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Abstract: Castor bean (Ricinus communis L.) originated in East Africa and then diffused to warm-
temperate, subtropical, and tropical regions of the world. The high lipid content in the castor beans
is extracted for use in pharmaceutical and industrial applications. The castor oil lipid profile is
naturally composed of 90% ricinoleic acid and the remaining 10% is mainly composed of linoleic,
oleic, stearic, and linolenic fatty acids. The highly toxic compound ricin within the seeds is insoluble
in oil, making castor oil free from this toxin and safe to use for industrial and cosmetic applications.
Among the main uses of castor oil are reported industrial uses such as component for lubricants,
paints, coatings, polymers, emulsifiers, cosmetics, and medicinal uses as a laxative. There is also
significant commercial potential for utilization of the whole castor bean plant such as animal feed,
fertilizer, biofuel, and also for phytoremediation. Several breeding programs have been planned
to improve the castor’s characteristics needed for its current or potential uses. In this review, after
summarizing data on castor bean agronomy and uses, we focus on the main advances in Castor bean
classical and biotechnological breeding programs, underlining the high potential of this oil crop. In
particular, the main challenges of castor breeding programs are to increase yield, mainly through the
selection of growth habits allowing mechanized harvest, and beneficial compound content, mainly
the oil, and to decrease the toxic compounds content, mainly ricin.
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1. Introduction

The castor bean plant (Ricinus communis L) belongs to the family Euphorbiaceae, genus
Ricinus, Ricininae subtribe. Castor is found in various regions across the globe, including
tropical, subtropical, and warm-temperate areas [1]. It includes annual and perennial
species that can reach the size of 5-12 m [2]. Wild progenitors of castor are still growing in
East Africa, in particular in Kenya and Ethiopia. A recent study based on a chromosome-
level genome assembly has demonstrated that these countries can be considered castor’s
center of origin. Wild progenitors have a woody-tree phenotype and are characterized by
dehiscent capsules, small seeds, and one single elongated trunk. The domestication process
probably occurred about 3200 years before present (YBP) in an area somewhere between
east Africa and west Asia. The domestication process, through the selection of important
plant traits such as plant height, diameter of the main culm and seed size, resulted in
significant changes in plant morphology and architecture, determining the shift from a
woody tree to a semi-woody annual plant. From the original area of domestication, castor
plants were distributed all over the world: Europe (2500 YBP), India (2000 YBP), China
(1400 YBP), and finally America (500 YBP) [3].
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Castor leaves, deciduous in perennial cultivars, are 1545 cm long, palmate, and
alternate with 5-12 deep lobes with serrate margins. Different leaf colors have been
observed: young leaves are commonly reddish to bronze and change to dark green as they
mature. The flowers are borne in a rounded panicle inflorescence 40 cm long, located at
the terminal part of the main and secondary branches. Flowers are unisexual, 1-1.5 cm
in diameter with a short pedicel. No corolla is present. Male flowers are located at the
base of the inflorescence while female flowers, relatively few in number, are borne toward
the apex of the inflorescence and are characterized by a three-celled superior ovary and
three red or green styles. Fruits are usually three-lobed, with smooth or spiny capsules,
1.5-2.5 cm long, brown, dehiscing in three cocci, each one-seeded. Seeds are ellipsoid,
9-17 mm long, compressed, with a mottled and shiny seed coat with a distinct caruncle at
the base, white and copious endosperm, and narrow cotyledons. The germination of the
seedlings is epigeal [2].

Flowering usually occurs within six months after seed germination. The reproduc-
tion of castor plants follows a mixed pollination system: selfing and outcrossing through
anemophily and entomophily. In wild conditions, more than 80% of the seeds are gener-
ated by cross-pollination. Castor plants are monoecious, with the ratio of pistillate and
staminate flowers in racemes varying according to different genotypes and environmental
conditions [4]. The development of female flowers appears to be encouraged by moderate
temperatures, while high temperatures promote male flowers. Moreover, the level of nutri-
ents supplied plays a role in determining the proportion of male/female flowers: in young
plants supplied with high levels of nutrients, the female flowers predominate, while the
male flowers are more abundant in older plants with low levels of nutrients [5] (Figure 1).

Figure 1. Castor bean plants at different developing stages. (A) Mature plant at flowering;
(B) Inflorescent with female flower (red pistil on the top of the inflorescence) and male flower (yellow
stamen at the base of the inflorescence); (C) capsules at physiological maturity; (D) dry capsules;
(E) trilobate dry capsule and seeds.

2. Castor Bean Chemical Profile

Castor bean is an important crop used in several industrial applications, mainly due to
its high levels of ricinoleic acid, which is able to confer unique properties to the oil extracted
from its seeds. In fact, castor is cultivated in different tropical and sub-tropical areas all
over the world and the demand for castor oil has been rising in recent years. Castor oil is
distinguished by its primary triglyceride component, triricinolein. Moreover, it comprises
a diverse array of minor biological compounds, including carotenoids, tocopherols, to-
cotrienols, phytosterols, phospholipids, phytochemicals, and phenolic compounds. These
constituents collectively bestow the oil with remarkable qualities, providing oxidation
stability, anti-inflammatory effects, and antioxidant properties [6]. In addition to its unique
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composition, the high-quality nature of castor oil is evident in its acid, anisidine, iodine,
viscosity, and saponification values, which outperform those of other vegetable oils [6].

2.1. Oil Lipid Profile

Ricinus communis is cultivated for the extraction of oil from its seeds. Castor oil is a
non-edible oil mainly used for pharmaceutical and industrial applications. It is a colorless to
very pale-yellow liquid with a distinct taste and odor. Its boiling point is 313 °C (595 °F) and
its density is 0.961 g/cm3 [7]. Castor oil stands out among vegetable oils due to its exclusive
supply of ricinoleic acid, a hydroxylated fatty acid. This distinctive compound constitutes
approximately 90% of the castor oil content. No other commercially available vegetable oil
exhibits such a significant predominance of a single fatty acid. Notably, the concentration
of ricinoleic acid appears to be minimally influenced by environmental conditions [8-10].
The primary component of its fatty acid profile is ricinoleic acid, accompanied by minor
acids like linoleic, oleic, palmitic and stearic acid (Table 1).

Table 1. Chemical composition of main fatty acid in castor oil.

Fatty Acid Amount (%) Chemical Structure
o OH
Ricinoleic (C18:1-OH) 88-92 P PP .
HO
[o]
Linoleic (C18:2) 42-48 )J\/\/\/\/W
HO
) 0]
Oleic (C18:1) 2.3-34 o L PO Y,
0
Palmitic (C16:0) 0.8-1.1 kN
HO TN TN TN TN
(o]
Stearic (C18:0) 0.6-1.1 ).K/\/\/\/\/\/\/\/\
HO

2.2. Noxious Compounds: Ricine and Its Homologue

Unfortunately, castor also contains ricin, which represents the most toxic vegetable
compound known [11]. The lethal dose for adult humans is 0.35-0.7 mg kg~! of body
weight by inhalation, whereas by ingestion has been estimated to be between 1 and
20 mg kg~ ! of body weight. The lower level of ricin toxicity by ingestion is due to immune
barriers present in the intestinal tract and the stomach acid environment [12].

Ricin is a dimeric glycoprotein constituted of A- and B-polypeptide chains covalently
linked by a disulfide bond [13]. The B-chain binds to glycoproteins and glycolipids on the
cell surface and helps the entrance and movement of the A-chain into animal cells. The
enzymatic activity of the A-chain inactivates ribosomes by depurinating the first adenosine
in the GAGA nucleotide sequence in the conserved loop of the 28 S rRNA subunit [14,15].
One thousand ribosomes per minute can be irreversibly inactivated by a single ricin A-
chain, interrupting protein synthesis and resulting in cell death [16]. Several other plant
species produce toxins similar to the ricin A-chain, highly concentrated in the seeds, but
not as toxic as ricin because of the absence of an efficient B-chain [17]. According to a recent
study, it seems that a 43 amino acids motif, located in the A subunit, is largely divergent
between Ricinus communis and other plants producing ricin (Aleurites fordii and Jatropha
curcas in particular) [18]. Among the amino acids encoded by the variable motif, Tyr 129
has been identified as pivotal for the efficiency of the A chain: if mutated, the activity of
the A chain was reduced seven-fold [19].

Castor oil is free from ricin, as this toxin is insoluble in oil. Castor cake, the remaining
industrial sub-product generated after extraction of the oil from castor seeds, is rich in
valuable proteins and fiber and could potentially be used as animal feed. Unfortunately,
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due to the presence of ricin, it is generally used only as an organic fertilizer [17]. Castor
bean residues have been successfully detoxified with a fermentation process carried out
by some microorganisms such as Paecilomyces variotii and Aspergillus niger or by chemical
treatment with calcium oxide and calcium hydroxide [20,21]. From the economic point of
view, these processes are still not efficient enough to be used on a large scale [17,21]. For
these reasons, the development of transgenic castor plants presenting low levels of ricin
may be a possible solution for using castor meal as feed. Castor bean seeds also contain the
ricin homologue R. communis agglutinin (RCA120), which is a tetrameric protein composed
of two A-chains and two B-chains (both chains are very similar to the ricin ones, 90% and
84%, respectively). RCA120 presents a reduced toxicity but it causes blood coagulation
when injected into mammalians’ bloodstream [22].

On the other hand, the presence of these harmful compounds could be exploited for
the control of various diseases and pathogens of cultivated plants such as insects [23-26]
(b) and nematodes [27-30].

3. Uses

The high ricinoleic acid concentration allows the production of high purity derivates.
The chemical industry uses castor oil as an essential component in several groups of
products like lubricants and greases, inks, emulsifiers, bio-based polyurethanes, and cos-
metics [9,10,31,32]. This wide range of applications is possible because of the different
characteristics of castor oil derivatives, like high viscosity, high melting point, and insolu-
bility in aliphatic petrochemical fuels and solvents, making it highly suitable as a lubricant
under extreme conditions [10,33]. Castor oil is a lubricant that is environmentally friendly,
as it exhibits good biodegradability and renewable properties. However, when used as
a green lubricant, castor oil does have a few drawbacks. These include a low viscosity
index and low oxidative stability, which can be attributed to the presence of unsaturated
bonds [34-36]. Castor oil has long been used as a purgative and continues to be recognized
as a safe and effective laxative. Many phytochemicals found in the plant tissues and seeds
of castor have potential medicinal uses [37]. In several countries, castor oil is also consid-
ered an option for the production of biodiesel, because of its high content of ricinoleic acid,
its solubility in alcohol, and its conversion performance of 90-95% [38]. Currently this
use is not common, as the economic value of castor oil as an industrial oil is very high. In
fact, castor oil is in high demand by the chemical industry to manufacture high quality
products [17]. Another potential use of castor in the future is as an animal feed and organic
fertilizer. Castor meal is not currently used as an animal feed because of the high levels of
ricin. In the absence or significant reduction of ricin toxicity, castor meal would serve as
an excellent protein source in animal feed formulations. Unfortunately, no process able to
detoxicate the castor meal from ricin on an industrial scale has yet been developed, but an
interesting option seems to be represented by lime (CaCO3) treatment, which is also able
to increase the meal’s pH and Ca levels [39—41]. Due to the high N content, the fast rate
of mineralization, and the anti-nematode effect, castor meal represents a good resource
for crop fertilization all over the world. Castor meal contains 75 g/kg of N. Since the
mineralization of N is very fast, castor meal should not be added to the soil at rates higher
than 45 g/kg of soil [42,43]. Husks could also be used as fertilizer, but their high K content
(45 g/kg) associated with a low N content (18.6 g/kg), make it necessary to blend castor
husks with other N-rich organic materials in order to provide plants with a nutritionally
balanced fertilizer [44,45]. R. communis is also grown in many landscapes as an ornamental
plant, due to its big leaves, diversity of colors in stem and fruits, rapid growth, and drought
tolerance. Castor fields can also be used for honey production: if hives are placed in a castor
field, castor nectaries are regularly visited by honeybees (Apis mellifera), resulting in honey
production [46]. This species may also be considered a good option for phytoremediation
of soils contaminated with heavy metals. That is because castor is not a food crop and it is
an hyperaccumulator of Pb [47] and Zn [48], and it is quite tolerant to Cd [49]. In particular,
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recent research demonstrated that a combined application of glutathione and citric acid
increases castor plants’ Pb tolerance level [50].

Furthermore, castor bean can be used in preventing and alleviating soil compaction
by generating numerous biopores within the soil profile, in particular in no-till soils.
These biopores create pathways for the roots of subsequent crops to grow, resulting in
enhanced root colonization at deeper levels. It helps reduce nutrient losses through leaching,
facilitating nutrient cycling and contributing to the overall health and productivity of the
soil [51,52].

Recently, castor bean has also been considered as a potentially important source of lu-
peol. Lupeol is a triterpene which has been studied for its anti-diabetes, anti-inflammation,
and anti-cancer properties. Lupeol is also a precursor of betulinic acid (BA) and its deriva-
tives, which have shown anti-HIV and anticancer properties [53]. Even though lupeol can
be found in various plant species, its concentration is generally limited, but in castor, a high
amount of this compound accumulates on the outer tissues, as an essential constituent of
waxes [54]. Due to all these potential uses, the demand for castor oil in the global market
has been rising in the recent years, with a supply not being at the moment able to satisfy
the demand. In 2020, the three top world producers were India, Mozambique, and Brazil,
with a seed production of 1.8 million, and 72 and 35 thousands of tons, respectively [55].

4. Agronomy

Castor bean cultivation is generally done by small farmers all over the world, mainly
in India, Mozambique, China, and Brazil. The production in these countries is concentrated
in arid and semiarid regions, where the rainfall is generally low, although the limited
availability of water is the major factor affecting yield [56]. The culture system generally
involves intercropping with food crops (such as maize and beans) with low adoption of
technologies. The whole system of production, from planting to processing, is manual
with little or no soil tillage and fertilization. Mostly local varieties are cultivated, and
they are characterized by a long vegetative cycle and uneven seed maturation. In order to
increase castor yields, the mechanization of the production process is pivotal, and breeding
programs to develop a suitable plant architecture are currently the only way to make the
mechanization of the crop cycle possible [17,57-59]. The annual varieties of castor require
about four to nine months to reach maturity, while the perennials may continue yielding
for 10-15 years. Capsules of non-shattering varieties (improved varieties) can be harvested
when they are fully dry, while shattering types are harvested when they turn in color from
green to yellow [2].

The central spike on the main rachis matures before the side-branches’ spikes, making
necessary two to three pickings to complete the harvest. It is worth noting that harvesting
of immature capsules should be avoided because of the negative impacts on oil content.
Furthermore, it has been reported that before threshing, the capsule should be sun dried
for four to five days [2]. Castor yield may vary from 1 to 3 tons of seed/ha depending
on climatic conditions, crop management, and variety. The percentage of oil obtained
can reach up to 50% by weight [56]. Castor seeds are characterized by slow, irregular,
and cold-sensitive germination. Furthermore, 14-15 °C is the minimum tolerated tem-
perature for germination, the optimum is 31 °C, and the maximum 36 °C. Germination
and seedling emergence are often delayed by low soil temperature, resulting in irregular
crop development. By implementing appropriate agronomic practices, such as selecting
suitable cultivars, utilizing high-quality seeds, strategic planting dates, irrigation, soil
fertilization, effective weed and pest management, disease control, mechanical harvesting,
and postharvest management, seed yield in most regions of castor production can be
significantly increased. A castor field yielding 2000 kg/ha of seed will remove 80 kg/ha
of N, 18 kg /ha of P,0s, 32 kg/ha of K,O, 13 kg/ha of CaO, and 10 kg/ha of MgO from
the soil [60]. In the early phases of development, the growth of the castor’s leaf area is
slow. For this reason, weeds can quickly cover all the available soil surface. Trifluralin,
Pendimethalin, and Clomazone are some of the pre-emergence herbicides that can be used
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in castor cultivation. These herbicides are useful to control monocotyledonous weeds, but
less effective against broad-leaved plants [61]. For combatting the growth of broad-leaved
weed plants, the only post-emergence herbicide that has been proven to be effective in
castor cultivation is Chlorimuron-ethyl. An effective weed management program that does
not lead to phytotoxicity on the castor crop is a treatment with a pre-emergence followed
by a post-emergence herbicide applied at 20 DAE (days after emergence) [62]. Castor is
affected by several diseases, but only a few of them are responsible for economic losses. The
three major pathogenic fungi affecting castor are gray mold (Botryotinia ricini), vascular wilt
(Fusarium oxysporum), and charcoal rot (Macrophomina phaseolina). Gray mold is considered
to be the most serious castor disease all over the world. Unfortunately, only a few advances
have been obtained in the management of this pathogen, mainly because B. ricini has a wide
range of hosts within the Euphorbiaceae family, including weeds and ornamentals [63].

Although breeding programs have failed to isolate resistant genotypes, genotypes
with moderate levels of tolerance have been identified [17]. The genetic characterization of
disease resistance pathways will thus be a fundamental step in order to develop tolerant
castor varieties. Castor oil is a non-edible product. For this reason, marginal areas should
be chosen for castor production, in order not to subtract lands from food crop cultivations.
In this scenario, tolerance to abiotic stresses is of particular importance. Castor plants are
more sensitive to water stress in the early stages of growth. At the cellular level, water stress
causes a reduction in callus initiation, nitrate reductase activity, and chlorophyll content [64].
Moreover, drought stress increases cuticular wax load [65] and abscisic acid concentration
in the phloem sap, thus suggesting a role for ABA as a water stress signal also for sinks, not
only for stomatal movement [66]. An important mechanism for drought tolerance in castor
is osmotic adjustment. A study analyzing the association of osmotic adjustment (OA) with
drought tolerance and yield in castor reported that the OA increased with increasing stress
periods, with genotypes characterized by high osmotic adjustment (HOA) showing greater
levels of proline, total soluble sugars (TSS), total free amino acids (FAA), and potassium in
comparison with genotypes with low osmotic adjustment (LOA) in response to water stress.
Furthermore, it was reported that HOA genotypes of castor produced significantly higher
seed yield than LOA genotypes [67]. The mechanisms involved in drought resistance
were analyzed in a study in which water stress was applied to castor plants grown in
greenhouse conditions. Water stress was significantly associated with a reduction of plant
growth, with a constant decrease of carbon assimilation and transpiration and the increased
stomatal movement limitation observed suggesting that stomatal closure was the main
factor responsible for photosynthesis reduction. The conclusions suggested by the authors
were that drought resistance in castor seems to be associated to an early growth response
with efficient stomatal control and high levels of net CO, fixation [68]. Furthermore, it has
been reported that when the water stress is removed, the castor plants completely recovered
their normal photosynthetic activity in 24 h [69]. Another study conducted to analyze the
association of OA with drought tolerance and yield in castor compared hybrids and their
respective parents in response to moisture stress at primary spike development stage [67].
The authors described the existence of variability for OA among the different genotypes
analyzed. Under water deficit, HOA genotypes were characterized by higher leaf RWC
(relative water content), higher ELWRC (excised leaf water retention capacity) and were
able to maintain higher leaf water potentials (Y1) in comparison with LOA genotypes.
Furthermore, HOA genotypes resulted in higher seed yield [67].

Growth and production of castor are also inhibited by high salinity in both the irriga-
tion water and in the soil. The highest sensitivity is in the early stages of development with
increasing salinity level resulting in delayed and reduced emergence of castor seeds [70,71].
In particular, increasing levels of Na salinity have been reported to damage the photo-
synthetic apparatus and induce proline accumulation [72]. Castor plants are extremely
sensitive to hypoxia. Literature data reported that after 2-6 h of soil flooding, plants
showed a reduction in CO, uptake, stomatal conductance, leaf elongation, transpiration,
root conductance, and abscisic acid production from roots [73]. Castor plants undergo-
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ing a continuous flooding are permanently damaged after three days and die after four
days [17]. Successful cultivation of castor on marginal land relies on implementing appro-
priate agricultural techniques and selecting genotypes that are better adapted to challenging
conditions. For example, the presence of high levels of exchangeable aluminum in acidic
soil poses a significant challenge for castor cultivation. Aluminum toxicity occurs when the
soil pH drops below 5.5, leading to low levels of exchangeable bases and organic matter. In
such circumstances, toxic forms of aluminum become soluble in the soil solution, negatively
impacting root growth and functionality [74,75].

Despite being a crop that requires minimal inputs and is suitable for cultivation in
European climates, the limited mechanization available for harvesting castor beans restricts
its production to underdeveloped or developing agronomy countries, where manual har-
vesting is feasible due to low labor costs [58]. The challenges associated with mechanically
harvesting castor beans stem from the crop’s inherent traits of indeterminate growth and
evergreen habit, leading to high production of fresh aerial biomass and uneven ripening
of capsules [58,59]. These characteristics make direct combine harvesting practically un-
achievable: the large volume of fresh biomass easily obstructs the combine harvester’s
cleaning mechanism, and determining the optimal harvest period is difficult, resulting in
significant seed loss [59]. However, recent advancements have nearly resolved the issue of
indeterminate growth in castor plants. Dwarf genotypes are now commercially available
and have demonstrated promising performance even in marginal conditions [57]. Generally,
dwarf hybrids exhibit a higher harvest index, lower seed dehiscence, and earlier flowering,
which shortens the productive cycle [57]. In particular, the paper of Severino and coauthors
showed that seed yield in temperate locations was not affected by plant density, whereas
in tropical conditions, higher plant density resulted in increased productivity. During the
reproductive phase, the seed yield showed the strongest correlation with plant leaf area
and height, particularly at the beginning of this phase [57].

5. Genetic Resources

The genome of R. communis consists of 20 chromosomes (2n). A first draft with a
4.6x coverage was published in 2010 by Chan et al. [76], which studied the cultivated
variety “Hale”. The size of the castor genome was estimated to be around 350 Mb with
31,000 genes [76]. A second genome sequence of an Ethiopian wild castor was released in
2022 by Lu et al. [18]. The result was more accurate, with a 170x coverage, the genome
size 316 Mb for a total of 31,000 genes. The similarity between the two genomes is about
99.16%, suggesting that the domesticated varieties do not diverge very much from the wild
ancestors [18]. R. communis germplasm is conserved in 10 different countries and includes
a total number of 11,300 accessions. The National Bureau of Plant Genetic Resources, in
India, is the major germplasm bank, which accounts a total of 4303 accessions of castor from
39 different countries. In Brazil, the germplasm bank of Embrapa includes 620 accessions.
The 1043 accessions conserved in the USDA (United States Department of Agriculture)
germplasm bank have been used for the quantification of oil and ricin. Great variability of
ricin and oil content in the seeds has been reported [17,77].

The main world centers hosting castor germplasm banks are summarized in Table 2.

Table 2. Main world germplasm banks harboring genetic resources of castor bean [17].

Institution Country Nr. of Accessions

National Bureau of Plant Genetic Resources India 4307

Institute of Crop Science (CAAS) and

Institute of Oil Crops Research (CAAS) China 3341

Embrapa, Empresa Baiana de Desenvolvimento Agricola S.A. Brazil 1348
and Instituto Agroanomico de Campinas (L.A.C.)

USDA, ARS, PGRCU and USDA, ARS, NCGRP United States 1043

C.I. La Selva-CORPOICA Colombia 424
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Table 2. Cont.
Institution Country Nr. of Accessions
N.I Vavilov All-Russian Scientific Research Institute .
Russia 423
of Plant Industry
Institute of Oil Crops Ukraine 255
Biodiversity Conservation and Research Institute Ethiopia 232
National Dryland Farming Research Station and National Kenva 173
Genebank of Kenya, Crop Plant Genetic Resource Centre, KARI Y
Maize Research Institute and Institute of Field and Vegetable Crops Serbia 112
Agricoltural Research Station Teleorman Romania 66
Total: 11,300

6. Genetic Improvement

One of the main challenges of castor breeding programs is to make mechanical harvest
possible. The perennial nature together with the indeterminate growth habit of castor plants
are the main obstacles to mechanical harvesting. Plants adapted to mechanized production
should be short (1.0-1.5 m), with uniformly maturing racemes, and a low number of lateral
branches [78,79]. Early maturation is a significant trait sought after for castor cultivation,
particularly in regions with limited growing seasons or tropical areas where multiple crop
cycles are practiced annually. Unfortunately, there is a negative correlation between early
maturity and high seed yield. A search for traits of interest such as dwarfism and early
flowering and maturation, focused on Indian [80,81] and Brazilian germplasm [57,82-84]
was reported. In the study conducted by de Oliveira Neto and coauthors [57], a careful
selection of castor bean accessions with considerable commercial value, especially for
mechanized harvesting, has been identified. These selected accessions possess desirable
traits such as ideal plant height, diameter, seed weight, and oil content. As a result, these
specific genotypes hold great promise as potential contributors of favorable alleles in castor
bean genetic breeding programs [57].

Decreasing the ricinoleic acid content and increasing the percentage of oleic acid would
enhance performance of castor oil as a raw material for biodiesel [17]. These characteristics
are present in a mutant conserved in the Brazilian germplasm bank of Embrapa [85] and are
determined by a mutation in FAH12 oleate hydroxylase [86]. Another objective of castor
genetic improvement is the development of castor plants in which the content of ricin in
the seeds is strongly reduced or absent. Ricin is a dangerous toxin for human and animal
health, since even though it is not contained in the extracted oil, its concentrations in the
oil by-products, such as castor meal and husks, is high and prevents their use as feed or
nutritional supplement. Some of the accessions present in the USDA germplasm bank have
been used to create by traditional breeding the cultivar “Bringham”, characterized by a
reduced ricin content [17].

6.1. Classical Breeding

The genetic diversity present in a crop species is the raw material, and the starting
point for breeding programs, for example the isolation of a natural mutant named OLE-1
with High Oleic acid content.

OLE-1 represents a breakthrough among stable castor genotypes, displaying the
highest proportion of oleic acid and the lowest proportion of ricinoleic acid reported to date.
This exceptional profile makes it a highly promising source of elevated oleic acid levels,
with valuable implications for applications in both the industrial and food sectors, where
exceptional oxidative stability is crucial. Moreover, OLE-1 offers a unique opportunity for
exploring the biosynthesis and genetics of ricinoleic acid content in castor [85]. Chemical
and physical mutagenesis can also be used to increase the variability present in plants,
as reported, for example, in cotton, where mutants with different fatty acid profile, fiber
properties, and other important qualitative characteristics have been isolated [87-91].
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Three types of radiation (y rays, fast neutrons, and thermal neutrons) were applied to
castor plants to generate mutations and consequently to increase genetic variability. The
thermal neutron treatment has been used, for example, to reduce apical dominance, days
to maturity and plant height. Gamma rays were used to develop pistillate lines resistant
to wilt [92] and to isolate useful mutants with improved seed yield and other important
characteristics [93].

Some papers have reported on the analysis of castor bean genetic diversity through the
use of molecular markers such as AFLP (Amplified Fragment Length Polymorphism) and
SSR (Simple Sequence Repeats) [26,38,65,66,94]. The data concerning the level of genetic
variability present in castor beans collections are quite different in the different publications.
While some papers reported low genetic diversity among the accessions analyzed, probably
due, among other factors, to selective breeding, domestication, and samples not being
representative of the population genetic variability, Pecina-Quintero et al. [38] reported
a high level of genetic diversity when analyzing a collection of castor bean plants from
Chiapas, Mexico by AFLP and SSR markers [38]. Once polymorphic molecular markers
are found, they can be used not only to assess the genetic diversity in a collection but
also for unequivocal varietal identification, phylogenetic analysis, and for marker assisted
selected breeding programs. Various schemes of breeding programs have been used to
improve castor bean. Mass selection consists in the selection of superior plants and the
elimination of undesirable traits within a plant population. Mass selection is typically
used for the selection of traits characterized by a high heritability. Concerning castor
bean genetic improvement programs, mass selection was the most effective method to
increase the frequency of pistillate plants [2]. The backcross method of selection is the
most effective method for improving some simply inherited, qualitative characteristics
in commercial cultivars or promising elite lines. This method has been used in castor
to transfer monogenic traits such as dwarf habit, non-spiny capsules, stem color, plant
height, and wilt resistance [95]. The pedigree method, based on five to six generations of
selection of inbred lines, with subsequent progeny testing, has been used to select castor
lines with high oil content and resistance to fusarium [96]. This same method was adopted
in breeding programs aimed at increasing seed yield, with a selection scheme focused
on long semi-compact spikes (>40 cm), number of capsules per raceme (>60), number of
effective spikes per plant (>5), and single seed weight (>300 mg) [17]. Furthermore, the
pedigree method, for example, has been reported to be used to develop several tall-type
cultivars with late maturation in India. The single seed selection method was recently used
to select fast germinating castor seeds at the suboptimal temperature of 22 °C. Moreover,
the results showed that at 22 °C, the freshly harvested seeds are characterized by a low
germination ability, which, however, can increase at higher temperatures (30 °C) or improve
gradually during the storage [97]. Dwarf castor varieties are associated with higher yields
and allow a more rational management in the field [98]. Plant height is a trait controlled
by auxins, which are the plant regulators implied in regulation of cell division, elongation,
and differentiation in the meristems (apical meristem and vascular cambia) [99]. Apical
growth is often repressed when auxins’ transport or biosynthesis are impaired, leading to
a major plant branching, dwarf and usually high yielding phenotype [100,101]. Among
the different auxins, IAA (Indole-3-acetic acid) is one of the most physiologically active.
In a recent study, based on BSA (Bulk Segregant Analysis), the ReSNG4-1 gene, encoding
for an IAA transport protein, was identified as candidate gene controlling castor height.
An SNP (single nucleotide polymorphism, A/G), determining an amino acid substitution
in the 5SNG4 IAA transporter (from Y to C in the 7th helix loop), has been reported to be
responsible for the dwarf phenotype of castor plants. In particular, the authors reported that
in dwarf plants, the mutation in the Re5NG4-1 gene is associated with a reduced capacity to
transport free IAA from the apical bud to the node in comparison with the wild type [102].
The choice of the most suitable breeding techniques for obtaining high yielding varieties is
strictly connected with the type of genetic interaction characterizing the different genes
responsible for the inheritance of the quantitative trait under selection. A recent significant
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contribution was given by Mori et al. [103], who investigated the genetic architecture of oil
content, seed yield and its related biometric traits through “generation mean analysis” in
four different crosses for twelve generations [103]. Generation mean analysis is an efficient
tool to understand the gene effects involved in the expression of a trait and the results
of this study showed that total seed yield and oil constitution, which are quantitative
traits, are governed by partial dominance to overdominance. Furthermore, the presence
of non-allelic interactions for economically important traits in castor were previously
demonstrated by several different authors. In particular, Solanki et al. in 2003 observed
additive variance and epistasis in the inheritance of plant height, number of nodes up
to the main raceme, length of the main raceme, and the number of capsules of the main
raceme [104]. Similarly, Golakia et al. [105], in 2015, demonstrated the presence of additive,
epistatic, and dominance variance in the number of nodes up to the main raceme, the
length of the main raceme, and the total seed yield per plant [105]. Virani et al., in 2013,
also confirmed the presence of all these gene effects in yield components in castor [106].
The presence of epistasis suggests that direct selection methods may not be suitable for
improvement of castor seed yield. In fact, it would be difficult to fix useful genotypes
because the positive effect of one gene might be covered by the negative effect of another
gene. In conclusion, literature data showed that oil content, seed yield per plant, and
its component traits are governed by varied levels of additive, dominance, and epistatic
gene effects. When additive as well as non-additive effects are involved, breeders should
adopt a breeding scheme able to exploit both types of gene effects, as for example the
reciprocal recurrent selection scheme as reported by Mori and coauthors [103]. India is
the pioneer in the production of hybrid castor in the world. The first commercial hybrid,
GCH-3, was developed by combining different pistillate line genotypes from Texas, USA
and India. After the development of an indigenous pistillate line, VP-1, several high
yielding hybrids were released for cultivation in India and their success was immediate.
The increase of seed yield in castor hybrids depends on both the genetic diversity and the
individual combining ability of the parents [105,107,108]. Many of them are characterized
by resistance to fusarium wilt and high seed yield potential [109].

6.2. New Breeding Techniques for Oleaginous Crops: GMO Technology and Genome Editing

Genes from different species can be introduced into the castor genome in order to
confer agronomically important traits through genetic transformation techniques. Unfor-
tunately, genetic transformation of castor remains challenging because of the lack of an
appropriate protocol for castor plant regeneration [110]. In fact, this species is recalcitrant
to in vitro regeneration, and the development of transgenic plants has been limited by the
difficulties in this fundamental step necessary to regenerate plants from transformed calli.
The rapid regeneration of castor plants holds great value for hybrid production, as utilizing
dihaploids would significantly reduce the time and cost involved in generating inbred
populations [17]. Successes in castor bean regeneration have been reported by Bertozzo
and Machada who described a culture medium with reduced NO3;/NH,, and lacking
FeSOy [111]. Agrobacterium tumefaciens is commonly used in genetic transformation to ob-
tain transgenic plants expressing exogenous genes. Several methods have been developed
to transfer genes into castor explants using A. tumefaciens or a particle gun [112], however,
the efficiency of transformation in both cases is relatively low (0.8% and 1.4%, respectively).
Recently, mainly due to the difficulties of the in vitro regeneration of explants, some re-
searchers tested on R. communis a transformation technique via Agrobacterium originally
developed for rice [113]. The method is based on the direct injection of Agrobacterium into
the developing endosperm of castor oil fruits. The rate of transformation reached was 80%
and a good proportion of viable seeds was also reported [114]. Several attempts to elimi-
nate toxic and allergenic substances have been made by traditional breeding techniques.
Castor lines with 70-75% decreases in ricin and RCA content were developed [115,116].
Unfortunately, the partial reduction obtained so far cannot be considered enough to ensure
safe castor cultivation.
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An example of successful application of GMO technology for ricin improvement was
published by Sousa et al. [117] who managed to silence the ricin gene in the endosperm
of castor bean seeds to produce non-toxic castor bean genotype, exploiting the RNA
interference (RNAi) technique. The authors reported that by the ELISA test, ricin was not
detected in transgenic seeds obtained through the biolistic transformation method [90].
Different studies reported the characterization of pathways involved in traits that are
possible targets of breeding programs. Lupeol has been recognized as a fundamental wax
component found in the epidermis of castor plants [118]. Its content varies significantly
among the different castor varieties. Eleven enzymes, encoded by 21 different genes,
are involved in lupeol synthesis in castor [119]. A study has recently been carried out
in order to understand the mechanism regulating lupeol synthesis. A transcriptome
analysis showed that several auxin-related genes have different patterns of expression
in the hypocotyl, characterized by a low level of lupeol, and stem internodes, with a
high level of lupeol, suggesting that auxin might be implied in the regulation of lupeol
biosynthesis. Furthermore, several auxin-responsive cis-elements are found in promoter
regions of two key enzymes involved in lupeol production (RcHMGR and RcLUS), of which
the expression seemed to be induced by auxin treatments, and lupeol content was reported
to be increased by auxin treatment and decreased by auxin transport inhibition [120].
Wang et al. [121] have identified a glutathione peroxidase gene family in the genome of
R. communis. Glutathione peroxidases (GPXs) are key ROS scavengers that use reduced
glutathione (GSH) or thioredoxin (Trx) to convert hydrogen peroxide (H,O,) into simple
water [122-124]. A considerable number of studies have demonstrated that plant GPXs
act as crucial regulators in response to diverse abiotic stresses such as salt, drought, and
cold [125-130]. Searching in the R. communis genome database using known GPXs from
other plant species, five GPXs were identified and named from RcGPX1 to ReGPX5. By
the analysis of sequences upstream to the translation start site, several cis-acting elements
responsive to stresses and plant hormones were identified. The expression patterns of
RcGPXs under cold, salt, and drought stress in roots, stems, and leaves were investigated
by qRT-PCR analysis and were found to be largely down or upregulated in the different
tissues. One of the most serious environmental problems of agriculture is soil salinization,
which affects crop growth, development, and productivity. About 20-50% of the world’s
cultivated area suffers from salinity problems, and this area is growing. Hence, improving
salt tolerance of crops has become an urgent task to enhance crop production. Rational
breeding strategies are based on the knowledge of physiological and molecular mechanisms
involved in plant responses to stresses [131-133]. Castor has good salt tolerance, but
“early seedling” is the most vulnerable developmental stage for plants under stresses.
Wang et al. [134] have recently reported that castor cotyledons are able to accumulate high
amounts of Na* and to provide more energy to help true leaves to cope with salt stress. In
particular, proteomic analyses have shown that in high salt conditions the true leaves save
carbon structures to synthesize more osmotic adjustment substances, while chlorophyll
synthesis and electron transfer are enhanced to maintain a high photosynthesis rate [134].
The root is directly exposed to salinity in soil with the highest susceptibility to this stress
during the seedling developmental stage. Under optimal growing conditions, the primary
role of cotyledons is providing resources to support root development. Under salt stress
the root/cotyledon ratio decreased from 0.52 to 0.27, suggesting that the cotyledon got
more carbon than the root to maintain the development of the unique photosynthetic organ
during the early seedling stage. Roots also presented an increased level of unsaturated fatty
acids in order to enhance the cell wall fluidity and to protect cells from ion toxicity; the
root also accumulates Na* to maintain a high K*/Na™* ratio in the cotyledon and preserve
metabolic activity [135]. In a recent study, Lei et al. [136] have identified the differentially
expressed genes (DEGs) for differential salt tolerance in wild and cultivated castor plants.
Multiple phytohormones and transcription factors are correlated with salt-tolerance. In
salt stress conditions, 2C protein phosphatases (PP2C) homologs are upregulated. Six
and four IAA homologs were significantly upregulated in cultivated and wild castors,
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respectively. Moreover, major jasmonate response genes are significantly upregulated
under salt stress. Seedlings subjected to NaCl exhibited lower enrichment of DELLAs,
which are growth inhibitors acting through the binding to gibberellins’ receptors [137].
Among all the genes differentially expressed in normal and salt stress conditions, comparing
wild and cultivated castor plants, researchers also have identified multiple transcription
factor families (ERF/AP2, WRKY and bHLH) [136].

Ricinus communis originates in tropical regions but is currently cultivated in many
subtropical regions worldwide. In temperate regions, the early planting strategy is com-
monly used to avoid drought periods, thus improving the yield. Unfortunately, castor bean
is sensitive to cold stress [138]. Therefore, it is imperative to understand the molecular
mechanism of cold response by the identification of responsive genes/proteins to this
stress to improve the cold tolerance of castor. Recently, an investigation on differential
abundance protein species (DAPS) associated with cellular responses to cold stress was
performed using isobaric tags for relative and absolute quantification iTRAQ) technologies.
This analysis revealed complex changes in DAPS between cold-stressed imbibed seeds
and unstressed control seeds. The 127 DAPS identified were involved in translation and
post-translational modification, stress responses, signal transduction, carbohydrate and
energy metabolism, lipid transport, and metabolism [139].

Oleaginous crops such as soybean, rapeseed, peanut, and sunflower are essential for
the production of edible oils and constitute the main source for the production of biodiesel.
As they play a pivotal role in the global economy, genetic improvement programs are
aimed at obtaining more productive lines, different composition in fatty acids and oil, and
at the completion of the domestication process of species that have been only recently
identified as oleaginous crops, for example Camelina sativa, reviewed by Ghidoli et al.,
2023 [140]. These goals can be achieved not only through traditional breeding, but also
by new breeding technologies (CRISPR, TALEN, ZFN), which allow the modification of
specific genes encoding for traits of interest. In Table 3, the genes of oleaginous crops that
have already been modified by exploiting these technologies are listed.

Table 3. Oleaginous plant species and genes that have been modified in the recent years by new
genome editing technologies.

Plant Genes Mutant Phenotypes Citations
FAD2-2 Increase of oleic acid content and decrease of linoleic acid [141]
soybean GmLox1/2/3 Free of lipoxygenase [142]
GmFATBI Significant reduction qf saturated fatty acids content [143]
in seeds
BnFAD2 Significant increase in the content of oleic acid [144]
Seeds of the mutants were wizened and showed enlarged
BnLPAT2/5 oil bodies, disrupted distribution of protein bodies, and [145]
rapeseed increased accumulation of starch in mature seeds
BnTT?2 Yellow—see.ded rapeseed w1th reduced 'fl'av0n01ds and [146]
improved fatty acid composition
BnalEC1 Reduced seed oil content and C18:1, increase of C18:2 [147]
High-oleic acid content, no transgenic allotetraploid cotton
cotton GhFAD2 (Gossypium hirsutum L.) generated by knockout of GRFAD2 [148]
genes with CRISPR/Cas9 system
peanut ARWEAD? Mutagenesis of FAD2 genes in peanut with CRISPR/Cas9 [149]

based gene editing (NO plant regeneration)
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Table 3. Cont.

Plant Genes Mutant Phenotypes Citations
CSsEAD? Selective gene dosage b}{ CRISPR.—Cas9' genome editing in [150]
hexaploid Camelina sativa
CSFAD? Decreased pc?lyunsaturated. fatty a.c1ds an(.:l concomitant [151]
increase of oleic acid in the oil
CRISPR/Cas9 editing of three CRUCIFERIN C homeologs
false flax CsCRUC alters the seed protein profile in Camelina sativa [152]
CSFAE1 Mutagene'esm of the {TAEI genes 51gn1f1cant.ly chapges fatty [153]
acid composition in seeds of Camelina sativa
CsDGAT1 Simultaneous targeting of multiple gene homeologs to alter [154]
CsPDAT1 seed oil production in Camelina sativa
Overexpression of HiCYC2c leads to the transformation of
HaCYC2c floral symmetry and influences the fertility of disc florets for [155]
sunflower the optimization of reproductive efficiency
HaACBP1 HaACBP1 plays a role in the transport and trafficking of [156]

acyl-CoAs during seed development

As shown in Figure 2, there are numerous methodologies available to improve
R. comunis. In particular, through intraspecific and inter-specific crosses, new varieties
of castor can be obtained, while, the use of recurrent backcrosses, mutational breeding,
transgenesis, and genome editing techniques allows for the development of essentially
derived varieties, which are subject to regulation under EU legislation [157].

Germplasm bank
Intraspecific crosses Interspecific crosses Recurrent backcross Mutation breeding  Transgenesis' Genome editing4
Var. A x Var. B Spec. A X Spec. B Var. Ax Var. B Var A+ Mu!agelmc Var. A +GOIF  Var A + CRISPR-Casd’
: ! agen
v 3 (Donor) | (Recurrent)
5:8"9'83:.“8 S:S'QISB‘fi"S F1 X Recurrent Screening Screening Screening
opulation opulation for useful mutations for useful events for useful mutations
i
BCs Plants
-Mass selection or bulk method Selection
-Single seed descent method X Recurrent
-Pedigree method
h 4
New varieties — New Essentially derived varieties
.——1 |
;

Market

Figure 2. Synoptic scheme of R. communis genetic improvement methodologies. ! Backcross; 2 Genes
of interest; 3 Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Associated Protein
9; # Techniques regulated by EU legislation [157].

7. Conclusions

Castor bean is a promising crop that originated in east Africa and west Asia and from
its center of origin diffused all over the world in tropical, sub-tropical, and warm temperate
regions. The oil extracted from its seed is suitable for many industrial purposes. It is
currently used for pharmaceutical and industrial purposes, but other potential uses are
under development, for example: the oil is a promising source of biofuel, and castor meal
could be used as animal feed and as organic fertilizer, which also exhibits insecticide and
nematicide function. The possibility to cultivate castor in marginal lands can overcome
one of the main issues linked to the sustainable cultivation of non-edible crops, i.e., the
soil competition with food crops. Other issues limiting castor uses are the presence of the
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highly toxic compound ricin in castor seeds, a plant architecture and development making
mechanized harvest difficult, and the susceptibility to both biotic and abiotic stresses. To
overcome these limitations, different breeding programs have been developed with the
purpose of selecting the desirable traits such as the dwarf plant type, early flowering and
maturity, high seed weight and oil content, reduced ricin content, and resistance to biotic
and abiotic stresses. In addition to the classic breeding programs, the use of new breeding
technologies is also achieving promising results with the aim of improving the traits of
interest through the editing of the castor genome. A still open challenge in the field is the
development of reliable protocols for the regeneration of castor bean plants.

The achievement of these goals will allow the development of castor plants with
increased yield, quality, and safety, allowing the crop to satisfy the demand of the global
market for the multiple purposes for which castor bean is and will be used.
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