1 and RcTIP1;4 that harbor a single
one; the NIP subfamily shows four introns
except for RcNIP5;1 that contains only three;
the SIP subfamily features two introns except
for RcSIP1;2 and RcSIP1;3 that lack introns;
and the XIP subfamily features one (XIP1
subgroup) or two (XIP2 and XIP3 subgroups)
introns (Table 8.3).

Sequence analysis showed that the 37
deduced RcAQP protein sequences consist of
208–323 amino acids, with a theoretical molec-
ular weight of 22.49–34.93 kDa and a pI value of
4.93–9.97. Sequence comparison revealed high
levels of diversity within and between the five
subfamilies. Topological analysis using TOP-
CONS (http://topcons.net/) showed that almost
all RcAQPs were predicted to harbor six TM
helices, except for RcXIP1;4, which was shown
to contain only four. The presence of six TM

8 Mining Gene Families in the Castor Bean Genome 139

http://topcons.net/


Ta
b
le

8.
3

L
is
t
of

37
A
Q
P
ge
ne
s
id
en
tifi

ed
in

ca
st
or

(a
ft
er

Z
ou

et
al
.
20

15
b)

N
am

e
L
oc
us

ID
T
ra
ns
cr
ip
t
ID

Sc
af
fo
ld

lo
ca
tio

n
N
uc
le
ot
id
e

le
ng

th
(b
p,

fr
om

st
ar
t
to

st
op

co
do

ns
)

In
tr
on

no
.

E
ST

no
.

A
lte
rn
at
iv
e
sp
lic
in
g

C
om

m
en
t

C
D
S

G
en
e

R
cP

IP
1;
1

29
96

9.
t0
00

00
6

29
96

9.
m
00

02
66

29
96

9:
73

,6
04

-7
52

99
86

7
13

70
3

0
–

–

R
cP

IP
1;
2

29
66

9.
t0
00

01
7

29
66

9.
m
00

08
08

29
66

9:
10

43
66

-1
01

93
2

86
4

13
04

3
18

–
–

R
cP

IP
1;
3

29
66

9.
t0
00

01
8

29
66

9.
m
00

08
09

29
66

9:
10

94
61

-1
07

55
3

86
7

12
43

3
14

–
–

R
cP

IP
1;
4

30
19

0.
t0
00

46
5

30
19

0.
m
01

12
29

30
19

0:
26

76
12

7-
26

79
73

2
86

4
26

48
3

10
9

Y
es

–

R
cP

IP
1;
5

30
17

4.
t0
00

01
1

30
17

4.
m
00

86
14

30
17

4:
17

47
45

2-
17

50
09

3
86

1
17

12
3

10
–

–

R
cP

IP
2;
1

30
07

8.
t0
00

13
0

30
07

8.
m
00

23
37

30
07

8:
84

68
84

-8
49

45
0

86
7

11
85

3
15

5
Y
es

–

R
cP

IP
2;
2

27
51

6.
t0
00

00
7

27
51

6.
m
00

01
74

27
51

6:
79

69
5-
83

00
7

85
2

26
65

3
14

Y
es

–

R
cP

IP
2;
3

28
07

6.
t0
00

00
2

28
07

6.
m
00

04
11

28
07

6:
21

25
9-
23

85
5

86
4

19
39

3
2

–
–

R
cP

IP
2;
4

29
86

9.
t0
00

05
9

29
86

9.
m
00

11
94

29
86

9:
70

12
98

-6
98

97
0

84
3

12
21

3
35

Y
es

–

R
cP

IP
2;
5

28
96

2.
t0
00

00
6

28
96

2.
m
00

04
37

28
96

2:
25

34
4-
23

27
8

81
3

16
54

4
3

Y
es

M
is
an
no

ta
te
d

R
cT
IP
1;
1

30
07

8.
t0
00

04
7

30
07

8.
m
00

22
54

30
07

8:
30

24
69

-3
04

19
4

75
6

87
1

1
30

7
–

–

R
cT
IP
1;
2

28
18

0.
t0
00

01
7

28
18

0.
m
00

03
92

28
18

0:
10

16
68

-1
03

29
8

75
9

11
49

2
5

–
–

R
cT
IP
1;
3

29
78

8.
t0
00

02
1

29
78

8.
m
00

03
38

29
78

8:
13

53
88

-1
37

22
4

75
9

10
70

2
60

–
–

R
cT
IP
1;
4

29
58

9.
t0
00

04
0

29
58

9.
m
00

12
61

29
58

9:
30

18
77

-3
00

49
2

75
9

11
29

1
7

–
–

R
cT
IP
2;
1

30
14

6.
t0
00

11
9

30
14

6.
m
00

35
42

30
14

6:
89

30
65

-8
91

66
9

74
7

13
00

2
47

Y
es

–

R
cT
IP
2;
2

30
10

1.
t0
00

00
4

30
10

1.
m
00

03
72

30
10

1:
54

57
8-
56

98
1

75
3

10
59

2
19

6
Y
es

M
is
as
se
m
bl
ed

R
cT
IP
3;
1

29
68

1.
t0
00

07
1

29
68

1.
m
00

13
66

29
68

1:
35

64
30

-3
58

85
2

76
8

99
4

2
68

Y
es

R
cT
IP
4;
1

29
79

4.
t0
00

11
8

29
79

4.
m
00

34
19

29
79

4:
78

44
79

-7
83

04
5

74
4

10
17

2
1

–
–

R
cT
IP
5;
1

30
14

7.
t0
00

50
2

30
14

7.
m
01

42
31

30
14

7:
10

83
70

9-
10

86
06

2
75

9
12

41
2

0
–

–

R
cN

IP
1;
1

30
02

6.
t0
00

05
2

30
02

6.
m
00

14
88

30
02

6:
38

29
92

-3
85

76
3

81
6

20
79

4
1

–
–

R
cN

IP
2;
1

27
86

0.
t0
00

00
1

27
86

0.
m
00

00
40

27
86

0:
38

85
-7
45

0
89

4
25

98
4

0
–

–

R
cN

IP
3;
1

29
90

8.
t0
00

08
4

29
90

8.
m
00

60
33

29
90

8:
12

25
13

9-
12

22
96

7
84

9
13

10
4

0
–

–

(c
on

tin
ue
d)

140 Z. Zou



Ta
b
le

8.
3

(c
on

tin
ue
d)

N
am

e
L
oc
us

ID
T
ra
ns
cr
ip
t
ID

Sc
af
fo
ld

lo
ca
tio

n
N
uc
le
ot
id
e

le
ng

th
(b
p,

fr
om

st
ar
t
to

st
op

co
do

ns
)

In
tr
on

no
.

E
ST

no
.

A
lte
rn
at
iv
e
sp
lic
in
g

C
om

m
en
t

C
D
S

G
en
e

R
cN

IP
4;
1

29
81

6.
t0
00

01
3

29
81

6.
m
00

06
76

29
81

6:
13

28
84

-1
30

42
6

81
0

14
25

4
0

–
M
is
an
no

ta
te
d

R
cN

IP
4;
2

28
82

7.
t0
00

00
2

28
82

7.
m
00

01
71

28
82

7:
15

56
8-
18

58
5

75
9

30
18

4
0

–
–

R
cN

IP
5;
1

30
06

8.
t0
00

13
0

30
06

8.
m
00

26
40

30
06

8:
79

22
30

-7
98

54
5

89
7

49
34

3
62

–
–

R
cN

IP
6;
1

29
58

8.
t0
00

01
5

29
58

8.
m
00

08
60

29
58

8:
10

98
96

-1
13

37
0

92
7

33
20

4
1

–
–

R
cN

IP
7;
1

29
84

4.
t0
00

17
6

29
84

4.
m
00

33
30

29
84

4:
99

38
74

-9
96

21
2

89
7

12
58

4
0

–
–

R
cX

IP
1;
1

28
92

9.
t0
00

00
3

28
92

9.
m
00

00
55

28
92

9:
27

05
9-
25

43
4

93
0

11
95

1
20

–
–

R
cX

IP
1;
2

28
84

6.
t0
00

00
1

28
84

6.
m
00

00
48

28
84

6:
52

67
-3
38

6
91

2
13

46
1

12
–

–

R
cX

IP
1;
3

28
84

6.
t0
00

00
2

28
84

6.
m
00

00
49

28
84

6:
38

15
7-
36

37
6

97
2

19
13

1
3

–
–

R
cX

IP
1;
4

28
92

9.
t0
00

00
2

28
92

9.
m
00

00
54

28
92

9:
16

87
0-
16

14
4

62
7

72
7

1
0

–
–

R
cX

IP
2;
1

28
74

7.
t0
00

00
1

28
74

7.
m
00

01
31

28
74

7:
54

56
8-
52

10
8

92
1

13
02

2
18

Y
es

M
is
an
no

ta
te
d

R
cX

IP
3;
1

28
74

7.
t0
00

00
1

28
74

7.
m
00

01
31

28
74

7:
44

45
9-
42

62
9

91
5

18
27

2
0

–
M
is
an
no

ta
te
d

R
cS
IP
1;
1

29
95

0.
t0
00

06
1

29
95

0.
m
00

11
77

29
95

0:
34

55
35

-3
39

80
6

72
0

48
22

2
4

–
–

R
cS
IP
1;
2

30
01

0.
t0
00

00
8

30
01

0.
m
00

06
58

30
01

0:
76

32
4-
74

30
4

70
5

70
5

0
0

–
–

R
cS
IP
1;
3

30
01

0.
t0
00

00
9

30
01

0.
m
00

06
59

30
01

0:
78

00
2-
76

76
5

72
0

72
0

0
0

–
–

R
cS
IP
2;
1

30
04

5.
t0
00

01
9

30
04

5.
m
00

04
87

30
04

5:
45

85
94

-4
54

22
3

72
3

39
62

2
0

–
–

8 Mining Gene Families in the Castor Bean Genome 141



helices was further supported by multiple align-
ment analysis with structure resolved Spinacia
oleracea PIP2;1 (SoPIP2;1) and Arabidopsis
thaliana TIP2;1 (AtTIP2;1) (Törnroth-Horsefield
et al. 2006; Kirscht et al. 2016). Subcellular
localization analysis indicated that RcPIPs (with
average pI value of 7.89), RcNIPs (with average
pI value of 8.44), RcSIPs (with average pI value
of 9.79), and RcXIPs (with average pI value of
7.44) are mainly localized in plasma membranes.
By contrast, RcTIPs (with average pI value of
5.63) are targeted to vacuoles (Zou et al. 2015b).

To learn more about the role of RcAQP genes
in castor bean, RNA-seq data of leaf, flower,
endosperm (II/III, V/VI), and seed were investi-
gated. The filtered reads were mapped to the
CDS of RcAQP and other protein-coding genes
using Bowtie 2 (Langmead and Salzberg 2012),
and the gene expression level was presented as
FPKM (fragments per kilobase of exon per mil-
lion fragments mapped) (Mortazavi et al. 2008).
Results showed that all 37 RcAQP genes were
expressed in at least one of the examined tissues
(i.e., 35 in flower, 34 in leaf, 33 in seed, 31 in

Fig. 8.2 Phylogenetic analysis of castor, Arabidopsis, and poplar AQPs (after Zou et al. 2015b)
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stage II/III endosperm, and 29 in stage V/VI
endosperm), although their transcript levels are
variable. Compared with other subfamilies,
expression of PIP and TIP subfamily members is
considerably higher. Several key RcAQP genes
were also identified in a certain tissue (Zou et al.
2015b). According to their expression patterns,
RcAQP genes can be grouped into two main
clusters: Cluster I includes genes that are highly
expressed in most tissues, whereas Cluster II
contains either genes that are expressed at low
levels or genes that show tissue-specific expres-
sion (Fig. 8.3).

Oocytes of Xenopus laevis (African clawed
frog) are commonly used for the evaluation of
solute transport activity by AQPs (Preston et al.
1992). A cRNA volume of up to 50 nL can be
injected in the oocyte, which allows production
of large amounts of foreign proteins. Water
transport activity of RcPIP1;1, RcPIP2;1, and
RcTIP1;1 was tested in X. laevis oocytes. In
these assays, RcPIP2;1 and RcTIP1;1 showed

high activity, whereas RcPIP1;1 exhibited swel-
ling rates indistinguishable from water-injected
oocytes. The spatial and temporal expression of
RcTIP1;1, RcPIP1;1, and RcPIP2;1 along the
hypocotyl’s axis was also investigated by in situ
hybridization/immunolocalization as well as
northern and western blots, and results showed
that the amount of the RcPIP2;1 correlated best
with the elongation activity of the etiolated
hypocotyl and that the hydraulic conductivity of
cortex cells is significantly higher in the elon-
gating region of the hypocotyl compared with the
non-elongating, mature region (Eisenbarth and
Weig 2005).

8.3 PLCP Gene Family

Proteases represent dozens of unrelated families,
mainly cysteine-, serine-, aspartic-, metallo-, and
threonine proteases, determining the fate of all
proteins (van der Hoorn 2008). In the MEROPS

Fig. 8.3 Tissue-specific
expression profiles of 37
RcAQP genes. Color scale
represents fragments per
kilobase of exon per million
fragments mapped (FPKM)
normalized log10 transformed
counts where green indicates
low expression and red
indicates high expression
(after Zou et al. 2015b)
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database, the collected proteases were subdivided
into 253 families of 61 clans based on catalytic
residues as well as evolutionary relationships
(Rawlings et al. 2016). Among them, clan CA,
which features a nucleophilic cysteine thiol in
their catalytic triad (i.e., Cys, His, and Asn),
contains families of peptidases that are known to
have structures similar to that of papain, a pro-
tease first discovered in papaya (Carica papaya)
(Drenth et al. 1968; Rawlings et al. 2016). The
most extensively studied papain-like cysteine
proteases (PLCPs) belong to the C1A subfamily
of C1 family, which also includes the C1B sub-
family. Compared with C1B, C1A subfamily
members contain disulfide bonds and are pro-
duced as pre-proproteases with a signal peptide,
an auto-inhibitory prodomain, and a similarly
sized mature protease domain (Beers et al. 2004).
The signal peptide ensures that the proprotease
enters the endomembrane system, whereas the
prodomain prevents premature activation of the
protease. Thereby, the protease precursors,
mainly folding in an a-helix domain and a
b-sheet domain, are usually inactive or weakly
active (Turk et al. 2001). To become active,
PLCPs need to be processed either by
self-proteolysis or with the aid of processing
enzymes, and the process depends on the pH, the
action of other proteases and protease inhibitors,
and the cellular or extracellular environment (van
der Hoorn 2008). In animals, PLCPs are often
called cathepsins, and plant PLCPs are classed as
cathepsin L-, B-, H-, or F-like based on their

sequence similarity to cathepsins. Furthermore,
the cathepsin L-like can be divided into five
phylogenetic subgroups (A–E) (Martínez and
Diaz 2008). More recently, 31 PLCPs in Ara-
bidopsis were classified into nine subfamilies as
shown in Table 8.4 (Richau et al. 2012). Among
them, the ALP subfamily members usually con-
tain a vacuolar-targeting motif NPIR at the N
terminus; the CEP subfamily members harbor a
C-terminal KDEL motif for retention in the
endoplasmic reticulum (ER); and most members
of the RD21 and XBCP3 subfamilies carry a
C-terminal extension with a proline-rich domain
followed by a granulin-like domain (Ahmed et al.
2000; Hierl et al. 2012; Richau et al. 2012).
PLCPs are encoded by a large gene family, and
growing evidence indicated that this family is
widely involved in plant growth and develop-
ment, seed germination, organ senescence,
immunity, and stress response (Lu et al. 2015;
Misas-Villamil et al. 2016; Zou et al. 2017a, b).

The survey of the castor bean genome resulted
in 26 PLCP genes, which is comparable to the 23
and 24 found in physic nut and grapevine, but
relatively less than 31, 40, 40, or 43 in Ara-
bidopsis, poplar, cassava, and rubber tree,
respectively (Zou et al. 2017a, 2018). The
RcPLCP genes are distributed across 16 scaf-
folds. Ten scaffolds contain a single
PLCP-encoding locus, while six encode more
than one: scaffold30170 (4), scaffold29646 (3),
scaffold29900 (3), scaffold30131 (2), scaf-
fold28962 (2), and scaffold29910 (2). Homology

Table 8.4 Subclassification of plant PLCP gene family

Subfamily Full name Name proposed by
Richau et al. (2012)

Name according to
Martínez and Diaz (2008)

CTB Cathepsin B-like CTB3-like B-like

ALP Aleurain-like protease ALP-like H-like

RD19 Responsive to dehydration 19 RD19A-like F-like

SAG12 Senescence-associated gene 12 SAG12-like L-like

THI – THI1-like L-like

XBCP3 Xylem bark cysteine peptidase 3 XBCP3-like L-like

XCP Xylem cysteine peptidase XCP2-like L-like

CEP Cysteine endopeptidase CEP1-like L-like

RD21 Responsive to dehydration 21 RD21A-like L-like
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searches showed that 13 RcPLCP genes matched
EST sequences in GenBank, and the expression
of other family members was supported by
available RNA-seq reads.

The predicted gene structure of RcPLCP genes
was manually revised. Alignment of mRNA
sequences to the RcPLCP-containing scaffolds
allowed the optimization of six gene models, and
10 genes (i.e., RcRD21A, RcCEP1, RcCEP2,
RcTHI1, RcSAG12H3, RcRD19A, RcRD19B,
RcRD19C, RcALP1, and RcCTB1) were shown to
have alternative splicing isoforms (Table 8.5).

Four RcPLCP gene pairs may have originated
by tandem duplications for their adjacent location
on the same scaffold and their high sequence
identity: 97.4% between RcSAG12H7 (29910.
t000015) and RcSAG12H8 (29910.t000014),
96.8% between RcSAG12H2 (28962.t000017)
and RcSAG12H3 (28962.t000018), 87.5%
between RcSAG12H4 (29646.t000033) and
RcSAG12H5 (29646.t000034), and 74.1%
between RcPAP1 (29900.t000078) and RcPAP2
(29900.t000077). However, whether RcPAP3 is
a proximal or dispersed duplicate of RcPAP1 and
RcPAP2 still needs to be confirmed, since the
25,878 assembled scaffolds have not been
anchored to the physical chromosomes (Chan
et al. 2010).

Sequence alignments between castor bean and
physic nut revealed significant syntenic or nearly
one-to-one orthologous relationship of PLCP
genes, allowing the anchoring of 25 of the 26
RcPLCP genes to eight physic nut chromosomes
(Fig. 8.4) and supporting a conserved genome
evolution between these two Euphorbiaceous
plants.

According to phylogenetic analysis, 26
RcPLCPs can be divided into nine subfamilies:
RD21, CEP, XCP, XBCP3, THI, SAG12, RD19,
ALP, and CTB, with three, two, two, two, one,
eleven, three, one, or one members, respectively
(Figs. 8.5 and 8.6). Most subfamilies can be
further divided into several groups, which is
consistent with the Best Reciprocal Hit (BRH)-
based BLAST analysis: RD21 includes three
groups (i.e., I, II, and III, corresponding to
OG-1a, OG-1b, or OG-1c, respectively); CEP

includes two groups (i.e., I and II, corresponding
to OG-2a or OG-2b, respectively); XCP includes
two groups (i.e., I and II, corresponding to
OG-3a or OG-3b, respectively); XBCP3 includes
two groups (i.e., I and II, corresponding to
OG-4a or OG-4b, respectively); THI includes
one group (corresponding to OG-5); SAG12
includes two groups, i.e., I (also known as PAP,
corresponding to OG-6e) and II (also known as
SAG12, corresponding to OG-6a, OG-6b,
OG-6c, and OG-6d); RD19 includes three groups
(i.e., I, II, and III, corresponding to OG-7a,
OG-7b, or OG-7c, respectively); ALP includes
one group (corresponding to OG-8); and CTB
includes one group (corresponding to OG-9)
(Table 8.5; Fig. 8.5). With its eight members, the
SAG12 subfamily seems to have been highly
expanded in castor bean relative to Arabidopsis,
which contains a single SAG12 group member.
On the other hand, castor bean was shown to
have lost one subgroup corresponding to OG-6a,
which is present in physic nut, rubber tree, cas-
sava, and other plant species (Zou et al. 2017b).
Interestingly, OG-2b, OG-4b, OG-6b, OG-6c,
and OG-6d were also shown to have lost in
Arabidopsis (Zou et al. 2018).

Analysis of exon–intron structure showed that
RcPLCP genes contain one to ten introns, which
is similar to what was observed in physic nut and
Arabidopsis. Although genes in different sub-
families show distinct exon–intron structures, the
structure is usually conserved within subfamily
members and also between orthologs across three
compared species (i.e., castor bean, physic nut,
and Arabidopsis): All genes in the ALP sub-
family contain seven introns; except for
AtSAG12 that contains two introns, other mem-
bers in subfamilies SAG12 and THI feature one
intron; most genes in subfamilies CEP, XCP and
RD19 contain three introns, whereas RcXCP1,
JcXCP1, AtCEP1, AtCEP2, AtCEP3, AtRD19A,
and AtRD19B contain two introns instead; genes
in the XBCP3 subfamily usually contain four
introns, while RcXBCP3 harbors five introns;
CTB subfamily genes contain ten introns with
the exception of AtCTB1, which has nine (Zou
et al. 2018).
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Transcriptional profiling revealed that 26
RcPLCP genes were expressed in at least one of
the examined tissues or developmental stages
(i.e., 20 in leaf, 23 in male flower, 19 in endo-
sperm II/III, 16 in endosperm V/VI, 21 in
developing seed, and 17 in germinating seed).
Though at variable levels, most RcPLCP genes
showed expression in all examined tissues.
RcCEP1 represents the most highly expressed
PLCP gene in endosperm II/III, endosperm V/VI,
developing seed, and germinating seed,
accounting for about 46, 41, 43, or 27% of the
total PLCP transcripts in each sample, respec-
tively. By contrast, its expression level in leaf
was very low. RcCEP2 showed comparable
expression level to that of RcCEP1 in endosperm
V/VI, but its expression level is lower in other

tissues. RcTHI1 represents the most expressed
gene among PLCP family members in flower,
while RcRD19B and RcRD21A represent two of
the most expressed genes in leaf, accounting for
about 29 or 25% of the total PLCP transcripts,
respectively. Nevertheless, the expression of
RcRD19B was not detected in endosperm V/VI.
RcSAG12H5, RcSAG12H6, and RcPAP1 seem to
be flower-specific, and RcPAP3 seems to be
leaf-specific (Fig. 8.7).

According to the expression pattern over vari-
ous tissues, 26 RcPLCP genes can be grouped into
four main clusters: Cluster I is predominantly
expressed in germinating seed, and it includes
RcCEP1, RcCEP2, RcRD21B, RcRD21A, RcRD
19A, RcALP1, RcCTB1, and RcXBCP3. Cluster II
is preferentially expressed in developing seed and

Fig. 8.4 Anchoring RcPLCP genes to eight physic nut
chromosomes. The chromosome serial number is indi-
cated at the top of each chromosome, and 25 RcPLCP
genes were shown just behind their collinear genes in

physic nut (where RcSAG12H4, RcSAG12H5, RcPAP1,
and RcPAP2 with no collinear genes in physic nut) (after
Zou et al. 2018)
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endosperm, and it is composed of RcRD19C,
RcSAG12H7, and RcSAG12H8. Cluster III is
mostly expressed in male flower, and it includes
RcTHI1, RcSAG12H1, RcSAG12H2, RcSAG
12H3, RcSAG12H4, RcSAG12H5, RcSAG12H6,
and RcPAP1. Cluster IV is typically expressed in
leaf and includes RcXCP1, RcXCP2, RcPAP2,
RcPAP3, RcRD21C, RcXBCP3L, and RcRD19B
(Fig. 8.7).

Moreover, RcCEP1 (also known as CysEP or
CysEP1) has been shown to be involved in
programmed cell death of castor endosperm

(Schmid et al. 1998, 1999). RcCEP1 is synthe-
sized as a pre-proenzyme and the pre-sequence is
removed in the endoplasmic reticulum (ER). In
germinating seeds, the 45 kDa proenzyme is
transported from the ER to the cytosol of
senescing endosperm cells within ER-derived
vesicles called ricinosomes. Disruption of vac-
uoles and subsequent acidification of rici-
nosomes cause activation of RcCEP1, with
cleavage of the N-terminal propeptide and the
C-terminal KDEL motif. The 35 kDa mature
protease degrades cell proteins such as

Fig. 8.5 Phylogenetic analysis of castor bean, physic nut, and Arabidopsis PLCPs (after Zou et al. 2018)
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Fig. 8.6 Distribution of castor bean, physic nut, and Arabidopsis PLCP family genes in subfamilies (after Zou et al.
2018)

Fig. 8.7 Tissue-specific
expression profiles of 26
RcPLCP genes. Color scale
represents FPKM normalized
log10 transformed counts
where green indicates low
expression and red indicates
high expression (after Zou
et al. 2018)
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glyoxysomal malate dehydrogenase precursor
and hydroxyproline (Hyp)-rich proteins (ex-
tensins) that form the basic scaffold of the plant
cell wall (Schmid et al. 2001; Than et al. 2004).

8.4 Lhc Supergene Family

Oxygenic photosynthesis, which converts light
energy into chemical energy, takes place in
photosystems I and II (PSI/II) of green plants,
algae as well as cyanobacteria. Each photosystem
is composed of a core complex and a peripheral
antennae system (i.e., LHCI/II, light-harvesting
complex of PSI/II) adjacent to the reaction cen-
ter. Light is captured by pigments such as
chlorophylls and carotenoids that bind to anten-
nae proteins (Croce and van Amerongen 2014;
Rochaix 2014). Nuclear-encoded antennae pro-
teins constitute the so-called light-harvesting
chlorophyll a/b-binding (Lhc) superfamily,
which was characterized by the presence of a
chlorophyll-binding domain in the transmem-
brane alpha-helix (Jansson 1999). Several dis-
tinct gene families have been described in this
superfamily, including chlorophyll a/b-binding
protein (CAB) or Lhc, photosystem II subunit S
(PsbS), light-harvesting-like protein (Lil),
ferrochelatase II (FCII), and red lineage chloro-
phyll a/b-binding-like protein (RedCAP) (Jans-
son 1999; Klimmek et al. 2006; Engelken et al.
2010). Among them, RedCAP, as the name
suggests, is confined to the red lineage (Engelken
et al. 2010). Lhc family proteins, featuring three
transmembrane alpha-helixes and mainly func-
tioning in light absorption and energy transfer to
reaction centers, form two evolutionary subfam-
ilies (i.e., Lhca and Lhcb) that are named for their
association with PSI or PSII, respectively. By
contrast, other families were shown to be
involved in stress protection (Jansson 1999;
Klimmek et al. 2006). In contrast to four
alpha-helixes present in PsbS proteins, one to
three helixes can be found in Lil proteins, which
is dependent on different subfamilies: One-helix

proteins (OHPs) include two distinct groups, i.e.,
OHP1/Lil2 and OHP2/Lil6; two helixes are pre-
sent in stress-enhanced protein (SEP), which
includes SEP1/Lil4, SEP2/Lil5, SEP3/Lil3,
SEP4, and SEP5; three helixes are present in
early light-induced protein (ELIP) or Lil1; a
partial chlorophyll-binding domain is present in
photosystem II protein 33 (Psb33) or Lil8.
Additionally, FCII also contains one
chlorophyll-binding domain as well as one fer-
rochelatase domain in higher plants (Engelken
et al. 2010). Tracing their origin suggested that
OHP is more primitive, which is more likely to
be derived from the plastid-encoded high
light-induced protein (HLIP) via gene transfer
after the primary endosymbiosis (Koziol et al.
2007; Engelken et al. 2010).

The search of the castor bean genome resulted
in 28 Lhc superfamily genes from 26 scaffolds,
and the gene number is comparable to 27 in
physic nut but relatively less than 34 in Ara-
bidopsis (Table 8.6). Although most scaffolds
encode a single Lhc superfamily gene, two of
them contain two, i.e., scaffold30005 (RcLhca3
and RcLhcb1.2) and scaffold30170 (RcLhca5 and
RcLhcb7). The expression of these genes was all
supported by ESTs and/or RNA-seq reads, which
allowed the optimization of two gene models,
i.e., RcSEP1 and RcSEP5 (Table 8.6; Fig. 8.8).

Based on optimized gene models, the intron
number of RcLhc superfamily genes was shown
to vary from zero to nine. The average length of
CDS is about 765 bp, ranging from 348 to
1533 bp. By contrast, the gene length (from start
to stop codons) is more variable, with the average
of 1694 bp and the ranging from 576 to 7944 bp
(Fig. 8.8). The deduced proteins were shown to
consist of 115–510 amino acids, and the pre-
dicted length of transit peptide (TP) varies from
30 to 97 residues (Table 8.6).

According to BRH-based homologous analy-
sis, the majority of RcLhc superfamily genes
were shown to have orthologs in physic nut and
Arabidopsis, and nearly one-to-one orthologous
relationship was observed between castor bean
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and physic nut. By contrast, the orthologous
relationship between castor bean and Arabidop-
sis was shown to be relatively complex, includ-
ing one-to-one, one-to-two, one-to-three, and
two-to-five. The result was further supported by
synteny analysis: Among ten duplicates found in
Arabidopsis, four are more likely to be derived
from tandem duplication, five from the a WGD,
and one from the c WGD (i.e., AtLhcb8); in
physic nut, one duplicate may be resulted from
tandem duplication and two from the c WGD
(i.e., JcLhcb8 and JcSEP6); in castor bean, one
duplicate may originate by dispersed duplication
and three from the c WGD (i.e., RcLhcb1.3,
JcLhcb8, and JcSEP6). It is worth mentioning
that no ortholog was found for RcSEP6 in Ara-
bidopsis, and for RcLhcb1.3 in both physic nut
and Arabidopsis. RcLhcb1.2, which may origi-
nate by dispersed duplication, is located on
scaffold30005 together with RcLhca3. However,
no collinear gene was found for RcLhcb1.2 in
physic nut (Fig. 8.9). Based on these results, 28
RcLhc superfamily genes were assigned to 26
orthologous groups (OGs) representing four gene
families (i.e., Lhc, PsbS, Lil, and FCII)
(Table 8.6), and these OGs served as a basis for
gene expansion in core eudicots and other
lineages.

According to transcriptional profiling, RcLhc
superfamily genes were shown to be expressed in
at least one of five examined tissues (i.e., leaf,
male flower, endosperm II/III, endosperm V/VI,
and germinating seed), though their transcript
levels are highly variable. Except for RcSEP6
that is predominantly expressed in germinating
seed, other genes are preferentially expressed in
leaf, where the total transcripts were about 64-,
90-, 198-, or 365-folds than that in male flower,
germinating seed, endosperm II/III, and endo-
sperm V/VI, respectively. Several key members
were also identified in a certain tissue: RcLhcb1.2
represents the most highly expressed gene among
RcLhc superfamily members in leaf and male
flower; RcSEP6 represents the most expressed
gene in germinating seed; RcSEP3 represents the
most expressed gene in endosperm II/III and
endosperm V/VI (Fig. 8.10).
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Fig. 8.8 Exon–intron structures of 28 RcLhc superfamily genes. Graphic representation of the gene structures was
displayed using GSDS (http://gsds.cbi.pku.edu.cn/)

Fig. 8.9 Anchoring RcLhc superfamily genes to nine
physic nut chromosomes. The chromosome serial number
is indicated at the top of each chromosome, and 27 RcLhc

superfamily genes were shown just behind their collinear
genes in physic nut (where RcLhcb1.2 with no collinear
gene in physic nut)
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8.5 WRKY Transcription Factor
Gene Family

WRKY transcription factors, defined by the
presence of the conserved WRKY domain of
approximate 60 amino acids, play an essential
regulatory role in plant growth, development,
metabolism, and biotic and abiotic stress
responses (Rushton et al. 2010; Chen et al. 2012;
Schluttenhofer and Yuan 2015). Since the first
WRKY gene was isolated from sweet potato
(Ipomoea batatas), homologs have been identi-
fied in a wide range of plants and several
non-plant species, including some diplomonads,
social amoebae and other amoebozoa, and fungi
such as incertae sedis. Genome-wide surveys
revealed that the WRKY gene family in vascular
plants has been shown to be highly expanded and
diversified relative to non-vascular plants or
other kingdoms (Zhang and Wang 2005; Riner-
son et al. 2015). WRKY proteins contain one or

two WRKY domains, comprising the highly
conserved WRKYGQK heptapeptide at the
N-termini and a zinc finger motif (CX4–7CX22–

23HXH/C) at C-termini. These two motifs are
vital for high-affinity binding to a cis-acting
element termed W box (TTGACT/C) (Eulgem
et al. 2000) which is present in the regulatory
regions of target genes. According to the number
of WRKY domains and the features of their zinc
finger motifs, WRKY proteins can be categorized
into three main groups. Group I members contain
two WRKY domains and feature the zinc finger
motif of C2H2. Group II contains a single WRKY
domain and a C2H2 zinc finger, and Group III
possesses a single WRKY domain and a C2HC
zinc finger motif. Based on the presence of cer-
tain amino acid motifs outside the WRKY
domain, Group II can be further divided into five
subgroups (IIa to IIe), where distinct intron
location was found among different subgroups
(Eulgem et al. 2000). Subgroups IIc, IId, and IIe
contain a conserved PR intron located after the

Fig. 8.10 Tissue-specific
expression profiles of 28
JcLhc superfamily genes.
Color scale represents FPKM
normalized log10 transformed
counts where green indicates
low expression and red
indicates high expression
(after Zou et al. 2013)
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codon encoding arginine of the N-terminal to the
zinc finger motif, which is also found Group III
and the C-terminal WRKY domain of Group I.
By contrast, subgroups IIa and IIb feature a VQR
intron in the zinc finger motif (Eulgem et al.
2000; Rinerson et al. 2015).

A search of the castor bean genome identified
58 WRKY family genes that are distributed
across 41 scaffolds (Zou et al. 2016b), and the
family number is comparable to 58 found in
physic nut and 59 described in grapevine (Xiong
et al. 2013; Guo et al. 2014). Arabidopsis and
poplar, on the other hand, showed a higher
number of family members (72 and 105,
respectively) (Eulgem et al. 2000; He et al.
2012). The expression of RcWRKY genes was
all supported by available mRNA sequences,
which allowed optimization of 20 out of the 57
predicted WRKY gene models. Moreover, one
additional locus encoding 117 residues was
identified in scaffold28842 (Table 8.7).

Eleven RcWRKY genes belong to Group I as
they contain the N-terminal motif Cx4Cx22–
23HxH and C-terminal Cx4Cx23HxH. Thirty-nine
were classified as Group II with a zinc finger
motif of the typical Cx4–5Cx23HxH, and eight
correspond to Group III with the motif
Cx7Cx23HxC. RcWRKY genes in Group II could
be further divided into subgroup IIa, IIb, IIc, IId,
and IIe, with 3, 8, 16, 6, and 6 members,
respectively (Figs. 8.11 and 8.12).

A significant level of syntenic relation and a
nearly one-to-one orthologous relationship were
observed between castor bean and physic nut
WRKY genes. Albeit, castor bean contains one
more Group III member that was probably
derived from proximal duplication (i.e.
RcWRKY55 and RcWRKY56, separated by 39
genes), and lacks an ortholog of JcWRKY25.
Moreover, RcWRKY29 does not have the second
intron observed in JcWRKY28 (Zou et al. 2016b).

Most RcWRKY proteins were shown to har-
bor the conserved heptapeptide WRKYGQK
(Fig. 8.11). However, three family members (i.e.
RcWRKY12, RcWRKY13, and RcWRKY14)
showed the WRKYGKK variety as seen in
physic nut, Arabidopsis, and other plant species.

A conserved leucine zipper motif, which is
involved in protein dimerization and DNA
binding, was found in RcWRKY29 and
RcWRKY33. A HARF motif was found in three
subgroup IId members (i.e. RcWRKY39,
RcWRKY41, and RcWRKY43). The active
repressor motif LxLxLx was found in two sub-
group IIa members (i.e. RcWRKY28 and
RcWRKY30) and four subgroup IIb members
(i.e. RcWRKY35, RcWRKY36, RcWRKY37,
and RcWRKY38). Additionally,
subgroup-specific motifs were also identified by
using MEME (Fig. 8.13).

The expression profiles of RcWRKY genes
were analyzed by RNA-seq and quantitative
reverse transcriptase PCR (qRT-PCR) (Li et al.
2012a; Zou et al. 2016b). Expression of all
RcWRKY genes was detected in at least one of
the examined tissues (55 in leaf, 51 in male
flower, 51 in endosperm, and 51 in seed).
According to the FPKM analysis, total transcripts
of the whole family were relatively lower in
endosperm than that in the other three tissues
analyzed, and the total transcripts in stage II/III
endosperm were twofold higher than that in stage
V/VI endosperm (Fig. 8.14). Among the 24
genes that showed differential expression
between the two endosperm developmental
stages, 23 were down-regulated and only one
was up-regulated in stage V/VI endosperm,
suggesting regulatory roles in early endosperm
development.

In vivo experiment showed that endogenous
abscisic acid (ABA) levels are closely associated
with storage material accumulation in developing
castor bean seeds (Chandrasekaran and Liu
2014). In vitro, exogenous ABA also enhanced
the dry weight (including the accumulation of
soluble sugar and total lipid content) of devel-
oping seeds cultured in a nutrient medium
(Chandrasekaran et al. 2014). After the applica-
tion of 10 lM ABA for 24 h, differential gene
expression analysis indicated that 2568 genes
were up- or down-regulated at least two folds
(Chandrasekaran et al. 2014), which include 13
out of the 58 RcWRKY genes (Fig. 8.15). Among
them, eleven (four Group I members, two
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subgroup IId members, one subgroup IIa mem-
ber, one subgroup IIb member, one subgroup IIc
member, one subgroup IIe member, and one
Group III member) were significantly
up-regulated, whereas only two (one subgroup
IIe member and one Group III member) were
down-regulated. RcWRKY41, the most
up-regulated gene (more than 250-folds)
(Fig. 8.15), was highly expressed in germinating
seed, leaf, and male flower (Fig. 8.14), which is
consistent with its high representative in Gen-
bank EST database (Table 8.7); its ortholog
AtWRKY11 in Arabidopsis was constitutively
expressed and acts as negative regulators of basal
resistance to Pseudomonas syringae
(Journot-Catalino et al. 2006). RcWRKY28, the
second highly up-regulated gene (more than
15-folds) (Table 8.7), was expressed more in
male flower and germinating seed than in leaf
and endosperm, though its expression level was
considerably lower in stage V/VI endosperm as
compared to stage II/III (Fig. 8.14); AtWRKY40,
its ortholog in Arabidopsis, was also induced by
ABA and acts as a transcriptional repressor in
ABA signaling and abiotic stress but a positive
regulator in effector-triggered immunity (Shang
et al. 2010; Pandey et al. 2010; Schön et al. 2013;
Van Aken et al. 2013; Liu et al. 2013).
RcWRKY17, a Group IIc member preferring to
express in male flower, female flower, and ger-
minating seeds, was up-regulated for more than
nine folds upon the ABA application (Fig. 8.14);
its ortholog AtWRKY75 in Arabidopsis was
shown to response to phosphate starvation, water
deprivation, ethylene stimulus, and biotic stress,
and participate in lateral root development, leaf
senescence, and galactolipid biosynthesis
(Devaiah et al. 2007; Encinas-Villarejo et al.
2009; Li et al. 2012b; Chen et al. 2013).
RcWRKY45, a Group IIe member preferring to
express in germinating seeds and fruits at
50 days post-anthesis (Li et al. 2012a), was
up-regulated for more than sevenfolds by ABA;
AtWRKY22, its ortholog in Arabidopsis, was
involved in dark-induced leaf senescence and
submergence-mediated immunity (Zhou et al.
2011; Hsu et al. 2013). These results suggested a
potential role of RcWRKYs in ABA signaling.Ta
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Fig. 8.11 Comparison of WRKY domain sequences of
58 RcWRKY proteins. WRKY∙∙N/C represents the N or
C-terminal WRKY domain of Group I members, respec-
tively. Conserved amino acid residues are shown in gray,
and the highly conserved WRKYGQ/KK heptapeptide

and C2H2/C and residues are indicated by “*”. The four
b-strands are indicated by right arrows. For each (sub)-
group, the position of a conserved intron is indicated by a
down arrow (after Zou et al. 2016b)
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8.6 Dof Transcription Factor Gene
Family

DNA binding with one finger (Dof) transcription
factors, defined by the presence of the Dof
domain, comprises a plant-specific family and
plays diverse roles in gene regulation of many

plant processes such as light-mediated regula-
tion, vascular system development, flowering
control, flower abscission, pollen development,
endosperm development, seed development and
germination, carbon and nitrogen metabolism,
and hormone and stress responses (Yanagisawa
2002; Noguero et al. 2013; Gupta et al. 2015;
Zou et al. 2019c). The highly conserved Dof

Fig. 8.12 Phylogenetic analysis of castor, physic nut,
and Arabidopsis WRKY proteins. The WRKY domains
(WRKY∙∙N/C representing the N- and C-termini of
Group I members, respectively) extracted from deduced
amino acid sequences were aligned using MUSCLE. The
phylogenetic tree was constructed using the bootstrap

neighbor-joining tree (1000 replicates) method imple-
mented in MEGA6, where DdWRKY1C was used as
outgroup. The distance scale denotes the number of amino
acid substitutions per site. The name of each (sub)group is
indicated next to the corresponding group (after Zou et al.
2016b)
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domain, which includes approximately 52 amino
acids with a C2C2 zinc finger structure, is usually
located at the N terminus and is essential for
specific binding to the consensus cis-acting ele-
ment (5′-T/AAAAG-3′) as well as interacting
with other proteins such as Ocs element binding
factor (OBF) and TEOSINTE BRANCHED1,
CYCLOIDEA, and PROLIFERATING CELL
NUCLEAR ANTIGEN FACTOR 1 and 2

transcription factor 14 (TCP14) (Yanagisawa and
Schmidt 1999; Rueda-Romero et al. 2012; Gupta
et al. 2015). Additionally, Dof proteins also
contain a bipartite nuclear localization signal
(NLS) that partially overlaps with the Dof
domain, and a C-terminal transcriptional activa-
tion domain (Yanagisawa 2002; Krebs et al.
2010). By contrast, the C-terminal region of Dof
proteins is highly variable. Since the first Dof

Fig. 8.13 Structural and phylogenetic analysis of
RcWRKY proteins. a Unrooted phylogenetic tree con-
structed with full-length RcWRKY proteins and MEGA6.

b Distribution of conserved motifs among WRKY
proteins (motifs are color-coded, as indicated at the
bottom of the figure) (after Zou et al. 2016b)
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Fig. 8.14 Tissue-specific
expression profiles of
RcWRKY genes. Color scale
represents FPKM normalized
log10 transformed counts
where green indicates low
expression and red indicates
high expression (after Zou
et al. 2016b)

Fig. 8.15 RcWRKY genes associated with ABA
response. Developing seeds cultured in vitro were treated
with 0 or 10 lM ABA, and samples were collected after

the application of 24 h. Differentially expressed genes
were identified using Illumina RNA-seq (after Zou et al.
2016b)
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gene (ZmDof1) was isolated from maize, homo-
logs have been identified in a wide range of plant
species. The Dof gene family has been vastly
expanded in terrestrial plants relative to most
algae, which contain a single Dof gene
(Lijavetzky et al. 2003; Moreno-Risueno et al.
2007; Ma et al. 2015).

A survey of the automatic annotation of the
castor bean genome identified 21 Dof genes (Jin
et al. 2014a, b). However, the manual revision
revealed a total of 24 RcDof genes and their
expression was all supported by available ESTs
and/or RNA-seq reads (Zou et al. 2019c). Fur-
thermore, nine out of the computationally pre-
dicted gene models could be optimized
(Table 8.8). The 24 RcDof genes are distributed
across 21 scaffolds, most of which contain a single
Dof gene, whereas scaffold30138, scaffold30190,
and scaffold29676 harbor two. Synteny analysis
allowed the anchoring of 23 RcDof genes to nine
physic nut chromosomes (Fig. 8.16), providing
further support of their functionality.

The number of Dof family genes in castor
bean is comparable to 25 identified in physic nut
and somewhat lower than 30, 36, 41, 45, and 76

found in rice, Arabidopsis, poplar, cassava, or
Chinese cabbage, respectively (Lijavetzky et al.
2003; Yang et al. 2006; Ma et al. 2015; Zou et al.
2019b). As observed in other plants, RcDof
genes contain a single intron or are intronless. All
deduced protein sequences were shown to harbor
a single Dof domain with the Cx2Cx21Cx2C zinc
finger pattern and were predicted to contain a
nuclear localization signal by using CELLO
(http://cello.life.nctu.edu.tw/) (Fig. 8.17).

In rice, Arabidopsis, poplar, and Chinese
cabbage, Dof proteins have been phylogeneti-
cally classified into four subfamilies (i.e. A, B, C,
and D), and subfamilies B, C, and D can be
further subdivided into several groups (i.e., B1
and B2; C1, C2.1, and C2.2; D1 and D2)
(Lijavetzky et al. 2003; Ma et al. 2015). RcDof
genes can be divided into nine groups repre-
senting four described subfamilies. Groups I, II,
IV, V, VII, VIII, and IX correspond to D1, D2,
A, C2.2, C1, C2.1, or B1, respectively, whereas
Groups III and VI correspond to B2 as described
before (Lijavetzky et al. 2003). In fact, the pro-
posed classification is supported by exon–intron
structures and conserved motifs. Groups II–V

Fig. 8.16 Anchoring RcDof genes to nine physic nut
chromosomes. Chromosome serial numbers are indicated
at the top of each chromosome, and 23 RcDof genes are

shown just next to their collinear genes in physic nut
(after Zou et al. 2019c)
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usually contain no intron, whereas Groups I, VI,
VII, VIII, and IX feature one intron with the
exception of RcDof16. Since the ortholog of
RcDof16 in physic nut (JcDof3.3) does not
contain an intron either, Group VII can be sub-
divided into two subgroups. Group IV can also
be subdivided into two subgroups (I and II)
based on conserved motifs. Compared with
subgroup II (including RcDof11 and JcDof5.3),
subgroup I (including RcDof11 and JcDof2.1)
contains one more motif (Motif 10) (Fig. 8.18).

When using FPKM to represent gene
expression levels, transcriptional profiling
revealed that the total transcripts of RcDof family
genes are most abundant in leaf (Class I); fol-
lowed by male flower and developing seed (Class
II); moderate in endosperm I/III and germinating
seed (Class III); and relatively low in endosperm
V/VI (Class IV). Classes II, III, and IV accounted

for 79.3–79.4, 38.2–56.0, and 13.7% of Class I,
respectively. According to their expression pat-
terns, RcDof genes can be grouped into seven
main clusters: Cluster I is preferentially expres-
sed in germinating seed, including RcDof04 and
RcDof12, which were also shown to be highly
expressed in male flower and endosperm I/III,
respectively. Cluster II is mostly expressed in
developing seed, including RcDof21, RcDof08,
RcDof11, RcDof16, and RcDof20. Cluster III
shows expression in endosperm I/III, including
RcDof07, RcDof19, RcDof06, and RcDof18.
RcDof19, RcDof06, and RcDof18 also showed
high expression in developing seed. Cluster IV
contains RcDof13 and RcDof05 that are prefer-
entially expressed in male flower. Cluster V
comprises RcDof03, RcDof01, and RcDof09 that
are preferentially expressed in leaf and male
flower. RcDof10, RcDof22, and RcDof23

Fig. 8.17 Dof domain sequence alignment of 24 RcDof
proteins. The four cysteine residues putatively responsible
of the zinc finger structure are indicated. Identical and

similar amino acids are highlighted in black or dark gray,
respectively (after Zou et al. 2019c)
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compose Cluster VI, showing expression in leaf
and developing seed. Cluster VII is expressed in
leaf and includes RcDof24, RcDof02, RcDof15,
and RcDof17 (Fig. 8.19).

Studies have shown that Dof genes are widely
participated in ABA and GA (gibberellic acid) sig-
nal pathways (Gualberti et al. 2002; Moreno-
Risueno et al. 2007; Gabriele et al. 2010), imply-
ing that the functions of Dof genes might be medi-
ated by ABA and GA signals. To dissect the
possible involvement of RcDof genes in the regu-
lation of hormone responses, the expression levels
of RcDof genes were investigated in response to
ABA and GA treatments, respectively. Semi-
quantitative RT-PCR analysis of three-leaf stage

seedlings revealed that 18 RcDof geneswere highly
regulated in leaves after application of 100 lM
ABA or GA for 40 h: 13 genes including RcDof08
were up-regulated, and two genes were down-
regulated by ABA; seven genes were up-regulated,
and five genes were down-regulated by GA; seven
GA-inducible genes were also up-regulated by
ABA;however,RcDof15wasup-regulated byABA
but down-regulated by GA (Jin et al. 2014a, b). In
developing seeds cultured in vivo, three genes
(RcDof01, RcDof08, and RcDof18) were signifi-
cantly up-regulatedafter applicationof 10 lMABA
for 24 h (Chandrasekaran et al. 2014) (Fig. 8.20).
ABA-inducible expression of RcDof08 in both leaf
and seed implies its key role in ABA signaling.

Fig. 8.18 Structural and phylogenetic analysis of physic
nut and castor bean Dof genes. a Unrooted phylogenetic
tree was constructed using full-length Dof proteins with
MEGA6. b Graphic representation of exon–intron

structures was displayed using GSDS (http://gsds.cbi.
pku.edu.cn/). c Distribution of conserved motifs among
Dof proteins (motifs are color-coded, as indicated at the
bottom of the figure) (after Zou et al. 2019c)
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8.7 Concluding Remarks
and Future Prospects

WGD results in polyploidy, which is an impor-
tant evolutionary mechanism for generation of
new genes. The growing number of sequenced
plant genomes has showed that WGD is wide-
spread. More than 30 WGD events have been
described in different plant lineages, including
the ancient c event in core eudicots as well as the
so-called s event in monocots (Jiao et al. 2014;
Vanneste et al. 2014; Ren et al. 2018). Moreover,
two representative model plants, Arabidopsis and
rice, experienced two recent whole-genome
doubling events, followed by massive gene los-
ses and chromosomal rearrangements (Bowers
et al. 2003). By contrast, no additional WGD and
limited gene loss occurred in castor bean after the
c event. From this perspective, mining gene

Fig. 8.19 Tissue-specific
expression profiles of RcDof
genes. Color scale represents
FPKM normalized log10
transformed counts where
green indicates low
expression and red indicates
high expression (after Zou
et al. 2019c)

Fig. 8.20 RcDof genes associated with ABA response in
developing seeds cultured in vivo. Developing seeds
cultured in vitro were treated with 0 or 10 lM ABA, and
samples were collected after the application of 24 h.
Differentially expressed genes were identified using
Illumina RNA-seq (after Zou et al. 2019c)
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families in castor bean will improve our under-
standing of lineage-specific gene expansion and
evolution in higher plants, especially in core
eudicots. In order to advance our knowledge of
castor bean gene families, additional and
improved genomic resources are needed. The
castor bean genome sequence assembly is cur-
rently fragmented in 25,763 scaffolds with an
N50 (a measure of a set of scaffold lengths,
which was defined as the shortest sequence
length at 50% of the genome) of
21,409 bp. Efforts to construct a high-density
genetic map are ongoing. Additional sequence
data, including those produced with new
sequencing platforms that generate contiguous
sequence reads up to tens of kbp-long, will lar-
gely improve the castor bean genome sequence
and will facilitate the anchoring of sequence
assemblies to the physical chromosomes.

Genome annotation could also be improved
with additional transcriptomic analyses of mul-
tiple tissues, developmental stages, and environ-
mental conditions.

Finally, functional analysis of genes identified
in the genome would be dramatically accelerated
with the construction of mutant collections and
the development of efficient genetic transforma-
tion platforms.
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9Sexual Reproduction in Castor Bean

Meilian Tan, Lei Wang and Xingchu Yan

Abstract
Castor bean (Ricinus communis L.) is an
important industrial oilseed crop with diverse
sex patterns. Understanding the genetics and
genomics of castor bean sexual reproduction is
valuable for both its breeding and sex-
determination researches. Here, we described
the biology of flowering habit, sex forms, and
sex variations in castor bean. Castor plant
grows to raceme–cyme inflorescence and has
the potential to be an ever-flowering perennial,
it is normally monoecious raceme, but other
inflorescence patterns such as pistillate, male,
and intersperse also can be observed. A sim-
plified overview on wide variation of sex
tendency and variegation phenomenon in sex
expression was given, and the factors affected
sex expression were also summarized. More-
over, sex inheritance was also generalized, and
the genes underlying or involved in the
monocism, female, interspersed staminate
flowers, and terminal hermaphroditism were
mentioned. We reviewed the genetic variation
of the replication for pistillate plant by the
combination of tissue culture, molecular mark-

ers, and conventional breeding. It was showed
that pistillate somaclones with high percentage
of pistillate plants were obtained, and allelic
differences were discovered among individuals
of somaclonal populations with instable sex
expression. Some genes associated with sex
expression and reproduction, hormone
response, transcription regulation and signal
transduction, have also been identified by
digital gene expression (DGE) analysis. This
overview provided some information and
valuable hints for insights into the molecular
mechanism of sex determination.

9.1 Introduction

Sexual reproduction facilitates the long-term
survival and adaptation of a species, and it is
used for genetic improvement of economically
important plants. Thus, basic understanding of
the genetics and genomics of plant sexual
reproduction will be valuable for both
crop-breeding and sex-determination researches.
Cross-pollination is a common reproduction
mechanism in most species of flowering plants,
and this type of sexual reproduction prevents the
negative effects of inbreeding by promoting
heterozygosity, genetic variability, and genetic
exchange (Dellaporta and Calderon-Urrea 1993).
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Different modes of sexuality are observed in
plants, and it can be classified at the level of
individual flowers, individual plants, and plant
populations (Dellaporta and Calderon-Urrea
1993).

Castor bean (Ricinus communis L.), as a ver-
satile industrial oilseed crop, belongs to the
Euphorbiaceae family with diverse sex patterns
(Anjani 2012). Its sexuality changes occur
occasionally in the individuals, especially in the
female plants (Shifriss 1956). Hybrid breeding of
castor bean for improved yield and oil purity is
constrained by the genetic instability of female
plants and the lack of in-depth knowledge of
castor bean sexual reproduction (Tan et al. 2016).
This chapter provides an introduction to sexual
reproduction in castor bean from a genetics and
genomics perspective.

9.2 The Biology of Sexual
Reproduction in Castor Bean

9.2.1 Growth and Flowering Habit

Castor plant has the potential to be an
ever-flowering perennial, but it can grow as an

indeterminate annual or perennial depending on
climate and soil types in the tropical, subtropical,
and warm-temperate regions (Anjani 2012). After
germination, the plant is composed by amain stem
and all subsequently developed lateral shoots,
which terminate in a floral cluster (Shifriss 1956).
New shoots can grow from almost all the nodes,
but occasionally, branching occurs only after the
primary raceme (“raceme” represents “inflores-
cence”, “primary raceme” means “the inflores-
cence that grows at the top of the main stem.”) has
appeared at themain apex. Thenumber of nodes on
the main stem varies widely with different vari-
eties, from 6 to over 90 (Shifriss 1960), and which
usually determine the plant height and bloom time.
It was reported that a single individual of an early
variety bearing over 200 inflorescences was found
under favorable conditions (Shifriss 1956).

The inflorescence of castor bean plant is
raceme–cyme and potentially ever-flowering.
Usually, the plant of common varieties is
monoecious bearing the racemose inflorescences
(George and Shifriss 1967). The raceme is
composed of the central axis and alternate bran-
ches bearing unisexual flowers. Staminate flow-
ers are on the base and middle of raceme and
female flowers on the upper part (Fig. 9.1a). Sex

Fig. 9.1 Sexual pattern of racemes and sex forms in
Ricinus. a Gradient monoecism (pistillate flowers on the
apical distribution); b strictly pistillate inflorescence;
c monoecious raceme with interspersed staminate flowers

in the middle and apical region; d entirely interspersed
(pistillate raceme with uniformly interspersed staminate
flowers); e strictly male inflorescence (the flowers bear in
the raceme are staminate flowers)
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tendency of castor bean is represented by the
ratio between pistillate and staminate flowers in
the racemes. Higher or lower ratios can reveal
variety’s stronger female or stronger male ten-
dencies, which depending on castor races (Shi-
friss 1956). Castor bean is wind-pollinated, but
insect pollination by bees or flies has also been
observed.

9.2.2 Sex Forms

The castor bean plant is normally monoecious
(Fig. 9.1a), and wide diversity of inflorescence
patterns can be observed in natural castor bean
varieties. Its racemes include strictly pistillate
(Fig. 9.1b, bearing only female flowers), male
(Fig. 9.1e, only staminate flowers), apically
interspersed (Fig. 9.1c, monoecism with inter-
spersed male flowers in the apical pistillate
region), and entirely interspersed (Fig. 9.1d,
female and male flowers uniformly interspersed)
(George and Shifriss 1967). In addition,
inflorescence settings with one or a few her-
maphrodite flowers occasionally occur (Jacob
1963). Correspondingly, individual castor bean
plants show several sex modes, including normal
monoecism, sex reversal, interspersed, and
strictly female (Shifriss 1956; Jacob and Atsmon
1965; George and Shifriss 1967).

9.2.3 Sex Variation

Changes in sex expression occur in individuals of
some plant species, including castor bean.
Previous reports described a wide variation in
sex tendency of inflorescences and individuals in
castor bean, including strictly pistillate,
sex-reversals and strictly male. The first report of
a female castor bean plant was published in India
in the 18th century (Roxburgh 1874), and wide
variation in sex tendency of castor bean was
reported much later (Joshi 1926; Katayama
1948). Shortly after, Shifriss (1956, 1960) and
coworkers (George and Shifriss 1967) explained
the variegation phenomenon in sex expression of
castor bean. They found that sex-reversion was

common in cultivated populations, and most of
these changes were often attributed to momen-
tary non-hereditary variations, although similar
changes may be associated with hereditary
instability (Shifriss 1956, 1960; George and
Shifriss 1967). Here, we discussed the sex vari-
ation in castor bean and the factors that affect the
sex expression.

Female racemes (especially primary pistillate
racemes) and female individuals, can be found in
castor bean fields, but most of them were proved
to be spontaneous sex-reversals, because their
following inflorescences were prone to revert
into normal monoecious racemes. After investi-
gating a mass of castor bean population in dif-
ferent areas, Shifriss (1956) found that the
frequency of occurrence of sex-reversals among
castor bean varieties ranged from 1:400 to
1:16,400, and the frequency is relatively higher
in selected varieties and open-pollinated popu-
lations, than that in recently bred monoecious
plant lines. He speculated that the causes of
sex-reversion are both environmental and genetic
(Shifriss 1956, 1961). However, as the majority
of the observed spontaneous sex-reversals
showed genetic instability, Shifriss considered
that the occurrence of sex-reversion in castor
bean is mostly due to genetic factors.

Sex expression of castor bean is mostly
affected by light (Heslop-Harrison 1957), and
other factors such as nutrient availability, tem-
perature, humidity, developmental stage, as well
as agricultural practices (e.g., sowing time and
pruning), also play a role in sex tendency (Shi-
friss 1956). Female tendency is relatively strong
in young plants (especially in primary racemes)
under moderate temperature, moderate vegetative
growth, and high concentrations of nutrients.
Severe pruning of well-grown plants also pro-
motes female tendency. In contrast, male ten-
dency is stronger in old stocks or branch racemes
that develop at later stages, and extreme tem-
peratures, high vegetative growth and low con-
centrations of nutrients are favorable to male
tendency. Furthermore, sex tendency also
responds to seasonal variations, femaleness is
strongest in spring and early summer, and strong
male tendency is manifested during mid- and late

9 Sexual Reproduction in Castor Bean 177



summer and winter for some castor bean varieties
in Israel. Basing on sex tendency response to
seasonal variations, a female inbred (“Nebraska”)
of castor bean was established, which showed
strictly pistillate in spring and early summer.

As in other plant species, sex expression or
tendency in castor bean is also affected by vari-
ous plant growth regulators (Shifriss 1961; Tan
et al. 2011, 2016). It has been reported that
spraying a monoecious castor bean inbred with
gibberellic acid (GA) can markedly increase
female tendency (Shifriss 1961), auxin-like
compounds was also shown to cause feminiza-
tion of castor bean. The process of sex tendency
can also be influenced by kinetin and morphactin
(Kumar and Rao 1981), and it is shown that
morphactin can increase male tendency in castor
bean (Rkey 1978; Varkey and Nigam 1982),
while daminozide can promote femaleness
(Chauhan et al. 1987). It has also been shown
that castor bean’s flowering response to hor-
mones may be different to other plants. For
example, ethylene and ethylene-like substances
(NIA 10637) result in maleness in castor bean,
and can change female flowers into male ones in
castor monoecious plants (Philipos and Nar-
ayanaswamy 1976), which is different from the
observed response to these hormones in cucum-
ber (Trebitsh et al. 1987; Tan et al. 2016).

9.3 Sex Inheritance in Castor Bean

In castor bean, gene F (for monoecism), control
sex variants (genetically stable) ranging from
female (f) to strongly male inbreds. Male ten-
dency, sex-reversion, and sex instability could be
affected by mutation of F or by an unknown
factor that suppresses F. Monoecism is governed
by qualitative genes that determine flower type,
and genes that regulate gradient differentiation
and sex tendency. In addition, gene modifiers
such as id (interspersed staminate flowers) and th
(terminal hermaphroditism) were also thought to
affect sex differentiation. More evidences
revealed that femaleness transmits more effec-
tively to progeny, through female inflorescences
of sex-reversal plants than that through

monoecious racemes of the same plant (Shifriss
1956, 1960; Jacob and Atsmon 1965). The
interspersed pattern of sex differentiation is
determined by genes for femaleness and id genes,
and the expression of interspersed staminate
flowers depends on the dosage of two indepen-
dent genes (id1 and id2), their loci, and the
environment.

9.4 Genomics of Sex Expression
in Castor Bean

Sex expression of castor bean has been described
by previous research using traditional genetic
and breeding means. However, we still know
little about its molecular mechanisms, such as
sex variation and genes determining sex expres-
sion in castor bean, including how to effectively
conserve the pistillate individuals or lines.

In order to conserve or keep the pistillate lines
for castor breeding and heterosis utilization, the
pistillate individuals were replicated via a com-
bination of tissue culture and conventional
breeding. Sex expression of their F1/F2 progenies
was observed, and somaclonal variation was
detected by simple sequence repeat (SSR) mark-
ers (Tan et al. 2013). A total of 66 pistillate
axillary buds of five genotypes were cultured on
three kinds of media (initial culture, proliferation,
and rooting), and 108 plantlets were formed and
transplanted into the field with 50–70% survival.
After investigating sex expression of the soma-
clones and their F1/F2 progenies, it was showed
that the percentage of pistillate plants in the F1

progeny obtained from female somaclones was
higher (30.00–100.00%) than that in the progeny
of its pistillate donors (26.67–50.00%) and the
monoecious regenerations (0–5.00%). Two pis-
tillate somaclones with high percentage of pis-
tillate plants in the progeny populations (91.11
and 100.00% females in the F1 progeny, and
76.10% and 75.00% females in the F2 progeny
from their sibling crosses, respectively) were
obtained. The detection of somaclonal variation
was performed using 14 genomic SSR and 19
EST-SSR (expressed sequence tag-simple
sequence repeat) primer pairs. The results

178 M. Tan et al.



showed that there was no allelic variation at SSR
loci among the somaclones, which were derived
from the same donor and with a stable pistillate
trait. But allelic differences were discovered
among individuals of somaclonal populations
with instable sex expression.

In order to gain insights on sex expression and
the molecular mechanisms of sex determination
in castor bean, digital gene expression
(DGE) analysis using the Illumina HiSeq 2000
was conducted to detect gene expression differ-
ences between apices and racemes for female
(JXBM0705P) and monoecious (JXBM0705 M)
lines, respectively. A total of 18 DGE libraries
were constructed (apical buds at the 3–4-leaf
stage, apical buds at the 5–7-leaf stage, and small
racemes in 2–3 cm size, in triplicate), about six
million tags for each library were produced, with
more than 96% clear tags. Then, the differentially
expressed genes (DEGs) were annotated by
comparing with the reference genome of castor
bean. It was shown that identical dynamic
changes of gene expression existed in monoe-
cious and female apical buds, during their tran-
sition from vegetative to reproductive
development, with more genes expressing in the
raceme formation and young racemes. The
results showed that more than 3000 DEGs were
identified, including a large number of DEGs
potentially associated with sex expression and
reproduction; other DEGs involved in hormone
response and biosynthesis (such as auxin
response and transport) were detected too. In
addition, transcription regulation, signal trans-
duction, histone demethylation/methylation,
programmed cell death and pollination were also
included. By comparing to the DEGs of the
monoecism, it was suggested that many DEGs
were suppressed at the 3–4-leaf stage in female
line, but activated at the following stage (5–
7-leaf), and finally, the number of upregulated
DEGs was nearly even with those downregulated
DEGs at the infant raceme stage.

So far, the molecular researches on sex
expression are very poor and limited in castor
bean, but these results provided some informa-
tion and valuable hints for next insights into the
molecular mechanism of sex determination.
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10Epigenetic Regulation in Castor Bean
Seeds

Wei Xu and Aizhong Liu

Abstract
Endosperm genome hypomethylation is an
evolutionarily conserved feature in flowering
plants and plays important roles in the devel-
opment of seeds by the control of gene
expression and genomic imprinting. However,
it is difficult to dissect the regulatory mech-
anisms of DNA methylation and genomic
imprinting in most dicots, in which endosperm
is ephemeral and disappears with seed devel-
opment. Castor bean (Ricinus communis),
unlike Arabidopsis (Arabidopsis thaliana),
provides an excellent model for studying seed
biology in dicotyledons due to its endosperm
that is relatively large and persistent through-
out the seed development. In this chapter, we
dissect the potential regulatory mechanism of
DNA methylation in castor bean seeds,
emphasizing the processes of endosperm
hypomethylation and CHH hypermethylation.

We then identify and characterize the
imprinted genes in castor bean endosperm.
Their potential biological roles and epigenetic
regulation were further analyzed and
discussed.

10.1 DNA Methylation

10.1.1 The Regulatory Mechanisms
of DNA Methylation
in Plants

Epigenetic modifications are gene expression
regulatory mechanisms that do not involve
changes in the DNA sequence but can be inher-
itable. Currently, known epigenetic modifications
fall within three types: DNA methylation, histone
modification, and non-coding RNA (ncRNA)-
associated gene silencing. Among them, DNA
methylation has been well-studied and plays
broad-ranging functional roles, including regu-
lation of gene expression, chromatin organiza-
tion, and suppression of mobile transposable
elements (Heard and Disteche 2006; Klose and
Bird 2006; Feinberg 2007).

Eukaryotic nuclear DNA can be methylated on
carbon 5 of cytosine residues by enzymes called
DNA methyltransferases and can be maintained
through mitotic or meiosis cell division; thus, it is
relatively stable and heritable epigenetic mark
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(Henderson and Jacobsen 2007). Although
5-methylcytosine (5mC) is the most common type
of DNA methylation, studies have revealed that
there are three other types of DNA methylation
such as 4-methylcytosine (4mC), 5-hydroxy
lmethylcytosine (5hmC), and 6-methyladenine
(6mA). However, the levels and patterns of cyto-
sine methylation appear to vary drastically among
different organisms (Zhu 2009; Zemach et al.
2010a). In plants, 5mC generally occurs in three
different nucleotide sequence contexts: symmetric
CG and CHG sites and asymmetric CHH sites
(where H = C, T or A). Generally, plant DNA
methylation at symmetric CpG sites, where the
cytosines aremethylated on both DNA strands, is
maintained upon DNA replication by the con-
served DNAmethyltransferase MET1 (METHYL
TRANSFERASE 1) (Law and Jacobsen 2010).
Symmetric CHG sites are methylated by the
plant-specific DNA methyltransferase CMT3
(CHROMOMETHYLASE 3) and are dependent
on histone H3 lysine 9 dimethylation (H3K9me2),
which is established by the KRYPTONITE
(KYP/SUVH4), SUVH5, and SUVH6 proteins
(reviewed in Law and Jacobsen 2010). Plant
asymmetric CHH sites are methylated de novo (all
sequence contexts) and it is established by the
RNA-directed DNA methylation (RdDM) path-
way, which involves both small RNAs and long
non-coding RNAs to recruit the DNA methyl-
transferase DRM1/2 (DOMAINS REARR
ANGED METHYLTRANSFERASE 1 and 2)
(Law and Jacobsen 2010; Mosher and Melnyk
2010). In addition, studies have demonstrated that
CHH methylation could be produced by the
plant-specific DNA methyltransferase CMT2 in
an RdDM-independent pathway (Zemach et al.
2013; Stroud et al. 2014). Genome-wide plant
DNA methylation analyses have revealed sub-
stantial amount of CG methylation and a small
amount of non-CG methylation, although overall
DNA methylation levels are broadly variable
(Zemach et al. 2010a).

The extent and patterns of genomic DNA
methylation are ultimately determined by the
activity of DNA methyltransferases and demethy-
lases. In Arabidopsis, active DNA demethylation
mainly depends on the activity of the DNA

glycosylase DEMETER (DME) (Kinoshita et al.
2004; Gehring et al. 2006), which can recognize
and remove methylated cytosines by a base exci-
sion repair pathway (Law and Jacobsen 2010).
Besides, other DNA glycosylases such as
REPRESSOR OF SILENCING 1 (ROS1), DEM
ETER-LIKE 2 (DML2), and DEMETER-LIKE 3
(DML3) have also been found to remove methy-
lation from 5mC inArabidopsis (Gong et al. 2002),
protecting specific genomic regions from hyper-
methylation (Penterman et al. 2007). The activity
and expression of these DNA methylation-related
genes affect not only genomic DNA methylation
levels, but also plant growth and development.

10.1.2 The Identification
and Characterization
of DNA
Methylation-Related
Genes in Castor Bean
Seeds

By extensively searching the castor bean genome,
Xu et al. (2016) identified and characterized eight
genes encoding DNA methyltransferases and
three genes encoding demethlylases. These DNA
methylation proteins were classified as
RcMET1-1 (29983.m003308) and RcMET1-2
(29609.m000606) in the MET group, RcCMT1
(28582.m000332) and RcCMT2 (29827.
m002677) in the CMT group, RcDRM1(29631.
m001043), RcDRM2 (29889.m003366), and
RcDRM3 (29917.m001982) in the DRM group,
and RcDnmt2 (29848.m004665) in the Dnmt2
group, according to their gene structures and
protein domains (Fig. 10.1a). Similarly, three
DNA demethylation proteins were identified as
RcDME (29428.m000327), RcROS1 (29092.
m000452), and RcDML3 (29991.m000647),
respectively (Fig. 10.1b). Phylogenetic analyses
indicated that each group of DNA methyltrans-
ferases displayed a monophyly with an evolu-
tionary lineage from dicots to monocots
(Fig. 10.1c), strongly implying that MET, CMT,
DRM, and Dnmt2 might have independently
evolved within angiosperms. As for DNA
demethylase genes, phylogenetic analysis
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Fig. 10.1 Schematic structures of DNA methyltrans-
ferases and demethylases (a and b) and phylogenetic
analysis (c and d). Monocot and dicot proteins are colored
red and blue, respectively. Aly, A. lyrata; Ath, A.
thaliana; Bdi, Brachpodium distachyon; Mes, Manihot
esculenta (cassava); Mgu, Mimulus guttatus (monkey

flower); Osa, Oryza sativa (rice); Ptr, Populus trichocarpa
(poplar); Rco, Ricinus communis (castor bean); Sbi,
Sorghum bicolor; Zma, Zea mays (maize) (Xu et al.
2016; www.plantphysiol.org; Reprinted with permission
from Copyright American Society of Plant Biologists)
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revealed that the DME orthologs were restricted to
dicots only, including monkey flower (Mimulus
guttatus), a basal dicot plant (Fig. 10.1d). This
suggests that DME is probably monophyletic in
dicots after a gene duplication occurred in early
angiosperm evolution, while ROS1 and DML3
orthologs existed in both dicots and monocots.
These observations strongly indicate that both
methyltransferase and demethylase genes have
evolved independently in angiosperms.

The expression profiles of the DNA
methylation-related genes identified in castor bean
were investigated in different tissues (Xu et al.
2016). Within the MET1 group, RcMET1-1 was
highly expressed in leaf, stem apex, pollen, and
early embryo, but lowly expressed in ovule and
developing endosperm; while RcMET1-2 was
expressed only in developing embryos (particu-
larly, at the late stage). Among the CMT genes,
RcCMT1 was highly expressed in leaf, stem apex,

pollen, and early embryo, but lowly expressed in
ovule and developing endosperm (including early
and late stages); while the RcCMT2was expressed
mainly in developing embryo tissues. Within the
DMR genes, the RcDRM1 was specifically
expressed in ovule, while RcDRM2 and RcDRM3
were mainly expressed in developing embryo and
endosperm tissues (Fig. 10.2).

Regarding the genes encoding DNA
demethylases, the RcDME gene was broadly
expressed in diverse tissues, particularly in
embryo and endosperm tissues. This is distinct
from the expression patterns of the DME gene
observed in Arabidopsis, which was specifically
expressed in the central cell of the female
gametophyte or the vegetative cell of the male
gametophyte (Choi et al. 2002; Schoft et al.
2011). Similarly, both RcROS1 and RcDML3,
which may be involved in mediating DNA
demethylation, were extensively expressed in

Fig. 10.2 Expression profiles of DNA methyltransferase and demethylase genes in different tissues of castor bean (Xu
et al. 2016; www.plantphysiol.org; Reprinted with permission from Copyright American Society of Plant Biologists)
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diverse tissues (Fig. 10.2). In addition, it should
be noted that the expression levels of most
methylation-related genes were distinct between
the early and late stages of endosperm and
embryo development, implying that genomic
DNA methylation levels within the endosperm
and embryo might be variable through seed
development.

10.1.3 Endosperm Hypomethylation
in Castor Bean Seeds

Increasing evidence demonstrates that DNA
methylation plays crucial roles in the control of
seed development and seed size (Xiao et al.
2006a, b; Hu et al. 2014). Investigations on
genomic DNA methylation in seeds of Ara-
bidopsis (Gehring et al. 2009), rice (Zemach
et al. 2010b), and maize (Zhang et al. 2014; Lu
et al. 2015) revealed extensive genome
hypomethylation in the endosperm, and it had a
critical role in seed development. While com-
paring the genomic methylation levels between
endosperm and embryo tissues of castor bean,
Xu et al. (2014) found that the three types of
DNA methylation were lower in the endosperm,
showing 30.3, 18.3, and 11.2% methylation of
CG, CHG, and CHH, respectively, while in the
embryo the respective levels were 40.7, 24.0, and
12.7%. Compared with genomic DNA methyla-
tion levels in Arabidopsis (20.9% CG, 8.9%
CHG, and 2.8% CHH in endosperm, and 26.9%
CG, 10.6% CHG, and 4.4% CHH in embryo)
(Hsieh et al. 2009), rice (36.0% CG, 9.7% CHG,
and 0.65% CHH in endosperm, and 38.5% CG,
19.9% CHG, and 3.4% CHH in embryo)
(Zemach et al. 2010b), and maize (75.4% CG,
55.7% CHG, and 1.2% CHH in endosperm, and
73.6% CG, 60.5% CHG, and 1.2% CHH in
embryo) (Zhang et al. 2014), CHH methylation
in castor bean endosperm and embryo were sig-
nificantly higher. In castor bean seed, CHH
methylation was predominant, accounting for
about 68% of the total methylated cytosine, while
CG and CHG methylation only accounted for
about 16%, respectively, both in castor bean
endosperm and embryo, distinct from that in

Arabidopsis (Hsieh et al. 2009), rice (Zemach
et al. 2010b), and maize (Zhang et al. 2014), in
which CG methylation accounted for 45–55% of
total methylated cytosine.

10.1.4 DNA Methylation and Gene
Expression

Indeed, several studies also showed DNA
hypomethylation could alter gene expression in
the endosperm and embryo (Hsieh et al. 2009;
Zemach et al. 2010b). By investigating the rela-
tionship between DNA methylation and expres-
sion of genes that were preferentially transcribed
(at least fourfold higher) in endosperm relative to
the embryo, Xu et al. (2016) found that genes that
expressed preferentially in the endosperm showed
significantly lower levels of CG and CHG
methylation within the body of the gene and in
flanking 2-kb regions compared to the embryo. As
illustrated in Fig. 10.3, endosperm hypomethyla-
tion in some specific loci markedly promoted gene
expression, whereas embryo hypermethylation
near the promoter regions repressed gene tran-
scription. For example, gene models annotated in
the castor bean genome [28629.m000565,
encoding a beta-fructofuranosidase involved in
carbohydrate metabolism and 30093.m000370,
homologous to AtYUC10 (AT1G48910) and
involved in regulating seed development in Ara-
bidopsis (Cheng et al. 2007)], exhibited higher
expression levels and substantially lower DNA
methylation in the endosperm than in the embryo.
Furthermore, gene ontology (GO) function
enrichment analysis (http://wego.genomics.org.
cn/) of hypomethylated genes in endosperm pre-
dicted that these genes were substantially enriched
in functions such as binding, catalytic, biological
regulation, and cellular and metabolic processes
(Fig. 10.4) (v2 test, P < 0.05). These data strongly
imply that endosperm hypomethylation is likely
involved in the regulation of endospermogenesis
and biosynthesis of endosperm storage materials,
though the molecular underpinnings are still
unclear. In short, these results indicated that CG
and CHG hypomethylation may be responsible for
altering preferential gene expression in castor
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bean endosperm, particularly when CG and CHG
hypomethylation occurs near or within a gene.

10.1.5 The Potential Regulatory
Mechanism of DNA
Methylation in Castor
Bean Seeds

As mentioned above, extensive CG and CHG
hypomethylation was observed in castor bean

endosperm and high CHH methylation occurred
in both endosperm and embryo. These distinct
methylation patterns were conserved, implying
that different mechanisms function to maintain
DNA methylation in castor bean seeds. It is,
however, unknown whether these patterns or
mechanisms exist broadly within angiosperms
since it has been studied in a limited number of
species, including Arabidopsis, rice, and maize. In
Arabidopsis, the DMEs were specifically expres-
sed in the central cell of the female gametophyte,

Fig. 10.3 Effect of two hypomethylated regions in
endosperm gene expression. a DNA methylation level
of all three sequence contexts in endosperm and embryo.
The gray box indicates the region that was experimentally
confirmed. b Validation of DNA methylation level by
bisulfite PCR sequencing. c Relative expression level of

two genes (28629.m000565 and 30093.m000370) over-
lapping the hypomethylation regions by qPCR analysis
(Xu et al. 2016; www.plantphysiol.org; Reprinted with
permission from Copyright American Society of Plant
Biologists)
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where it probably plays a critical role in main-
taining the genomic DNA methylation and
resulting in DNA hypomethylation in the devel-
oping endosperm (Hsieh et al. 2009). Results from
castor bean studies demonstrated that, as shown in
Fig. 10.4, the RcDMEs were broadly expressed in
various tissues, strongly suggesting that the
mechanism that maintains genomic DNA methy-
lation might be distinct from that in Arabidopsis.
In addition, the expression of RcMET1 and
RcCMT, encoding CG and CHG methyltrans-
ferases, was substantially lower in the central cell
of the castor bean female gametophyte or the
developing endosperm relative to the embryo,
implying that the activity of CG and CHG
methyltransferases might be insufficient in the
endosperm (which might result in a CG and CHG
hypomethylation in endosperm). In particular, the
expression of RcDRM2 and RcDRM3 was rela-
tively higher in endosperm than in the embryo.
These two proteins are probably responsible for
maintaining genomic CHH methylation regulated
by 24-nt small interfering RNAs (siRNAs) in the
endosperm. This observation was supported by
the expression profile of small RNAs in different
tissues (Xu et al. 2013). The core components of
the RdDM pathway, including RcPoI IV (30190.
m011113), RcPoI V (30131.m007197), RcRDR2
(30147.m013981) RcDCL3 (29739.m003642),

and RcAGO4 (29684.m000322), were substan-
tially up-regulated in endosperm and embryo tis-
sues. These results suggest that genes involved in
the RdDM pathway participate in altering non-CG
methylation in the castor bean endosperm and
embryo. Therefore, the RdDM pathway and
RcDRMs in both embryo and endosperm may be
critical and responsible for maintaining the
non-CG methylation level between embryo and
endosperm.

A proposed potential scenario is shown in
Fig. 10.5 to explain the observed patterns of geno-
micDNAmethylation in theembryoandendosperm
of castor bean. The relatively low expression of
MET1andCMT in theendospermresults ingenomic
CG and CHG hypomethylation due to insufficient
activity of these enzymes, whereas the relatively
higher expressions of DRMs (involving 24-nt siR-
NAs) lead to a maintenance of comparable CHH
methylation levels in endospermand embryoduring
endosperm development. Similarly, the relatively
higher expression ofMET1, CMT, and DRM genes
in the embryo might maintain genomic CG, CHG,
and CHH methylation during its development.
Although this scenario just provides a preliminary
hypothesis to explain a potential mechanism of
genomic DNAmethylation in castor bean seed, this
studies added new insights to understand the
molecular mechanism that drives this process.

Fig. 10.4 GO enrichment
analysis of genes with
hypomethylation in
endosperm. *indicates
significant enrichment of GO
terms (Xu et al. 2016; www.
plantphysiol.org; Reprinted
with permission from
Copyright American Society
of Plant Biologists)
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10.2 Genomic Imprinting

10.2.1 Genomic Imprinting and Its
Potential Mechanism
in Plants

Genomic imprinting is a common epigenetic
mark that mainly arises in the plant endosperm,
resulting in differential expression of maternal
and paternal alleles, depending on their parental
origin. The first discovery of an imprinted gene

was the R-gene identified by a study of pig-
mentation of the outer layers of the endosperm in
maize (Kermicle 1970, 1978), where the
expression of the R allele depended on its par-
ental origin, instead of on gene dosage. After
that, approximately 20 new imprinted genes were
identified and functionally characterized through
genetic studies in some model plants such as
Arabidopsis, rice, and maize (reviewed in Bauer
and Fischer 2011). With the development of
high-throughput sequencing technologies,
genome-wide analyses have since led to the

Fig. 10.5 A proposed model for explaining the DNA
methylation pattern in castor bean endosperm and
embryo. RcDME or RcROS1 removes the methylated
cytosine at genome scale (blue lollipops for CG, green
lollipops for CHG, and red lollipops for CHH methyla-
tion, respectively), and demethylation leads to the gener-
ation of 24-nt siRNAs that could guide de novo
CHH DNA methylation by RcDRM2 in the endosperm

and embryo; the insufficient endosperm expression of
RcMET1 and RcCMT, which maintain the CG and CHG
methylation levels (denoted by looping arrow) result in
reduced CG and CHG methylation (denoted by
short-handled lollipops), compared with the embryo
(denoted by long-handled lollipops) (Xu et al. 2016;
www.plantphysiol.org; Reprinted with permission from
Copyright American Society of Plant Biologists)
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identification of hundreds of imprinted genes in
plants (see Table 10.1). Although genomic
imprinting is largely confined to the endosperm
tissue, gene imprinting has been found in embryo
tissue (Jahnke and Scholten 2009; Waters et al.
2011; Nodine and Bartel 2012).

Typically, genomic imprinting leads to
parent-of-origin specific differential expression
of both maternally and paternally inherited alle-
les (Reik and Walter 2001; Feil and Berger
2007). In plants, genomic imprinting is pre-
dominantly found in endosperm tissues derived
from the unique form of double-fertilization that

occurs in flowering plants, wherein one sperm
cell fertilizes a haploid egg cell, generating a
diploid embryo, and another sperm cell fertilizes
this diploid central cell, resulting in a triploid
endosperm. While it is well-known that the
function of the endosperm is to provide nutrition
and ensure viability of the emerging plant after
seed germination—that is why it constitutes up to
80% of a given seed—there are some intriguing
biological aspects of gene imprinting that occurs
only during endosperm development that remain
largely unknown. The typical understanding of
imprinting is that it arises as a by-product of a

Table 10.1 Genome-wide identification of imprinted genes in plants

Species Reciprocal endosperms Developmental
stagea

MEGsb PEGsc References

Arabidopsis
thaliana

Col � Bur 4 DAP 39 27 Wolff et al. (2011)

Col � Ler 7–8 DAP 116 10 Hsieh et al. (2011)

Col � Ler 6–7DAP 165 43 Gehring et al. (2011)

Capsella rubella Cr A � Cr B 6 DAP 77 52 Hatorangan et al.
(2016)

Ricinus communis ZB107 � ZB306 35 DAP 200 9 Xu et al. (2014)

Zea mays B73 � Mo17 14 DAP 54 46 Waters et al. (2011)

B73 � Mo17 10 DAP 111 68 Zhang et al. (2011)

B73 � Mo17 10–12 DAP 143 125 Zhang et al. (2014)

B73 � Mo17 7 DAP 36 80 Xin et al. (2013)

B73 � Mo17 10 DAP 184 50 Xin et al. (2013)

B73 � Mo17 15 DAP 15 48 Xin et al. (2013)

B73 � Mo17 14 DAP 31 56 Waters et al. (2013)

B73 � Ki11 14 DAP 28 55 Waters et al. (2013)

Mo17 � Ki11 14 DAP 9 24 Waters et al. (2013)

B73 � Oh43 14 DAP 39 76 Waters et al. 2013

Mo17 � Oh43 14 DAP 25 45 Waters et al. (2013)

Oryza sativa Nipponbare � 93-11 5–6 DAP 93 72 Luo et al. (2011)

Sorghum bicolor BTx623 � Y49 14 DAP 85 16 Zhang et al. (2016)

Triticum aestivum Y177 � RM220 (diploid) 15–20 DAP 62 29 Yang et al. (2018)

Jinying8 � SCAUP
(tetraploid)

15–20 DAP 90 45 Yang et al. (2018)

Doumai and Keyi5214
(hexaploid)

15–25 DAP 94 52 Yang et al. (2018)

aDAP: days after pollination
bMEG: maternally expressed genes
cPEG: paternally expressed genes
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silencing mechanism targeting invading foreign
DNA (Gehring et al. 2009). The cause of gene
imprinting has been attributed to a parental
conflict over the distribution of resources from
mother to offspring (Haig 2004). This parental
conflict hypothesis argues that maternally
expressed genes would evenly distribute resour-
ces among progeny to maximize seed set, while
paternally expressed genes would promote the
growth of individual progeny (Haig 2013). There
is also evidence that imprinted genes affect
demand and supply of nutrients in both the
mammalian placenta and during plant endosperm
development (Reik et al. 2003).

Both DNA methylation and chromatin modi-
fications have been widely proposed as the major
underlying molecular mechanisms that modulate
the expression of imprinted genes. It has been
demonstrated that the establishment of DNA
methylation marks differentially in plant parental
genomes mainly relies on the activity of the
DNA glycosylase DME (Choi et al. 2002).
During gametophyte development, DME is
specifically expressed in the central cell of the
female gametophyte, and demethylates maternal
alleles prior to fertilization, whereas the paternal
alleles remain methylated owing to the lack of
DME activity in sperm cells (Choi et al. 2002;
Kinoshita et al. 2004; Jullien et al. 2006). This
results in differential DNA methylation levels
between maternal and paternal genomes and the
establishment of genomic imprinting in Ara-
bidospsis. Alongside the suggestive evidence of
the role of DNA methylation in gene imprinting,
there is also evidence that chromatin modifica-
tions mediated by polycomb group proteins
(PRC2) contribute to gene regulation by
imprinting (Köhler and Weinhofer 2010; Raissig
et al. 2011). DME-mediated DNA demethylation
in the central cell results in the expression of
maternally imprinted genes such as MEDEA (or
MEA) (Grossniklaus et al. 1998; Kinoshita et al.
1999), FIS2 (Jullien et al. 2006), FIE1 (Hermon
et al. 2007), which are core components of the
FIS-PRC2 complex. FIS-PRC2 catalyzes the
trimethylation of histone H3 on lysine 27

(H3K27me3)—an important repressive epige-
netic mark—of maternal genome in the central
cell of the female gametophyte, resulting in the
differential expression of alleles in a
parent-of-origin manner.

10.2.2 Genomic Imprinting
in the Castor Bean
Endosperm

Recent whole-genome surveys have now
revealed abundant imprinted genes in plants, but
the evolutionary and biological processes of
imprinted genes in plants remain to be fully
understood. Insights into this important question
are likely to come from the identification and
comparison of imprinted genes across different
species, especially among dicotyledonous (di-
cots) plants. It is relatively difficult to identify
imprinted genes in most dicots including Ara-
bidopsis because cellularized endosperms do not
undergo significant proliferative growth and are
instead absorbed by the developing embryo
during seed development (Sreenivasulu and
Wobus 2013). By contrast, in some dicot species
(such as castor bean, physic nuts, and coffee), the
endosperm undergoes an intense period of cell
division immediately after cellularization, fol-
lowed by differentiation and specialization that
result in the formation of a nutritive tissue for
supporting the embryo and the seedling during
germination (Forbis et al. 2002; Sreenivasulu and
Wobus 2013).

Given the state of the research on genomic
imprinting among dicots, identifying and sepa-
rating imprinted genes in the endosperms would
be greatly beneficial for dissecting the genetic
mechanism underlying this phenomenon in
plants. Castor bean provides an excellent system
for identifying imprinted loci and characterizes
parent-of-origin effects of imprinted genes in
endosperm development among dicots, because
the castor bean endosperm is relatively large and
persists throughout seed development (Green-
wood and Bewley 1982) and it can be easily
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separated from the embryo, avoiding DNA con-
tamination between embryo and endosperm
during sampling. More importantly, the castor
bean genome has been well-annotated, providing
a great deal of information on genomic organi-
zation and transposable elements (Chan et al.
2010).

Xu et al. (2014) performed genome rese-
quencing and identified allelic SNPs between
two elite castor bean inbred lines ZB306 (with
small seed size) and ZB107 (with large seed
size). Using ZB306 and ZB107 as parents, they
constructed two mRNAs libraries of developing
endosperm from reciprocal crosses and con-
ducted global transcription analyses. According
to the differential expression of alleles in recip-
rocal seeds, they identified a total of 209
imprinted genes, including 200 maternally
expressed genes (MEGs) and nine paternally
expressed genes (PEGs). Further, 85% of selec-
ted 67 imprinted genes were validated using
RT-PCR sequencing. Interestingly, while track-
ing the imprinting status of several loci during
endosperm development, they found that most of
the imprinted genes exhibited a dynamic
expression pattern during endosperm develop-
ment. That said, it is important to emphasize that
this list of imprinted genes is specific to very
discrete stages of the castor bean life-cycle (i.e.,
endosperm development) and the number of
imprinted genes in castor bean could potentially
be larger if imprinting also occurs in mature
tissues. By extension, it is quite possible that the
expression of imprinted genes during endosperm
development may be affected by reprogramming
of epigenetic marks following fertilization.
Likewise, some imprinted genes were identified
to be accession-dependent. This type of gene
imprinting may be an epigenetic natural variation
(Vaughn et al. 2007), and one worth further
inquiry.

10.2.3 Potential Biological Roles
and Conservation
Among Species

At 35 days after pollination (DAP), the cellular
endosperm increases dramatically in volume,
leading a rapid increase of seed weight, similar to
what occurs during the IV–V stage of seed
development (Greenwood and Bewley 1982).
Based on GO function enrichment analysis,
imprinted genes identified in this stage were
significantly enriched in the GO terms cell, cell
part, binding, catalytic, and cellular process and
metabolic process. A majority of MEGs were
involved in metabolic process, suggesting these
genes are likely associated with specific
endospermogenesis processes.

Furthermore, a comparison of the 209
imprinted genes from castor bean with the known
imprinted genes of Arabidopsis (Gehring et al.
2011; Hsieh et al. 2011; Wolff et al. 2011), rice
(Luo et al. 2011) and maize (Waters et al. 2011;
Zhang et al. 2011; Xin et al. 2013) showed that
only 8 imprinted genes were conserved between
Arabidopsis and castor bean, 5 between rice and
castor bean, and 12 between maize and castor
bean. Low conservation of imprinted genes has
also been observed between different seed
developmental stages or among different acces-
sions within a species (Hsieh et al. 2011; Xin
et al. 2013; Waters et al. 2013). The substantial
variation in the targets of imprinting in different
species implies the existence of different mech-
anisms for the initiation and maintenance of
imprinted expression patterns in plants (Waters
et al. 2013). Transposable elements (TEs) are
extensively methylated in somatic tissues but
become demethylated during seed development.
Usually, the number and types of TEs vary lar-
gely among different species. To test whether
imprinted genes were always associated with the
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TEs, Xu and his colleagues investigated the
number and types of TEs within 4 kb regions
flanking imprinted and non-imprinted genes (Xu
et al. 2014). The result showed that specific TEs
(LTR/gypsy family) were enriched around MEGs
(P = 3.46−e) in castor bean when compared with
non-imprinted genes, which is markedly different
from that observed in Arabidopsis (Wolff et al.
2011) and Maize (Zhang et al. 2011). Moreover,
several imprinted genes located in syntenic
regions between Arabidopsis and castor bean are
surrounded by totally different sets of TEs.
Therefore, TEs are considered a major driving
force for gene imprinting (Gehring et al. 2009;
Hsieh et al. 2009; Wolff et al. 2011).

Overall, these results showed that imprinted
genes are involved in a variety of functions
related to regulating endosperm development.
The limited conservation of imprinted genes
between castor bean and other studied plant
species indicated that the mechanisms underlying
the beginning and maintenance of gene imprint-
ing could be widely variable in different plants.
Importantly, these findings suggest that the dif-
ferences in gene imprinting between dicots and
monocots may not have resulted from their sep-
arate evolutionary history. This is at best a log-
ical supposition or extension, and further
investigation into the functional differentiation of
imprinted genes identified in different plants will
likely provide much greater insight into under-
standing the mechanisms behind gene imprinting
in plants.

10.2.4 Regulation of DNA
Methylation
on Imprinted Genes

DNA methylation has long been regarded as a
key player in epigenetic regulation. Differential
methylation levels of the maternal and paternal
alleles in endosperm tissues have been identified
in Arabidopsis (Gehring et al. 2009; Hsieh et al.
2009) rice (Zemach et al. 2010) and maize

(Lauria et al. 2004). Genome-wide DNA
methylation patterns can be analyzed by bisulfite
sequencing (BS-seq). BS-seq analysis of embryo
and endosperm tissues of castor bean showed
genome-wide hypomethylation of the endo-
sperm, as compared to the embryo. Moreover, a
few MEGs exhibited a dramatic differential
methylation levels between the two parental
alleles. The maternal hypomethylation of MEGs
observed in castor bean endosperm implies that
there could potentially be a DNA glycosylase
DME gene in castor bean (i.e., RcDME, gene ID:
29428.m000327 in the castor bean genome
annotation) functioning in the central cell that
causes hypomethylation of the endosperm,
though the function of the predicted RcDME
gene remains to be determined. More likely, the
repression of RcMET1 gene (a DNA methyl-
transferase) in the central cell and/or the endo-
sperm is critical for the establishment of
differential DNA methylation between parental
alleles (Xu et al. 2016). It should be noted that
most of the imprinted genes identified in castor
bean display no differential methylation level
between the parental alleles, suggesting that
DNA methylation may have a limited effect on
the establishment of gene imprinting and other
factors (such as histone modifications) may the
causal mechanisms underlying the rise of gene
imprinting in castor bean. Such possibilities
remain to be investigated, but it is possible that
partially imprinted genes might be expressed in
the seed coat and transported into the endosperm
embedded in developmental maternal seed coat
tissues.
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11Oil Biosynthesis and Biotechnology
in the Castor Bean

Federico García Maroto and Diego López Alonso

Abstract
The castor bean plant, Ricinus communis L., is
an oleaginous species that produces a very
unusual oil, composed mainly of ricinoleic
acid (ca. 90%). This fatty acid is a hydroxy-
lated derivative (18:1OH) of common oleic
acid, and it has a great range of industrial
applications. As a result, castor oil is regarded
as one of the most important renewable
resources for the chemical industry. However,
there are certain drawbacks in the use of this
plant due to the presence of highly toxic ricin
in its seeds, as well as some strong allergens
found both in seed and pollen. Current
knowledge of the metabolic routes involved
in castor oil biosynthesis, and the molecular
mechanisms responsible for the efficient chan-
neling of ricinoleic acid into the seed oil, have
opened the way for genetic engineering
approaches aimed at producing castor-like
oils from common oleaginous species.
Domestication of the castor plant through
biotechnological strategies is also being envis-
aged as a feasible alternative to improve the
common source of ricinoleic acid. This chap-
ter describes the current knowledge of oil
biosynthesis in castor bean, as well as

biotechnological approaches being explored
to improve the available sources of ricinoleic
acid.
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Ric-CoA Ricinoleoyl-CoA
TAG Triacylglycerol
TFA Total fatty acids

11.1 Introduction

Castor bean (Ricinus communis L.) is an oleagi-
nous plant that is well known around the world,
mainly for the traditional use of its oil as a laxative.
It is believed that castor oil was first used as an
ointment 4000 years ago in Egypt, from where it
spread to other parts of the world, including
Greece and Rome, 2500 years ago (Chan et al.
2010). Nevertheless, castor oil has some special
properties that still makes it useful nowadays for a
wide range of industrial applications.

The oil content of castor bean seed ranges
from 35 to 65% (50% average). This variation is
largely due to genetic differences between culti-
vars (Yadav and Anjani 2017). Castor oil is
composed of up to 90% ricinoleic acid (RA,
18:1OH), an oleic acid derivative (OA, 18:1)
hydroxylated in the 12-carbon that bears inter-
esting chemical properties. This unique fatty acid
is the source of many chemical derivatives cur-
rently used in industrial applications (McKeon
2016; Vinay et al. 2016).

There are four abundant triacylglycerol
(TAG) species that constitute castor oil: tririci-
nolein, 1,2-diricinoleoyl-3-oleoyl-sn-glycerol,
1,2-diricinoleoyl-3-linoleoyl-sn-glycerol, and
1,2-diricinoleoyl-3-linolenoyl-sn-glycerol (Lin
et al. 1998). In addition to its high concentration
in castor oil, RA is biosynthesized at technical
grade purity allowing for its direct industrial use
(McKeon et al. 1999; McKeon 2016).

The world production of castor oil is far less
than that of major plant oils such as palm, soy-
bean, and rapeseed; the yearly production of each
being around 60 million ton (data from FAO-
STAT http://www.fao.org/faostat). However,
there is growing industrial interest in castor oil as
indicated by the rise in castor oil trade. Indeed, in
the period from 2004 to 2013, the number of tons
traded in castor oil doubled (Fig. 11.1).

Nevertheless, castor bean poses certain envi-
ronmental and health concerns that impedes its
large-scale development as a useful biotechno-
logical plant. The main issue is the presence of
ricin, an extremely toxic protein, deadly even in
minute quantities, which poisons the residues
produced after oil extraction. Although these
residues are usually treated using high tempera-
ture to denature the proteins, there is a concern
about the effectiveness of this process to reach a
complete inactivation of ricin.

Another problem of castor bean relates to the
presence of several powerful allergens in the
seed, which are responsible for multiple
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Fig. 11.1 Evolution of
castor oil production along the
2004–2013 period. Data taken
from FAOSTAT http://www.
fao.org/faostat
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secondary health problems in people exposed to
its cultivation, harvesting, and processing.

Moreover, castor bean is not well adapted to
temperate climates, it is not amenable to common
agronomic practices, and the whole process from
cultivation to seed oil extraction is very
labor-intensive. However, the existence of a
current market demand for castor oil is generat-
ing various attempts to improve the agronomic
characteristics of this plant and/or transfer castor
bean’s oil-producing capacity to a crop that is
free from the above-mentioned problems.

Any attempt to biotechnologically produce
castor-like oil will require in-depth knowledge of
oil biosynthesis in castor bean. In the following
sections, we provide a review of castor oil
biosynthesis, focusing on the roles played by the
enzymes and genes involved in relevant meta-
bolic routes. Current efforts to develop castor oil
biotechnology are also considered.

11.2 Oil Synthesis in Castor Bean

The view of plant oil biosynthesis as a linear
metabolic route (the Kennedy pathway) com-
prising the progressive acylation of
glycerol-3-phosphate has significantly changed
over the last 60 years. Current understanding of
plant oil biosynthesis comprises a complex
metabolic network of multiple pathways located
in different subcellular compartments, fed by a
variety of metabolite pools that lead to the pro-
duction of TAGs or membrane glycerolipids
(Bates 2016).

Although TAGs are synthesized in different
cellular compartments (the chloroplast and the
endoplasmic reticulum), and in specific tissues or
organs, the seed is usually the specialized organ for
oil accumulation, where massive TAG synthesis
takes place. Castor bean accumulates 50–60% of
its oil in its seeds. Therefore, wewill focus onTAG
biosynthesis in the endoplasmic reticulum of the
developing castor bean seed endosperm.

De novo fatty acid biosynthesis takes place in
the chloroplast, where the most abundant fatty
acids are produced and then transferred to the
cytosol (Bates et al. 2009) following activation as

coenzyme A (CoA) thioesters (acyl-CoA) in the
outer plastid membrane. Activated fatty acids are
the precursors of TAGs and membrane lipids.

All the enzymes involved in TAG biosyn-
thesis are located in the endoplasmic reticulum as
integral membrane proteins. In addition, they are
probably forming several multi-enzymatic com-
plexes by establishing direct contact with their
partners, thus facilitating coordinated activity.

11.2.1 Fatty Acids Modification
and Acyl Editing

Fatty acids (FAs) synthesized in the plastid and
transferred to the initial acyl-CoA pool are
mainly 18:1 (oleic acid, OA), 16:0 (palmitic
acid), and 18:0 (stearic acid). However, mem-
brane and storage (oil) lipids are also composed
of other modified FAs, such as 18:2 (linoleic
acid), and 22:1 (eicosenoic acid). Therefore,
these modified FAs must be previously synthe-
sized through specific reactions to be ready for
incorporation into different glycerolipids. It is
well known that, in plants, most of these modi-
fications (e.g., desaturation, epoxidation, and
hydroxylation) take place on the acyl groups
esterified to phosphatidylcholine (PC) at the sn-2
central position of glycerol. After being modi-
fied, acyls can return to the acyl-CoA pool (Bates
et al. 2012; Haslam et al. 2016). This process,
usually called acyl editing, is catalyzed by the
coordinated action of lysophosphatidylcholine
acyltransferase (LPCAT) and either phospholi-
pase A2 (PLA2) or reverse LPCAT activities.
LPCAT transfers the acyl group to lysophos-
phatidylcholine (LPC) giving PC an acyl at the
sn-2 ready to be edited. Next, the edited acyl can
return to the acyl-CoA pool by the sequential
action of PLA2 and the long-chain acyl-CoA
synthetase (LACS) or, alternatively, by the
reverse reaction catalyzed by the LPCAT
(Stymne and Stobart 1984) (Fig. 11.2). As will
be described in the next section, RA synthesis in
castor bean is just a variation of this general plant
process. As will be described, plants also have
additional mechanisms allowing the incorpora-
tion of the edited acyls into glycerolipids.
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11.2.2 Ricinoleic Acid Biosynthesis

The biosynthesis of RA has been relatively well
known for some time (Moreau and Stumpf
1981). The reactions take place exclusively in the
endoplasmic reticulum of seed cells, using sn-
2-oleoyl-phosphatidylcholine (Ole-PC) as the
substrate. The process starts when oleoyl-CoA
(Ole-CoA) is efficiently transferred to the sn-2
position of lysophosphatidylcholine (LPC) by the
LPCAT, rendering the PC with the OA esterified
at sn-2 (Fig. 11.3). It is in this form that the OA
is hydroxylated in the twelfth carbon by
oleoyl-12-hydroxylase, commonly known as
fatty acid hydroxylase 12 (FAH12). RA is sub-
sequently released from the PC by PLA2 activity
and immediately activated with CoA by LACS,
rendering the ricinoleoyl-CoA (Ric-CoA) into
the acyl-CoA pool, which is ready for use in
TAG synthesis (Fig. 11.3).

Recent studies (Lager et al. 2013) have given
further support to the old proposal (Stymne and
Stobart 1984) that the reverse reaction of LPCAT
can significantly contribute to the acyl-editing
mechanism. Hence, experiments performed with
castor LPCAT have demonstrated that RA

release from PC, as a result of this reverse
reaction, is much more efficient than for OA
(Lager et al. 2013). This indicates that LPCAT
activity could also contribute to the flux of RA
into TAG synthesis although its extension, rela-
tive to the PLA2 mechanism, is still to be
determined.

It should be noted that the release of RA
mediated by PLA2 also produces LPC, which is
re-esterified with new Ole-CoA by the LPCAT,
thus closing the RA biosynthesis cycle
(Fig. 11.3). This is recognizable as a particular
castor bean adaptation of the general acyl-editing
process, also known as the “Lands cycle”.
Therefore, the biosynthesis of Ric-CoA, the
activated form of RA, mainly involves four
enzymes: LPCAT, FAH12, PLA2, and LACS.

In castor bean, over 70% of the seed TAGs
contain three RA (triricinolein) (McKeon et al.
1999). This requires *90% of seed OA to flow
through PC for conversion into RA (Bates and
Browse 2011). The LPCAT activity is a key in
supplying the PC substrate for hydroxylation
(McKeon 2016). Brown et al. (2012) detected the
transcription of two LPCAT candidate genes in
castor bean seed, but neither showed differential
expression between leaf and seed. They found
another candidate in a protein from the
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membrane bound O-acyltransferase (MBOAT)
super-family, which showed raised transcription
in the seed. This gene was later cloned
(Arroyo-Caro et al. 2013a), and it was shown that
its enzymatic product preferentially uses
monounsaturated FAs (e.g., OA); this was in
agreement to previous experiments with micro-
somal extracts where an enzymatic activity
responsible for incorporating oleate (from
Ole-CoA) into the sn-2 position of lyso-PC was
detected (McKeon et al. 1997). Transcription
analysis of this gene revealed generalized
expression in diverse organs, as well as a higher
transcript level in the developing seed, consistent
with the transcriptomic data from Brown et al.
(2012). However, constant levels of the transcript
were recorded throughout seed development,
thus indicating that basal LPCAT expression in
the seed is sufficient to support Ole-PC require-
ments for RA synthesis (Arroyo-Caro et al.
2013a).

A single castor bean FAH12 gene (Brown
et al. 2011) was identified and cloned based on
the assumption that the enzyme responsible for
the hydroxylation reaction generating RA must
have evolved from fatty acid desaturase 2
(FAD2), thus maintaining high sequence
homology (van de Loo et al. 1995). FAH12 is
only expressed in seed endosperm (van de Loo
et al. 1995; Brown et al. 2012), and its expression
pattern and enzymatic timing activity were cor-
related with TAG accumulation in the develop-
ing castor bean seed (Brown et al. 2012). These
features of FAH12, which catalyzes one of the
key regulatory steps for the synthesis of castor oil
(McKeon et al. 1999; Lu et al. 2007), make it an
essential gene for any biotechnological strategy
related to RA production.

The release of RA by PLA2 seems to be very
specific. Two genes coding for this enzyme have
been cloned in castor bean—one of them showed
60% greater release activity for RA than for other
fatty acids. The protein encoded by this gene has
homology to an Arabidopsis lipase (GLIP)
belonging to the GDSL family, but its specific
involvement in the release of the hydroxylated
fatty acid (HFA) for TAG biosynthesis has still
to be demonstrated (Brown et al. 2012). The

released RA must be esterified to CoA by LACS
activity. Up to seven putative-LACS genes have
been detected in castor bean based on transcrip-
tional analysis. One of them, an ortholog of the
Arabidopsis LACS9 gene, showed higher activity
in the castor bean endosperm (Brown et al. 2011,
2012). Among the seven isoforms, a
gene-designated RcACS2 (putatively orthologous
to Arabidopsis LACS6) has been shown to
encode an enzyme with a preference for RA as a
substrate (He et al. 2007). This gene could be a
valuable tool for biotechnological purposes even
though it seems to correspond to a peroxisomal
isoenzyme and accordingly, it is predominantly
expressed in the germinating seed.

11.3 TAG Biosynthesis in Castor
Bean

Initial studies on the castor plant suggested that
TAG was synthesized through a linear mecha-
nism, the well-known Kennedy pathway or
glycerol-3-phosphate pathway following the
sequential direct incorporation of three acyls to
the glycerol moiety with an additional reaction to
hydrolyse the phosphate from sn-3 in the phos-
phatidic acid (Bafor et al. 1991) (Fig. 11.4).
Research results over the last ten-to-twenty years
have shown that the actual pathway is best rep-
resented as a network of different reactions.
Nevertheless, the Kennedy pathway has a central
position in the biosynthesis of TAG and mem-
brane lipids, where additional reactions either
depart from a Kennedy pathway intermediary or
feeds into the Kennedy pathway (Fig. 11.4).

11.3.1 Lysophosphatidate Synthesis

The initial reaction of the Kennedy pathway is
the incorporation of the first acyl group to the sn-
1 position of glycerol-3-phosphate (G3P) that
produces lysophosphatidic acid (LPA). This
reaction is catalyzed by the glycerol-3-phosphate
acyltransferase (GPAT) enzyme (Fig. 11.4).
Although a plant microsomal GPAT has been
searched for over many years, the identity of the
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gene encoding this enzyme has remained elusive
until recently. The GPAT9 of Arabidopsis has
been shown to be directly involved in TAG
biosynthesis (Shockey et al. 2016) and, in fact, it
is an sn-1 acyltransferase with a high preference
for acyl-CoA (Singer et al. 2016). Interestingly,
the expression pattern of this gene in Arabidopsis
seems to be constitutive (Singer et al. 2016).

Searches of the castor bean genome sequence
failed to identify a GPAT candidate with a
specific role in seed TAG synthesis. This is
probably because the predicted GPAT expression
level in the seed was relatively low in the two
developing endosperm stages checked (Brown
et al. 2012). Brown et al. (2012) speculated that a

castor bean GPAT9 ortholog appeared to be the
main candidate involved in castor oil synthesis as
it was the most abundant among the GPATs
transcripts found in the endosperm, although
similar expression levels were evident in other
tissues, as was the case in Arabidopsis. However,
characterization of the GPAT9 castor enzyme has
not yet been reported.

11.3.2 Synthesis of Phosphatidate

The lysophosphatidic acid acyltransferase
(LPAAT) enzyme, also called lysophosphatidate
acyltransferase (LPAT), catalyzes the second
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acylation step, at the sn-2 position in glycerol, to
yield phosphatidic acid (PA) (Fig. 11.4). PA is a
key metabolite per se (e.g., as a signal molecule),
and it is also a branching point, leading to the
synthesis of diverse phospholipids in one direc-
tion and to DAG/TAG synthesis in the other.
Therefore, PA metabolism should be under tight
regulatory control.

In plants, LPAT shows high substrate selec-
tivity, and microsomal LPATs, in particular,
usually have preference for certain acyl groups in
plant species that accumulate unusual fatty acids
in their TAGs (Frentzen 1998; Millar et al. 2000;
Snyder et al. 2009). Two classes of microsomal
LPAT genes (class A and class B) have been
described (Frentzen 1998; Arroyo-Caro et al.
2013b) within a very large family of related
sequences (LPAT-like acyltransferases contain-
ing the plsC domain). Class A genes are ubiq-
uitously present in different plant organs and
tissues and have a broad (unspecific) acyl pref-
erence. Class B genes, evolutionarily more rela-
ted to prokaryotic LPATs, are typically
expressed in seed. Class B LPATs also exhibit a
preference for the unusual and specific fatty acids
produced in their plant species, as exemplified by
the Limnanthes (Brown et al. 2002) and Cocos
(Knutzon et al. 1995) LPAT enzymes which are
more active on substrates containing erucic and
lauric acid, respectively. The absence of B-class
genes in Arabidopsis (Kim et al. 2005) seems to
indicate that this type of LPAT may not be
essential, at least in certain plant species.

Initial studies of LPAT activity in microsomal
preparations from the castor bean showed selec-
tive enzymatic activity on Ole-CoA and
linoleoyl-CoA while, intriguingly, Ric-CoA was
not incorporated into PA unless polyamines were
present (Tomosugi et al. 2006). However, our
group later cloned two RcLPAT genes that are
expressed in seed (each belonging to one of the
two gene classes—A or B) and their products
were shown to be active without requiring
polyamines (Arroyo-Caro et al. 2013b). The
class A gene, designated RcLPAT2, is highly
expressed in castor bean seed and at a higher rate
than the class B gene RcLPATB. Complementa-
tion experiments carried out with a defective

plsC mutant from Escherichia coli and bio-
chemical analyses demonstrated that both genes
encoded enzymes with LPAT activity, although
with very different acyl-CoA preferences
(Arroyo-Caro et al. 2013b).

Enzymatic assays on RcLPAT2 indicated a
preference for Ric-CoA over other fatty acid
thioesters when ricinoleoyl-LPA is used as the
acyl acceptor, while Ole-CoA is the preferred
substrate when oleoyl-LPA is employed
(Arroyo-Caro et al. 2013b). Therefore, the action
of the first acyltransferase of the Kennedy path-
way, RcGPAT, determines the output from the
LPAT reaction. If RA is introduced by GPAT,
then RcLPAT2 will favor the entrance of a sec-
ond RA molecule. This constitutes a channeling
mechanism that would favor the synthesis of
RA-enriched TAGs in the castor bean seed. As
observed for orthologs from other plants,
RcLPAT2 is not only expressed in the castor bean
seed but also in other organs where RA is not
synthesized. In this case, the specificity of
RcLPAT2 would also allow the synthesis of
OA-containing PA as a precursor for phospho-
lipid synthesis. Consequently, the characteristics
of microsomal GPAT activity in different castor
bean tissues may be a key to understanding TAG
synthesis in castor bean, which will be facilitated
by further knowledge on the Ricinus microsomal
GPAT.

The properties of RcLPAT2 make it a useful
target for metabolic engineering, as has been
recently shown (Chen et al. 2016b). In that work,
an increase in RA at the sn-2 position of TAGs
was obtained by expressing RcLPAT2 in
Lesquerella.

RcLPATB is also expressed in different castor
bean organs, and it shows a preference for satu-
rated acyls such as 12:0, 14:0, and 16:0 versus
monounsaturated fatty acids, regardless of the
LPA acceptor. This feature was unexpected
given the known activities shown by analogous
class B enzymes from Limnanthes and Cocos,
which preferred the unusual acyls particular to
each species (22:1 and 12:0, respectively).
Interestingly, up-regulation of RcLPATB was
observed during the oil-accumulation phase of
seed development. However, given its acyl
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preference, its role in lipid synthesis remains
obscure (Arroyo-Caro et al. 2013b).

Other extra-plastidial LPAT isoenzymes have
been identified in Ricinus, such as RcLPAT3A
and RcLPAT3B, but they are not expressed in
the seed (Arroyo-Caro et al. 2013b).

11.3.3 Diacylglycerol Synthesis

The next step in the Kennedy pathway is the
hydrolysis of the PA phosphate group to produce
DAG. This reaction is catalyzed by a phospha-
tidic acid phosphatase (PAP) (Fig. 11.4) also
called phosphatidic acid hydrolase (PAH).
As PA, DAG plays additional roles in
lipid-signaling cascades, besides being a precur-
sor of certain phospholipids. Therefore, the
existence of a tight control over DAG synthesis
is also predicted (Bates et al. 2009).

Eleven PAP candidate genes have been iden-
tified in Arabidopsis, probably with different
specificities and biochemical functions. Two of
them, AtPAH1 and AtPAH2, have high homol-
ogy with well-characterized PAH genes from
yeast, but seed specificity or a role in oil
biosynthesis has not been demonstrated for either
of the two genes. A double-knockout mutant of
AtPAH1 and AtPAH2 showed impairment in the
phospholipid turnover but TAG synthesis
remained unaffected (Li-Beisson et al. 2013). It is
likely that some of the 11 candidate genes are
involved in DAG synthesis, but which of them is
currently unknown.

Not surprisingly, PAP is represented in castor
bean by a multigene family. However, there is no
evidence that any of them is involved in TAG
synthesis (Brown et al. 2012).

11.3.4 Alternative DAG Sources

Besides the Kennedy pathway, several other DAG
metabolic routes have been described. Several
reactions that allow interconversion between
DAG and PC are known and some of those have
been linked to oilseed metabolism (Bates et al.
2009). The reaction catalyzed by the enzyme

CDP-choline:diacylclyerol cholinephosphotrans-
ferase (CPT), which is responsible for the syn-
thesis of PC fromDAG, has been known for a long
time. The reversibility of this reaction allows the
conversion of PC into DAG. More recently, a
phosphatidyl-choline:diacylglycerol
choline-phospho-transferase activity (PDCT; also
known as Reduced Oleate Desaturation 1, ROD1)
has been described. PDCT catalyzes the reversible
transformation of PC into DAG by transferring the
phosphocholine group between both molecules
(Lu et al. 2009; Bates 2016; Haslam et al. 2016).
Phospholipase C (PLC) can also generate DAG
from PC by removing the phosphocholine
group. These enzymes can generate a PC-derived
DAG pool, different from the de novo DAG pool
produced through the Kennedy pathway, which
could be used for TAG synthesis.

The PC-derived DAG pool has been shown to
play a major role in TAG synthesis in some plant
species. In soybeans, over 95% of TAG was
estimated to come from the PC-derived DAG
pool (Bates et al. 2009), and Arabidopsis can
utilize PC-derived DAG to produce as much as
93% of the total TAG synthesis (Bates and
Browse 2011).

In vitro experiments using Ricinus endosperm
microsomes showed that a substantial part of
TAG synthesis is carried out using the “de novo”
DAG pool (Bafor et al. 1991). However, there
are also indications that some “de novo” DAG
containing RA may be used for PC synthesis,
which in turn, could generate diricinoleoyl DAG
derived from PC, through the activity of some of
the above-mentioned enzymes, such as PDCT
(Bates and Browse 2012).

A castor bean PDCT gene (RcROD1), homolo-
gous to the ROD1 gene fromArabidopsis, has been
cloned (Van Erp et al. 2011; Hu et al. 2012), and it
was able to slightly increase RA accumulation (ca.
5%) when expressed in transgenic Arabidopsis
plants cotransformed with FAH12 (Van Erp et al.
2011). This suggests that PC-derived DAG might
beused to someextent forTAGsynthesis inRicinus
(Bates and Browse 2012).

There is no available information the activities
of CPT and PLC, which could potentially gen-
erate DAG from PC.
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11.3.5 Diacylglycerol Acylation

11.3.5.1 Acyl-CoA-Dependent TAG
Synthesis

The last step of the Kennedy pathway, namely
TAG synthesis by a third DAG acylation using
acyl-CoA as a donor (acyl-CoA-dependent syn-
thesis), is catalyzed by diacylglycerol acyltrans-
ferase (DGAT; also called DAGAT). DGAT
adds the third and last acyl to the sn-3 glycerol
position producing TAG (Fig. 11.4). In castor
bean, this activity has proven to be very specific
to Ric-CoA (He et al. 2006; Burgal et al. 2008).
Two evolutionarily unrelated DGAT genes,
RcDGAT1 and RcDGAT2, have been found in
castor bean. A predicted ortholog of the peanut
soluble DGAT has also been identified in the
castor bean genome (Chan et al. 2010; Brown
et al. 2012).

The relative importance of the role played by
both microsomal DGAT enzymes (1 and 2) in
TAG synthesis in plants has been a matter of
controversy (Shockey et al. 2006; Chen et al.
2007; Mañas-Fernández et al. 2009; Arroyo-Caro
et al. 2016). It has been proposed that DGAT2
plays a principal role, particularly in plants that
produce rare oils, such as Vernonia, Lesquerella,
and Ricinus, in which DGAT2 would specialize
in channeling these unusual fatty acids (RA in
the case of Ricinus) toward TAG, avoiding their
incorporation into membrane lipids (Shockey
et al. 2006). DGAT1 would be less specific
regarding both expression and preferred acyl
substrate. Some experimental results provide
partial support for this hypothesis in Stokesia
laevis, Lesquerella, and Vernonia (Yu et al.
2006). However, experimental evidence in Rici-
nus indicate a somewhat different situation as
described below (Chen et al. 2007; Burgal et al.
2008).

RcDGAT1 was the first DGAT gene to be
cloned and characterized in castor bean. It
showed much higher activity with 1,2-diricino
leoyl-glycerol than with 1,2-dipalmitoyl-glycerol
or 1,2-dioleoyl-glycerol (He et al. 2004b;
McKeon and He 2015). A study of its regulation
in developing castor bean seed showed a pro-
nounced delay in protein appearance relative to

transcription of its corresponding mRNA.
Nonetheless, RcDGAT1 protein levels correlated
fairly well with DGAT activity and TAG accu-
mulation. Consequently, the authors predicted
that DGAT1 is the predominant DGAT activity
in developing castor bean seed (He et al. 2004a).

RcDGAT2 was later cloned and the encoded
protein was shown to be very specific for both
substrates, Ric-CoA and 1,2-diricinoleoyl-
glycerol, making up the typical castor oil tririci-
nolein. Moreover, when RcDGAT2 was
co-expressed with FAH12 in Arabidopsis, it dra-
matically boosted theHFAcontent from about 18–
28%, whereas the RcDGAT1 gene did not (Burgal
et al. 2008). RcDGAT2 is currently considered the
main enzyme responsible for DGAT activity in
seed, that results in high RA content in castor oil
(Kroon et al. 2006; Brown et al. 2012; McKeon
2016), despite being considerably less active than
RcDGAT1 (McKeon 2016). Nevertheless, it has
been conclusively proven that RcDGAT1 also
play a part in TAG synthesis in castor bean seed
(McKeon and He 2015). Further studies compar-
ing RcDGAT1 expression profiles among different
castor bean tissues reported a higher abundance of
RcDGAT1 mRNA in leaf than in seed, casting
doubt about which DGAT genes are more relevant
for TAG synthesis and at what developmental
stage (Chen et al. 2007).

11.3.5.2 Acyl-CoA-Independent TAG
Synthesis

Various enzymatic activities have been described
that acylate the DAG molecule to yield TAG, in
which the acyl donor is not acyl-CoA. Those
mechanisms of TAG synthesis are designated as
acyl-CoA-independent. The most common
acyl-CoA-independent activity employs a phos-
pholipid molecule (usually PC) as the donor, and
catalyzes the transfer of the fatty acid from the sn-2
position of PC to the sn-3 position of DAG. This
enzyme, designated phospholipid:diacylglycerol
acyltransferase [PDAT; (Dahlqvist et al. 2000)]
was initially described a few years ago in Sac-
charomyces cerevisiae. Soon afterward, orthologs
were found in a variety of plant species (Fig. 11.4).

In castor bean, PDAT activity was eight times
higher with RA than with OA in the sn-2 position
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of PC (McKeon 2016). Up to seven PDAT genes
have been reported in castor bean. Two of them,
PDAT1A and PDAT2, exhibited seed-specific
expression, indicating their involvement in TAG
biosynthesis. This suggestion is supported by the
fact that PDAT1A expression increases the pro-
portion of HFA in oils from transgenic plants
(van Erp et al. 2011).

It is well known that in some plants the acyl
flux toward TAG is canalized through acyl-CoA-
independent routes, but the relative contribution
of the acyl-CoA-dependent and -independent
routes is mostly unknown in castor bean (Brown
et al. 2012).

An enzymatic activity that transferred an acyl
group from a DAG molecule to another, gener-
ating TAG and monoacylglycerol (MAG) has
been reported in vitro (Stobart et al. 1997). This
acyl-CoA-independent mechanism for TAG
synthesis was attributed to the so-called diacyl-
glycerol:diacylglycerol transacylase (DGTA).
Although this activity has also been detected
in vitro in other plants, neither the gene nor the
enzyme responsible have been isolated, and it
could be due to residual transacylation by PDAT
using DAG instead of PC as the acyl donor.

11.3.6 Exclusion of Ricinoleic Acid
from Membrane Lipids

It is well-known that RA, the main component of
castor oil, as well as other unusual fatty acids
such as epoxylated fatty acids found in certain
plant species, are incompatible with cell mem-
brane integrity. TAG is synthesized in different
castor bean tissues besides the seed, yet those
tissues’ fatty acid profiles are very different those
observed in seed. While seed TAGs are mostly
composed of RA, this fatty acid is completely
absent in other tissues (Brown et al. 2012), where
it is efficiently excluded from PC, the molecule
where RA is synthesized.

The main reason why RA is not found in other
plant organs is because FAH12 is not expressed
in any tissue except the seed endosperm and

cotyledon (Brown et al. 2011, 2012). However,
particular mechanisms are required in seed tis-
sues to ensure RA exclusion from the synthesis
of membrane lipids.

For those plants that accumulate unusual fatty
acids in their oils, it was initially hypothesized
that CPT prevented the incorporation of unusual
fatty acids into PC by discriminating against
DAG species that contained such fatty acids
(Bafor et al. 1990). Under this hypothesis, CPT
would play a role in excluding DAG molecular
species with membrane-incompatible fatty acids
from being used for PC synthesis while DGAT
would have a preference for those same precur-
sors (Vogel and Browse 1996). However, no
CPT activity with any substantial ability to dis-
criminate against DAG molecular species con-
taining unusual fatty acids could be detected in
four oilseed plants (safflower, castor bean, rape-
seed, and Cuphea lanceolata) (Vogel and
Browse 1996).

Furthermore, heterologous RcFAH12 expres-
sion in some plants showed that although RA
was ubiquitously synthesized, and it was always
excluded from membrane lipids (van de Loo
et al. 1995; Broun and Somerville 1997; McKeon
et al. 1999; Chen et al. 2016b). This indicated the
existence of a general mechanism for excluding
unusual fatty acids from membrane lipids,
probably because such fatty acids disturbed the
membrane lipid bilayer. This mechanism is at
least in part, carried out by LPA2, which effi-
ciently removes “rare” FAs from PC (McKeon
et al. 1999). It has also been shown that LPCAT
can catalyze the reverse reaction (from PC to
LPC plus acyl-CoA). Different LPCATs from
different plant species including castor bean
showed clear preference for RA release from PC
(producing Ric-CoA plus LPC—the reverse
reaction) while showing very low activity with
Ric-CoA (producing PC esterified with RA) for
the forward reaction (Bates 2016). As castor bean
cannot accommodate RA-containing phospho-
lipids in its plasma membranes, the preference
showed by LPCAT would have a double effect:
on one hand, it would favor the release of RA
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from PC (a membrane lipid component) and on
the other hand, it would consistently avoid RA
incorporation into PC. In species that do not
normally produce unusual fatty acids, the high
reverse activity of LPCAT with HFA would
represent a more general evolutionary adaptation
to remove damaged (e.g., oxidized) fatty acids
from membrane lipids because they may have an
adverse effect on the membrane structure and
function (Bates and Browse 2012; Bates 2016).

Following RA or “rare” FA release, it is either
incorporated into TAG or catabolized through
the b-oxidation process, both of which pathways
occur very rapidly (Brown and Somerville 1997;
Bates and Browse 2011; McKeon 2016).

In summary, efficient RA exclusion from
membrane lipids in castor bean seems to be the
result of a general mechanism that evolved in
plants to warrant the exclusion of “rare” or
damaged fatty acids from the membrane lipid
bilayer. This mechanism would be accomplished
using two main metabolic effectors: PLA2 and
LPCAT. The excluded FAs would be efficiently
incorporated into TAG, or quickly eliminated by
b-oxidation.

11.3.7 TAG Compartmentalization
and Membrane
Synthesis Processes

Some years ago, Vogel and Browse (1996) sug-
gested that two separate DAG pools existed: one
devoted to TAG synthesis and the other used to
generatemembrane lipids.More recently,metabolic
flux experiments performed in soybean (Bates et al.
2009) indicated that de novo and PC-derived DAG
pools are separated. This evidence, in addition to the
previouslydiscussedmechanism to excludeunusual
fatty acids frommembrane lipids, strongly supports
the idea that two separate lipid substrate pools exist,
either for TAG synthesis or to produce membrane
components. The way in which this lipid compart-
mentalization is achieved is unknown, but it might
involve some form of separation of the lipid
biosynthesis machinery in different “micro-
domains” of the endoplasmic reticulum (ER) mem-
brane (Shockey et al. 2006), besides unusual

FA-specific enzymesdescribed inprevious sections.
It is plausible that such micro-domains would be
devoid of FAH12 and would contain membrane-
editing enzymes (e.g., FAD2, FAD3, etc.).

Results from a recent study that analyzed a
high-oleic acid mutant of castor bean (Venegas-
Calerón et al. 2016) could be interpreted to
provide further support for the micro-domain
hypothesis. The reported high-oleic acid pheno-
type was due to a loss-of-function mutation in the
RcFAH12 gene, which led to a substantial
reduction of RA production in mature seeds, as
well as an anomalously high OA content. How-
ever, other fatty acids derived from OA desatu-
ration (e.g., 18:2 and 18:3) were not augmented
in the mutant seed (Venegas-Calerón et al. 2016).
Although these results could be compatible with
a common DAG pool for both TAG and mem-
brane lipids production, the accumulated OA
should produce a concomitant increase in
OA-desaturated derivatives due to desaturase
reactions, which was not observed. Another
interpretation of these results could be that
impairment of FAH12 affected only a discrete
micro-domain where TAG is synthesized and
reduced desaturase activity might be expected,
resulting in minimal alteration of the amount of
OA-desaturated derivatives in TAGs.

11.4 Castor Bean Biotechnology

The economic importance of castor oil is currently
boosting research in diverse areas using different
approaches. One of the main biotechnological
approaches for castor oil production is the transfer
of the necessary metabolic machinery to common
oilseed crops in order to convert established
oleaginous crops into castor oil producers. This
would solve the problems posed by castor bean
such as the presence of ricin and allergens, poor
agronomic performance, and reduced adaptation
to temperate climates. Some important achieve-
ments have already beenmade in this regard, while
other biotechnological approaches are also being
considered. For instance, castor bean improve-
ment through genetic engineering to make it a
friendly crop could be achieved by suppressing the
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synthesis of ricin and allergens, or by enhancing
desirable agronomic traits. Another possibility that
merits investigation is the modification of the fatty
acids profile looking for other specialty oils with
unusual fatty acids in the castor bean.

11.4.1 Transfer of Castor Oil
Machinery to Oil Crops

The first attempts at transgenic production of RA
were performed in model plants such as Ara-
bidopsis and Nicotiana as a proof of concept, to
show that this strategy might work. A report on
RcFAH12 cloning also included testing of its
heterologous expression in Nicotiana tabacum
controlled by the cauliflower mosaic virus 35S
promoter. The results were rather disappointing
since RA was produced in the seed at a very low
level (0.1%) and was not detectable in any other
organ (van de Loo et al. 1995). Similar experi-
ments in Arabidopsis showed the production
HFA (mostly RA) reaching only 4% of the total
fatty acids (TFAs) (Broun and Somerville 1997).

The low levels of RA production in transgenic
plants were attributed, at least in part, to the poor
performance of the 35S promoter, which was not
seed-specific as the endogenous RcFAH12 pro-
moter. Heterologous expression of RcFAH12
under the control of the seed-specific napin pro-
moter improved RA production in transgenic
Arabidopsis, although the highest accumulation
of hydroxy fatty acids (including 18, 20, and 22
carbon FA) reached only about 17% of total seed
lipids (Broun and Somerville 1997). Similar
experiments in canola achieved a maximum of
20% of hydroxy fatty acids (McKeon 2016). It
became apparent from these results that there was
a limit to the amount of compositional change
that might be brought about by expression of
single heterologous gene (McKeon et al. 1999).

Further metabolic engineering of Arabidopsis,
with both castor bean RcFAH12 and RcDGAT2
genes, resulted in a significant increase of RA in
the seed oil, which reached 27% of TFA (Burgal
et al. 2008). Nevertheless, this was far less than
the amount accumulated in castor bean seed and
therefore, commercially inviable.

Expression of castor bean oil biosynthesis
genes has also been attempted in Lesquerella
(Physaria fendleri, formerly Lesquerella fendleri
(Gray) Wats.) by introduction of the RcLPAT2
gene. In this Brassicaceae species, the major FA
is lesquerolic acid (55–60% of the total seed fatty
acids), another hydroxylated FA (20:1OH). As
expected, several transgenic lines showed a sig-
nificant RA increase in the sn-2 position of TAG
(Chen et al. 2016a). However, although there
was an increase in RA at the sn-2 position of
TAG, the maximum level of RA attained in lines
homozygous for the transgene was as low as 5%.
This was probably due to the inability of
endogenous acyltransferases to incorporate RA
to other positions on the glycerol backbone.

The restrictions observed in transgenic Ara-
bidopsis in accumulating triricinolein contrast
with an accumulation of about 70% for this
molecular species in castor oil. The information
available shows that the limited ability of RA
production in transgenic plants does not depend
only on appropriate RcFAH12 expression but
also on a suite of other genes that are required to
emulate the natural capability of castor bean’s
metabolism (Burgal et al. 2008; McKeon 2016).

The reasons for this limitation are differences in
the TAG biosynthetic pathways between Ara-
bidopsis, which uses PC-derived DAG (Lu et al.
2009; Bates and Browse 2011), and castor bean,
which mainly uses de novo DAG (Bafor et al.
1991). It has been demonstrated that the production
of diricinoleoyl diacylglycerol (2RA-DAG)
through the predominantly PC-derived DAG
pathway of TAG synthesis in Arabidopsis is a
major limiting factor (Bates and Browse 2011).

The above example shows that the relative
fluxes in TAG synthesis from de novo DAG or
PC-derived DAG are important and should be
taken into consideration for oilseed genetic
engineering. The problem can also be extrapo-
lated to other oilseed crops such as soybean,
where it was shown that >95% of de novo DAG
also fluxes through PC prior to TAG synthesis
(Bates et al. 2009). Therefore, DAG flux through
PC for TAG synthesis may represent a bottleneck
for engineering many oilseed plants with differ-
ent kinds of unusual FAs.
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Future engineering strategies that focus on
replacing endogenous de novo DAG synthesis
enzymes with castor bean RA-specific homologs
may result greater quantities of de novo
2RA-DAG in transgenic oilseeds. However, the
flux of de novo DAG through PC may need to be
circumvented in transgenic plants utilizing a
PC-derived DAG pathway to reduce the
HFA-containing de novo DAG turnover and
make more de novo DAG available for direct
conversion to TAG. An interesting alternative
would be to use oilseed species in which TAG
synthesis proceeds mainly from the de novo
DAG reservoir, similar to that in castor bean
(Bates and Browse 2012).

Other efforts have been directed toward the
introduction of the castor oil biosynthesis
machinery into industrial microorganisms using
different genes and approaches.

The fungus Claviceps purpurea possesses a
bifunctional enzyme, able to act as a delta-12
desaturase as well as a hydroxylase. It is
encoded by a single gene called CpFAH12. As
a hydroxylase, the CpFAH12 enzyme can
synthetize RA and, therefore, its gene has been
expressed in other species in order to produce
RA. Hence, the oleaginous filamentous fungi
Ashbya gossypii was transformed with the
CpFAH12 gene, although minimal RA pro-
duction was obtained while there was a sig-
nificant accumulation of linoleic acid LA
(18:2). This showed that desaturase activity
generating LA from OA dominated the
bifunctional nature of CpFAH12 (Bardone
et al. 2016), at least under the conditions used
for fungus cultivation.

In another attempt at producing RA in an
industrial yeast, Pichia pastoris was simultane-
ously engineered with both the CpFAH12 and the
CpDGAT1 genes from C. purpurea.
Co-expression of these genes led to RA accumu-
lation of >50% of the total FAs, but mostly in the
free FA form (Meesapyodsuk et al. 2015). This
was surprising given that it is usually assumed that
free FAs are toxic for cells.

A similar approach was also carried out in the
diatom Chaetoceros gracilis, which was trans-
formed with the CpFAH12 gene. This oleaginous
microalga showed an RA accumulation of up to
2.2 pg/cell (Kajikawa et al. 2016). However, RA
was present predominantly as monoestolide tri-
acylglycerol, in which one RA molecule was
esterified to the a position of the glycerol back-
bone and it was further esterified at its hydroxyl
group with a fatty acid or a second RA moiety, or
1-OH TAG, where RA was esterified to the
glycerol backbone.

11.4.2 Biotechnological
Improvement of Castor
Bean

The main focus of the efforts toward the devel-
opment of an improved castor bean cultivar is to
solve the problems that prevent the use of this
crop at a larger scale. Elimination of the ricin
toxin and the allergens produced in its seeds
could make castor bean a suitable oleaginous
plant. Its use would even be conceivable as a
biotechnological platform for the synthesis of
valuable products without interfering with food
crops and avoiding concerns regarding flow of
transgenes to food crops.

The genes involved in the production of ricin
and the main protein allergens are known, and
they have been annotated on the publicly avail-
able castor bean genome sequence. Moreover,
genetic engineering strategies that have been
established in other plants could be used to
silence the expression or knock out undesirable
castor bean genes such as ricin and allergens.

One of the main obstacles in achieving this,
however, is the availability of an efficient transfor-
mation methodology for castor bean. Even though
stable nuclear transformation of castor bean has
been reported (Sujatha et al. 2008), its efficiency is
rather low, making it difficult to apply
state-of-the-art gene editing technologies to knock
out multigene families, such as that of ricin.
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11.5 Concluding Remarks
and Future Prospects

TAG accumulation enriched in RA requires the
coordinated flux of OA into PC for hydroxyla-
tion, and the subsequent channeling of RA out of
PC and into TAG. As we have seen, the castor oil
metabolic machinery is particularly well suited to
this end (McKeon 2016). Some of the identified
steps leading to high ricinoleate production and
incorporation into triacylglycerol include reac-
tions catalyzed by LPCAT, FAH12, PLA2,
LPAT, and DGAT, meaning that many of the
enzymes which are involved in TAG synthesis
have evolved in this species to favor oil enrich-
ment in RA.

Even though knowledge of plant TAG
biosynthesis has increased considerably over the
last 20 years, there are still many gaps that make
the control of TAG metabolic engineering diffi-
cult in plants (Bates 2016). Some of the most
critical challenges include controlling the acyl
flux in various fatty acid modifications and the
DAG pool used to produce TAG. Variations in
fluxes through the diverse pathways for TAG
synthesis in different plant species add additional
complexity when attempting to engineer FA
composition in one plant to make it similar to
another (Bates and Browse 2011).

Although knowledge of castor oil biosynthe-
sis has greatly advanced, further research will
facilitate the design of rational engineering of
TAG synthesis in castor bean and other oleagi-
nous crops. The availability of the castor bean
genome sequence constitutes a critical tool for
accomplishing this aim.

Increased understanding of the regulation of
TAG biosynthesis could provide a qualitative
shift in this research field. Further insights on the
possible existence of different discrete
micro-domains in the ER for storage and mem-
brane lipids, along with a characterization of the
metabolic fluxes between both compartments,
would greatly advance our general understanding
of seed lipid metabolism.

Progress on other areas is also necessary, such
as the identification of genes encoding some of
the key TAG biosynthetic enzymes that are still

unknown in castor bean, such as PLA2 and
LACS, which may play an important role in
biosynthesizing castor oil (Lin et al. 1998;
McKeon et al. 1999), but remain uncharacter-
ized. In addition, an in-depth analysis of castor
bean GPAT and its putative gene (RcGPAT9)
will be important for understanding this key oil
biosynthesis step, and its possible role in chan-
neling RA into TAG.

Significant progress can undoubtedly be made
in castor bean genetic transformation, simply by
increasing the efficiency of available method-
ologies or by developing new strategies. A sub-
stantial knowledge of castor oil biosynthesis
combined with optimized genetic engineering
tools for castor bean will greatly advance this
crop’s biotechnological potential.
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Abstract
The main impediment in utilizing the de-oiled
meal of castor bean (Ricinus communis L.) as
animal feed is the presence of two toxic
proteins, ricin (also known as RCA II and
RCA60) and RCA (R. communis agglutinin,
otherwise known as RCA I and RCA120)
found in the endosperm of mature seeds. Their
presence compromises with the high protein
content (around 25% with balanced amino
acid composition) in the leftover oilcake
which otherwise could find use as an excellent
animal feed. This review is an attempt at
providing insights into the biology and bio-
genesis of ricin and RCA and various
approaches for reducing or eliminating ricin
and RCA in this oil crop.

12.1 Introduction

Castor bean (R. communis L.) is a commercially
important non-edible oilseed crop in the
dicotyledonous angiosperm family Euphor-
biaceae. It is an important source of vegetable oil
and medicinal oil. Dehydrated castor oil is used
in the paint and varnish industry, manufacture of
a wide range of sophisticated products like nylon
fibres, jet engine lubricants, hydraulic fluids,
plastics, artificial leather, fibre optics, bulletproof
glass, bone prostheses, and antifreeze for fuels
and lubricants used in aircraft and space rockets
(Scarpa and Guerci 1982; Ogunniyi 2006).
Castor oil is unique among vegetable oils
because of the presence of ricinoleic acid, a
hydroxy fatty acid that constitutes up to 90% of
the oil. The presence of long (18 C) fatty ali-
phatic carbon chain, a carboxyl group, a hydro-
xyl group, and a double bond, as well as the
proximity of the latter two offers exciting pos-
sibilities for many chemical reactions and for the
production of a variety of oleo chemicals. Global
demand for castor oil is 1 billion pounds annu-
ally, with an economic value of 500 million
USD. Although the USA consumes more than
10% of the world’s castor bean production, vir-
tually none has been produced in the USA since
the early 1970s. India, China and Brazil account
for more than 90% of the world’s castor bean
supply. India is yet to levy the potential of its
monopoly as mostly raw oil and a few
value-added products are exported.
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Castor cake (or oilcake) is a by-product of the
milling industry, which accounts for 60% of the
crushed seed that canaccount for0.669million tons
annually (considering an annual production of
1.115million tons of castor bean seed as reported in
2008–2009). It is rich in protein (25%), sugar
(25%) and minerals (20%). Furthermore, castor
cake is a good source of vitamins like thiamine,
beta-carotene and tocopherols. Thus, castor oilcake
could be an excellent animal feed. Castor cake is
useful as organic manure (N—6.0%, P2O5—2.5%,
K2O—2.5%). However, the presence of many
toxic constituents renders castor cake non-edible
making it less useful. Themost toxic constituents of
castor cake are ricin and RCA, whose concentra-
tions can reach up to 125.5 mg/l00 g of oilcake.
The cake is also rich in allergens,which, alongwith
the presence of ricin, has resulted in the banning of
castor bean cultivation in the USA and some
European countries. The total elimination or inac-
tivation of ricin, RCA and allergens from castor
cake is extremely important before it can be con-
sidered for animal feed, fertilizer or wastewater
pretreatment (as solid enzymatic preparation).
Furthermore, if the residue does not possess any
utility after the detoxification treatment, it may be
discarded in a landfill without the added danger of
soil and water contamination caused by the pres-
ence of ricin. The toxic constituents of castor bean
provide nematicidal and termiticidal properties due
to which castor cake is used as organic manure in
plantation crops.

Plants are replete with thousands of proteins
and small molecules, many of which are species
specific, poisonous or dangerous. Over time,
humans have learned to avoid dangerous plants
or inactivate many toxic components in food
plants. Down-regulating the genes responsible
for toxic substances, which would result in lines
with reduced levels of toxins, has been an
objective in several breeding programmes. Inac-
tivation at the genetic rather than physical or
chemical level has many advantages, and clas-
sical genetic approaches have resulted in signif-
icant reduction of toxic content in plants.
Traditionally, this has been achieved by careful
selection of genotypes from the available genetic
diversity. Alternatively, new variations could be

generated through the use of mutagens. How-
ever, both these processes are slow and costly,
and most often unsuccessful.

The capacity offered by genetic engineering in
inactivating specific genes has opened up the
possibility of altering the plant content in a far
more precise manner than previously available.
Different levels of intervention (altering genes
coding for toxins/allergens or for enzymes,
transporters or regulators involved in their meta-
bolism) are possible, and there are several tools
for inactivating genes, both direct (using chemical
and physical mutagens, insertion of transposons
and other genetic elements) and indirect (antisense
RNA, RNA interference, microRNA, eventually
leading to gene silencing). Each level/strategy has
specific advantages and disadvantages (speed,
costs, selectivity, stability, reversibility, frequency
of desired genotype and regulatory regime).

The use of post-transcriptional gene silencing
(or PTGS, explained in more detail later in this
chapter) to improve crop value by eliminating
undesirable traits can potentially address many
problems in a faster and more precise way than
conventional breeding. Multiple genes sharing
stretches of identical sequence can be effectively
silenced with a single RNAi (RNA interference)
construct. This feature is especially important in
crops harbouring multiple copies of the target
gene (as in the case of ricin and RCA in castor
bean) and in polyploid crops like wheat (Fu et al.
2007), which have multiple homeologous copies
of each gene. Therefore, RNAi is coming of age
as a useful and flexible tool to study gene function
in polyploid species, although more research is
necessary to establish the additional factors that
determine a construct’s silencing efficiency.

In this chapter, we will provide an overview
of chemistry, biogenesis, mechanism of action of
ricin and RCA followed by the efforts made
towards detoxification of these toxic proteins.

12.2 Chemistry of Ricin and RCA

Ricin (also known as RCA II or RCA60) and
R. communis agglutinin (otherwise known as
RCA I, RCA120 or simply RCA) are the two
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highly toxic, endosperm-specific proteins of
castor bean. These are essentially glycoproteins
and belong to the plant lectin family. Lectins are
proteins that specifically bind carbohydrates and
frequently agglutinate cells in vitro. Ricin is a
potent cytotoxin but a weak haemagglutinin,
whereas RCA is a weak cytotoxin and a powerful
haemagglutinin.

Ricin, one of the most toxic compounds pro-
duced in nature, belongs to the type II ribosome-
inactivating protein (RIP) family, members of
which are found in most plant genera as well as
in some fungi and bacteria. It is a heterodimeric
polypeptide consisting of a 32 KDa ricin toxin A
(RTA)-chain—a potent inhibitor of 80 S ribo-
somes—and a 34 KDa carbohydrate-binding
ricin toxin B (RTB)-chain, linked by a single
disulphide bond.

Ricin is a cytosolic rather than a membrane-
bound protein, as it shows no distinct pattern of
hydrophobic and hydrophilic regions. RTA is a
globular protein with a prominent and conspic-
uous binding site cleft; RTB is an elongated
dumbbell-shaped protein with galactose-binding
sites at both ends. X-ray crystallography has been
employed to work out the three-dimensional
structure of ricin and is refined and resolved at
2.5 Å (Montfort et al. 1987; Rutenber et al.
1991). This model detailed an accurate descrip-
tion of both the A-chain and the B-chain. Also,
the structure of recombinant RTA has been
resolved to 2.3 Å. Ricin A-chain is composed of
267 amino acid residues and has 28SrRNA
N-glycosidase enzymatic activity. The active
A-chain is approximately 30% helical and con-
tains 7 alpha helices. It also contains about 15%
beta structure, which consists of a free stranded
beta sheet (Montfort et al. 1987). The B-chain is
composed of 262 amino acid residues and is a
lectin with affinity for galactoside binding
(Katzin et al. 1991). RTB possesses two
galactose-binding sites that are attracted to
galactose-containing glycoproteins on the cell
surface (Wiley and Oeltman 1991). The A- and
B-chains are linked by a disulphide bond located
at residue 259 of the A-chain and residue 4 of the
B-chain (Montfort et al. 1987).

Being a glycoprotein, ricin possesses
mannose-rich N-linked oligosaccharides as car-
bohydrate side chains. These functional side
chains help in binding of the toxin to certain cell
types with mannose receptors. In particular, ricin
binds to mannose receptors of the cells of retic-
uloendothelial system (Wiley and Oeltman
1991). Ricin has sites with potential for binding
to high mannose carbohydrate chains at
asparagines 10 and 236 of the A-chain and
asparagines 95 and 135 of the B-chain (Rutenber
and Robertus 1991).

About eight conserved amino acids are of
common occurrence in the family of RIPs. It is
interesting to note that these conserved amino
acids form the active site. These include Tyr 80,
Tyr 123, Glu 177, Arg 180 and Trp 211. With
respect to investigations into substrate binding, it
has come to the fore that the substrate purine ring
is stacked between the rings of the two conserved
tyrosines. Arg 180 bonds to N3 of the ring, and
Glu 177 stays near the ribose. Trp 211 makes no
specific contacts with the adenine but may be
important for the active site conformation or may
interact with a larger polynucleotide substrate.

RCA is a four-chained polypeptide compris-
ing of two A-chains and two B-chains, slightly
less toxic than ricin and causes agglutination of
red blood cells (RBCs) in mammals. RCA I is a
tetramer composed of two ricin-like heterodimers
held together by non-covalent forces. The
A-chain of RCA has a 93% similarity to RTA,
while the two B-chains are 84% similar to RTB
(Roberts et al. 1985). While RTB has two gly-
cans, RCA B-chain possesses three, with the
additional glycan containing a fucose residue
(Lord 1985a, b). This additional oligosaccharide
accounts for the higher apparent molecular mass
of RCA B-chain (*36 kDa) compared with
RTB (34 kDa). Two of the 18 differences
between the respective A-chains involve the
substitution of cysteine residues in RCA, one of
which (Cys 156) is reported to form a disulphide
bond with an adjacent molecule to generate a
mature *128 kDa lectin with the subunit
arrangement B–A–A–B (Cawley and Houston
1979; Sweeney et al. 1997). In contrast to ricin,
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RCA interacts solely with galactose and not with
N-acetylgalactosamine, a feature that permits
convenient separation of these closely related
lectins using affinity columns for protein purifi-
cation (Nicolson et al. 1974).

12.3 Localization of Ricin and RCA

Ricin is produced in a tissue-specific manner in
the endosperm during the post-testa maturation
stage (Roberts and Lord 1981). Ricin, its iso-
forms, storage albumins, and crystalloid proteins
are usually targeted for storage in an organelle
called the protein body in the mature seed (Tul-
ley and Beevers 1976; Youle and Huang 1976).
The protein body is analogous to any other
vacuolar compartment in the cell. Protein bodies
are also present in the cotyledons, where ricin
and RCA are part of the albumin fraction.
Cotyledons contain much less lectins than the
endosperm. Within the protein bodies, ricin
accumulates to around 5% of the total particulate
protein and is usually degraded within a few days
after seed germination (Frigerio and Roberts
1998).

A study by Tregear and Roberts (1992)
examined ricin and RCA mRNA levels during
castor bean seed development using Northern
blot analysis, but it could not discriminate
between ricin and RCA transcripts due to their
high degree of sequence identity. The develop-
mental expression of ricin and RCA was also
studied in seed using RT-PCR and Northern blot
analyses (Chen et al. 2005). Using seed coat
colour and endosperm volume, they divided the
seed development into different phases; endo-
sperm tissue starts developing at about 26 days
after pollination (DAP), continues to develop
until 54 DAP and by 61 DAP, seeds mature and
desiccate. Analyses of ricin and RCA genes at
transcript level have indicated that their expres-
sion coincides with the developmental phases of
the endosperm with mRNA signal detected after
12 DAP, peaking between 26 and 54 DAP, the
period when endosperm expands and occupies
the entire seed, and then starts dropping with
only traces of mRNA signals present by the

time seed matures at 61 DAP. The RT-PCR
assay/restriction fragment analysis reported by
Chen et al. (2005) is definitive and a highly
sensitive method to detect the expression of ricin
or RCA genes at the transcriptional level. Thus,
this technique provides a method to screen the
effectiveness of different ricin and RCA gene
silencing constructs in reducing the transcript
levels of ricin and RCA in developing castor
bean seeds in individual transformants.

Barnes et al. (2009) have shown that ricin is
present in significant amounts in castor bean seed
after 28 days post-pollination, and it disappears
from the plant approximately 6 days after radicle
emergence. Because of its late synthesis in the
seed and early disappearance from the seedling,
ricin likely does not play a defence role in the
mature plant but rather ricin may only provide
protection from predators to the mature seed.

12.4 Mechanism of Action of Ricin
and RCA

As other RIP proteins, ricin is a toxic
N-glycosidase that depurinates large 28SrRNA
molecules and renders the ribosomes incapable
of sustaining further translation. Endo and Tsu-
rugi (1987) showed that the enzymatic activity of
ricin was an N-glycosidation that removes a
specific adenine corresponding to residue A 4324
in rat 28SrRNA. This adenine lies within a
14-nucleotide region known as a-sarcin loop and
is conserved in large rRNAs from bacteria to
humans. Irreversible modification of the target A
residue blocks elongation factor (EF-1 and
EF-2)-dependent GTPase activities and renders
the ribosome unable to bind EF-2, thereby
blocking translation. Thus, RTA is a 28SrRNA
N-glycosidase (Endo and Tsurugi 1987), inacti-
vating the ribosomes by depurinating adenine in
a hairpin loop containing the tetranucleotide loop
GAGA of 28SrRNA (Lord et al. 1994). A single
A-chain molecule is capable of inactivating every
ribosome in the cell thus, halting protein syn-
thesis and culminating in cell death (Wiley and
Oeltman 1991). Ricin has a Michaelis constant
(Km) of 0.1 mol/L for ribosomes and an
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enzymatic constant (Kcat) of 1500/min. It is likely
that the susceptible adenine base binds between
tyrosine residues 80 and 123 while forming
specific hydrogen bonds with the backbone car-
boxyl group and amino nitrogen atom of Val 81
and with the carboxyl group of Gly 12. In the
hydrolysis, the leaving adenine is at least par-
tially protonated by Arg 180, and Gln 177 may
stabilize a putative oxycarbonium transition state,
or more likely, act as a base to polarize the
attacking water. However, it is thought that the
substrate (ribosome) conformation is an impor-
tant factor in its recognition by ricin (Lord et al.
1994). Therefore, ricin is not a nucleotide
sequence-specific protein (Wiley and Oeltman
1991). It has also been shown that the sensitivity
of ribosomes from different sources to the action
of RTA (the A-chain of ricin protein that actually
has the enzymatic activity for deadenylation)
varies significantly. Thus, while mammalian
ribosomes are most sensitive to the action of
RTA, yeast ribosomes are slightly less sensitive
while prokaryotic ribosomes are resistant as they
do not contain 28SrRNA in their ribosomes
(Lord et al. 1994).

12.5 Biogenesis of Ricin

The process of ricin biogenesis can be divided
into three main phases: (i) co-translational import
into and modification of ricin in the endoplasmic
reticulum (ER), (ii) export into the Golgi com-
plex and further modifications therein, and
(iii) export into the protein bodies, maturation
and storage. The process is illustrated in
Fig. 12.1.

(i) Co-translational import into and modifi-
cation of ricin in the endoplasmic reticu-
lum: Preproricin is co-translationally
translocated into the ER. The primary trans-
lation product is a 576 residue precursor
containing an N-terminal 26-amino acid
signal peptide for ER import followed by a
9-residue propeptide that influences import
and glycosylation efficiency and is later
cleaved (Ferrini et al. 1995; Jolliffe et al.

2006). Next to this propeptide is the RTA
(267 residues) sequence separated from RTB
(262 residues) by a 12 amino acid residue
linker (Harley and Lord 1985; Lamb et al.
1985). Preproricin is co-translationally
N-glycosylated (Lord 1985a), and multiple
disulphide bonds are formed within RTB
with an additional disulphide between the
RTA and RTB sequences (Lord 1985b). It
has been shown that the formation of disul-
phide bonds in ricin A-chain decreases the
cytotoxicity of the ricin holotoxin (Argent
et al. 1994). The signal peptide is cleaved
upon entry into the ER to form proricin,
which is catalytically inactive. This is
because the sugar-binding RTB sterically
hinders the catalytic site of RTA (Richardson
et al. 1989). Indeed, this masking persists in
the mature heterodimer (Montfort et al.
1987) but, during the entry into mammalian
cells, the active site of RTA becomes
exposed once RTA and RTB are reductively
cleaved—an event that appears to occur in
the ER of intoxicated cells (Spooner et al.
2004).

The fact that ricin molecules are synthesized
as inactive precursors may explain how castor
bean endosperm cells are able to produce,
transport and store such large amounts of ricin
even though endogenous ribosomes are suscep-
tible to its action, albeit much less compared to
animal ribosomes (Cawley et al. 1977; Harley
and Beevers 1982; Taylor et al. 1994). In this
way, should any precursor be inefficiently or
incompletely imported, the hindered active site
would prevent ribosome inactivation.

(ii). Export into the Golgi apparatus and
further modifications: Radiolabeling
experiments showed that proricin travels
through the Golgi complex where the
glycans on both chains become processed
in a Golgi-specific manner (Lord 1985a).
Indeed, one of the two RTA glycans (but
neither of the two RTB glycans) contains
an a-1,3 fucose linked to the proximal
N-acetylglucosamine residue (Lord 1985b)
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by Golgi-located fucosyl transferase
(Zhang and Staehelin 1992) that renders
the oligosaccharide resistant to peptide:
N-glycanase F (Di Cola et al. 2005).

(iii). Export into the protein bodies, matu-
ration and storage: Proricin is then
transported to the protein storage vacuole
(PSV) through the secretory pathway, and
it is processed to its mature disulphide-
linked heterodimeric form by removal of
both the N-terminal 9-residue propeptide
and the 12-amino acid internal linker
propeptide (Harley and Lord 1985). The
enzyme responsible is likely to be a

cysteine proteinase known as vacuolar
processing enzyme (VPE) (Hara-Nishimura
et al. 1993) because it cleaves at the
C-terminal side of asparagine residues and
both proricin propeptides terminate in
asparagine. This type of proteolysis is
typical in the maturation of seed storage
proteins (Hara-Nishimura et al. 1991,
1995; Hiraiwa et al. 1997; Shimada et al.
2003; Wang et al. 2009), although VPE
has also been identified as a caspase
involved in vacuole-mediated cell death in
vegetative tissues (Hatsugai et al. 2004;
Hara-Nishimura et al. 2005). In the seed,

Fig. 12.1 Biogenesis of ricin and intracellular trafficking
of ricin and its precursors in Ricinus endosperm cells. The
process happens in three phases: (i) co-translational
import into, and modification of ricin in the endoplasmic
reticulum (ER), (ii) export into the Golgi complex and
further modifications in glycosylation and (iii) export into
the protein bodies, maturation and storage. Preproricin
with 576 amino acid (a.a.) residues is synthesized with
SS, signal sequence (26 a.a.); P, propeptide (9 a.a.); RTA,
A-chain of ricin (267 a.a.); L, linker peptide (12 a.a.);
RTB, B-chain of ricin (262 a.a.) and four sites of
glycosylation (N). Preproricin is co-translationally
translocated into Endoplasmic reticulum (ER), and the
signal sequence is cleaved to give proricin (550 a.a.).

In ER, along with N-glycosylation (indicated as attach-
ments to the protein in place of N), disulphide bridges are
formed; orange bracket—interchain disulphide and grey
brackets—intrachain disulphides. In Golgi complex, gly-
can modification takes place and then ricin is transported
into storage vacuoles or protein bodies, where the
propeptide and linker peptides are removed coupled with
conformational changes. Also shown is the ricin X-ray
structure and a cartoon showing the arrangement of the
chains and the position of the interchain disulphide bond.
Redrawn based on Lord and Spooner (2011). Toxins
(Basel), 3:787–801 an open access article under Creative
Commons Attribute Licence, http://creativecommons.org/
licenses/by/3.0/
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VPE is transported in a latent form to
vacuoles, where it becomes activated
(Hara-Nishimura et al. 1993). Despite the
generation of mature ricin throughout the
seed maturation process, there are no signs
of endogenous ribosome damage. This
strongly indicates that reduction of the
interchain disulphide bond and transloca-
tion of the active RTA form the PSV to the
cytosol does not occur. Thus, the genera-
tion of the active ricin holotoxin only
when sheltered in vacuoles is yet another
safeguard that permits castor bean seeds to
store large quantities of a highly potent
toxin without putting its own survival
at risk.

Ricin biosynthesis in heterologous system: The
biosynthetic events in castor bean endosperm
have been recapitulated in tobacco protoplasts
using transient expression and metabolic label-
ling (Frigerio et al. 1998b). These experiments
provided a first indication that the linker
propeptide may contain the vacuolar sorting
signal. When constructs encoding preproRTA
(RTA chain along with the N-terminal sequence
of 1–35 aminoacids of the native preproricin
protein) and preRTB (RTB chain with the linker
peptide of 12 aminoacids that separate RTA
and RTB in the native ricin protein) were
co-expressed, RTA and RTB assembled into
disulphide-linked heterodimers which were
completely secreted, rather than targeted to the
vacuole (Frigerio et al. 1998b). The linker pep-
tide was sufficient to restore vacuolar sorting of
the RTA–RTB heterodimers when appended to
the C-terminus of RTA or to the N-terminus of
RTB (Frigerio et al. 2001). The linker peptide
was also sufficient to target two reporter proteins,
secreted phaseolin (Frigerio et al. 1998a) and
GFP/RFP, to the vacuole (Frigerio et al. 2001;
Hunter et al. 2007). The 12-residue intervening
linker peptide contains the amino acid motif
LLIRP, which is reminiscent of the sequence-
specific vacuolar sorting signal (ssVSS) NPIRL,
found in proteins such as sweet potato sporamin
(Matsuoka and Nakamura 1991; Koide et al.

1997) and barley aleurain (Holwerda et al. 1992).
The bulky hydrophobic side chain of isoleucine
has been identified as crucial within this sorting
motif (Matsuoka and Nakamura 1999). Indeed,
mutagenesis of Ile to Gly in the ricin linker
resulted in complete secretion of proricin
(Frigerio et al. 2001) or fluorescent reporter
proteins (Hunter et al. 2007), indicating that the
linker is a bona fide, ssVSS. The linker was also
the first internal propeptide to be identified that
carries vacuolar sorting information (Vitale and
Raikhel 1999). It was subsequently shown that
the position of the ricin linker within a reporter
protein was important, with the linker function-
ing in an isoleucine-dependent manner when
positioned at the N-terminus but not at the
C-terminus, thus reinforcing the idea that this
was a “canonical” ssVSS (Jolliffe et al. 2003).
The description of the internal ssVSS of proricin
was followed by the discovery that propeptide II
of castor bean pro2S albumin (pro2SA) also
contains a ssVSS (Brown et al. 2003). This
finding also indicated that leucine can perform
the same function of isoleucine within the VSS.
Analysis of the Arabidopsis vacuolar proteome
has revealed that the consensus sequence for
ssVSS is indeed less strict than initially antici-
pated on the basis of a handful of model proteins
containing NPIRL and allows for the presence of
leucine as well as isoleucine (Carter et al. 2004).

In earlier years, the working model for vac-
uolar sorting hypothesized the existence of sep-
arate vacuoles within plant cells: a vegetative,
lytic vacuole and a PSV (Paris et al. 1996).
Accordingly, at least two vacuolar sorting path-
ways were identified (Matsuoka et al. 1995): one
mediated by ssVSS and directed to the lytic
vacuole, and one mediated by C-terminal,
hydrophobic VSS and directed to the PSV
(Matsuoka and Neuhaus 1999; Vitale and
Raikhel 1999; Vitale and Hinz 2005). Therefore,
the model predicted that all proteins carrying a
ssVSS would be recognized by a trans-Golgi-
localized vacuolar sorting receptor (first named
BP-80, then renamed VSR (Paris and Neuhaus
2002)) and delivered to the lytic vacuole. As the
VSR was first identified in clathrin-coated vesicle

12 Ricin and RCA—The Enemies Within Castor (Ricinus communis L.) … 221



(CCV)-enriched preparations (Kirsch et al. 1994;
Ahmed et al. 1997), the hypothesis was that
VSS-carrying proteins would be packaged into
CCV and delivered to the lytic vacuole. Proteins
directed to the PSV were hypothesized to follow
a distinct route, possibly involving aggregation
(Castelli and Vitale 2005), and exit from early
Golgi stacks (Hillmer et al. 2001), but no inter-
action with VSR (Robinson et al. 2005; Vitale
and Hinz 2005). Therefore, the discovery that
two castor bean proteins, proricin and pro2SA,
carry ssVSS and yet are targeted to the PSV
challenged this model and raised the question as
to whether these proteins would interact with a
VSR-like receptor. Affinity chromatography
experiments using immobilized ricin linker
peptides identified castor bean proteins cross-
reacting with Arabidopsis VSR antibodies in an
exquisitely sequence-specific manner, thus
strongly suggesting that two storage proteins are
indeed VSR ligands in maturing castor bean
endosperm (Jolliffe et al. 2004). Sub-cellular
fractionation also revealed that proricin
co-fractionated with VSR and clathrin heavy
chain (Jolliffe et al. 2004). More recently, a
secretory reporter (red fluorescent protein) car-
rying the ricin linker VSS (Hunter et al. 2007)
was found to be mis-sorted to the apoplast in
mutant Arabidopsis seeds lacking the most
abundant VSR isoform, VSR1 (Craddock et al.
2008). Taken together, these observations indi-
cate that ricin is a bona fide VSR substrate. The
wider implication of these findings is that VSR
may be central to the sorting of the majority of
vacuolar proteins, including storage proteins. In
addition, the fact that the existence of multiple
vacuoles within plant cells seems to be the
exception rather than the rule (Frigerio et al.
2008) and the recent finding that proteins carry-
ing different types of VSS converge at the pre-
vacuolar compartment (Miao et al. 2008) seems
to indicate that multiple transport routes may
serve the same vacuolar destination.

Though no information is available on the fate
of mis-folded proricin, headway has been made
with respect to the fate of RTA when expressed
independently without RTB, wherein the RTA is
targeted for degradation in the cell (Di cola et al.

2005). This, though less relevant to proricin
(which includes both RTA and RTB), enabled
the discovery of the operation of endoplas-
mic reticulum associated degradation (ERAD)
(Sommer and Jentsch 1993; Jensen et al. 1995;
Ward et al. 1995; Wiertz et al. 1996), the dis-
cussion of which is beyond the scope of this
review. Also, it has been demonstrated that RTB
targeted to ER in tobacco protoplast is targeted
for degradation in a vacuole-independent mech-
anism (Chamberlain et al. 2008).

12.6 Biogenesis of RCA

The signal peptide and two propeptides in the
RCA precursor are identical to the equivalent
sequences in preproricin (Roberts et al. 1985), and
the transport mechanism is essentially the same
for both lectins (Butterworth and Lord 1983).
However, the assembly of RCA into a disulphide
bonded tetramer has not been studied until
recently. It appears that single-chain proRCA
precursors are folded and glycosylated in the ER
such that they are competent for transport without
assembly into precursor dimers. Consequently,
they are delivered to vacuoles along a Brefeldin A
(BFA)-sensitive pathway that involves trafficking
through the Golgi and fucosylation of one of the
RCA B-chain glycans (Lord 1985a, b). Upon
arrival in the vacuole, proRCA molecules are
proteolytically processed to remove the propep-
tides. Surprisingly, the assembly into B–A–A–B
tetramers takes place within PSV rather gradually,
leading eventually to a mixed population of B–A
and B–A–A–B forms of RCA in the mature
endosperm. This suggests that the ER may not be
the only site for disulphide bond formation in
plant cells (Marshall et al. 2010).

12.7 Detection of Ricin and RCA

It has been well established, through X-ray
crystallography and other biophysical methods,
that ricin gains cellular entry through the
lectin-binding properties associated with RTB,
which preferentially binds to the abundant
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galactose-containing glycoproteins and glycol-
ipids that line the cell surface. Ricin bound to the
cell surface is internalized via endocytic vesicles
which facilitate its retrograde transport through
the Golgi and endoplasmic reticulum, after which
it is extruded into the cytosol where the A-chain
(RTA) of ricin inactivates ribosomes with high
efficiency by deadenylating the A residue at 4324
position in 28SrRNA. Intracellular uptake of
ricin, its retrograde transport in the mammalian
cell and ribosome inactivation by RTA is
depicted in Fig. 12.2.

Many different approaches towards develop-
ing simple, reliable and sensitive methods for
ricin detection have been investigated (reviewed
by Bozza et al. 2015). Based on the type of
contaminations expected, it is critical that such
methods be capable of distinguishing the active
and inactive forms of ricin. There are three
conditions necessary for a ricin molecule to be
active and effective ribosome-inactivating protein
—presence of both RTA and RTB, presence of
active site in RTB to bind the galactoside residue
on cell membrane and presence of the active site
in RTA to bind and deadenylate the specific
adenine residue in 28SrRNA. Therefore, detec-
tion methods must address these principles if
distinction between active and inactive forms of
ricin is to be made. When there is an intentional
attack using ricin, to help in site decontamination
and sample disposal, assays that can detect bio-
logically active ricin will be needed to ascertain
the level of effective decontamination of the site.
Such assays would also help in developing
therapeutic regimens at the site of contamination
(Bozza et al. 2015). Ricin detection methods
have been developed and validated in relation to
the biological steps that occur during ricin
intoxication; presence of ricin protein in the
contaminated sample or area can be detected by
immuno-based assays and mass spectrometry
while the contaminating castor genomic DNA or
DNA specific to ricin gene could be detected
using qPCR techniques, enzymatic properties of
RTA could be detected by assays that monitor
the deadenylation step and concomitant release
of adenine moiety as well as inhibition of protein
translation, and the effect of ricin in causing cell

death and apoptosis is usually detected using
mouse bioassays and cell-based cytotoxicity
assays which can detect ricin triggered cell death
(for specific references, see the review by Bozza
et al. (2015)).

Considering the caveats in detection methods,
in their review, Bozza et al. (2015) have outlined
a clear perspective for the ideal detection system
that would meet the requirements of monitoring
and containing the harmful effects of ricin con-
tamination. They have opined that many of the

Fig. 12.2 Route ricin takes in mammalian cells and its
cytotoxic effect. After entering the cell through either
clathrin-dependent or clathrin-independent endocytosis,
ricin traffics via vesicular carriers through the early
endosomes (EE) and the trans-Golgi network (TGN) to
the ER. ER processing events include separation of RTA
and RTB, interaction of RTA with the ER membrane and
likely interactions with luminal chaperones prior to
dislocation. Post-dislocation triage by cytosolic chaper-
ones is thought to enable a proportion of the dislocated
RTA to refold. PDL—protein disulphide isomerase;
EDEM—ER degradation-enhancing alpha-mannosidase
I-like protein; GRP94, 94 kDa glucose-regulated protein.
Reproduced from Lord and Spooner (2011). Toxins
(Basel), 3:787–801 an open access article under Creative
Commons Attribute Licence, http://creativecommons.org/
licenses/by/3.0/
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biological assays that can detect ricin toxicity
have limitations in selectivity and cannot distin-
guish ricin from other harmful toxins with similar
mechanism of action. Therefore, it has been
suggested that it is necessary to utilize an inte-
grated approach in the development of an ideal
ricin detection method with the optimal assay
design that would have a rapid and efficient
enrichment step, RTA activity checkpoint and a
selectivity step that can distinguish ricin from
other bioactive toxins. As detection of ricin,
without confirming the presence of an active
RTB with the lectin-binding domain does not
ensure that the ricin protein is capable of pene-
trating a host cell membrane and exert toxicity, a
viable approach for sample enrichment should be
able to use sugar-conjugated materials that
exploit the lectin-binding properties of the RTB.
This step should be followed by detection of ricin
peptide fingerprints as well as detect the in vitro
released RNA substrates that have been dead-
enylated by active RTB through mass spec-
trometry methods. Additionally, it has been
suggested that a robust cell-based assay, using
sensitive methods such as fluorescence- or
luminescence-based molecular probes that can
detect ricin cytotoxicity, can be used as a con-
firmatory test (Bozza et al. 2015).

In order to harmonize detection capabilities in
expert laboratories, an international proficiency
test was organized that aimed at identifying good
analytical practices (qualitative measurements)
and determining a consensus concentration on a
highly pure ricin reference material (quantitative
measurements). Based on these studies, detection
methods have been identified (Worbs et al. 2017)
as adoptable in different laboratories across the
world for both qualitative and quantitative mea-
surements of ricin.

Because of the importance of ricin as a
potential molecule that could be used in
bio-warfare and possible environmental contam-
ination, several new detection methods have been
recently developed: rapid on-site visual detection
of active ricin using a combination of highly
efficient dual recognition affinity magnetic
enrichment and specific gold nanoparticle probe
(Sun et al. 2017), electrochemical DNA (E-DNA)

biosensor-enabled detection (Daniel et al. 2017),
a graphene oxide-based detection of RTB (Li
et al. 2017), detection of ricin using gold nan-
oclusters functionalized with chicken egg white
proteins as sensing probes (Selvaprakash and
Chen 2017), quantitative colorimetric ricin
sensing based on nanopin-cavity resonator (Fan
et al. 2017), analysis of active ricin using
matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry
(Wang et al. 2016), mass spectrometry-based
rapid detection of ricin in serum using
Cu-chelated magnetic beads (Zhao et al. 2016),
simultaneous differentiation and quantification of
ricin and RCA using an antibody-sandwich sur-
face plasmon resonance sensor (Stern et al. 2016),
etc. Recommended immunological assays as well
as mass spectrometry-based strategies to identify
ricin-containing samples have been enumerated
(Simon et al. 2015; Kalb et al. 2015). Addition-
ally, there are many detection methods developed
based on proteomics approaches that have been
summarized in a recent review (Duracova et al.
2018).

12.8 Genomics of Ricin

The ricin gene was the first plant ribosome-
inactivating protein (RIP)-encoding gene to be
cloned. cDNA clones encoding preproricin and
preproagglutinin have revealed extensive
homology. As is characteristic of all plant lectin
genes, ricin gene does not contain any introns.
Early Southern blot hybridization experiments
(using a ricin cDNA probe) suggested that ricin
and RCA belong to a multi-gene family of lectins
consisting of eight members (Tregear and
Roberts 1992).

However, the release of the castor bean draft
genome sequence (Chan et al. 2010) revealed
that there are 28 putative genes in the family,
including potential pseudogenes or gene frag-
ments, contained in a total of 17 sequence scaf-
folds. This distribution pattern suggested
clustering of the ricin and RCA gene family
members in castor genome with the largest
cluster spanning 70 kb and including a group of
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five family members interrupted by one
non-ricin/RCA gene. Ten scaffolds contained
only one member of ricin family while the
remaining six scaffolds carried two to three
members of ricin gene family. Earlier reports of
fewer copy number of ricin family, based on the
Southern blot analysis, could have missed on
estimating the actual number of ricin family
genes due to clustering of ricin/RCA genes at
some locations in the genome through the pro-
cess of tandem duplications (Chan et al. 2010).

The ricin gene uses more than one transcrip-
tion start site; the most common 5′ position
determined occurring 60 bp upstream from the
ATG codon. There is a TATTAA sequence at
−22 (with respect to the most 5′ putative tran-
scription start point), which might function as a
TATA box. A CAAGT element representing a
CAAT box analogue is also present. The AGGA
box is represented by ATTGA motif, but there is
no evidence to support its functional role as an
expression signal. RNase protection analysis was
used to predict the polyadenylation site (Tregear
and Roberts 1992). Two putative polyadenyla-
tion signals, with sequences AATAAA and
AATAAG, have been previously identified (Lord
1985a, b) in the 3′ untranslated region of a ricin
cDNA and a ricin genomic clone (Halling et a1.
1985). Investigation at the transcriptional level of
the expression pattern of ricin and RCA revealed
that mRNA accumulates during the post-testa
stages of seed development.

Considering the complex genomics of ricin
and RCA gene family, Loss-Morais et al. (2013)
have reexamined the castor genome and identi-
fied 18 ricin family genes, which included nine
RIP I and nine RIP II types. Further, expression
pattern analyses of these identified genes using
RT-qPCR at different stages of endosperm
development have revealed that, in addition to
the earlier identified ricin and agglutinin genes,
four other RIP I and four RIP II genes are
expressed during seed development in castor
bean albeit with lower levels of expression
(Loss-Morais et al. 2013). Thus, deeper analyses
of ricin and RCA gene families are throwing
newer insights into their expression pattern and
this might point to their hitherto unidentified

functional role in castor plant. Interestingly, in a
recent review, Zhu et al. (2018) have summed up
the roles ribosome-inactivating proteins play in
defence responses of plants and it needs to be
tested whether ricin, RCA and other RIPs in
castor have definite roles in defence against
pathogens and insect pests.

12.9 Approaches
to Eliminate/Reduce
Ricin and RCA

Considering the nutritive status of the castor
de-oiled meal, especially as an animal feed, it is
necessary to eliminate completely or reduce ricin
and RCA content to the safe levels. The most
sensible approach to reduce the toxic protein is
targeting the gene coding for: (i) toxic protein,
(ii) a component of the specific
machinery/pathway responsible for its produc-
tion and/or accumulation of the protein, (iii) a
regulator of the expression of the protein either
directly or indirectly, or (iv) protein that activates
the inactive form of toxic protein into active
toxin (not rendering the protein to become an
effective toxin). Other strategies are the phar-
macological or physical inactivation of the pro-
tein or stimulation of its degradation. Among
these, inactivation at the gene/mRNA level is
sustainable as it brings about a permanent solu-
tion. Owing to the complexity (such as multiple
copies) of genomics of ricin/RCA gene family,
harnessing induced mutations (using either
physical agents such as X-ray and gamma ray;
chemical agents such as ethyl methane sulpho-
nate and methyl methane sulphonate; biological
agents such as transposons, T-DNA) or searching
for the mutated alleles from germplasm collec-
tion for ricin family genes seems to be a daunting
task. Also, these processes are very slow and
non-targeted. In such cases, approaches like
RNAi or antisense are more effective. The most
effective way to reduce toxic proteins encoded by
a gene family would be to silence the genes
encoding them using PTGS approaches. In gene
disruption approaches, the target sequence is
mutated to eliminate either gene expression or
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function, whereas dominant gene silencing
methods either destruct the gene transcript
or prevent its synthesis. The advantages of
dominant gene silencing methodologies over
gene disruption approaches are twofold. First,
dominant gene silencing is easier to manipulate
genetically and to screen for subsequent trans-
genic plants. Second, dominant gene silencing
can be manipulated in a spatial and temporal
manner, using specific promoters.

In this section, we provide a brief summary of
the attempts made so far to detoxify ricin and
RCA using different methods and then outline the
approaches and strategies that could be employed
for bio-detoxification of ricin and RCA.

12.10 Detoxification of Ricin
and RCA

12.10.1 Physical and Chemical
Methods

Several attempts have been made to detoxify
castor meal by destroying ricin and RCA using a
number of physical and chemical methods. The
physical methods included soaking in water
(Anandan et al. 2005), steaming (Anandan et al.
2005), boiling (Anandan et al. 2005; Barnes et al.
2009), autoclaving (Anandan et al. 2005; Barnes
et al. 2009) and heating (Anandan et al. 2005) of
the oilcake. The chemical methods consisted of
treatment of the cake with ammonia (Anandan
et al. 2005), formaldehyde (Anandan et al. 2005),
lime (Anandan et al. 2005), sodium chloride
(Anandan et al. 2005), tannic acid (Anandan
et al. 2005), sodium hydroxide (Anandan et al.
2005), calcium hydroxide (Barnes et al. 2009),
urea (Barnes et al. 2009) and guanidine (Barnes
et al. 2009). Autoclaving and lime treatment
showed to be the most effective methods to
destroy the toxins. However, a 60-min autoclave
detoxification is very energy-demanding, making
it economically unfeasible when considering large
amounts of oilcake. Solvent extraction alone is
less desirable as it would leave the ricin as a
functional toxin within the meal unless solvents
were heated to drive them from the meal to be

recycled (Barnes et al. 2009). Treatment of the
meal with urea and guanidine showed no sub-
stantial reduction in the presence of ricin as visu-
alized by an antibody reaction (Barnes et al. 2009).

In another approach, it has been suggested
that the ricin and RCA proteins could be inacti-
vated by use of sal (Shorea robusta) seed meal,
which contains very high levels of tannins.
However, the treated meal shows reduced protein
content and substantial levels of tannins (Gandhi
et al. 1994), which non-selectively bind to pro-
teins, destroying their enzymatic activities and
reducing net protein availability of the treated
castor oilmeal.

In an industrial setting involving larger
quantities of castor meal, care should be taken to
ensure every part of the seed or seed product was
exposed to the treatment. Furthermore, because
of the harsh nature of the above-described
methods to destroy ricin and RCA, they can
also destroy useful proteins or impair their
digestibility by animals, as their digestive
enzymes are also complexed by tannins. Apart
from these disadvantages, all the detoxifying
methods need additional knowledge and inputs
from the end-user and also the extent of detoxi-
fication might vary subject to the method adopted
and followed, thus always having a fair amount
of risk on farmers’ side to use “detoxified” oil
meal as safe animal feed.

In a recent review, Akande et al. (2016) have
provided a complete account of the different
methods followed for detoxification of ricin and
RCA in the de-oiled castor meal and its utility as
animal feed.

12.10.2 Conventional Genetics

Efforts to develop lines with reduced levels of
ricin and RCA in castor bean through conven-
tional breeding strategies have not been
successful. This has been ascribed to the
non-availability of sufficient genetic variability
(R. communis is a monotypic species), the exis-
tence of multiple copies of ricin and RCA genes
within the genome, and the difficulty in esti-
mating ricin concentration to select of low-ricin
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plant lines. Due to these problems, some breed-
ing trials done in the USA have not led to the
identification of nil-ricin stable lines in an F6
generation (Pinkerton et al. 1999; Auld et al.
2001). However, advanced generation lines (F6)
with 70–75% reduction in ricin and RCA have
been developed (Auld et al. 2001). This approach
is slow and costly as it requires several genera-
tions and considerable effort to develop elite lines
with the desired phenotype.

12.10.3 Microbiological
Detoxification

Solid-state fermentation (SSF) of castor cake has
been carried out to achieve ricin detoxification and
reduce allergenic potential. The fungus Penicil-
lium simplicissimum was able to reduce the ricin
content to non-detectable levels in addition to
diminishing castor bean waste allergenic potential
by approximately 16% (Godoy et al. 2009). The
detoxification of oilcake by P. simplicissimum
was evaluated during 72-h fermentation that
showed a gradual reduction in ricin over time.
A reduction in the amount of ricin could be
observed at 24 h of fermentation and after 48 h,
the ricin bands were no longer visible on
SDS-PAGE, most likely because the fungus
would have used ricin as nutrient source. The SSF
was able to reduce, though not completely elimi-
nate, the ricin content of the oilmeal, and also its
allergenic potential, thus proving to be an effective
method for residue detoxification. This is a fine
example of new low-cost methodologies aimed at
agro-industrial waste detoxification.

12.10.4 Bio-Detoxification Through
Silencing of Ricin
and RCA Gene Using
Post-Transcriptional
Gene Silencing (PTGS)
Technologies

Gene silencing approaches have revolutionized
the pursuit of suppressing the expression of tar-
get genes and have been the choice of plant

biologists to eliminate the unwanted gene prod-
ucts in plants. If the silencing of genes is effected
after the transcripts are made, such an approach
is designated post-transcriptional gene silencing
(PTGS). Considering the importance and suit-
ability of this technique in eliminating ricin and
RCA proteins, a brief perspective regarding
PTGS concept has been provided here and the
feasibility of using PTGS technology for detox-
ification of ricin and RCA has been provided
later.

In plants, PTGS has been induced either
through the use of DNA construct encoding
dsRNA (double stranded RNA) or
co-suppression constructs producing siRNA
(small interfering RNA) or by introducing DNA
constructs, which would lead to the production of
antisense RNA. One of the earlier classical
examples of inactivation of a gene product by
PTGS technology has been the reduction of
polygalacturonase enzyme to delay the onset of
ripening in tomatoes where the levels of the
protein were reduced up to 99% (Gray et al.
1992) through the antisense technology. Later,
PTGS has been induced in plants using other
strategies like co-suppression of the endogenous
gene by introducing sense copies of the target
gene(s). However, the relatively low frequency
of PTGS achieved with antisense and
co-suppression (where the endogenous gene as
well as the externally introduced transgenes will
be inactivated due to homology-mediated
silencing of the genes leading to suppressed
production of transcripts or degradation of the
transcripts) requires that large populations of
transgenic plants be produced in order to obtain
an acceptable number of transgenic lines
exhibiting sufficient degrees of target gene sup-
pression. This can present a major limitation,
particularly in species such as castor bean that
have low transformation and regeneration fre-
quency. To overcome these limitations, alterna-
tive strategies that are more efficient in achieving
gene silencing have been developed in plants.
Gene constructs encoding intron-spliced RNA
with a hairpin structure have been shown to
induce PTGS with almost 100% efficiency when
directed against viruses or endogenous genes
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(Smith et al. 2000). When the functional intron
was replaced with any other spacer sequence or
non-functional intron, then the efficiency of gene
silencing was reduced significantly. In another
study, Wesley et al. (2001) compared the effi-
ciency of different types of constructs for gene
silencing and have identified intron hairpin RNA
strategy as the best for abolishing the gene
activity. The authors have also opined that these
vectors can be used for silencing whole gene
families if a common conserved region among
the target genes is chosen for making hpRNA
construct. Recently, it has been demonstrated
that if a portion of the target gene is cloned
upstream of an inverted repeat of 3′ untranslated
region (3′-UTR) and subsequently introduced
into the plant, a high-efficient gene silencing of
the target gene is achieved (Brummell et al.
2003). This type of gene silencing called
silencing by heterologous 3′ untranslated regions
(SHUTR) is based on the principle of transitive
RNAi and has the advantage of ease and rapidity
in preparation of the constructs, since a gene of
interest can be inserted into a binary vector
already containing the promoter and the inverted
repeat of the 3′-UTR, in a single cloning step,
and does not require any knowledge of the DNA
sequence. The authors have demonstrated the
utility of this technique for silencing many genes
and transcription factors. The siRNA-mediated
silencing is expected to show some off-target
effects. In another milestone development, arti-
ficial microRNA approach has been adopted for
targeted silencing of gene or genes of a family by
taking cue from the naturally occurring micro-
RNAs that silence genes in a very precise and
regulated, both spatially and temporally, manner
(Ossowski et al. 2008).

RNA silencing has the potential to simulta-
neously alter expression of all members of a
multi-gene family in a tissue-specific manner
with little collateral change in the plant. PTGS
has been used in efforts to remove allergens from
rice, soybean, apple, tomato and peanut. The first
attempts to eliminate plant allergens were in rice
(Tada et al. 1996) and soybean (Herman et al.
2003) where seed-specific promoters drove anti-
sense or sense constructs, respectively. Although

the rice transgenics and their progeny had
substantially reduced levels of the targeted
14–16 kDa allergens, none of them were
allergen-free probably due to insufficient
sequence homology between the antisense con-
structs and members of the multi-gene family
that encoded these allergens (Tada et al. 1996).
By contrast, complete knock-down of the soy-
bean allergen, GlymBd 30 K also known as P34,
was obtained in one co-suppression line (Herman
et al. 2003). Significantly, P34 elimination was
maintained over three generations, and there
were no observable plant morphological or
reproductive differences between transgenic and
wild type plants. Thus, genetic engineering can
produce food crops that are hypoallergenic or are
rendered harmless owing to detoxification. The
advantage of this approach is that it can make
foods that were once unsafe available as good
sources of nutrition and calories while also pav-
ing the way for better consumer understanding
and acceptance of genetically modified foods.
Genetic engineering technologies have advan-
tages over classical breeding, not only because
they enlarge the range of genes and the types of
mutations to be manipulated, but also due to their
ability to control spatial and temporal expression
patterns of the genes of interest.

A particularly interesting example of elimi-
nating an unwanted compound through PTGS
approach has been provided by Sunilkumar et al.
(2006), who used tissue-specific expression of a
hairpin transgene to reduce the levels of the toxic
insecticidal terpenoid gossypol in cottonseed.
Gossypol is toxic to humans and monogastric
animals, and its accumulation in seed limits the
use of cottonseed protein. However, as gossypol
is a beneficial insecticidal protein elsewhere in
the plant, its systemic elimination results in
strongly increased susceptibility to insect attack.
The enzymes d-cadinene synthases (encoded by
a gene family) are required to divert terpenoid
compounds into the gossypol synthesis pathway.
Sunilkumar et al. (2006) silenced these targets
using a conserved hairpin expressed from the
seed-specific cotton a-globulin B promoter. As a
result, seed gossypol was reduced by up to 99%,
while levels elsewhere in the plant were not
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measurably changed. Other reported examples of
eliminating unimportant compounds or allergens
include silencing of polyphenol oxidase, to pre-
vent enzymatic browning of potato (Wesley et al.
2001), silencing of ACC oxidase, which pro-
duces the ripening compound ethylene in tomato,
resulting in altered ripening and prolonged
shelf-life (Xiong et al. 2005), and silencing of the
Mal d 1 family of allergenic proteins in apple
(Gilissen et al. 2005).

In another important study, Allen et al. (2004)
used PTGS approaches to silence the
seven-member family of codeinone reductase
(COR) enzymes, which catalyse the final step of
morphine biosynthesis in opium poppy. The
family is encoded by six highly related members,
Cor1.1–6, and the more divergent Cor2, which
were targeted for silencing by a chimeric hairpin
sequence containing 336nt of Cor1.1 and a 242nt
sequence of Cor2. Specific down-regulation of
Cor transcripts was achieved. This example
clearly demonstrated that by careful selection of
the homologous regions as targets while devel-
oping gene silencing vectors, a family of genes
that are related by homology could be silenced
effectively.

Coming to the prospects of application of
PTGS approaches to eliminate ricin and RCA
proteins, it involves development of transgenic
castor bean plants with silencing constructs.
Therefore, the basic requirements for using this
approach involve availability of a good regener-
ation and transformation protocol and develop-
ment of appropriate gene constructs to effect
silencing. Castor bean is considered recalcitrant
for in vitro manipulations and therefore, difficult
to transform (Sujatha et al. 2009; see Chap. 14).
However, there are successful examples of
developing castor bean transgenics using
meristem-based transformation at the Indian
Council of Agricultural Research—Indian Insti-
tute of Oilseeds Research, (formerly Directorate
of Oilseeds Research) Hyderabad, India (Sujatha
and Sailaja 2005; Sailaja et al. 2008; Sujatha
et al. 2009). Multiple genes sharing stretches of
identical sequence can be effectively silenced
with a single RNAi construct. This feature is
especially important in species like castor bean,

which has multiple copies of ricin and RCA
genes. These genes are also very tightly regulated
at the transcriptional level with their expression
clearly restricted to the developing endosperm
(Tregear and Roberts 1992; Lord et al. 1994;
Frigerio and Roberts 1998; Pinkerton et al.
1999). Thus, in order to post-transcriptionally
silence them, the siRNA molecules must be
expressed in the same cells at the same time.
Unfortunately, the commonly used constitutive
CaMV35S (cauliflower mosaic virus 35S)
promoter does not work well in the endosperm
(Benfey and Chua 1990), and an endosperm-
specific promoter should be used.

In collaboration with ARS-USDA, Texas
Tech University scientists have developed a
transformation protocol in castor bean and they
are trying to develop transgenic castor bean with
low or no ricin and RCA content using antisense
technology (Auld et al. 2001). The major
objective of castor bean genetic transformation in
the USA is to develop ricin-free castor bean
varieties with the potential to create new eco-
nomic opportunities for farmers and processors.
The problem is tackled through a PTGS approach
(Auld et al. 2001). At Arcadia Biosciences Inc,
Canada efforts are on to develop ricin-free castor
bean by adopting targeting induced local lesions
in genomes (TILLING) technology. In this
approach, single-nucleotide polymorphisms in
the ricin gene(s) are identified to be later brought
together into one genetic background (www.
arcadiabio.com). The most obvious advantage of
TILLING for silencing toxic substances is that it
is a knockout approach, while RNAi is a
knock-down approach. Also, TILLING generates
“non-GMO” (non-genetically modified organ-
ism) or non-transgenic plants. However, the high
copy number of ricin genes in the castor bean
genome may prevent the use of TILLING to
eliminate all copies of the toxin genes.

In a recent development, a Brazilian research
group based in Embrapa resorted to RNAi (intron
hairpin)-mediated silencing of ricin and RCA
genes in castor bean (Sousa et al. 2017).
Non-detection of ricin protein in transgenic cas-
tor bean lines, lack of hemagglutination activity
and non-toxicity of the de-oiled meal from
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transgenic lines further established the effective
silencing of ricin and RCA mediated by the
intron hairpin RNAi strategy. This has ushered in
a new era of utilizing the detoxified, protein-rich,
de-oiled meal as a good animal feed.

12.11 Conclusion

The castor oilcake is a promising candidate for
animal feed. The toxic endosperm proteins, ricin
and RCA, severely limit the utility of castor cake
after oil extraction. The total elimination or
inactivation of these toxic proteins from castor
cake is extremely important before it can be used
as an animal feed. The global shortage of protein
sources for animal feed has prompted a search for
alternative sources. Attempts have been made to
detoxify castor cake using physical and chemical
approaches, conventional genetics, microbiolog-
ical detoxification and biotechnological inter-
ventions like PTGS and TILLING. Future
attempts could exploit the cell biology of ricin
and RCA.

It is interesting to note that the cultivation of
castor bean was abandoned in the Texas region
of the USA to avoid health hazards associated
with the accidental ingestion of castor bean seeds
by humans or animals. However, McKeon and
Chen (2001), with the ultimate goal of realizing
ricin-free transgenic castor bean plants, have
reported the successful development of castor
bean transgenic lines using agro-infection
method, in which the flower buds were woun-
ded and infiltrated with Agrobacterium culture,
seeds were allowed to develop and the resultant
plants from such seeds were tested for transgenic
nature. Interestingly, the title of the paper
“High-tech castor bean plants may open door to
domestic production” is an indication of the
health hazard caused by ricin. Among the several
options available to down-regulate multiple
copies of highly homologous toxin genes, PTGS
technology-based strategies are very promising,
as has been already proven in different examples.
Ricin and RCA proteins being encoded by a
family of highly homologous genes, this should
be a clear case for bio-detoxification approach

through development of appropriate transgenic
lines by employing efficient PTGS strategies.
The basis requirement for using transgenic
approach is the availability of a repeatable
transformation protocol, and therefore, concerted
efforts are needed in this direction in castor bean.
Recent report (Sousa et al. 2017) demonstrates
the feasibility of developing ricin- and RCA-free
castor bean plants.

Complete exploitation of the potential of
PTGS in crop improvement will be possible
with the development of more specific
temporal/spatially regulated silencing vectors. In
author’s laboratory, a set of gene silencing con-
structs that use ihpRNAi, transitive RNAi and
artificial microRNA principles have been devel-
oped by targeting the sequences that are common
between ricin and RCA genes and by using the
promoter of native ricin gene. These constructs
will be used to transform castor bean and assess
the efficiency of each of the approaches. Mul-
tipronged approaches combining PTGS with
conventional genetics or other methods may, for
instance, further reduce or completely eliminate
ricin and RCA in the USDA Texas castor bean
lines with reduced ricin and RCA. It is also
essential to understand the interaction and the
network of various macromolecular complexes
and their modulators involved in the phe-
nomenon of PTGS to provide a better platform to
harness the potential of this natural cellular pro-
cess for targeted gene silencing. Additionally,
with the current swift advancement of plant
genomics, proteomics and metabolomics, there
will be both a store of novel genes to evaluate
and improve genetic engineering strategies for
continued food crop improvement and therefore,
the possibility of ricin- and RCA-free castor bean
could be a reality.
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Abstract
Metabolomics provides vital information for
the understanding of biological processes and
has been vastly applied in plant studies.
Several metabolite-profiling studies have cor-
related physiological events, such as germi-
nation or seedling establishment, with
metabolic and molecular changes under dif-
ferent environmental conditions. Castor bean
displays high plasticity during initial

vegetative growth, which is reflected in the
metabolome of the seeds and seedlings. In
general, several metabolite-profiling tech-
niques are required to obtain a complete
response in terms of metabolism plasticity of
the studied biological system. Carbohydrates,
amino acids, and organic acids have been
measured in castor bean seeds and seedlings
by nuclear magnetic resonance, gas chro-
matography coupled to a quadrupole time of
flight mass spectrometry (GC-TOF-MS),
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as well as by high-performance liquid chro-
matography (HPLC). Fatty acids and some
secondary metabolites have been quantified in
castor bean seeds and seedlings by gas
chromatography coupled to a triple-axis detec-
tor (GC-MS). In this chapter, we initially
discuss how metabolomics studies suggested a
possible role of gamma-aminobutyric acid
(GABA) accumulation during early imbibi-
tions and seedling establishment. Later, we
consider a specific metabolic signature of
castor bean: a shift in carbon–nitrogen meta-
bolism as its main biochemical response to
high temperatures. This metabolic shift is
usually associated with adjusted growth, and it
is likely involved in maintaining cellular
homeostasis under heat stress. The castor
bean metabolome has been vastly investi-
gated, especially with regard to its ability to
respond to external stimuli. These results
might help us understand the molecular
requirements for vigorous castor bean seed
germination and seedling growth under dif-
ferent environmental conditions.

13.1 Introduction

13.1.1 General Aspects
of Metabolomics

The concept that a complex biological system is
greater than the sum of its parts is the basis of the
multidisciplinary approach known as systems
biology. This approach studies complex organ-
isms and their physiology from a holistic point of
view (Klassen et al. 2017). New “omics” tech-
nologies such as genomics, transcriptomics,
proteomics, and metabolomics have allowed
detailed and integrated analyses to understand
the phenotype of an organism. Among these
methodologies, metabolomics is a crucial tool to
help understand biological systems dynamics,
because it represents the endpoint of gene

expression and enzymatic activity (Kuehnbaum
and Britz-McKibbin 2013; Villas-Boas et al.
2005).

The term metabolomics was first defined as
the comprehensive and quantitative analysis of
all metabolites present in a given organism
(Fiehn 2001). Previously, “metabonomics” was
commonly used to represent “the quantitative
measurement of the dynamic multiparametric
metabolic response of living systems to patho-
physiological stimuli or genetic modification”
(Nicholson et al. 1999). Metabolomics now
includes both concepts, and it can be defined as
the qualitative and quantitative analysis of the
entire set of metabolites (metabolome) expressed
or modified by an organism (Canuto et al. 2015).

Metabolomics studies use two different
approaches: untargeted and targeted. The untar-
geted approach involves comprehensive analysis
without prior knowledge of the metabolites pre-
sent in the sample. It encompasses a qualitative
or semi-quantitative search of altered metabolites
following an external intervention as compared
to a control or untreated sample, and it may focus
on intracellular (fingerprinting) or extracellular
(footprinting) metabolites. The targeted approach
focuses on the quantitative analysis of selected
metabolites with similar chemical properties
(Klassen et al. 2017; Raterink et al. 2014;
Villas-Boas et al. 2005). A general metabolomics
workflow (Fig. 13.1) encompasses sample col-
lection and pre-treatment, interruption of enzy-
matic activity (metabolic quenching), and sample
extraction. Selective or nonselective extraction
procedures, cell disruption, and protein precipi-
tation can also be applied during sample prepa-
ration and extraction steps (Álvarez-Sánchez
et al. 2010; Raterink et al. 2014).

Data processing and statistical analysis require
sophisticated software and chemometric tools to
extract the data and to find a discriminant group
of metabolites, responsible for the overall alter-
ations in the studied system. The correlation of
the results with biochemical routes is the last and
probably most essential step in the metabolomics
workflow since it can address biological ques-
tions (Klassen et al. 2017).
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Fig. 13.1 Schematic representation of a general metabolomics workflow

A major challenge in metabolomics studies is
to cover the largest possible portion of the
metabolome of a biological system, and there is
no single analytical technique able to do so.
Therefore, it is worthwhile to use more than one
technique to obtain a more complete picture of
the metabolome of the studied biological system.
Nuclear magnetic resonance (NMR) and mass
spectrometry (MS) are the most used techniques
for metabolite detection (Kuehnbaum and
Britz-McKibbin 2013) because they provide
complementary information regarding the chem-
ical characteristics of the detected metabolites.
Therefore, NMR and MS are frequently applied
to plant metabolomics studies (Ernst et al. 2014).

The use of NMR in metabolomics has grown in
recent years due to its robustness for structural
characterization of unknown metabolites. Other
advantages of NMR are its amenability to handle
small samples and its nondestructiveness (Putri et al.
2013). However, to obtain a detailed metabolic
characterization, it is necessary to use high-
resolution equipment, which makes this an expen-
sive technique (Psychogios et al. 2011; Villas-Boas
et al. 2005).

MS has some advantages relative to NMR
such as its higher sensitivity and specificity, as
well as a higher efficiency (Klassen et al. 2017).
The combination of MS with separation tech-
niques, such as gas and liquid chromatography
(GC-MS and LC-MS, respectively), and capil-
lary electrophoresis (CE-MS), increases the
range of metabolite detection of MS for diverse
applications of metabolomics studies (de Raad
et al. 2016).

GC-MS was one of the first separation tech-
niques used for metabolomics. In this approach,
metabolites are separated based on their different
boiling points and polarity. The use of capillary
columns enhances the resolution and efficiency
of this separation technique. A significant
advantage of the GC-MS is the use of electron
ionization (EI) source with constant energy,
which generates highly reproducible MS spectra
(Garcia and Barbas 2011) and facilitates the
identification of metabolites making it possible
to create in-house spectrum libraries. On the
other hand, GC-MS analysis can only detect
volatile and thermally stable compounds, which
may require sample derivatization in order to
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make them suitable for the GC-MS analysis
(Koek et al. 2011).

LC-MS is a versatile tool, and it has been
extensively applied in metabolomics, offering
robustness, high sensitivity, and selectivity,
besides being easy to operate (Xiayan and
Legido-Quigley 2008). Currently, it is the analyt-
ical technique most used in metabolomics studies
due to the availability of numerous types of chro-
matographic columns with different stationary
phases, from nonpolar to polar, which makes this
separation technique very versatile, allowing the
identification of a wide range of metabolites
(Kloos et al. 2013; Theodoridis et al. 2012).

CE-MS is a powerful technique that facilitates
the separation and analysis of polar or charged
metabolites in the presence of an electric field.
A significant advantage of CE-MS is its
requirement of small amounts of sample for
analysis. On the other hand, its small sample
volume impairs the coupling between the CE and
MS, requiring the addition of volatile auxiliary
liquids, which will maintain the electrical contact
between the separation (CE) and the detection
(MS) system in order to facilitate the introduction
and ionization of the sample in the mass spec-
trometer. The application of sheath liquids leads
to a decrease in sensitivity by dilution of the
metabolites, especially for those metabolites
present in low concentrations. The sheath liquid
usually consists of a 50% methanol solution,
acidified with formic acid or a volatile buffer
(such as ammonium acetate, for example). This
liquid is mixed with the effluent of the CE in the
MS ionization source and nitrogen (nebulizer
gas) assisting the formation of the spray (Barbas
et al. 2011; Garcia et al. 2017).

Metabolomics studies provide vital informa-
tion for the understanding of biological processes
and has been applied in plant studies (Theodor-
idis et al. 2008), the analysis of environmental
and genetic alterations (Sumner et al. 2015),
agricultural research (Tian et al. 2016), treatment
and diagnosis of diseases (Gomez-Casati et al.
2013), human health (Manach et al. 2009),
response to stress (Obata and Fernie 2012), nat-
ural products discovery (Kell 2006). Castor bean
metabolomics studies have focused on the

response of seeds and seedlings to abiotic stres-
ses and mainly temperature and will be discussed
in the following sections.

13.1.2 Perception of Heat Stress
by Plants

Higher plants are sessile organisms and, there-
fore, cannot simply escape from their surround-
ings when unfavorable environmental conditions
arise. As an adaptation to changing environ-
mental conditions, plants have developed a series
of biochemical and molecular responses to stress
(Shao et al. 2007). Tolerance to abiotic stresses is
a very complex phenomenon, in part because
stress may occur at multiple developmental
stages and plants are often simultaneously
affected by more than one type of stress (Chin-
nusamy et al. 2004). The way in which plants
perceive abiotic stresses and switch on adaptive
biochemical, molecular, physiological, and mor-
phological responses is critical for their survival
in natural environments (Chinnusamy et al.
2004). Although high temperatures usually have
a negative effect on plant growth and develop-
ment (Buchwal et al. 2013; Zhang et al. 2013),
plants possess a number of adaptive and accli-
mation mechanisms to cope with heat stress
(Černý et al. 2014; Hasanuzzaman et al. 2013;
Lipiec et al. 2013; Yamori et al. 2014). Although
high temperature stress responses may vary with
the degree and duration of exposure to heat, it
mainly depends on the genetic factors. As a
result, differences in stress tolerance between
genotypes or between developmental stages
within a single genotype may arise from differ-
ences in signal perception and transduction
mechanisms (Chinnusamy et al. 2004). In this
context, plant survival under unfavorable envi-
ronmental conditions will depend on the plant’s
ability to perceive the stress, generate and
transmit the signal, and initiate appropriate
physiological and biochemical changes
(Hasanuzzaman et al. 2013). For this reason, it is
difficult to draw a line to define which tempera-
ture is considered as a stress condition for plants.
For example, castor bean seeds were shown to
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germinate faster and at higher rates at 35 °C as
compared to 20 and 25 °C. However, faster
germination did not necessarily imply a better
performance during seedling establishment. In
fact, seedling survival was dramatically reduced
at elevated temperatures (Ribeiro et al. 2015c).
Nevertheless, metabolomics analysis provided
important insights into the understanding of
plants stress tolerance under unfavorable
environmental.

13.1.3 Metabolomics Is an Important
Tool to Investigate
Abiotic Stress Tolerance
in Plants

Metabolite profiling has been used to dissect
seed germination and seedling establishment
under normal and stressed conditions in several
plant species (Howell et al. 2009; Hu et al.
2018; Mibei et al. 2018; Qiu et al. 2018;
Ribeiro et al. 2014, 2015b, c, d; Weitbrecht
et al. 2011; Zhao et al. 2013, 2014). For
example, Fait et al. (2006) studied the metabo-
lite profile of Arabidopsis thaliana seeds
throughout the development and germination
under different temperatures. During seed mat-
uration, a significant reduction in the content of
sugars, organic acids, and amino acids was
observed in seeds, which suggested their effi-
cient incorporation into storage into protein and
carbohydrate reserves. The transition from
reserve accumulation to seed desiccation is an
important step during seed maturation, and a
major metabolic switch occurs, resulting in the
accumulation of sugars, organic acids, nitrogen-
rich amino acids, and shikimate-derived
metabolites. In contrast, seed stratification,
which consists of an additional step during seed
germination aiming at breaking dormancy, was
associated with a decrease in the concentration
of several of the metabolic intermediates that
had accumulated during seed desiccation,
implying that these intermediates might support
a metabolic reorganization needed for seed
germination. Concomitantly, the levels of other
metabolites significantly increased during

stratification and boosted up further during
germination (Fait et al. 2006).

Metabolite profiling of plants growing under
abiotic stress conditions has provided important
information regarding biochemical and molecu-
lar changes related to adaptation to different
environmental conditions such as drought
(Figueroa-Pérez et al. 2014; Wenzel et al. 2014),
elevated salinity (Canam et al. 2013; Wu et al.
2013; Zhao et al. 2014) and temperature stress
(Guy et al. 2008; Krasensky and Jonak 2012;
Zhou et al. 2011). Carbohydrate and amino acid
metabolism appear to be part of the mechanisms
by which plants adapt to changes in temperature
(Diamant et al. 2001; Gray and Heath 2005;
Kaplan et al. 2004; Panikulangara et al. 2004;
Rizhsky et al. 2004). Kaplan et al. (2004) per-
formed a metabolite-profiling study to determine
temporal metabolite dynamics associated with
the induction of acquired heat or freezing toler-
ance in response to heat or cold shock, respec-
tively. Curiously, cold shock had a more
significant influence on metabolism than heat
shock: The steady state of 311 and 143
metabolites varied in response to cold and heat
shock, respectively (Kaplan et al. 2004). A coor-
dinated increase occurred in the pool sizes of
pyruvate- and oxaloacetate-derived amino acids,
polyamine precursors, and compatible solutes
during both heat and cold shocks. Gray and
Heath (2005) examined the effects of cold
acclimation on the Arabidopsis metabolome
using a nontargeted metabolic fingerprinting
approach. Cold acclimation turned out to involve
many complex biochemical changes in the
metabolome (Gray and Heath 2005).

Although metabolomics has been used to
dissect plant responses to abiotic stresses, most
studies of the temperature effect on seedling
performance have focused on the ability of plants
to maintain homeostasis at extremely cold (0–
15 °C) or extremely high (35–50 °C) tempera-
ture stress (Guy et al. 2008; Obata and Fernie
2012). Plant metabolic plasticity in response to
mildly elevated temperatures (20–35 °C) has
received much less attention although it is an
essential trait for crop species (Lewicka and
Pietruszka 2006).
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13.1.4 Castor Bean: An Oilseed Crop
with Great Agricultural
and Biotechnological
Potential

Castor bean is a member of the Euphorbiaceae
and an important oilseed crop. This species is
predominantly cultivated throughout the tropical
and subtropical regions of the world. Despite
what its common name suggests, its seeds are not
real beans and they are not edible. In fact, castor
bean seeds contain high levels of ricin, ricinine,
and certain allergens that are highly toxic to
humans and animals (Ogunniyi 2006; Severino
et al. 2012). Pharmaceutical companies and
industries use the oil extracted from castor bean
seeds due to its unique chemical composition
(Ogunniyi 2006; Severino et al. 2012).

Castor bean can grow in dry and hot environ-
ments where other crops would not grow and still
produce good yield (Vijaya Kumar et al. 1997).
This species is therefore considered tolerant to a
diverse range of environmental stresses, including
drought, heat, and salt (Silva César and Otávio
Batalha 2010). For example, castor bean plants are
able to partially maintain their photosynthetic
functions when subjected to periods of severe
drought, but as soon as the drought stress is
relieved, they can fully recover their photosyn-
thetic machinery within one day (Sausen and Rosa
2010). Tolerance mechanisms such as early and
efficient stomatal control are used by castor bean
plants in order to minimize water loss by transpi-
ration and demand for soil water (Sausen and Rosa
2010). Furthermore, castor bean can stand soil
contamination by heavy metals such as lead,
nickel, and zinc (Liu et al. 2008; Romeiro et al.
2006). Since castor bean possesses the ability to
grow in adverse environments, it makes this
species an ideal candidate to provide a better
understanding of seed germination, seedling per-
formance, and adaptation to high temperature.
Small farmers worldwide could benefit from a
better understanding of the biochemical and
physiological aspects of germination and seedling
growth, which is crucial for breeding of
high-yielding varieties adapted to various growing
environments.

13.1.5 Metabolomics as an Important
Tool for Castor Bean
Breeding

Genetic variation is fundamental not only to
allow plants to adapt to their environment, but
also for crop improvement through breeding.
Therefore, studying castor bean natural diversity
has been the first step toward efficient breeding
programs. Even though castor bean is an
important nonedible oilseed crop whose oil
confers unique properties to fine chemicals and
biodiesel produced from it, it has hardly been the
subject of molecular and genetic studies. Geno-
typing of different castor bean germplasm per-
formed and Allan et al. (2008) and Foster et al.
(2010) have shown limited genetic diversity,
most likely due to the intense selection of culti-
vars during domestication. The castor bean gen-
ome was the first to be sequenced within the
Euphorbiaceae family, which also includes
important crops like rubber tree and cassava
(Chan et al. 2010). The availability of a genome
sequence and molecular information on genetic
variation can help in the improvement of castor
bean productivity, but additional efforts are nee-
ded to achieve its full potential. For example,
only one genetic map for castor bean has been
published (Liu et al. 2016). Probably, this lack of
rich genetic resources has slowed down castor
bean breeding in recent decades, and no
large-scale effective breeding program has been
developed so far. Thus, genetic and molecular
characterization of castor bean accessions avail-
able in germplasm banks and production units
will be important to support the development of
new elite lines and castor oil production systems
(Nass et al. 2007).

Together with other omics technologies like
genomics, transcriptomics, and proteomics,
metabolomics is an important tool for crop
improvement and breeding for higher-yielding
castor bean cultivars, particularly for adjusting
oil composition (Kumar et al. 2017). These
technologies can help augment seed oil content at
different levels. For instance, castor oil produc-
tion can be improved by increasing the number
of seeds per plant, seed size, or oil content. These
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traits are heavily affected by biotic and abiotic
stresses, and therefore, breeding for enhanced
stress tolerance is an important goal. Addition-
ally, reducing seed ricin content is an important
target for castor bean improvement (Milani and
de Medeiros Nóbrega 2013).

Integration of different omics technologies,
especially metabolomics and transcriptomics,
constitutes a promising approach to provide new
insights to advance toward manipulating meta-
bolic fluxes and increasing seed oil content.
However, integrated analysis of metabolomics
and transcriptomics data is not trivial, and four
main strategies have been defined to address this
challenge (Cavill et al. 2016). One method uses a
simple Pearson or Spearman correlation-based
integration of transcriptome and metabolome
data sets to identify genes whose transcript levels
correlate with a certain metabolite. The identified
genes and metabolite are expected to have a
functional association. Simple correlation meth-
ods can be powerful for the integration of tran-
scriptome data into co-expression networks
(Serin et al. 2016). However, metabolomic–
transcriptomic data integration is not as
straightforward. Jin et al. (2017) used
co-expression networks to study cold stress
responses in Nicotiana tabacum, and it was also
used to study the underlying mechanisms of the
sensitivity of several rice cultivars to high night
temperature (Glaubitz et al. 2017). The second
method is called concatenation-based integration,
which produces data tables that merge metabo-
lomics and transcriptomics data that are subse-
quently analyzed with standard techniques such
as random forests or self-organizing maps.
A Web-based tool to analyze data tables pro-
duced by this method is MetaGeneAlyse (Daub
et al. 2003). Multivariate-based integration is
more complex than the previous two methods,
but it is more powerful to find meaningful links
between metabolites and transcripts. Common
multivariate techniques are principal component
analysis (PCA), partial least squares (PLS), and
canonical correlation analysis (CCA). CCA is
integrated into the free R package integrOmics
(Le Cao et al. 2009). An extension of PLS named
O2PLS seems especially useful for the

integration of metabolomics and transcriptomics
data (Bylesjo et al. 2007). However, making
these statistical tools easily usable by nonexperts
poses a big challenge. Whereas the previous
three methods integrate metabolomics and tran-
scriptomics data without consideration of avail-
able functional knowledge of the genes included
in the data, the fourth method, pathway-based
integration, takes into account such information,
especially genes encoding metabolic enzymes
and subsequent metabolites (Cavill et al. 2016).
This approach uses automatic mapping of
metabolites and transcripts to infer metabolic
pathways like those that can be found in data-
bases such as KEGG (Kanehisa and Goto 2000).
This method can produce correlations between
pathways and phenotypes or information about
statistically significant differences in metabolic
pathways observed between different treatments
or cultivars. This approach has been used to
study drought response in Astragalus mem-
branaceus Bge. var. mongolicus, a Chinese herb
(Jia et al. 2016) and seed to seedling transition in
A. thaliana (Silva et al. 2017).

The integration of metabolomics and tran-
scriptomics data in combination with natural
variation of important traits will substantially
increase our understanding the molecular mech-
anisms underlying these traits in castor bean,
ultimately advancing toward improving castor oil
production while mitigating the problem of ricin.

13.2 Examples of Applications
of Metabolomics in Castor
Bean Research

13.2.1 Metabolite-Profiling
Studies Suggest that
Gamma-Aminobutyric
Acid (GABA) Acts
as a Drought Stress
Response Molecule

The first step in the process of seed germination
occurs when dry seeds encounter water under
favorable conditions. This step is called “seed
imbibition,” and it is driven by the matrix
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potential of the seed. In dry seeds, the matrix
potential is very low (down to more than
−100 MPa) causing a rapid influx of water
(Woodstock 1988). As seed imbibition pro-
gresses, the matrix potential increases and the
water influx is reduced (Bewley et al. 2013).
Measurements of water content in castor bean
seeds during imbibition showed that a progres-
sive increase in temperature leads to faster
imbibition (Ribeiro 2015), which had two
important consequences: It accelerated germina-
tion and reduced GABA levels in 6 h-imbibed
seeds (Ribeiro 2015). In this section, we discuss
the possible role of GABA accumulation during
early imbibition and suggest possible implica-
tions of faster imbibition on seed germination
and seedling establishment.

Several metabolite-profiling studies have
shown that GABA accumulates rapidly in plant
tissues exposed to a variety of stresses (Bartyzel
et al. 2004; Kinnersley and Turano 2000; Locy
et al. 1996). Possible functions of GABA include
regulation of cytosolic pH, nitrogen storage, plant
development, plant defense, and carbon–nitrogen
metabolism (Akçay et al. 2012; Bouché and
Fromm 2004; Kinnersley and Turano 2000).
GABA also acts as an osmolyte to mitigate
drought stress (Kramer et al. 2010; Krishnan et al.
2013; Shelp et al. 1999; Vijayakumari and Puthur
2015). Additionally, the GABA shunt is a way to
assimilate carbon from glutamate and to generate
carbon–nitrogen fluxes that enter the tricarboxylic
acid cycle (Bouché and Fromm 2004).

GABA levels were measured by gas chro-
matography coupled to a quadrupole time of
flight mass spectrometry system (GC-TOF-MS)
as trimethylsilyl (TMS) ethers derivatives in
castor bean seeds that germinated at 20, 25, and
35 °C, as well as during imbibition after they had
taken up water to 24.4% of their dry weight
(Ribeiro et al. 2015c). Unexpectedly, GABA
levels during early castor bean seed imbibition
were higher in seeds imbibed at 20 and 25 °C
than in seeds imbibed at 35 °C (Ribeiro 2015).
To understand these results, it is important to
keep in mind that because of the very negative
matrix potential of hydrating seeds, initially there
is little or no water left for uptake by the embryo

cells (Fig. 13.2). Based on their water content,
6 h-imbibed seeds at 35 °C are more hydrated
than 6 h imbibed seeds at 20 and 25 °C. Nev-
ertheless, they are not entirely hydrated in either
condition. The practical consequence of this
differential hydration state is that seeds imbibed
at 20 and 25 °C experience a lower matrix
potential than seeds imbibed at 35 °C. This
reduced hydration state at low temperatures
seems to be perceived by the seeds as a drought
stress-like condition, which could explain the
observed higher GABA accumulation in seeds
imbibed at 20 and 25 °C. Several reports have
shown that GABA accumulates in response to
drought stress (Bor et al. 2009; Krasensky and
Jonak 2012; Krishnan et al. 2013; Vijayakumari
and Puthur 2015; Wenzel et al. 2014), but none
has shown a clear correlation between GABA
levels and seed water content.

After radicle protrusion, GABA levels
increased in seedlings imbibed at 35 °C as
compared with seeds imbibed at 20 and 25 °C
(Ribeiro 2015; Ribeiro et al. 2015c). This early
temperature stress response was also observed in
later stages of seedling development since
14-day-old seedlings grown at 35 °C had higher
levels of GABA than 14-day-old seedlings
grown at 20 °C. This increase in GABA levels in
response to the high temperature correlated
with higher expression levels of glutamate
decarboxylase gene. Glutamate decarboxylase
(GAD) catalyzes the formation of GABA from
glutamate and is regulated by the cytosolic con-
centration of H+ or Ca2+ (Baum et al. 1993,
1996). Increased levels of cytosolic Ca2+ lead to
the formation of complexes with calmodulin
(CaM). Then, the complex Ca2+/CaM activates
GAD in the physiological pH range (Baum et al.
1993, 1996). The Ca2+/CaM complex induces the
expression of stress-responsive genes and may
also be involved in the acquisition of minerals
that activate enzymes in stress-related metabolic
pathways (Kinnersley and Turano 2000). There-
fore, during early seedling development, GABA
accumulation seems to occur as a result of heat
stress (Ribeiro 2015).

GABA may protect biological membranes and
balance the decrease in water potential that
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occurs upon drought stress (Heber et al. 1971;
Kinnersley and Turano 2000). The mechanism
by which GABA accumulation could mitigate
plant stress relies on the linkage between stress
perception and physiological responses.

13.2.2 Metabolic Signatures
of Castor Bean Seeds
and Seedlings
in Response
to Temperature

Mobilization of seed storage compounds during
germination is a crucial process to set proper
conditions for seedling establishment (Graham
2008; Weitbrecht et al. 2011). Initial imbibition
is often accompanied by large metabolic chan-
ges, followed by an increase in respiratory
metabolism and gene expression (Bewley et al.

2013; Botha et al. 1992; Sánchez-Linares et al.
2012; Vicente-Carbajosa and Carbonero 2005).
For example, metabolite profiling of rice
embryos during germination showed that 1 h
after imbibition rapid changes in metabolism
occurred, including increase in hexose phos-
phates, tricarboxylic acid cycle intermediates,
and GABA (Howell et al. 2009).

Germination in oilseeds is accompanied by
the mobilization of storage lipids from the oil
bodies located in the endosperm (Yaniv et al.
1998). Triacylglycerol (TAG) is a major seed
storage reserve in oilseed species, which accu-
mulates during seed development. TAG is stored
in the seed until germination, after which it is
used to fuel initial seedling growth (Graham
2008). TAGs are localized near glyoxysomes, the
organelles that contain most of the biochemical
machinery required to convert fatty acids from
TAG to four-carbon compounds. These smaller

Fig. 13.2 Schematic representation of changes in water content of castor bean seeds during early imbibition and
relationship with the matrix potential and GABA accumulation in response to temperature
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compounds are then converted to soluble carbo-
hydrates necessary for seedling growth (Graham
2008). In castor bean, fatty acids are converted to
carbohydrates through gluconeogenesis (Kobr
and Beevers 1971).

Initial vegetative growth is a crucial stage in
the establishment of plants, and little is known
about biochemical and molecular changes related
to temperature adaptation in castor bean during
that stage. Therefore, we applied a multiomics
approach involving the use of GC-TOF-MS,
GC-MS, and HPLC for metabolite profiling to
identify metabolic signatures in response to tem-
perature in such a highly adaptable species.
(Ribeiro 2015; Ribeiro et al. 2014, 2015a, b, c, d).

Metabolic pathways of certain carbohydrates
and amino acids appear to be a key responsive
elements of plasticity and tolerance mechanisms,
as suggested by several temperature-responsive
metabolite-profiling studies to date (Cook et al.
2004; Guy et al. 2008; Kaplan et al. 2004; Obata
and Fernie 2012; Palma et al. 2014; Qi et al.
2011; Rizhsky et al. 2004; Zhang et al. 2013).
For example, Rizhsky et al. (2004) assessed the
metabolic and molecular responses of Ara-
bidopsis to a combination of drought and heat
stress, and accumulation of sucrose and other
carbohydrates such as glucose, maltose, meli-
biose, gulose, and mannitol was observed in the
treated plants (Rizhsky et al. 2004). A general
accumulation of most amino acids and a dramatic
decrease in most organic acids and carbohydrates
were reported at early time points in rice plants
subjected to low temperatures (Zhao et al. 2013).
Many studies reported that an indistinct and
unidirectional increase in the content of most of
the identified metabolites seems to be the main
response to a variety of environmental stimuli.
For example, both heat stress and cold acclima-
tion in Arabidopsis led to a coordinated increase
in amino acids, TCA intermediates (fumarate and
malate), amine-containing metabolites (b-ala-
nine, GABA, and putrescine), and some carbo-
hydrates, such as maltose, sucrose, raffinose,
galactinol, and myo-inositol (Gray and Heath
2005; Kaplan et al. 2004, 2007; Rizhsky et al.
2004).

Carbohydrates, amino acids, and organic acids
have been measured in castor bean seeds and
seedlings by GC-TOF-MS as TMS derivatives,
as well as by high-performance liquid chro-
matography (HPLC) coupled to an ED40-pulsed
electrochemical detector (Dionex). Fatty acids
and some secondary metabolites were quantified
in castor bean seeds and seedlings by GC-MS
(Ribeiro et al. 2014, 2015a, c, d).

Castor bean displayed high plasticity during
initial vegetative growth, which was reflected in
its seed and seedling metabolomes. An increase
in temperature did not lead to an indiscriminate
accumulation of the identified metabolites.
Instead, castor bean seedlings show a specific
metabolic signature to adjust growth and
developmental processes in response to higher
temperatures, possibly to maintain cellular
homeostasis. A shift in carbon–nitrogen meta-
bolism toward the accumulation of carbohydrates
at low temperatures and the accumulation of
amino acids at high temperatures is an important
biochemical response of castor bean seeds and
seedlings to temperature. Levels of starch and
soluble carbohydrates were up to 20-fold in seeds
and seedlings grown at 20 °C than at 35 °C,
whereas the levels of amino acids such as
methionine, tyrosine, and tryptophan were up to
220-fold under the same conditions. This bio-
chemical response was observed during seed
imbibition, germination, as well as early seedling
growth (Ribeiro 2015; Ribeiro et al. 2014,
2015b, c, d).

Higher carbohydrate levels in castor bean
leaves, roots, and seeds, grown at low tempera-
tures could have resulted from up-regulation of
biosynthetic pathways, from down-regulation of
catabolic pathways. Some genes involved in
starch catabolism were up-regulated in leaves of
seedlings grown at 20 °C compared with 35 °C.
However, up-regulation of genes involved in
starch biosynthesis seems to compensate for this
and, therefore, is the likely explanation for higher
levels of starch in leaves of seedlings grown at
20 °C (Fig. 13.3). Higher levels of fructose,
glucose, and sucrose in leaves of seedlings
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grown at 20 °C compared with 35 °C may result
from a coordinated up-regulation of starch cata-
bolism and gluconeogenesis pathways. Carbo-
hydrates were assumed to be mobilized from the
roots to the aerial parts through the hypocotyl,
leading to a preferred growth of true leaves, at
the expense of the roots, since starch degradation
and gluconeogenesis seem to be enhanced in the
roots of seedlings grown at 35 °C compared with
20 °C (Fig. 13.3). In seeds, temperature had a
greater effect on genes related to starch biosyn-
thesis than on those involved in starch catabolism
(Fig. 13.3). Higher expression levels of phos-
phoglucomutase (RcPGM) and starch synthase
(RcSS) genes is a likely explanation for the
higher starch levels observed in seeds germinated
at 20 °C, whereas higher expression levels of
phosphoenolpyruvate carboxykinase (RcPEPCK)
and fructose-1,6-bisphosphatase (RcFBPase)
genes may explain the higher concentrations of

fructose, glucose, and sucrose (Ribeiro 2015;
Ribeiro et al. 2015a). Although the physiological
role of these metabolic changes is not fully
understood, these results provide valuable
insights for the understanding of seed germina-
tion and seedling establishment in response to
temperature.

13.2.3 Other Metabolomics Studies
on Castor Bean

Castor bean seeds contain high amounts of ricin,
a ribosome-inactivating protein (RIP) constituted
by two protein chains. The A chain is a
ribosome-inactivating enzyme, which inhibits
protein synthesis in eukaryotic cells leading to
apoptosis, whereas the B chain is responsible for
binding to cell surface receptors and delivering
the active A chain into the cell (Guo et al. 2014).

Fig. 13.3 Schematic representation of expression levels
of genes encoding key enzymes involved in starch
biosynthesis, starch catabolism, and gluconeogenesis

and its relation to carbohydrate accumulation at lower
temperatures
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The Chemical Weapons Convention considers
this protein a powerful biological agent used for
bioterrorism (Ovenden et al. 2010). For this
reason, the development of analytical methods to
determine which cultivar the toxin was isolated
from would be significantly useful to law
enforcement and forensic agencies (Ovenden
et al. 2014). 1H NMR spectroscopy was used to
differentiate and characterize eight provenances
of six castor bean cultivars based on extracts
produced from whole seeds. Metabolite-profiling
analysis allowed the identification of ricinin, N-
and O-demethylricinin, sucrose, and phenylala-
nine as important molecular markers for charac-
terization of cultivars. Orthogonal projections to
latent structures discriminant analysis
(OPLS-DA) allowed successful separation of the
specimens according to their provenance (Pigott
et al. 2012). Metabolomics studies also differ-
entiated castor bean provenance and cultivars for
forensic applications. For that purpose, the
authors used HPLC with a UV detector (HPLC-
UV), liquid chromatography–mass spectrometry
(LC-MS) and 1H NMR spectroscopy. Interest-
ingly, they were able to dissect the chemical
composition to the level of specimen differenti-
ation (Ovenden et al. 2010). In addition, multiple
reaction monitoring mass spectrometry (MRM–

MS) was used to quantify ricin and castor bean
agglutinin (RCA) content in 18 cultivars, since
this method allowed to distinguish both ricin A-,
ricin B-, and RCA-specific peptides (Schieltz
et al. 2015). Laser ablation-ICP-MS was used to
perform trace isotope elemental fingerprinting of
castor bean seeds for provenance determination
(Bagas et al. 2017). Out of 92 isotopes measured,
fifteen (24Mg, 27Al, 44Ca, 53Cr, 55Mn, 57Fe, 60Ni,
65Cu, 66Zn, 75As, 85Rb, 88Sr, 98Mo, 138Ba, and
202Hg) yielded data relevant to all collection
sites. Those data were used to establish the
provenance of seeds of “unknown” origin. The
data were further analyzed using multivariate
statistical analysis, which allowed the identifica-
tion of unique provenance isotopes profiles
(Bagas et al. 2017).

1H NMR spectroscopy analysis of biofluid
and tissues provides a rapid, nondestructive, and
high-throughput method for evaluation of

chronic toxicity. In a pioneer study, the toxicity
of a ricin-enriched extract (REE) obtained from
castor bean seeds was investigated using an
NMR-based metabolomics approach comple-
mented with histopathological inspection and
clinical chemistry. The authors reported that
chronic administration of REE could cause kid-
ney and lung impairment, spleen and thymus
dysfunction, and diminished nutrient intake in
rats. This metabolomic approach provided a
systematic and holistic view of this model
organism’s response to drugs. The authors also
claimed that this approach was suitable for
dynamic toxicological studies (Guo et al. 2014).
In a subsequent study, the same authors orally
administered a crude ricinine extract to rats and
analyzed their urine, serum, and kidney samples
by 1H NMR metabolomics (Guo et al. 2015).
They also performed histopathological inspection
and biochemical assays to demonstrate that
administration of crude ricinine produced obvi-
ous nephrotoxicity and severe metabolic alter-
ations (Guo et al. 2015).

Liquid chromatography–tandem mass spec-
trometry (LC-MS/MS) analysis of four castor
bean hybrids detected 60 metabolites of high
commercial value, associated to primary and
secondary metabolism, including amino acids,
fatty acids, flavonols, flavones, flavanones, phe-
nyl propanoids, and dopamine. Furthermore, it
was found that dopamine and tyrosine gave rise
to hydroxytyrosol in the seeds of some hybrids
(Merkouropoulos et al. 2016).

13.3 Conclusions

In general, metabolomics has the advantage of
the relatively smaller number of relevant
metabolites, which makes it easier to extract
information to answer biological questions.
Additionally, metabolites are the downstream
products of cellular activity and represent the
immediate cellular response to external stimuli.
The use of metabolomics is becoming increas-
ingly popular toward understanding of plant
plasticity under stress conditions due to its
unique ability to generate functional and systems
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data. The castor bean metabolome has been
vastly investigated, especially with regard to its
ability to respond to external stimuli. These
results will help us understand the molecular
requirements for vigorous castor bean seed ger-
mination and seedling growth under different
environmental conditions.
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14Biotechnological Means for Genetic
Improvement in Castor Bean
as a Crop of the Future

Mulpuri Sujatha and Muddanuru Tarakeswari

Abstract
Profitable cultivation of castor bean is beset
with problems of vulnerability of cultivars and
hybrids to a multitude of insect pests and
diseases. The presence of the toxic proteins
ricin and hyperallergenic Ricinus communis
agglutinin (RCA) in the endosperm restricts
the use of deoiled seed cake as cattle feed.
Due to this crop’s low genetic diversity,
genetic engineering can be an efficient
approach to introduce resistance to biotic
and abiotic stresses as well as seed quality
traits. Recently, castor oil gained attention as a
sustainable second-generation feedstock for
biojet fuel that would reduce carbon dioxide
emissions. Because of a growing interest in
castor oil as a biofuel and the presence of the
powerful toxin ricin in its seed, metabolic
pathways and regulatory genes involved in
both oil and ricin production have been
analyzed and characterized. Genetic engineer-
ing of castor bean offers new possibilities to
increase oil yield and oxidative stability,
confers stress tolerance, and improves other
agronomics traits, such as reduced plant
height to facilitate mechanical harvesting.
However, difficulties in tissue culture-based
regeneration and poor reproducibility of

results are major bottlenecks for genetic
transformation of castor bean. Despite
advances in tissue culture research over the
past four decades, direct or callus-mediated
adventitious shoot regeneration systems that
are genotype-independent remain a much
sought-after goal in castor bean. Genetic
transformation attempts to develop insect-
resistant and ricin-free transgenic castor bean
lines have been based on shoot proliferation
from meristematic tissues. This chapter
describes new transformation methods under
development and the progress achieved so far
in genetic engineering of castor bean for
agronomically desirable attributes.

14.1 Introduction

Castor bean (Ricinus communis) is a hardy crop
easily adaptable for tropical, subtropical, and
temperate regions. However, it is reported to be
vulnerable to a wide array of pests and diseases
that affect vegetative and reproductive tissues
during the entire crop cycle. In addition, it is
susceptible to drought, requiring at least 600–
700 mm of rainfall per year, and it is sensitive to
salinity, poorly drained soils, and frost, particu-
larly during early growth stages. Genetic
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improvement of castor bean has been mostly
limited to the exploitation of natural genetic
variability and focused on the selection for high
yield, desirable branching types, sex morpho-
types, nonshattering capsules, disease resistance
(e.g., Fusarial wilt), and high seed oil content.

Extensive cultivation under high inputs and
without proper scientific management and crop
rotation has made castor bean vulnerable to a
number of biotic and abiotic stresses. About 100
species of castor bean insect pests have been
recorded at different phenological stages of the
crop. Among those pests, castor semilooper
(Achaea janata), capsule borer (Conogethes
punctiferalis), tobacco caterpillar (Spodoptera
litura), red hairy caterpillar (Amsacta albistriga),
jassids (Empoasca flavescens), and white fly
(Trialeurodes ricini) cause considerable damage
(Lakshminarayana and Raoof 2005). Seed yield
losses are estimated to be in the range of 35–
50%, depending on the crop growth stage and the
pest type. Severe outbreaks of castor semilooper
and red hairy caterpillar during early crop growth
that resulted in complete crop loss have been
reported. Castor bean can tolerate up to 25% leaf
damage without affecting seed yield, while
damage caused to spikes and capsules often leads
to significant yield losses. Diseases, such as wilt
(Fusarium oxysporum spp. ricini), root rot
(Macrophomina phaseolina), bacterial blight
(Xanthomonas ricini), botrytis gray rot (Botrytis
ricini), and seedling blight (Phytophthora colo-
casiae), are considered important (Kolte 1995;
Lakshminarayana and Raoof 2005).

New sources of abiotic and biotic stress tol-
erance are in constant demand by breeders.
Ricinus is considered to be a monotypic genus,
and R. communis is the lone species encom-
passing the many polymorphic types known
around the world (Weiss 1983). Several of these
types were designated as species (R. communis,
R. macrocarpus, R. microcarpus), but they are
intercrossable and fertile and therefore not true
species. All castor varieties that have been
investigated cytologically are diploids with a
2n number of 20 chromosomes (Richharia 1937),
and the species is a secondary balanced polyploid
with a basic number of x = 5 (Singh 1976).

Successful breeding for yield stability is thus
limited by a lack of exploitable genetic vari-
ability of productivity and disease and pest
resistance traits among castor bean germplasm.
Breeders have to resort to alternative approaches
like mutations, wide (intergeneric) hybridization,
and biotechnology for the creation of genetic
variability and incorporation of desired traits into
castor. The effect of irradiation on castor bean
seeds and seedlings has been the subject of a
number of studies that aimed at identifying
mutants with specifically required characters.
The importance of induced mutations in castor
has been demonstrated in the development of
productive semidwarf lines with high yield
potential, early maturing mutants, and sex
expression variants (Kulkarni and Ankineedu
1966; Ankineedu et al. 1968). However, mutants
that are resistant or tolerant to biotic stresses or
mutants that have reduced seed toxicity have not
been obtained by radiation mutagenesis so far.

In several crops, wild relatives have often
been used in breeding programs as they consti-
tute important reservoirs of genetic variability
(Harlan 1976). Morphologically, the genus Jat-
ropha (2n = 22) resembles Ricinus and has
attracted interest because it possesses useful traits
not found in castor. Although both genera, as
well as Manihot (cassava), belong to the
Euphorbiaceae family, successful introgression
of some of the desirable genes of Jatropha and
Manihot into castor bean remain virtually
untapped, because of the incompatibility of
intergeneric crosses between these genera
(Reddy et al. 1987a; Sujatha 1996; Gedil et al.
2009).

In addition to castor bean’s susceptibility to
insect pests and the presence of toxic proteins in
the endosperm, its perennial and indeterminate
growth habit are further challenges for breeding
early maturing varieties that are amenable for
mechanical harvesting.

Castor bean produces various industrially
useful fatty acids, and renewed interest in this
crop is due to its potential to produce biofuels
and epoxy oil through genetic engineering.
Because epoxy oil and castor oil have very
similar chemical structures, only minor genetic
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modifications would be necessary to synthesize
epoxy oil in castor bean. Genes involved in tri-
acyl glycerol assembly and fatty acid metabo-
lism, such as stearoyl-acyl carrier protein
desaturases (SAD2, SAD3, SAD4), diacylglycerol
acyl transferases (DGAT, DGAT2), enolases,
lipid transfer proteins, fatty acid desaturases,
hexose transporters, 6-acyl-Sn-glycerol-3-phos
phate acyltransferases (LPAAT2, LPAAT4,
LPAAT5), oleate desaturases (FAD2), 3-keto-
acyl-ACP synthases (KASI, KASII, KAS III),
oleosins (Ole1 and Ole2), and lipid transfer
proteins (Weig and Komor 1992), can increase
oil content and modify the plant’s fatty acid
profile. Genes coding for the highly toxic protein
ricin is also important for the development of
cultivars with reduced toxicity. Such genes could
be used to generate improved cultivars by genetic
engineering. Furthermore, castor bean is an
excellent model system for seed development
due to its large-sized seed with high lipid and
protein content (Kermode et al. 1989), as well as
to study sucrose and amino acid uptake mecha-
nisms (Komor 1977; Robinson and Beevers
1981) and nutrient transport through phloem
(Orlich and Komor 1992) and xylem (Schobert
and Komor 1992).

With the availability of a draft sequence of the
castor bean genome, most of the genes underly-
ing oil metabolism, ricin, agglutinin, and disease
resistance have been identified (Chan et al.
2010). Malik (2013) suggested the possibility of
combining genes for heat tolerance, drought
tolerance, and resistance to insect pests and dis-
eases to improve tolerance and high oil yield in
castor. Also, new genome editing tools could be
applied to eliminate ricin from seed meal and
make epoxy oil in castor bean.

One popular strategy to mitigate insect pest
susceptibility is the introduction of suitable
resistance genes through transformation (Sharma
et al. 2000). The 110-fold hectare increase of
cultivation of transgenic crops in two decades
between 1996 and 2016 makes genetic engi-
neering the fastest adopted crop technology in
agriculture (James 2016). Of the 185 million ha
of cultivated biotech crops during 2016 globally,
12.5% were occupied by insect-resistant crops,

and 41% were crops with stacked double and
triple traits.

During the past three decades, intensive
studies on plant regeneration and transformation
have led to the production of transgenic plants in
many crop plants. The introduction of foreign
genes by genetic engineering techniques often
requires an efficient in vitro regeneration system
for the desired plant species. Such a system must
be rapid, reliable, and applicable to a broad range
of genotypes. However, facile techniques for
tissue culture, regeneration, and gene transfer
have not been established for castor bean, despite
decades of research. The protocols for stable
transformation that are in place for castor bean
utilize meristematic tissues, which could lead to
the recovery of chimaeras, but there is potential
for genetic improvement of this species through
in vitro techniques and biotechnological tools.

14.2 Castor Bean Tissue Culture

The major hindrance for genetic transformation
of several crop plants is the availability of a
reproducible system for plant regeneration. In
many cases, transformation methods target
young apical meristems or other tissues that
ultimately give rise to gametes (Birch 1997). In
castor bean, the development of an efficient and
highly reproducible system for tissue culture and
regeneration remains a major challenge for
genetic transformation experiments. Castor bean
proved to be highly recalcitrant to in vitro
manipulations, which is a major impediment for
the development of transgenic lines (Reviewed
by Sujatha et al. 2008). Early attempts at estab-
lishing castor bean tissue culture were carried out
during 1960s using endosperm tissue mostly
because its large endospermic seeds facilitated
in vitro culture. However, these experiments
resulted in continuously growing tissue that did
not undergo organogenic differentiation. Tissue
culture studies of castor bean undertaken during
1980s aimed at obtaining whole plantlet regen-
eration from seedling tissue. These experiments
were conducted on young seedlings, but regen-
eration of complete plants was rather limited.
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Plant regeneration was mainly derived from
pre-existing meristematic centers (Athma and
Reddy 1983; Sangduen et al. 1987; Reddy and
Bahadur 1989; Molina and Schobert 1995; Alam
et al. 2010; Li et al. 2015a), and a maximum of
40 and 47 shoots from embryo axes and shoot tip
explants, respectively, was reported (Sujatha and
Reddy 1998). Callus-mediated shoot regenera-
tion from hypocotyl explants, young stem seg-
ments, leaves, and cotyledonary leaves have been
reported, but morphogenic differentiation was
sporadic, unreproducible, and with very low
frequency of shoot regeneration, showing only
1–5 shoots per responding explant (Reddy et al.
1987b; Genyu 1988; Bahadur et al. 1992; Sar-
vesh et al. 1992). Subsequently, Ahn et al.
(2007), Sujatha and Reddy (2007), and Ganesh
Kumari et al. (2008) reported relatively higher
shoot induction frequencies from seedling
explants, obtaining 22–24 shoots per explant.
They used growth adjuvants and amino acids to
improve caulogenic ability. Studies by Zhang
et al. (2016) suggested that a 6-day dark treat-
ment significantly increased the average number
of shoots (37) per explant when cultured on
medium supplemented with 0.3 mg/L thidi-
azuron (TDZ). Li et al. (2015b) compared
WUSCHEL (WUS) gene expression in castor
bean tissues under different inducing conditions
and optimized a regeneration system based on
embryogenic cell induction. These studies
showed a positive correlation between WUS gene
expression and embryogenic cell induction,
which had direct influence on the rate of shoot
budding. Nevertheless, the reproducibility of
these methods across laboratories and different
genotypes has to be ascertained as very few
genotypes were used in most of these studies.

Meristematic explants were tested in castor
bean, and embryo axes showed high proliferative
ability as compared to shoot apices and nodal
explants (Sujatha and Reddy 1998). Shoot pro-
liferation rates reported in this investigation were
very high and were 40 and 81.7 from embryo
axes and 46.7 and 22.0 shoots per explant from
shoot tips on induction and subculture media,
respectively. The study demonstrated a carryover
effect of TDZ in embryo axes from mature seeds

for 2–3 subculture cycles. TDZ-habituated
embryo axes tended to produce shoots continu-
ously, reaching up to 81.7 shoots per explant
when cultures were transferred from medium
with 5.0 mg/L TDZ to medium supplemented
with 0.5 mg/L benzyladenine (BA). The elevated
proliferation rate of zygotic embryos on medium
supplemented with TDZ paved the way for
genetic transformation studies in castor bean
(Sujatha and Sailaja 2005; Malathi et al. 2006).

Genotypic differences were not significant in
shoot proliferation experiments on medium sup-
plemented with TDZ. Studies of Ahn et al.
(2007) were in agreement with those of Sujatha
and Reddy (1998), which showed a threefold
increase in cytokinin activity of TDZ relative to
BA for promoting shoot regeneration from
mature zygotic embryos. Pretreatment of embryo
axes in the dark for 7 days increased the number
of shoots regenerated per explant by 82 and 36%
with TDZ and BA, respectively (Ahn et al.
2007). Likewise, preincubation of cotyledon
explants from mature seeds cultured on medium
with 5 lM TDZ in the dark for 7 days resulted in
a maximum of 25 shoots per explant (Ahn and
Chen 2008). In both studies, histological analysis
indicated adventitious origin of the shoots from
the meristematic region, including the shoot apex
and the cotyledonary leaf axil. TDZ showed a
beneficial effect on adventitious shoot regenera-
tion as well. Ahn et al. (2007) reported a high
frequency of shoot regeneration from hypocotyls
on medium supplemented with 0.25 mg/L TDZ
and 4.5 mg/L BA. Zalavadiya et al. (2014)
reported shoot regeneration from hypocotyl-
derived callus on medium supplemented with
0.5 mg/L kinetin and 0.25 mg/L BA, which was
reproducible across genotypes and in different
laboratories. However, this protocol suffers from
lack of rooting of the regenerated shoots even
after 30 days in culture.

Tissue culture research conducted so far in
castor bean has revealed a strong recalcitrance to
in vitro culture and identified the development of
an adventitious shoot regeneration system as a
major challenge. The observed sporadic shoot
regeneration indicates the presence of a few
morphogenic cells interspersed within
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nonmorphogenic tissues. Although morphogeni-
cally competent cells are more likely to be found
in juvenile than in mature tissues of flowering
plants, suppression of competent cells by over-
growth of noncompetent cells may have been the
reason for the failure to isolate a competent line
in castor bean. The occasional appearance of
shoots could also be due to the activation of
recalcitrant calli to undergo caulogenesis caused
by rare exogenous and endogenous inductive
stimuli. Hence, a large number of genotypes and
growth regulator combinations need to be
assessed for determining caulogenic ability and
to understand recalcitrance in castor bean tissues
in vitro. Until an efficient and reproducible sys-
tem for plant regeneration is developed, genetic
transformation of castor will be a meristem-based
shoot proliferation system.

14.3 Genetic Transformation
Methods for Castor Bean

Castor bean has been reported to be susceptible
to crown gall disease caused by Agrobacterium
tumefaciens (Lippincott and Haberlein 1965),
which is broadly used for plant transformation
due to its capacity to introduce DNA into plant
cells. Genetic transformation methods tried for
castor include Agrobacterium-mediated trans-
formation and particle gun bombardment meth-
ods with each of these methods having its own
advantages and disadvantages.

14.3.1 Agrobacterium-Mediated
Method

Owing to the poor caulogenic ability of in vitro
cultured tissues in castor, transformation was
carried out with tissues with pre-existing meris-
tems like decotyledonated embryo axes or using
alternate methods bypassing tissue culture-based
regeneration such as floral bud transformation or
in planta transformation.

Agrobacterium-mediated transformation is
one of the most efficient methods for gene
transfer and takes advantage of the naturally

evolved crown gall-inducing mechanisms of
DNA present in A. tumefaciens—a ubiquitous
gram-negative soil pathogen. The uniqueness of
this soil microorganism lies in its capability of
transfer of DNA to eukaryotic cells. Although it
is genotype-dependent, it is the most preferred
method of gene transfer owing to its simplicity,
cost-effectiveness, and generation of stable
transformants with a single or few copies of the
inserted DNA fragment, which can be relatively
large and with defined ends (Gelvin 2003).

The Agrobacterium-mediated transformation
process involves a number of steps which
include: (a) isolation of the genes of interest from
the source organism; (b) development of a
functional transgenic construct harboring the
gene of interest along with promoters to drive
expression and marker genes (selectable such as
antibiotic or herbicide markers or reporter genes
like GUS or GFP) to facilitate tracking of the
introduced genes in the host plant; (c) insertion
of the transgene into the Ti plasmid; (d) intro-
duction of the T-DNA-containing plasmid
into Agrobacterium; (e) cocultivation of plant
cells with transformed Agrobacterium to allow
transfer of T-DNA into plant chromosome;
(f) regeneration of the transformed cells into
putative transformants; (g) confirmation of inte-
gration and expression of the introduced trans-
gene through molecular analysis; and
(h) assessing the trait performance through
appropriate assays at lab, greenhouse, and field
level.

In planta transformation methods like floral
dip method that have been developed for Ara-
bidopsis are incredibly simple and extended to
transformation of several other crops. In floral
bud transformation method of castor, the flower
buds of an intact plant are wounded and an
Agrobacterium strain carrying the transgene is
infiltrated into the wound (US Patent No
6.620.986). The flower buds are allowed to set
seed, and those seeds that harbor the transgene
(which typically includes a selectable marker) are
grown under the selective medium. However, in
this method, transformation of the germline (so
as to enable the progeny carry the transgene) is
extremely difficult because the floral initials are
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usually at different stages of differentiation along
the racemes. Another method is to prick the
shoot apical meristems of 10–15-day-old seed-
lings with fine needles followed by immersion in
Agrobacterium suspension and transfer to soilrite
in bottles for a week (Kumar et al. 2011). Sub-
sequently, the infected seedlings were transferred
to pots and grown to maturity in the greenhouse.
Transformed lines will be selected in the next
generation through antibiotic/herbicide screen-
ing. The advantage of in planta method lies not
only in the simplicity and reliability but also in
obtaining genetically uniform (nonchimeric)
transformed progeny as somaclonal variation
associated with tissue culture and regeneration is
minimized. Although the method is simple, it
requires extensive analysis of the T1 plants for
identification of plants carrying the transgene.

14.3.2 Particle Gun Bombardment

The development of particle gene gun has revo-
lutionized DNA transfer technology, bypassing
limitations imposed by Agrobacterium host
specificity and cell culture constraints, and has
allowed the engineering of almost all the major
crops including formerly recalcitrant cereals,
legumes, woody species, and other organisms. It
is a physical method in which rapidly propelled
tungsten or gold particles coated with DNA are
blasted to deliver biologically active DNA
into plant cells. Direct gene transfer through
particle gun bombardment is generally genotype-
independent, facilitating multiple gene cotrans-
formation, but the success depends on several
physical parameters and is often reported to
result in transgenics with multiple copies of the
transgene.

Regardless of the method employed, most
transformation studies in castor bean have tar-
geted meristematic tissues, which are prone to
result in chimeras. Because of its highly prolif-
erative ability on medium supplemented with a
strong cytokinin like TDZ or a combination of

TDZ and BA, castor bean embryo axes have
been the most used tissue for transformation,
regardless of the method. Success depends on the
precise targeting of the introduced DNA to the
wounded meristematic tissues and the conditions
(Agrobacterium culture density, period of
cocultivation, use of vir gene inducers like ace-
tosyringone and other phenolic compounds) for
enhancing the virulence (the transfer of T-DNA
from Agrobacterium to its host).

McKeon and Chen (2003) obtained 12
genetically engineered castor bean plants through
vacuum infiltration of wounded flower buds in
Agrobacterium suspension (US Patent No
6.620.986). Sujatha and Sailaja (2005) described
the first successful attempt at development of a
stable transformation system for castor bean
using decotyledonated embryo axes. In this
method, embryo axes following cocultivation
with Agrobacterium were subjected to expansion
and proliferation on Murashige and Skoog
(1962) (MS) medium supplemented with
0.5 mg/L TDZ followed by three cycles of
selection on medium with 0.5 mg/L BA and
increasing concentrations of hygromycin (20–
40–60 mg/L) or kanamycin (50–100–200 mg/L)
depending on the selectable marker (hpt, npt II).
Selected shoot clusters were transferred to med-
ium with 0.5 mg/L BA for proliferation and
0.2 mg/L BA for shoot elongation. Elongated
shoots were rooted on half-strength MS medium
supplemented with 2.0 mg/L NAA. By employ-
ing this protocol, a primary transformant was
obtained within 5 months from cultured embryo
axes with an overall transformation efficiency of
0.08%. As the protocol does not involve an
intervening callus phase, no abnormal pheno-
types were reported through this procedure.
A similar shoot proliferation method with minor
modifications was followed for direct gene
transfer using the particle gun bombardment
method achieving a transformation efficiency of
1.4% (Sailaja et al. 2008). Transformation fre-
quencies of castor bean reported to date are
generally low (Table 14.1).
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14.4 Genetic Transformation
of Castor Bean with Insect
Resistance Genes

Before embarking on a genetic engineering pro-
gram to address a pest problem, it is imperative
to identify suitable insect resistance genes, which
could be introduced into castor bean against
major pests. Several candidate genes, such as
crystal protein (Cry) genes of Bacillus
thuringiensis (Bt) produced during the sporula-
tion stage, vegetative insecticidal Bt proteins
(VIPs) induced during the vegetative stage, pro-
teinase inhibitors, lectins, a-amylase inhibitors,

insect chitinases, and novel genes of plant origin,
can be deployed into crop plants for imparting
protection against insect pests. However, the
most commonly used and commercially exploi-
ted insect resistance genes are the Bt Cry genes.
Insecticidal d-endotoxins of B. thuringiensis
have acquired great significance because of their
specificity to target pests, nontoxicity to humans
and beneficial insects, toxicity at low concen-
tration, and environment-friendly nature.
B. thuringiensis var. kurstaki strains produce
several lepidopteran toxic proteins such as
Cry1Aa, Cry1Ab, Cry1Ac, Cry1IA, and Cry1B.
Information on the reaction of the major lepi-
dopteran pests attacking castor bean to Cry

Table 14.1 Genetic transformation studies in castor bean

Transformation method Gene
inserted

Explant Trait Transformation
frequency (%)

References

Agrobacterium-mediated Gus Wounded
flower buds

Transformation
protocol

– McKeon and
Chen (2003)

Agrobacterium-mediated Gus, hpt,
npt

Embryo axis Transformation
protocol

0.08 Sujatha and
Sailaja
(2005)

Agrobacterium-mediated cry1Ab Embryo axis Insect resistance
(semilooper)

0.42 Malathi et al.
(2006)

Particle gun method Gus, hpt,
npt

Embryo axis Transformation
protocol

1.4 Sailaja et al.
(2008)

Agrobacterium-mediated
and particle gun methods

cry1EC Embryo axis Insect resistance
(semilooper and
Spodoptera)

0.82 and 0.69,
respectively

Sujatha et al.
(2009)

Agrobacterium-mediated Chitinase
– Chi 1

Cotyledonary
node

Fusarium wilt – Ganesh
Kumari
(2010)

Agrobacterium-mediated
in planta methods

cry1ACF Two-days old
seedlings

Insect resistance
(Spodoptera)

1.4 Kumar et al.
(2011)

Agrobacterium-mediated Ricin
toxin A
chain

Cotyledonary
node

Reduced seed toxicity – Chen et al.
(2013)

Agrobacterium-mediated Ricin
toxin A
chain

Epicotyl Reduced seed toxicity – Li et al.
(2014)

Agrobacterium-mediated SbNHX I Embryo axis Salt stress 2.8–5.9 Patel et al.
(2015)

Agrobacterium-mediated TFL1 – Determinate and early
maturity

– Peles et al.
(2017)

Agrobacterium-mediated Ricin
toxin A
chain

Embryonic
axis

Reduced seed toxicity 0.85 Sousa et al.
(2017)
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proteins in the toxin specificity database (http://
www.glfc.forestry.ca/bacillus/web98.adb) is
limited. Experiments were undertaken at the
Indian Institute of Oilseeds Research to assess
the efficacy of various purified crystal Bt proteins
which are lepidopteran-specific against major
defoliators of castor bean (Lakshminarayana and
Sujatha 2005; Sujatha and Lakshminarayana
2005).

Bioassays against neonate larvae of Achoea
janata (castor semilooper), S. litura, Spilosoma
obliqua, and Euproctis fraterna using Cry toxins
(Cry1Aa, 3A, 2B, 1C, 2A, 1E, 1Ac, 1F, 9A,
1Ab) at concentrations ranging from 4 to
1500 ng/cm2 were done using leaf paint assays.
With regard to semilooper, the Cry proteins 1Aa,
1Ab, 1E, and 2A were found to be the most
effective, resulting in 100% mortality within
48 h, while the other proteins gave nil or delayed
mortality at the highest concentrations tested.
Among the effective proteins, Cry1Aa was found
to be superior to other proteins in giving early
mortality even at lower concentrations
(125 ng/cm2) (Sujatha and Lakshminarayana
2005). In the case of Spodoptera, none of the
proteins gave 100% mortality even after 96 h of
treatment at the highest concentration tested
(1500 ng/cm2), except for Cry1Aa, which gave
50% mortality at 1500 ng/cm2. Increasing the
concentration of the proteins up to 3000 ng/cm2

also failed to cause larval mortality. However,
feeding cessation in terms of low larval weight
was recorded in treatments with Cry1Aa and Cry
1Ab (Lakshminarayana and Sujatha 2005). The
Cry proteins 1Aa, 1E, 1Ab were found to be
effective against S. obliqua, while 1Ac, 1Aa were
effective against E. fraterna.

Due to Cry1Aa protein’s efficacy against all
tested pests, genetic transformation of castor
bean has been initiated using the cry1Aa gene
modified for plant codon usage. S. litura, which
is a polyphagous lepidopteran insect that affects
castor bean, is tolerant to most of the known
d-endotoxin proteins. Hence, a hybrid
Cry1Ea/Cry1Ca d-endotoxin protein called
Cry1EC was developed by replacing amino acid
residues 530–587 in the low-activity Cry1Ea
protein with a highly homologous 70-amino acid

region of Cry1Ca in domain III (Singh et al.
2004). The soluble Cry1EC protein produced
with an expression vector was fourfold more
toxic to the larvae than Cry1Ca, the most effec-
tive d-endotoxin against Spodoptera sp. This
Cry1EC hybrid endotoxin conferred complete
protection against S. litura when deployed in
tobacco and cotton. Based on these studies, the
genes cry1Aa and cry1Ab have been selected to
confer protection against major foliage feeders of
castor bean, and transgenic castor bean lines
harboring the chimeric genes cry1EC (Sujatha
et al. 2009) and cry1AbcF (Kumar et al. 2011), as
well as the synthetic d-endotoxin gene cry1Ab
(Malathi et al. 2006), have already been
generated.

The vector-mediated and direct gene transfer
methods (Sujatha and Sailaja 2005; Sailaja et al.
2008) were employed for transformation of cas-
tor bean cv. DCS-9 using appropriate vectors
containing the cry1Aa (Sujatha M, unpublished)
and the Bt fusion gene cry1EC, driven by an
enhanced 35S promoter (Sujatha et al. 2009).
With the cry1EC gene, 81 and 12 putative
transformants were obtained following selection
on hygromycin and kanamycin, respectively. The
integration and inheritance of the introduced
genes were demonstrated up to T4 generation by
PCR and Southern blot analysis. Field bioassays
against S. litura and castor semilooper, con-
ducted for eight transformation events in T1–T4
generations under net confinement, lead to
identification of promising events conferring
resistance to the two major defoliators
(Fig. 14.1).

A similar procedure was used for the produc-
tion of semilooper-resistant transgenic castor
bean that expresses a synthetic d-endotoxin
cry1Ab gene driven by CaMV (cauliflower
mosaic virus) 35S promoter (Malathi et al. 2006).
The construct harboring the insect resistance gene
carried the herbicide resistance gene (bar) for
selection of putative transformants. The presence
of the introduced gene, its stable integration,
expression, and inheritance was confirmed
through PCR, Southern blot analysis, ELISA, and
progeny tests. The transformed plants showed a
Cry1Ab protein concentration between 0.23 and
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0.47 ng/mg in the leaf tissue. Biological assays in
the laboratory with neonate larvae of semilooper
showed a marked feeding inhibition associated
with reduced larval growth and substantial mor-
tality (88.9–97.3%) on different primary trans-
formants as compared to the untransformed
control plants (13.9%). This and the above study
(Sujatha et al. 2009) used the castor bean geno-
type DCS-9 (Jyoti), which is a cultivated com-
mercial variety and a parental line for the hybrid
DCH-177, and therefore, it will not be necessary
to transfer the transgene between experimental
and commercial varieties.

Kumar et al. (2011) used the in planta trans-
formation procedure through Agrobacterium-

mediated transfer for introduction of the
cry1AbcF gene against Spodoptera. In this
method, two-day-old seedlings were infected
with Agrobacterium strain EHA105/pBinBt8
harboring the cry1AcF gene and transformed
rooted shoots were established in the greenhouse.
Subsequently, T1 generation seedlings were
screened on 300 mg/L kanamycin to select
putative transformants and five highly expressing
transgenic lines were identified through molecu-
lar and expression analyses. These transgenic
lines showed high mortality of semilooper and
the stability of the transgene up to T2 generation
was successfully demonstrated.

Fig. 14.1 Genetic transformation in castor for insect
resistance. a Selection of putative transformants on
kanamycin; b elongation of putative transformed shoots;
c acclimatization of transformed shoots; d identification of
homozygous line through PCR analysis; e event

selection trial for generation advancement and insect
bioassays, f reaction of control (untransformed) plants
showing complete defoliation; g reaction of the transgenic
lines showing less foliar damage compared to control
plants
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The studies dealing with evaluation of trans-
genics for conferring protection against the two
major castor bean foliage feeders were mostly
confined to laboratory bioassays except for the
study dealing with cry1EC transgenics (Sujatha
et al. 2009) where whole plant assays were
conducted. In the case of cry1Ab transformants,
T0 plants were bioassayed against semilooper
(Malathi et al. 2006), while T1 and T2 transfor-
mants harboring the cry1AbcF gene were asses-
sed for their reaction to Spodoptera in detached
leaf assays in the laboratory (Kumar et al. 2011).
The transformants harboring the cry1EC gene
were tested for their reaction to castor bean
semilooper and Spodoptera under laboratory
conditions using detached leaves and at whole
plant level under net-contained field conditions
(Sujatha et al. 2009). Insect bioassays coupled
with ELISA studies revealed variation in the
plants’ pest response and in protein expression
levels, depending on transformant generation,
crop stage, and growing conditions.

The identification of transformation events
that result in plants bestowed with resistance to
foliage feeders is just a beginning of generating
pest-resistant castor bean lines. It is then neces-
sary to determine toxin expression levels in dif-
ferent transformants and developmental stages. It
is also essential to assess the toxicity of the
candidate genes to beneficial insects. Eri silk-
worm (Samia cynthia ricini) larvae are reared on
castor leaves for silk production. Kumar et al.
(2016) observed high toxicity of purified Cry1Aa
and Cry1Ab crystal proteins of B. thuringiensis
against eri silkworm.

Traditional capsule borer, Conogethes
(Dichocrosis) punctiferalis which used to be at
low key, has increased in India causing up to
50% capsule damage in castor (Duraimurugan
et al. 2015). The management of defoliators like
semilooper and Spodoptera is relatively easy as
the plant has the ability to tolerate a certain
degree of defoliation, and these pests have
potential natural enemies and are susceptible to a
wide range of insecticides. Contrary to this, the
management of capsule borer is rather difficult as

the pest attacks the inflorescence and growing
capsules, which directly translates into yield
reduction. Capsule borer is less susceptible to
chemical insecticides and hence is difficult to
manage. Suitable management practices other
than chemical control are not available. For
capsule borer, the major challenge lies in opti-
mizing a rearing technique prior to testing the
effective agents and identification of candidate
gene(s) for introduction through genetic engi-
neering tools.

14.5 Transgenic Castor Bean
for Abiotic Stress Tolerance

The first generation of genetically modified crops
that have been cultivated since the 1990s in a
number of countries harbor single genes that
confer tolerance to herbicides or insect attacks
(www.isaaa.org). Second-generation transgenic
crops with stacked genes or traits that allow
crops to tolerate environmental stresses such as
drought, cold, salt, heat, or flood are now being
tested in contained field trials around the world.
In the case of castor bean, transgenic develop-
ment is still in its infancy and there are no
commercially released lines as of today. With
regard to abiotic stresses, an Israeli biotechnol-
ogy company—Rahan Meristem (http://www.
rahan.co.il)—is developing castor bean transfor-
mation protocols to generate salinity and drought
resistance using genes from unicellular algae,
which are expected to improve the performance
of castor bean in low rainfall climates.

In order to enhance salt stress in castor, Patel
et al. (2015) introduced the vacuolar Na+/
H+ antiporter gene SbNHX1 into castor bean
with an improved Agrobacterium-mediated
transformation method that uses spermidine
(1 mM) and acetosyringone (200 µM). Stable
integration and expression of the transgenes were
confirmed by PCR and Southern blot hybridiza-
tion. Physio-biochemical analyses such as quan-
tification of chlorophyll, water, proline,
malondialdehyde (MDA), Na+ and K+, as well as
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measurements of K+/Na+ ratios, and electrolytic
leakage under varying NaCl concentrations
showed that ectopic expression of SbNHX1
enhances salt tolerance in transgenic plants by
modulating physiological process.

14.6 Introduction of Other
Agronomically Desirable Traits
into Castor Bean

14.6.1 Altering Plant Architecture

Flowering plants exhibit either determinate or
indeterminate type of inflorescence architecture.
Determinate inflorescences are ideal for uniform
and high-density planting, and it is amenable for
mechanization and combined harvesting. The
inflorescence of cultivated castor bean, including
ruling hybrids and varieties, is predominantly
indeterminate making the crop less amenable for
mechanical harvesting.

Castor bean genotypes with low tendencies to
branch have been selected using the pedigree
method, but successive rounds of self-pollination
of these cultivars reduced plant vigor (Baldanzi
and Pugliesi 1998). According to Severino et al.
(2012), the selection for short and nonbranching
castor bean plants is usually difficult due to their
high genotype versus environment interaction.
According to Brigham (1980), the transition from
the vegetative to the reproductive stage of the
main stem corresponding to the formation of the
main raceme leads to production of axillary
shoots. From these shoots, the second and sub-
sequent order racemes originate and the sequence
of development continues as long as the plants
remain alive and healthy, thus producing an
indeterminate growth habit.

Because terminal flowers are produced in
determinate types, two important regulators of
the flowering pathways, viz. FLOWERING
LOCUS T (FT) and TERMINAL FLOWER
1 (TFL1) which function in diverse signaling
pathways have been studied. FT promotes the
transition to reproductive development and
flowering, while TFL1 represses it. A loss of
function of the TFL-1 gene has been associated

with a determinate phenotype and early flower-
ing. An early flowering and determinate castor
bean inbred line have been developed through
transgenic downregulation of TFL1 activity. The
resulting plants exhibited stable vigor for at least
five generations (Peles et al. 2017).

14.6.2 Seed Traits

The demand for castor oil for expanded industrial
applications in manufacturing of biodegradable
products and as a source of biofuel is increasing.
Consequently, there is a need for developing
nontoxic, low-ricinine, and nonallergenic castor
bean for safe utilization of the seed meal for
animal feeding besides increasing the oil content
and modification of oil quality for varied
purposes.

14.6.3 Toxin-Free Castor

The major toxic constituents of castor bean seed
meal are the two-chained polypeptide ricin, the
alkaloid ricinine, the four-chained polypeptide R.
communis agglutinin (RCA), and the allergenic
protein polysaccharide CB-1A (castor bean
allergen). Due to the presence of these deadly
natural poisons and allergens, castor bean’s
high-protein meal is only used as fertilizer or it is
incinerated. Enhanced expression of ricin, 2S
albumin, and ricinoleate production start at
26 days after pollination (Chen et al. 2007).
Ricin is a type II ribosome inactivating protein
(RIP) and is deadly when inhaled, ingested, or
injected (Lord et al. 1984; Hartley and Lord
1993). Chemical detoxification procedures are
available, but the energy input needed to treat the
deoiled seed meal to destroy the toxic proteins
and allergens limits the economic competitive-
ness of such procedures. A major objective of
castor bean genetic transformation is to develop
ricin-free varieties that are safe for growers and
seed processors while increasing the value of the
high-protein meal remaining after castor oil
extraction. This problem is being tackled through
a multipronged approach. Conventional and
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biotechnological approaches are being attempted
to develop cultivars with reduced levels of toxin.
Traditional breeding methods involving crosses
of the high-yielding dwarf line ‘hale’ with two
lines that show low levels of seed toxins resulted
in the development of a dwarf plant line with a
70–75% reduction in ricin and RCA content
(Auld et al. 2003). Gene silencing approaches to
reduce the levels of toxins/allergens through crop
genetic engineering have been successful. The
ricin gene has been isolated and sequenced, and
analyses of the transcription of ricin, allergen,
and numerous lipid biosynthetic enzymes during
seed development led to the identification of
promoters that can be used to express genes that
suppress toxin and allergen production. A com-
bination of breeding and transgenic approaches is
expected to produce castor plants that have
potential for 99.9% reduction in ricin content in
segregating populations (Auld et al. 2001).
However, transgenic strategies through antisense
silencing resulted in limited toxin reduction as
ricin production is controlled by multiple genes.
Studies by Pinkerton et al. (1999) indicated that
ricin concentration is controlled by multiple
genes and is also influenced by the environment.

The biotech company Arcadia Biosciences
has focused on ‘knocking out’ toxic genes using
classical mutagenesis and tilling (targeting
induced local lesions in genomes), which iden-
tifies single nucleotide polymorphisms (SNPs) in
known genes responsible for ricin production
(www.arcadiabio.com). Ricin was initially con-
sidered to belong to a lectin multigene family
composed of eight members (four A and four B
chains). Based on this information, research was
undertaken at Mississippi State University, USA,
USDA-ARS, Albany, USA, and the Indian
Institute of Oilseeds Research, Hyderabad, India,
to genetically engineer castor for inhibiting ricin
expression and/or production. Later on, the
annotation of the draft castor bean genome
sequence identified 28 putative genes in the ricin
family, including potential pseudogenes or gene
fragments (Chan et al. 2010).

RNA interference (RNAi) technology has
been exploited to silence the ricin genes in castor
bean seed endosperm to develop cultivars with

reduced toxicity (Chen et al. 2013; Li et al. 2014;
Sousa et al. 2017). Sousa et al. (2017) cloned two
copies of a 460 bp fragment from the ricin toxin
A-chain gene (RTA) in concatenated sense and
antisense orientations under the control of the
35S CaMV promoter in order to generate an
intron-hairpin RNAi cassette (Dricin). The clon-
ing vector also contained the reporter gus gene
and a mutated ahas gene from Arabidopsis,
which confers tolerance to the imidazolinone
class of herbicides. Results indicated effective
silencing of the ricin genes in the transgenic
plants and ricin proteins could be not detected by
ELISA. Protein extracts from transgenic seeds
lacked hemagglutination activity and were not
toxic to rat intestine epithelial cells or Swiss
Webster mice. Chen et al. (2013) also succeeded
in obtaining transgenic castor bean plants con-
taining a 762 bp fragment of the RTA by A.
tumefaciens-mediated transformation of cotyle-
donary nodes. Li et al. (2014) selected a 351-bp
fragment of the RTA to produce an RNAi con-
struct that was introduced into castor bean
through Agrobacterium-mediated transformation
of epicotyls. Semiquantitative analysis showed
an apparent decrease in the RTA expression
level, further suggesting that RNAi is an effective
approach for reducing ricin mRNA expression.
The biodetoxified castor bean cake which is very
rich in valuable proteins can be used for animal
rations.

The introduction of ricin into heterologous
systems is also being pursued for uses related to
biodefense, treatment of AIDS, cancer
immunotherapy, and disease model systems
involving apoptosis. Production of pharmaceuti-
cally important compounds in plants is an area of
interest that has expanded during the past two
decades. However, the development of geneti-
cally engineered therapeutics utilizing type II
RIPs such as ricin has been limited owing to the
difficulty of their expression in heterologous
systems due to improper polypeptide folding,
incomplete processing of preproricin, and an
overall susceptibility of host ribosomes to
depurination (Frankel 1992). Successful pro-
cessing of preproricin using either prokaryote or
eukaryote expression systems has not been
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reported, while Sehnke et al. (1994) demon-
strated the processing of RIP preprotein precur-
sor into a fully active mature toxin when
expressed in tobacco. Sehnke and Ferl (1999)
developed stable cell cultures from transgenic
tobacco expressing ricin that provides a safe and
simple means to produce properly processed
recombinant ricin. Regardless of its advantages,
the development and release of genetically
modified ricin-producing species should be
approached with caution, following appropriate
safety regulations.

14.6.4 Modification of Oil Quality

The presence of the mid-chain hydroxyl group
and double bonds imparts unique chemical and
physical properties to castor oil that stabilizes the
oil against oxidation, making castor oil a vital
industrial feedstock. Castor oil contains ricinoleic
acid (the 18-hydroxy oleic acid D-12-hydroxy
octadec-cis-9-enoic acid), which is industrially
important as it is used in the manufacture of
polymers, lubricants, polyurethane coatings,
cosmetics, and plastics. The ricinoleic acid
molecule has three elements of functionality that
make castor oil suitable for many chemical
reactions and modifications (Ogunniyi 2006):
(a) a carboxyl group that allows a wide range of
esterifications, (b) a double bond that can be
altered by hydrogenation, epoxidation, or vul-
canization, and (c) a mid-chain hydroxyl group
that can be acetylated, alkylated, or dehydrated to
produce semidrying oils.

The uniqueness of castor bean not only lies in
the presence of oleic acid hydroxylase to syn-
thesize ricinoleic acid, but also in its capacity to
efficiently accumulate high amounts of ricinoleic
acid (88–91%) in its seed oil. Most of the genes
encoding the key enzymes involved in the
biosynthesis of fatty acids and triacylglycerols
are single copy genes (Chan et al. 2010). Key
areas of research to achieve desired oil quality
include increasing oleic acid content in castor
bean or producing ricinoleic acid in heterologous
systems. Decreasing the ricinoleic acid content
with concomitant increase in oleic acid content

would enhance the performance of castor oil as a
feedstock for biodiesel. Conventional breeding
led to the identification of a castor bean mutant
line (OLE-1), which has a 20-fold increase in
oleic acid (C18:1) and a sixfold decrease in
ricinoleic acid content (C18:1-OH) (Rojas-
Barros et al. 2005). These studies concluded
that the desaturation of oleic to linoleic acid was
controlled by a major gene whose action was
modified by a second gene. The recessive gene ol
present in OLE-1 could affect the action of the
oleoyl-12-hydroxylase enzyme preventing the
hydroxylation of oleic acid to synthesize rici-
noleic acid. The recessive alleles at the modifier
(M1) locus would suppress the effect of the ol
allele on the oleic/ricinoleic trait.

Genetic engineered production of ricinoleate
in heterologous systems in order to replace castor
bean has been a scientific and technical chal-
lenge. It would benefit ricinoleate-related indus-
tries by producing a valuable renewable resource
in greater quantity without the complications of
castor bean toxins. Incorporation, modification,
or suppression of key metabolic pathways lead-
ing to over-accumulation of desired fatty acids
are viable metabolic engineering approaches.
Although it is relatively easy to genetically
engineer biosynthetic pathways, achieving high
levels of the industrial fatty acids in heterologous
systems is not always successful. For example,
transgenic expression of the fatty acid hydroxy-
lase (Fah12) gene from castor bean under the
control of strong seed-specific promoter (napin)
from Brassica napus resulted in very low levels
of accumulation of ricinoleic acid in the
heterologous host (<1% in tobacco, 17% in
Arabidopsis), making the approach commercially
inviable (Brown and Somerville 1997). The
major limitation for the accumulation of unusual
fatty acids (UFAs) such as ricinoleate in
heterologous systems is the inefficient transfer of
the UFAs from the site of synthesis on phos-
pholipids to the triacylglycerols (TAG) where the
oil is assembled and stored. Lin et al. (2002)
demonstrated that labeled ricinoleate is prefer-
entially inserted into TAG in castor bean endo-
sperm microsomes, while the same substrate
failed to be efficiently incorporated in other

14 Biotechnological Means for Genetic Improvement in Castor … 267



oilseeds. This is mainly because the castor
bean acyl-CoA:diacylglycerol acyltransferase
(DGAT1) selectively incorporates ricinoleate
into TAG. The identification of the castor
bean-specific ricinoleate gene phospholipid:dia-
cylglycerol acyltransferase PDAT1-2 and the
manipulation of the phospholipid editing system
in transgenic Arabidopsis plants enhanced the
accumulation of total hydroxyl fatty acids
(HFA) up to 25% (Kim et al. 2011). Subsequent
studies involving incorporation of gene combi-
nations, such as DGAT type 2 (RcDGAT2) and
oleoyl hydroxylase (Burgal et al. 2008), or PDAT
and oleoyl hydroxylase (van Erp et al. 2011),
increased HFA content by 30% in transgenic
plants. The conservation of seed oil metabolic
pathways across plant species and knowledge of
the mechanisms of seed oil accumulation has
facilitated the development of designer oil crops
by metabolic engineering of fatty acid profiles,
and it can be applied to improve castor bean oil
content and quality. The expression profiles of
genes involved in fatty acid biosynthesis, trans-
port during cellular endosperm development, and
accumulation of key enzymes of the triacyl-
glycerol biosynthetic pathway such as diacyl-
glycerol acyltransferase, glycerol-3-phosphate
dehydrogenase, and
lysophosphatidyl-acyltransferases have been
investigated in castor bean (He et al. 2004; Chen
et al. 2007; Chan et al. 2010; Xian-Jie et al. 2011;
Arroyo-Caro et al. 2013). Reverse engineering
strategies are being developed wherein the TAG
assembly routes are characterized as a prelude for
transgenic expression of the specialized TAG
assembly enzymes in oilseeds (Green et al.
2008). Under the Crop Biofactories Initiatives at
CSIRO, Australia, several genes involved in the
synthesis and storage of UFAs are being cloned
and technologies are being developed to engineer
high-level synthesis and accumulation of UFAs
in transgenic oilseeds including safflower (Green
et al. 2008). Expression of splice variants of the
specific castor bean wrinkled1 (WRI1) gene
belonging to apetala 2 (AP2)/ethylene responsive
element binding protein (EREBP) class of tran-
scription factors in tobacco increased oil content

by 4.3- to 4.9-fold as compared to controls and
could be potentially used to engineer crops for
high oil production (Ji et al. 2018).

Genetic engineering of ricinoleate synthesis
has been attempted in Lesquerella fendleri for
safe castor oil production. L. fendleri (L) is val-
ued for its unusual hydroxy fatty acid called
lesquerolic acid (C20:1OH), which is produced
by a two-carbon elongation of ricinoleate.
Therefore, suppression of the elongation step in
L. fendleri through genetic engineering could
generate ricinoleate in L. fendleri (Chen 2009).

Ectopic overexpression of castor bean leafy
cotyledon (LEC2) in Arabidopsis triggered the
expression of genes that encode regulators of
seed maturation and oil body proteins in vege-
tative tissues. Consequently, expression of fatty
acid elongase 1 (FAE1) was increased, inducing
the accumulation of triacylglycerols, especially
those containing the seed-specific fatty acid
eicosenoic acid (20:1D11) in vegetative tissues
(Kim et al. 2014).

Fluctuating oil prices, depleting fossil fuel
reserves, increasing concerns about climate
change, and potential economic opportunity
demand renewable sources of fuel. The feed-
stocks used for biodiesel include edible oil, but
the debate on ‘food versus fuel’ indicates the
need for introduction of alternative feedstocks
which meet the criterion of (1) sustainability—
not compete with food crops for land or water
resources, not promote deforestation, the total
life cycle of greenhouse gases emissions should
be low compared to that of fossil fuels, (2) re-
newable and continuous availability—reliable
supply with potential for large-scale production,
and (3) economically feasible—competitive price
compared to edible oils and fossil fuels.

Castor bean has attracted the attention of
researchers in USA and Brazil because of its high
oil content (50%) and relatively high crop yield,
which can produce up to 140 gallons of castor oil
per acre and provides a safe opportunity for
biodiesel production without the risk of displac-
ing food crops. Castor is a summer-grown crop
that fits well in Mississippi and other parts of the
Southern USA. Estimated CO2 absorption level
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of castor bean plants is 34.6 ton per ha with two
growing cycles per year. Lifecycle analysis of
biodiesel produced from castor bean showed that
greenhouse gas emissions were reduced by 90%
when compared to petroleum diesel. Castor oil is
the only oil soluble in alcohol and therefore does
not have the consequent energy requirement for
transesterification as other vegetable oils. Castor
oil has a good shelf life when compared to other
oils (e.g., four times more stable than olive oil),
and it does not turn rancid when subjected to
excessive heat. However, its high viscosity,
water content, and compressibility, as well as the
observed *10% reduction of its hydroxyl and
acid values after 90 days of storage and its pre-
mium price, are the major issues limiting the use
of straight castor oil as fuel for internal com-
bustion engines (Scholz and da Silva 2008),
although the limit values of viscosity, density,
and cetane number can be met through transes-
terification followed by dilution or blending with
conventional diesel fuel and other vegetable oils
(www.castoroil.in).

Evogene (www.evogene.com) has demon-
strated the potential of castor oil as a viable and
sustainable second-generation feedstock for the
production of biojet fuel as it meets the American
Society of Testing and Materials (ASTM) D7566
fuel specification requirements for alternative
aviation fuels containing synthetic hydrocarbons.
Conversion of ricinoleic-rich castor oil to
oleic-rich castor oil can be accomplished through
silencing of the fatty acid hydroxylase (fah1)
gene. Almeria-based researchers have genetically
modified castor bean for obtaining oil with a
higher proportion of monounsaturated fatty acids
(e.g., oleic or palmitic) for use of castor oil as a
biolubricant (https://cordis.europa.eu/news/rcn/
119449_fr.html).

14.7 Conclusions and Future
Perspectives

There is an immediate need for the development
of a highly efficient, reliable, and reproducible
direct and callus-mediated tissue culture system
as a prelude for genetic engineering of castor

bean for desirable traits. Transgenic approaches
through RNAi technology has been proposed for
reduction of the toxic protein ricin and conver-
sion of ricinoleic acid-rich castor oil to oleic-rich
oil. Bioengineering of fatty acid metabolic path-
ways in castor bean has a huge potential for
downstream processing and value chain expan-
sion. The availability of draft genome sequences
of castor bean (Chan et al. 2010) and other
Euphorbiaceae members (e.g., cassava and phy-
sic nut) allows genome-wide comparative anal-
yses of stress-responsive genes, fatty acid
metabolism genes, the ricin gene family. Their
expression profiles help in the identification of
key genes, promoters, and transcription factors as
suitable targets for genetic engineering. The
toxicity of castor bean seed cake due to ricin and
RCA in animal feeding experiments poses bio-
safety and ethics concerns, and hence, suitable
strategies should also be simultaneously devel-
oped for the assessment of the biosafety of castor
transgenics.

With regard to biotic stresses, resistance to
capsule borer and Botrytis gray rot could be
incorporated through transgenic approaches.
Considerable research gaps exist in our under-
standing of these pests’ biology in different hosts,
their behavior, population dynamics, seasonal
abundance, off-season survival, host preference,
pest–parasitoid relationships, economic thresh-
olds, and management with suitable insecticides
for effective control. The efficacy of crystal pro-
tein genes from Bt and other proteins against
capsule borer has to be evaluated, and the rearing
technique is an essential prerequisite for this
purpose. Suitable candidate genes with appro-
priate deployment strategies need to be developed
for enhancing resistance to Botrytis gray rot.

References

Ahn YJ, Chen GQ (2008) In vitro regeneration of castor
(Ricinus communis L.) using cotyledon explants.
HortScience 43:215–219

Ahn YJ, Vang L, McKeon TA, Chen GQ (2007)
High-frequency plant regeneration through adventi-
tious shoot formation in castor (Ricinus communis L.).
Vitro Cell Dev Biol Plant 43:9–15

14 Biotechnological Means for Genetic Improvement in Castor … 269

http://www.castoroil.in
http://www.evogene.com
https://cordis.europa.eu/news/rcn/119449_fr.html
https://cordis.europa.eu/news/rcn/119449_fr.html


Alam I, Sharmin SM, Mondal SC, Alam MJ, Khalekuz-
zaman M et al (2010) In vitro micropropagation
through cotyledonary node culture of castor bean
(Ricinus communis L.). Aust J Crop Sci 4:81–84

Ankineedu G, Sharma KD, Kulkarni LG (1968) Effect of
fast-neutrons and gamma rays on castor. Indian J
Genet 28:31–39

Arroyo-Caro JM, Chileh T, Kazachkov M, Zou J,
Alonso DL, Garcia-Maroto F (2013) The multigene
family of lysophosphatidate acyltransferase (LPAT)-
related enzymes in Ricinus communis: cloning and
molecular characterization of two LPAT genes that are
expressed in castor seeds. Plant Sci 200:29–40

Athma P, Reddy TP (1983) Efficiency of callus initiation
and direct regeneration from different explants of
castor (Ricinus communis L.). Curr Sci 52:256–257

Auld DL, Rolfe RD, McKeon TA (2001) Development of
castor with reduced toxicity. J New Seeds 3:61–69

Auld DL, Pinkerton SD, Boroda E, Lombard KA,
Murphy CK et al (2003) Registration of TTU-LRC
castor germplasm with reduced levels of ricin and
RCA120. Crop Sci 43:746–747

Bahadur B, Reddy KRK, Rao GP (1992) Regeneration
potential of callus cultures in castor (Ricinus commu-
nis L.). Asian J Plant Sci 4:13–18

Baldanzi M, Pugliesi C (1998) Selection for
non-branching in castor, Ricinus communis L. Plant
Breed 117:392–394

Birch RG (1997) Plant transformation: problems and
strategies for practical application. Annu Rev Plant
Physiol Plant Mol Biol 48:297–326

Brigham RD (1980) Castor. In: Fehr WR, Hadley HH
(eds) Hybridization of crop plants. ASA, CSSA,
Madison, WI, pp 235–247

Brown P, Somerville C (1997) Accumulation of rici-
noleic, lesquerolic and densipolic acids in seeds of
transgenic arabidopsis plants that express a fatty acyl
hydroxylase cDNA from castor bean. Plant Physiol
113:933–942

Burgal J, Shockey J, Lu CF, Dyer J, Larson T et al (2008)
Metabolic engineering of hydroxy fatty acid produc-
tion in plants: RcDGAT2 drives dramatic increases in
ricinoleate levels in seed oil. Plant Biotechnol J
6:819–831

Chan AP, Crabtree J, Zhao Q, Lorenzi H, Orvis J et al
(2010) Draft genome sequence of the oilseed species
Ricinus Communis. Nat Biotechnol 28:951–956.
https://doi.org/10.1038/nbt.1674

Chen GQ (2009) Engineering Lesquerella for safe castor
oil production. The association for the advancement of
industrial crops (AAIC). 21st annual meeting in
Termas de Chillan, Chillan, Chile, 14–19 Nov 2009

Chen GQ, Turner C, He X, Nguyen T, McKeon TA et al
(2007) Expression profiles of genes involved in fatty
acid and triacylglycerol synthesis in castor bean
(Ricinus communis L.). Lipids 42:263–274

Chen Y, Wang Y, Wang Y, Huang F, Li G et al (2013)
Construction of RNAi binary vector of ricin a chain
and its transformation. Acta Bot Boreali-Occidentalia
Sin 01

Duraimurugan P, Lakshminarayana M, Vimala Devi PS
(2015) Comparative efficacy of microbial, botanical
and chemical insecticides against lepidopteran pests in
castor. Ecoscan 9:7–10

Frankel AE (ed) (1992) Genetically engineered toxins.
Marcel Dekker, New York

Ganesh Kumari K (2010) In vitro culture and Agrobac-
terium-mediated genetic transformation studies in
castor (Ricinus communis L. cv. TMV5) for improved
tolerance to fungal diseases. Ph.D. thesis. Bharathi-
dasan University, Tiruchirapalli, Tamil Nadu, India

Ganesh Kumari K, Ganesan M, Jayabalan N (2008)
Somatic embryogenesis and plant regeneration in
Ricinus communis L. Biol Plant 52:17–25

Gedil M, Kolade F, Raji A, Ingelbrecht I, Dixon A (2009)
Development of molecular genomic tools for verifi-
cation of intergeneric hybrids between castor bean
(Ricinus communis L.) and cassava (Manihot escu-
lenta Crantz). J Food Agric Environ 7:534–539

Gelvin SB (2003) Agrobacterium-mediated plant trans-
formation: the biology behind the “gene-jockeying”
tool. Microbiol Mol Biol Rev 67:16–37

Genyu Z (1988) Callus formation and plant regeneration
from young stem segments of Ricinus communis
L. Genetic Manipulation in Crops. IRRI, Cassell
Tycooly, p 393

Green A, Singh S, Zhou XR (2008) Reverse engineering
of novel industrial fatty acids in seed oils. In:
Presented in the 7th International Safflower Confer-
ence, Wagga Wagga, Australia

Harlan JR (1976) Genetic resources in wild relatives of
crops. Crop Sci 16:329–333

Hartley MR, Lord JM (1993) Structure, function and
applications of ricin and related cytotoxic proteins. In:
Grierson D (ed) Biosynthesis and manipulation of
plant products, vol 3. Blackie Academic and Profes-
sional Publishers, London, pp 210–239

He X, Turner C, Chen GQ, Lin JT, McKeon TA (2004)
Cloning and characterization of a cDNA encoding
diacylglycerol acyltransferase from castor bean. Lipids
39:311–318

James C (2016) Global status of commercialized
biotech/GM Crops: ISAAA Brief No. 52. ISAAA,
Ithaca, NY

Ji XJ, Mao X, Hao QT, Liu BL, Xue JA et al (2018)
Splice variants of the castor WRI1 gene upregulates
fatty acid and oil biosynthesis when expressed in
tobacco leaves. Intl J Mol Sci 19:146

Kermode AR, Pramanik SK, Bewley JD (1989) The role
of maturation drying in the transition from seed
development to germination. VI. Desiccation-induced
changes in messenger RNA populations within the
endosperm of Ricinus communis L. seeds. J Exp Bot
40:33–41

Kim HU, Lee KR, Go YS, Jung JH, Suh MC et al (2011)
Endoplasmic reticulum-located PDAT1-2 from castor
bean enhances hydroxy fatty acid accumulation in
transgenic plants. Plant Cell Physiol 52:983–993

Kim HU, Jung SJ, Lee KR, Kim EH, Lee SM et al (2014)
Ectopic overexpression of castor bean LEAFY

270 M. Sujatha and M. Tarakeswari

http://dx.doi.org/10.1038/nbt.1674


COTYLEDON2 (LEC2) in Arabidopsis triggers the
expression of genes that encode regulators of seed
maturation and oil body proteins in vegetative tissues.
FEBS Open Bio 4:25–32

Kolte SJ (1995) Insect pests of castor. In: Kolte SJ
(ed) Castor diseases and crop improvement. Shipra
Publications, New Delhi, India, p 95p

Komor E (1977) Sucrose uptake by cotyledons of Ricinus
communis L. Characteristics, mechanism and regula-
tion. Planta 137:119–131

Kulkarni LG, Ankineedu G (1966) Isolation of pistillate
lines in castor for exploitation of hybrid vigour.
Indian J Genet 26:363–365

Kumar MA, Rohini S, Kalpana N, Ganesh PT, Udayaku-
mar M (2011) Amenability of castor to an Agrobac-
terium-mediated in planta transformation strategy
using a cry1AcF gene for insect tolerance. J Crop
Sci Biotechnol 14:125–132

Kumar SD, Tarakeswari M, Lakshminarayana M,
Sujatha M (2016) Toxicity of Bacillus thuringiensis
crystal proteins against eri silkworm, Samia cynthia
ricini (Lepidoptera: Saturniidae). J Invertebr Pathol
138:116–119

Lakshminarayana M, Raoof MA (2005) Insect pests and
diseases of castor and their management. Directorate
of Oilseeds Research, Hyderabad, India, p 78

Lakshminarayana M, Sujatha M (2005) Toxicity of
Bacillus thuringiensis var. Kurstaki strains and puri-
fied crystal proteins against Spodoptera litura (Fabr.)
on castor, Ricinus communis (L.). J Oilseeds Res
22:433–434

Li W, Yong G, Wang Y, Wang CA (2014) Agrobac-
terium-mediated genetic transformation and regenera-
tion of low-toxicity variety of castor (Ricinus
communis L.). J Pure Appl Microbiol 8:1387–1395

Li W, Li Z, Zhai Y, Wang C (2015a) A highly efficient
castor regeneration system identified through
WUSCHEL expression. Chem Eng Trans
46:1393–1398

Li W, Zhai Y, Yang G, Li Z, Wang C (2015a)
Optimization of regeneration technology on an energy
crop-castor (Ricinus communis L.). In: International
Power Electronics and Materials Engineering Confer-
ence (IPEMEC 2015), Atlantis Press, pp 1024–1026

Lin JT, Chen JM, Liao LP, McKeon TA (2002) Molecular
species of acylglycerols incorporating radiolabeled
fatty acids from castor (Ricinus communis L.) micro-
somal incubations. J Agric Food Chem 50:5077–5081

Lippincott JA, Haberlin GT (1965) The induction of leaf
tumours by Agrobacterium tumefaciens. Amer J Bot
52:396–403

Lord JM, Lamb FI, Roberts LM (1984) Ricin: structure,
biological activity and synthesis. Oxford Surveys
Plant Mol Cell Biol 1:85–101

Malathi B, Ramesh S, Rao KV, Reddy VD (2006)
Agrobacterium-mediated genetic transformation and
production of semilooper resistant transgenic castor
(Ricinus communis L.). Euphytica 147:441–449

Malik VS (2013) Use of genome editing technologies for
improving castor bean and guar. J Plant Biochem
Biotechnol 22:357–358

McKeon TA, Chen GQ (2003) Transformation of Ricinus
communis, the castor plant. US Patent No 6.620.986

Molina SM, Schobert C (1995) Micropropagation of
Ricinus communis L. J Plant Physiol 147:270–272

Murashige T, Skoog F (1962) A revised medium for rapid
growth and bioassays with tobacco tissue cultures.
Physiol Plant 15:473–497

Ogunniyi DS (2006) Castor oil: a vital industrial raw
material. Bioresour Technol 97:1086–1091

Orlich G, Komor E (1992) Phloem loading in Ricinus
cotyledon sucrose pathways via the mesophyll and the
apoplasm. Planta 187:460–474

Patel MK, Joshi M, Mishra A, Jha B (2015) Ectopic
expression of SbNHX1 gene in transgenic castor
(Ricinus communis L.) enhances salt stress by mod-
ulating physiological process. Plant Cell Tiss Org Cult
122:477–490

Peles Y, Lemer A, Meiri A, Dodek I, Gelfman S et al
(2017) Determinate castor. Patent No WO
2017009847 A1

Pinkerton SD, Rolfe RD, Auld DL, Ghetie V, Lauter-
bach BF (1999) Selection of castor with divergent
concentrations of ricin and Ricinus communis agglu-
tinin. Crop Sci 39:353–357

Reddy KRK, Bahadur B (1989) In vitro multiplication of
castor. In: Farook SA, Khan IA (eds) Recent advances
in genetics and cytogenetics. Premier Publishers,
Hyderabad, India, pp 479–482

Reddy KRK, Ramaswamy N, Bahadur B (1987a) Cross
incompatibility between Ricinus and Jatropha. Plant
Cell Incomp Newslett 19:60–65

Reddy KRK, Rao GP, Bahadur B (1987b) In vitro
morphogenesis from seedling explants and callus
cultures of castor (Ricinus communis L.). Phytomor-
phology 37:337–340

Richharia RH (1937) A note on the cytogenetics of
Ricinus communis L. Indian J Agric Sci 7:707–711

Robinson SP, Beevers H (1981) Amino acid transport in
germinating castor bean seedlings. Plant Physiol
68:560–566

Rojas-Barros P, de Haro A, Fernandez-Martinez JM
(2005) Inheritance of high oleic/low ricinoleic acid
content in the seed oil of castor mutant OLE-1. Crop
Sci 45:157–162

Sailaja M, Tarakeswari M, Sujatha M (2008) Stable
genetic transformation of castor (Ricinus communis
L.) via particle gun-mediated gene transfer using
embryo axes from mature seeds. Plant Cell Rep
27:1509–1519

Sangduen N, Pongtongkam P, Ratisoontorn P, Jam-
patas R, Suputtitada S et al (1987) Tissue culture
and plant regeneration of castor (Ricinus communis
L.). SABRAO J Breed Genet 19:144

Sarvesh A, Ram Rao DM, Reddy TP (1992) Callus
initiation and plantlet regeneration from epicotyl and

14 Biotechnological Means for Genetic Improvement in Castor … 271



cotyledonary explants of castor (Ricinus communis
L.). Adv Plant Sci 5:124–128

Schobert C, Komor E (1992) Transport of nitrate and
ammonia into the phloem and the xylem of Ricinus
communis seedlings. Plant Physiol 140:306–309

Scholz V, da Silva JN (2008) Prospects and risks of the use
of castor oil as a fuel. Biomass Bioenerg 32:95–100

Sehnke PC, Ferl RJ (1999) Processing of preproricin in
transgenic tobacco. Protein Expr Purif 15:188–195

Sehnke PC, Pedrosa L, Paul AL, Frankel AE, Ferl RJ
(1994) Identification of vacuolar expression of active,
processed ricin in transgenic tobacco. J Biol Chem
269:22473–22476

Severino LS, Cordoba-Gaona OJ, Zanotto MD, Auld DL
(2012) The influence of the caruncle on the germina-
tion of castor seed under high salinity or low soil water
content. Seed Sci Technol 40:139–143

Sharma HC, Sharma KK, Seetharama N, Ortiz R (2000)
Prospects for using transgenic resistance to insects in
crop improvement. Mol Biol Genet 3:1–28

Singh D (1976) Castor-Ricinus communis L. (Euphor-
biaceae). In: Simmonds NW (ed) Evolution of crop
plants. Longman, London, pp 84–86

Singh PC, Kumar M, Chaturvedi CP, Yadav D, Tuli R
(2004) Development of a hybrid d-endotoxin and its
expression in tobacco and cotton for control of a
polyphagous pest, Spodoptera litura. Transgen Res
13:397–410

Sousa NL, Cabral GB, Vieira PM, Baldoni AB, Fran-
cisco JL et al (2017) Bio-detoxification of ricin in
castor bean (Ricinus communis L.) seeds. Sci Rep
7:15385

Sujatha M (1996) Genetic and tissue culture studies in
castor (Ricinus communis L.) and related genera. Ph.
D. thesis, Osmania University, Hyderabad, India

Sujatha M, Lakshminarayana M (2005) Susceptibility of
castor semilooper, Achaea janata L. to insecticide
crystal proteins from Bacillus thuringiensis. Indian J
Plant Protec 33:286–287

Sujatha M, Reddy TP (1998) Differential cytokinin effects
on the stimulation of in vitro shoot proliferation from
meristematic explants of castor (Ricinus communis
L.). Plant Cell Rep 17:561–566

Sujatha M, Reddy TP (2007) Promotive effect of lysine
monohydrochloride on morphogenesis in cultured
seedling and mature plant tissues of castor (Ricinus
communis L.). Indian J Crop Sci 2:279–286

Sujatha M, Sailaja M (2005) Stable genetic transformation
of castor (Ricinus communis L.) via Agrobacterium
tumefaciens-mediated gene transfer using embryo axes
from mature seeds. Plant Cell Rep 23:803–810

Sujatha M, Reddy TP, Mahasi MJ (2008) Role of
biotechnological interventions in the improvement of
castor (Ricinus communis L.) and Jatropha curcas L.
Biotechnol Adv 26:424–435

Sujatha M, Lakshminarayana M, Tarakeswari M,
Singh PK, Rakesh Tuli R (2009) Expression of the
cry1EC gene in castor (Ricinus communis L.) confers
field resistance to tobacco caterpillar (Spodoptera
litura Fabr) and castor semilooper (Achoea janata L.).
Plant Cell Rep 28:935–946

van Erp H, Bates PD, Burgal J, Shockey J, Browse J
(2011) Castor phospholipid:diacylglycerol acyltrans-
ferase facilitates efficient metabolism of hydroxy fatty
acids in transgenic Arabidopsis. Plant Physiol
155:683–693

Weig A, Komor E (1992) The lipid transfer protein C of
R. communis L. Isolation of two cDNA sequences
which are strongly and exclusively expressed in
cotyledons after germination. Planta 187:367–371

Weiss EA (1983) Castor. In: Weiss EA (ed) Oilseed
crops. Longman, London, pp 31–99

Xian-jie M, Rong-hua X, Aizhong L, Ding W, Bo T
(2011) Cloning and characterization of
glycerol-3-phosphate dehydrogenase gene (RcGPDH)
from castor bean. Chin J Oil Crop Sci 33:451–458

Zalavadiya VK, Mehta DR, Javia RM, Padhiyar SM,
Madariya RB (2014) Somatic organogenesis and plant
regeneration in castor (Ricinus communis L.). Asian J
Bio Sci 9:43–52

Zhang J, Wang X, Feng Z, Geng X, Mu S et al (2016) In
vitro establishment of a highly effective method of
castor bean (Ricinus communis L.) regeneration using
shoot explants. J Integr Agri 15:1417–1422

272 M. Sujatha and M. Tarakeswari


	Preface to the Series
	Preface to the Volume
	Contents
	Contributors
	Abbreviations
	1 Botanical Descriptions of Castor Bean
	Abstract
	1.1 Introduction
	1.2 Origin and Distribution
	1.2.1 Origin
	1.2.2 Distribution

	1.3 Taxonomy
	1.3.1 Taxonomy Tree
	1.3.2 Classification
	1.3.2.1 Salient Features of Euphorbiaceae
	1.3.2.2 Divisions of the Family
	1.3.2.3 The Genus Ricinus L


	1.4 Morphology
	1.4.1 Habit
	1.4.2 Root
	1.4.3 Stem
	1.4.3.1 Color of the Stem
	1.4.3.2 Bloom on the Stem

	1.4.4 Leaf
	1.4.5 Inflorescence
	1.4.5.1 Monoecy Versus Dioecy

	1.4.6 Flower
	1.4.6.1 Male Flower
	1.4.6.2 Female Flower

	1.4.7 Fruit
	1.4.8 Seed
	1.4.9 Floral Formula

	1.5 Floral Biology
	1.6 Pollination
	1.7 Germination
	1.8 Anatomy
	1.9 Embryology
	1.10 Ecology
	1.10.1 Climate
	1.10.2 Soils

	1.11 Chemical Composition
	1.12 Economic Botany
	1.12.1 Castor Oil in Medicine and Cosmetics
	1.12.2 Castor Bean in Agriculture
	1.12.3 Castor Bean in Ornamental Horticulture
	1.12.4 Castor Oil in Biodiesel
	1.12.5 Other Industrial Uses of Castor Bean
	1.12.6 Castor Bean Seed as Food Condiment

	References

	2 Genetic Diversity in Castor Bean
	Abstract
	2.1 Introduction
	2.2 Assessment of Genetic Diversity Using Morphological Markers
	2.3 Assessment of Genetic Diversity Using Biochemical Markers
	2.4 Assessment of Genetic Diversity Using Cytogenetic Markers
	2.5 Assessment of Genetic Diversity Using Molecular Markers
	2.5.1 Random Amplified Polymorphic DNA (RAPD)
	2.5.2 Inter-Simple Sequence Repeat (ISSR) Markers
	2.5.3 Start Codon Targeted (SCoT) Markers
	2.5.4 Amplified Fragment Length Polymorphism (AFLP) Markers
	2.5.5 Simple Sequence Repeat (SSR) Markers
	2.5.6 Expressed Sequence Tag-Simple Sequence Repeat (EST-SSR) Markers
	2.5.7 Single Nucleotide Polymorphism (SNP) Markers
	2.5.8 Sequence-Related Amplification Polymorphism (SRAP) Markers
	2.5.9 Target Region Amplification Polymorphism (TRAP) Markers
	2.5.10 Random Microsatellite Amplified Polymorphic DNA (RMAPD) Markers
	2.5.11 Methylation-Sensitive Amplification Polymorphism (MASP) Markers

	2.6 Transferability of Castor Bean Molecular Markers Across Taxa and Genera
	2.7 Genomic Resources Available in Castor Bean for Marker Development and Diversity Analysis
	2.8 Conclusion and Future Prospects
	References

	3 Classical Genetics, Cytogenetics, and Traditional Breeding in Castor Bean
	Abstract
	3.1 Introduction
	3.2 Monotypic Genus
	3.3 Cytogenetical Studies
	3.3.1 Idiogram
	3.3.2 Molecular Cytogenetics of Castor Bean

	3.4 Pollination Mechanism
	3.5 Genetics of Major Morphological Characters
	3.5.1 Stem Color
	3.5.2 Bloom
	3.5.3 Plant Type
	3.5.4 Leaves
	3.5.5 Number of Nodes to Primary Spike
	3.5.6 Spike
	3.5.6.1 Spike Compactness

	3.5.7 Capsule Color
	3.5.7.1 Capsule Spines
	3.5.7.2 Locules

	3.5.8 Fruit Dehiscence
	3.5.9 Seed Color
	3.5.10 Cotyledons

	3.6 Floral Morphology
	3.6.1 Classifications of Sex Revertants or Variants
	3.6.2 Sex Reversion
	3.6.3 Inheritance of Sex Expression
	3.6.4 Sex Expression Versus Environment
	3.6.5 Inheritance of Interspersed Staminate Flowers (ISFs)

	3.7 Genetic Parameters
	3.7.1 Correlations
	3.7.2 Path Coefficient Analysis
	3.7.3 Gene Action

	3.8 Heritability
	3.9 Worldwide History of Castor Plant Breeding
	3.10 Breeding Methodology
	3.10.1 Selection from Germplasm or Introduction
	3.10.2 Mass Selection
	3.10.3 Single Plant Selection with Progeny Tests
	3.10.4 Development of Inbred or Pure Lines
	3.10.5 Hand Pollination and Selfing

	3.11 Hybridization and Selection
	3.11.1 Intra- and Inter-generic Hybridization
	3.11.1.1 Subspecies Communis (Sanguineus)
	3.11.1.2 Subspecies Persicus (Persian)
	3.11.1.3 Subspecies Sinensis (Chinese)
	3.11.1.4 Subspecies Indicus (Indian)
	3.11.1.5 Subspecies Zanzibarian (Zanzibarinus)
	3.11.1.6 Subspecies Ruderalis (Ruderal)

	3.11.2 Examples of Intragenic Hybridization

	3.12 Handling of Segregating Generations
	3.12.1 Pedigree Method of Selection
	3.12.2 Bulk Method
	3.12.3 Backcross Method

	3.13 Recurrent Selection
	3.14 Population Improvement
	3.15 Mutation Breeding
	3.16 Varietal Breeding
	3.17 Heterosis Breeding
	3.17.1 Types of Pistillate Mechanism Used in Hybrid Development
	3.17.1.1 N-Type
	3.17.1.2 S-Type
	3.17.1.3 NES Type

	3.17.2 Pistillate Lines
	3.17.3 Male Lines

	3.18 Hybrids
	3.19 Resistance Breeding
	3.19.1 Resistance to Fusarium Wilt

	3.20 Summary
	References

	4 Recurrent Selection for Improved Oil Content in Castor Bean
	Abstract
	4.1 Introduction
	4.1.1 Using Nuclear Magnetic Resonance Technology for Recurrent Selection
	4.1.2 A Test Case of Recurrent Selection
	4.1.3 Average Seed Weight Increased After Recurrent Selection

	4.2 Evaluation of Seeds from Field-Grown Populations
	4.3 Conclusions
	References

	5 Molecular Linkage Maps in Castor Bean
	Abstract
	5.1 Introduction
	5.2 SSR Markers Developed in Castor Bean
	5.3 The Genetic Map of Castor Bean
	5.4 Building the First High-Density Genetic Map in Castor
	References

	6 Genomics of Disease Resistance in Castor Bean
	Abstract
	6.1 Introduction
	6.2 Disease Resistance Genes in Castor Bean
	6.3 Comparative Analysis of Castor Bean R Genes
	6.4 Marker Development, Marker-Assisted Selection, and Breeding of Disease Resistance in Castor Bean
	6.5 Conclusions
	References

	7 Genome Sequence of Castor Bean
	Abstract
	7.1 Development and Current Landscape of Plant Genomics
	7.1.1 The First Wave
	7.1.2 Sequencing Gigabase-Size Plant Genomes
	7.1.3 Sequencing the Plant Evolutionary Tree
	7.1.4 From Single to Multiple Reference Genomes

	7.2 How Plant Genomes Are Sequenced
	7.2.1 General Challenges
	7.2.2 Genome Sequencing Approaches
	7.2.2.1 Traditional Approaches
	7.2.2.2 Illumina
	7.2.2.3 PacBio
	7.2.2.4 Oxford Nanopore Technology
	7.2.2.5 Getting Long-Range Genome Information


	7.3 The Castor Bean Genome
	7.3.1 Economic and Biosafety Importance
	7.3.2 Genome Assembly
	7.3.3 Conserved Genome Triplication
	7.3.4 The Ricin Toxin Gene Family
	7.3.5 Oil Metabolism Genes
	7.3.6 The Castor Bean Organelle Genomes

	7.4 Perspectives
	References

	8 Mining Gene Families in the Castor Bean Genome
	Abstract
	8.1 Introduction
	8.2 AQP Gene Family
	8.3 PLCP Gene Family
	8.4 Lhc Supergene Family
	8.5 WRKY Transcription Factor Gene Family
	8.6 Dof Transcription Factor Gene Family
	8.7 Concluding Remarks and Future Prospects
	Acknowledgements
	References

	9 Sexual Reproduction in Castor Bean
	Abstract
	9.1 Introduction
	9.2 The Biology of Sexual Reproduction in Castor Bean
	9.2.1 Growth and Flowering Habit
	9.2.2 Sex Forms
	9.2.3 Sex Variation

	9.3 Sex Inheritance in Castor Bean
	9.4 Genomics of Sex Expression in Castor Bean
	References

	10 Epigenetic Regulation in Castor Bean Seeds
	Abstract
	10.1 DNA Methylation
	10.1.1 The Regulatory Mechanisms of DNA Methylation in Plants
	10.1.2 The Identification and Characterization of DNA Methylation-Related Genes in Castor Bean Seeds
	10.1.3 Endosperm Hypomethylation in Castor Bean Seeds
	10.1.4 DNA Methylation and Gene Expression
	10.1.5 The Potential Regulatory Mechanism of DNA Methylation in Castor Bean Seeds

	10.2 Genomic Imprinting
	10.2.1 Genomic Imprinting and Its Potential Mechanism in Plants
	10.2.2 Genomic Imprinting in the Castor Bean Endosperm
	10.2.3 Potential Biological Roles and Conservation Among Species
	10.2.4 Regulation of DNA Methylation on Imprinted Genes

	References

	11 Oil Biosynthesis and Biotechnology in the Castor Bean
	Abstract
	11.1 Introduction
	11.2 Oil Synthesis in Castor Bean
	11.2.1 Fatty Acids Modification and Acyl Editing
	11.2.2 Ricinoleic Acid Biosynthesis

	11.3 TAG Biosynthesis in Castor Bean
	11.3.1 Lysophosphatidate Synthesis
	11.3.2 Synthesis of Phosphatidate
	11.3.3 Diacylglycerol Synthesis
	11.3.4 Alternative DAG Sources
	11.3.5 Diacylglycerol Acylation
	11.3.5.1 Acyl-CoA-Dependent TAG Synthesis
	11.3.5.2 Acyl-CoA-Independent TAG Synthesis

	11.3.6 Exclusion of Ricinoleic Acid from Membrane Lipids
	11.3.7 TAG Compartmentalization and Membrane Synthesis Processes

	11.4 Castor Bean Biotechnology
	11.4.1 Transfer of Castor Oil Machinery to Oil Crops
	11.4.2 Biotechnological Improvement of Castor Bean

	11.5 Concluding Remarks and Future Prospects
	References

	12 Ricin and RCA—The Enemies Within Castor (Ricinus communis L.): A Perspective on Their Biogenesis, Mechanism of Action, Detection Methods and Detoxification Strategies
	Abstract
	12.1 Introduction
	12.2 Chemistry of Ricin and RCA
	12.3 Localization of Ricin and RCA
	12.4 Mechanism of Action of Ricin and RCA
	12.5 Biogenesis of Ricin
	12.6 Biogenesis of RCA
	12.7 Detection of Ricin and RCA
	12.8 Genomics of Ricin
	12.9 Approaches to Eliminate/Reduce Ricin and RCA
	12.10 Detoxification of Ricin and RCA
	12.10.1 Physical and Chemical Methods
	12.10.2 Conventional Genetics
	12.10.3 Microbiological Detoxification
	12.10.4 Bio-Detoxification Through Silencing of Ricin and RCA Gene Using Post-Transcriptional Gene Silencing (PTGS) Technologies

	12.11 Conclusion
	Acknowledgements
	References

	13 Castor Bean Metabolomics: Current Knowledge and Perspectives Toward Understanding of Plant Plasticity Under Stress Condition
	Abstract
	13.1 Introduction
	13.1.1 General Aspects of Metabolomics
	13.1.2 Perception of Heat Stress by Plants
	13.1.3 Metabolomics Is an Important Tool to Investigate Abiotic Stress Tolerance in Plants
	13.1.4 Castor Bean: An Oilseed Crop with Great Agricultural and Biotechnological Potential
	13.1.5 Metabolomics as an Important Tool for Castor Bean Breeding

	13.2 Examples of Applications of Metabolomics in Castor Bean Research
	13.2.1 Metabolite-Profiling Studies Suggest that Gamma-Aminobutyric Acid (GABA) Acts as a Drought Stress Response Molecule
	13.2.2 Metabolic Signatures of Castor Bean Seeds and Seedlings in Response to Temperature
	13.2.3 Other Metabolomics Studies on Castor Bean

	13.3 Conclusions
	References

	14 Biotechnological Means for Genetic Improvement in Castor Bean as a Crop of the Future
	Abstract
	14.1 Introduction
	14.2 Castor Bean Tissue Culture
	14.3 Genetic Transformation Methods for Castor Bean
	14.3.1 Agrobacterium-Mediated Method
	14.3.2 Particle Gun Bombardment

	14.4 Genetic Transformation of Castor Bean with Insect Resistance Genes
	14.5 Transgenic Castor Bean for Abiotic Stress Tolerance
	14.6 Introduction of Other Agronomically Desirable Traits into Castor Bean
	14.6.1 Altering Plant Architecture
	14.6.2 Seed Traits
	14.6.3 Toxin-Free Castor
	14.6.4 Modification of Oil Quality

	14.7 Conclusions and Future Perspectives
	References




