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ABSTRACT 

One of the most limiting factors in the production of castor 

{Ricinus communis L.) is the presence of two toxic proteins, ricin and 

RCA. Ricin and RCA's presence in the endosperm of the seed creates 

potential heal th hazards to both producers and processors. The 

objectives of this research were to determine the range of ricin/RCA 

concentration in the USDA castor collection and to determine the 

inheritance of ricin/RCA concentrations in segregating populations. 

The 263 accessions from 34 countries of the USDA collection 

screened for ricin/RCA concentration ranged from 1.9 to 16.0 mg/g. 

Only 1% of the accessions had ricin/RCA concentrations less than 3.0 or 

greater than 13.0 mg/g. 

In 1994, two accessions from the USDA germplasm collection PI 

257 654 and PI 258 368 reported to have low ricin/RCA concentration 

were crossed with the commercial oil producing cultivar 'Hale'. In 

1996, Fg seed were harvested and evaluated to determine inheritance of 

ricin/RCA concentration using a radial immunodiffusion (RID) assay 

which utilized ricin specific antibodies. Five of six F^ populations fit a 

15:1 (high:low ricin/RCA) phenotypic ratio and five of six F3 populations 

fit a 55:9 (high:low ricin/RCA) phenotypic ratio. Heterogeneity X^ for 

the F2 and F3 generations showed that all six segregating populations 

did not significantly differ in their segregation patterns. Low 

ricin/RCA content appeared to be controlled by two recessive alleles. 
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Average ricin/RCA concentration of individual Fg plants ranged from 

2.1 to 17.9 mg/g and in the F3 generation ranged from 0.1 to 20.1 mg/g. 

Use of the RID assay provided an effective method to screen castor lines 

for divergent concentrations of ricin/RCA. These results will allow 

development of non-toxic oilseed cultivars and cultivars with extremely 

high concentrations of ricin/RCA for pharmaceutical production. 
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CHAPTER I 

INTRODUCTION 

Objective 

Castor {Ricinus communis L.) is a valuable oilseed crop, 

contributing almost 1.0% of the world oilseed production (Atsmon, 1989). 

Currently India is the largest producer of castor seed in the world (Ghandi 

et al., 1994). Up to 50% of the dry weight of the seed is oil, with 

approximately 90% of the fatty acids being ricinoleic acid. Ricinoleic acid is 

used extensively in lubricants, paints, soaps and pharmaceuticals 

(Salunkhe, 1986). Castor seeds are the only commercial source of this fatty 

acid. Attempts have been made in the laboratory to convert oleic acid to 

ricinoelic acid using microorganisms to ensure availability of this fatty acid 

(Soda, 1988). Residual meal after oil extraction contains between 25 and 

45% protein. Detoxified meal can be fed to ruminants or used as a high 

nitrogen fertilizer (Okoye et al., 1987). 

Currently, the United States imports 44,000 metric tons of castor oil 

annually- In 1970, West Texas was the center of production for castor in the 

United States, producing 33,000 metric tons of oil on 32,000 hectares 

(Hawkins, 1989). Castor oil is estimated to have a market value six times 

higher than soybean oil (Slater, 1988). The presence of a toxic protein, ricin, 

found in the endosperm, has limited domestic castor production due to 

processing heal th hazards (Robertus, 1991). 



Ricin is a potent plant toxin composed of a 32 kDa A-chain 

glycoprotein, and a 32 kDa B-chain glycoprotein, linked by a disulfide bond 

(Roberts et al., 1985). The A-chain of ricin is a ribosome inactivating 

protein, preventing protein synthesis by depurinating an adenine residue 

found in a 28S ribosomal RNA (Olsnes and Pihl, 1982). A single ricin 

molecule can inactivate over 1500 ribosomes per minute and kill the cell 

(Olsnes et al., 1975). The B-Chain is a lectin which binds specifically to 

galactose terminals found on the cell (Olsnes and Pihl, 1973). Binding of 

the B chain to cell surface receptors triggers endocytosis of the protein 

(Montfort et al., 1987). Ricinus communis agglutinin (RCA), a 

hemagglutinin lectin, is also found in the endosperm. Ricin has a LDgg of 1 

ppm in rabbits, where it destroys blood circulation in organs and tissue 

located in the liver and gastrointestinal tract (Khvostova, 1986). 

Mechanized harvesting and processing of castor can expose the producer 

and processor to this toxin. Repeated inhalation causes extreme 

pulmonary damage to lungs and leads to permanent damage or death. 

Ricin only attacks eukaryotic cells. Prokaryotes which lack a 28S ribosomal 

subunit are immune (Olsnes et al., 1974). 

Because of its extreme toxicity, ricin can be used in immunotoxin 

therapy to t rea t diseases such as cancer and autoimmune disorders. 

Immunotoxins are chimeric molecules in which cell-binding ligands, such 

as antibodies or growth factors are coupled to toxins or their subunits 

(Ghetie, V. and Vitetta, 1994). Currently immunotoxins using ricin A-

chain or blocked ricin toxin are being evaluated in Food and Drug 



Administration Phase 1 clinical trials for conmtrol of several cancers 

(Ghetie, V. and Vitetta, 1994; Lynch et al., 1997). If the ligand is tumor cell 

specific, the immunotoxin should kill tumor cells selectively, unlike 

chemotherapy and radiotherapy, which kills all rapidly dividing cells, 

malignant or normal (Vitetta et al., 1993). The high cost of ricin due to low 

levels in seeds and difficulty in purification has necessitated the 

development of a more economical source of the toxin. Currently the cost of 

ricin needed for clinical studies in patients is $16,000 per gram. 

Southern hybridization using cDNA coding for ricin as a probe 

revealed that the R. communis lectin gene family appears to consist of 

about eight members (Treager and Roberts, 1992). Expression of the genes 

is tissue specific and developmentally regulated. The mRNA is transported 

directly to the protein bodies where it is translated. This prevents attack of 

castors own ribosomes by ricin. DNA sequencing on three clones revealed 

the members to be nonfunctional. A fourth clone has been shown to contain 

a functional ricin gene which encodes a ricin polypeptide. The fifth clone's 

functionality has yet to be determined because of incomplete sequencing. 

Three of the remaining characterized clones are unaccounted for. One of 

these genes presumably encodes a RCA polypeptide. During ricin 

synthesis, a series of cotranslational and post-translational processing 

steps have been incorporated to prevent attack of castors' own ribosomes. 

Radial immunodiffusion (RID) is an immunoassay used to quantify 

specific antibodies or antigens (Garvey et al., 1977). RID provides an 

accurate quantification of a small amount of antigen in a diverse mixture of 



antigens. The assay is based upon the unique interaction between an 

antibody and antigen. A specific antibody developed against a particular 

antigen is incorporated into a thin layer of agar. The antigen under study 

is placed into wells cut into the agar layer. Antigens diffuse evenly 

outward and bind with specific paratopes on the antibody. The antigen-

antibody complex forms a precipitation ring around the well, and the 

diameter is proportional to antigen concentration (Kemeney and Chantler, 

1988). The square of the diameter of the ring can be plotted on a standard 

curve to determine actual antigen concentrations. 

The four objectives of this research were to (1) develop a safe and 

accurate assay for quantifying ricin; (2) develop a partial seed assay; ( 3) 

determine the inheritance of ricin concentration and (4) determine 

variability of ricin content in the USDA castor collection. 

Literature Review 

Castor belongs to the genus Ricinus of the Euphorbiaceae or spurge 

family (Atsmon, 1985). Plants range in color from bright red stems and 

leaves rich in anthocyanin to a uniform dark green. Castor is grown as 

both an ornamental and as an oilseed crop. In the tropics, castor grows 

between 6 and 10 m tall and lives up to 12 years. In climates with freezing 

temperatures, castor grows 0.5 to 4 m tall and is an annual. The plant does 

not tolerate poorly drained soils and saline conditions. Castor requires 

between 600 and 700 mm of moisture in a growing season to produce a seed 

crop. 



Botanical Characteristics 

Castor is predominantly monoecious, with both male and female 

flowers born on the same raceme (Moshkin and Perestova, 1986). Usually 

the female (pistillate) flowers are found at the apex of the raceme while the 

male (staminant) structures are generally below. Castor can cross-

pollinate but usually self-pollinates and does not suffer inbreeding 

depression (Atsmon, 1989; Moshkin, 1986). Seed capsules form from the 

pistillate flowers and typically bear three to four seeds. The capsules can 

have dense rough spines, be spineless, or have intermediate forms. 

Capsules can be green, brown, yellow or red during the growing season, 

but are brown or gray at maturity. Capsules may dehisce at maturity, 

which occurs along the middle of each locule's outer wall. Seed yields of 

castor under irrigation range from 900 to 1000 kg/ha and 300 to 400 kg/ha 

under dryland conditions (Duke and Wain, 1981). Improved varieties in 

Brazil and the United States yield from 1300 to 5000 kg/ha. Genetic research 

has increased oil content, yield and shattering resistance. 

Castor Genetics 

Castor has a diploid chromosome number of 20 and tetraploid species 

are rare (Moshkin and Dvoryadkina, 1986). Haploids, with a somatic cell 

chromosome number of 10 occasionally occur and differ from diploid in leaf 

size and flower development. The origin of castor is a secondary balanced 

autopolyploid. 



Castor Oil 

Castor oil is a naturally derived oil with unique characteristics that 

make it an ideal resource with a wide diversity of commercial applications 

(ICOA, 1992). The extracted oil is one of the first and most dynamic of the 

industrial oleochemicals. The functional reactive sites available in castor 

oil allow its use as a primary product in many industrial compounds. 

Among all the vegetable oils, castor oil is the most versatile, because of the 

unique hydroxy fatty acid structure. 

Castor oil is obtained from the seed by pressing and solvent 

extraction. Castor oil is processed by running cleaned seed through 

decorticating machines which remove the seed coat. The remaining 

endosperm is pressed to remove the oil. Ricin does not partition into the oil 

because it is water soluble, and the oil is non toxic provided that no cross 

contamination occurred during its production. 

Ricinoleic Acid 

Castor oil is the only naturally occurring source of ricinoleic acid 

(Canvin, 1963). Up to 90% of the fatty acid in castor oil is ricinoleic acid. 

The ricinoleic acid molecule (C^^ H32 OH.COOH) has a carboxyl group, 

single point of unsaturat ion and a hydroxyl group (ICOA, 1992). This 

structure allows for rapid esterification, hydrogenation and acetylation. 

Ricinoleic acid is used in coatings, fabrics, high grade lubricants, inks, 

leather preservation, and synthetic fibers. Dehydrated castor oil is an 



excellent drying oil tha t compares with tung oil. Hydrogenated ricinoelic 

acid is used in the manufacture of waxes, polishes, candles and crayons. 

Fat ty acid composition in castor is stable across a wide range of production 

environments. The meal remaining after castor oil extraction is used as a 

high nitrogen fertilizer or is detoxified and fed to livestock (Duke and Wain, 

1981). 

Oil Development 

Oil formation initiates 21 days after flowering (Canvin, 1963). Two 

thirds of the total oil content is formed between 21 and 41 days after 

fertilization with the remaining oil formed the final 20 days of maturation. 

Ricinoleic acid does not appear until the seed is 12 days old and represents 

90% of the total fatty acid content by day 36. Developing castor seed also has 

varying concentrations of palmatic, oleic, linoleic and linolenic. At seed 

maturity, the oil content is 1% palmatic, 3.5% oleic, 4.6% linoleic, and 90.8% 

ricinoleic acid. 

Lectins 

Lectins are proteins found in plants, bacteria, algae, fungi, 

invertebrates and vertebrates with specific carbohydrate binding sites 

(Sharon, 1989). Plant lectins were the first proteins of this type to be 

studied, but their function is not fully understood. Lectins, because of their 

defined binding sights, attach only to selected carbohydrates found on cell 

surfaces. Carbohydrates can have thousands of conformational shapes due 
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to the presence of different monosaccharides. Some carbohydrates occur 

only in specific types of cells. These sugars are utilized in cell recognition 

in a wide range of cell-to-cell interactions such as fertilization, 

embryogenesis, cell migration, organ formation, immune defense, and 

microbial infection. The primary test for lectins is hemagglutination, or 

the clumping of red blood cells. The hemagglutination is caused by 

crosslink formation between sugar residues. 

Ricin and R. communis Agglutinin 

The endosperm tissue of castor seeds contain two proteins which are 

highly toxic (Lord et al., 1994). R. communis agglutinin (RCA), a 120 kDa 

hemagglutinin lectin, and ricin, a 65 kDa cytotoxic lectin, are lethal to 

eukaryotic cells. They were first described in castor seeds in the late 

nineteenth century by H. Stillmark, an Estonian scientist, after aqueous 

extracts of the seeds caused agglutination of mammalian erythrocytes 

(Franz, 1988). Ricin has two polypeptide chains, A and B, while the 

agglutinin protein has four polypeptides, linked by disulfide bonds 

(Butterworth and Lord, 1983). Two of the agglutinin chains are similar to 

the A chain and two are similar to the B chain of ricin. The A and B chains 

of ricin, together, are highly lethal to mammalian cells, while the R. 

communis agglutinin has limited cellular toxicity, but increases 

agglutination of red blood cells. Ricin E is a variant of the ricin toxin, with 

an A chain similar to ricin and a B chain hybrid between the ricin and 

RCA B chains (Ladin et al., 1987). 
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Ricin A Chain 

The A chain of ricin is a ribosome-inactivating protein (Lord et al., 

1994). This 32 kDa subunit prevents protein synthesis by irreversibly 

altering the ribosomal RNA subunits involved in translation. The A chain 

specifically binds to 28S ribosomal subunits, permanantly altering 

its structure. The ricin A chain cannot enter the cell without the B chain. 

The A and B chains together are highly toxic and are referred to as 

heterodimeric toxins. 

Ricin B Chain 

The lectin portion of ricin is the B chain. Ricin's B chain specifically 

binds glycoproteins and glycolipids on the cell surface terminating in 

galactose or N-acetylgalactosamine (Lord et al., 1994). The B chain binds 

more strongly to complex galatosides than to simple sugars. The B chain 

has four disulfide bonds providing the galactose/N-acetylgalactosamine-

binding activity. The N-terminal and C-terminal halves of the B chain 

contain 41 homologous pairs of amino acids when the two disulfide bonds in 

each half are aligned. This bilobal structure allows for two galactose 

binding sites. Subdomains formed by the four disulfide bonds may 

represent a conserved 40 residue peptide which is repeated four times 

through gene duplication (Roberts et al., 1985). Up to 108 ricin molecules 

can bind via the B chain to an individual cell by hydrogen bonds (Robertus, 

1991). 



The B chain attaches to the eukaryotic cell and the intact toxin enters 

the cell by receptor mediated endocytosis (Bilge et al., 1994). The B chain 

protects the A chain from proteolytic activities of lysosomes and cathepsins. 

The B chain may help the A chain become released from cellular 

endosomes. Mannose residues on ricin can be bound by cellular mannnose 

receptors and also initiate endocytosis (Montfort et al., 1987). 

Glvcosylation 

Ricin and the agglutinin are glycoproteins with most of the 

carbohydrates in the lectins bound to the B chains (Montfort et al., 1987). 

The agglutinin contains greater amounts of mannose and glucosamine 

than ricin. Ricin contains three oligosaccharide chains. The A chain has 

one oligosaccharide with two N-acetyl-glucosamine and four mannose 

residues. The B chain has two oligosaccharides with N-acetyl-glucosamine 

and two mannose residues. 

Ricin Mode of Action 

The mode of action and uptake of ricin has been studied extensively 

in mammalian cells (Lord et al., 1994). The B chain of ricin binds to sugar 

residues on the cell surface. Endosomes encyst ricin and initially transport 

the protein to the golgi apparatus, and finally to the endoplasmic 

reticulum. This series of transports facilitates the toxins rapid entry into 

the cytosol. The A chain is only catalytically active upon reductive cleavage 

of the disulfide bond. The enzymatic active site on the A chain is formed or 
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exposed when the A chain is released from the B chain (Olsnes and Pihl, 

1982). The A chain binds and depurinates a specific adenine found in a 28S 

ribosomal RNA subunit in the 60S ribosome subunit (Robertus, 1991). 

Ribosomal RNA becomes susceptible to amine catalyzed hydrolysis and the 

adenine ring is sandwiched between two tyrosine rings in the cataljrtic cleft 

of the enzyme and is hydrolyzed with N-glycosidase action. The target 

adenine occurs in a specific GAGA region of the RNA. Ricin is more active 

against animal than plant bacterial ribosomes (Cawley and Houston, 1979). 

Ribosomes which lack the specific 28S subunit containing the GAGA 

tetranucleotide sequence, are generally not susceptible to the toxin. 

Catalytic studies show a single ricin molecule in the cytosol can inactivate 

over 1500 ribosomes per minute and eventually kill the cell (Olsnes et al., 

1975; Cawley and Houston, 1979). 

Toxicitv 

Ricin has a LD50 of 1 ppm in a rabbits body (Khvostova, 1986). In rats 

intoxicated with sufficient ricin to kill the animals within 3 days, there was 

severe necrosis of the liver and pancreatic cells. In the spleen, there was 

diffuse necrosis and inhibition of protein synthesis. In 1982, Lin et al. 

reported the toxicity of ricin in tissue cultured cells to be 1 ng/ml. The 

agglutinin, which has a reduction in toxicity, is much less toxic than ricin 

when added to cells in culture. Only eukaryotic cells are attacked by the 

toxin. 
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Ricin Location 

Ricin and RCA are S3nithesized and stored in protein bodies in 

endosperm cells of maturing Ricinus seeds (Lord et al., 1994). These lectins 

differ structurally in seeds of different origin and even within the same 

seed (Cohen and van Heyningen, 1982). Ricin quantity may differ slightly 

within an individual raceme and an individual capsule (Khvostova, 1986). 

Seeds within the lower portion of the raceme are more toxic. During 

germination, both ricin and the agglutinin are metabolized to support 

seedling growth (Youle and Huang, 1976). They are thought to protect 

castor seed from animal depredation. 

Seed Protein 

The castor plant is an endospermic dicot (Kermode et al., 1985). In 

mature castor seed, 90-95% of the total seed protein is in the endosperm. In 

the endosperm, crystalloid proteins comprise 70 to 80% of the total protein 

and are insoluble in water. The residual soluble protein fractions are the 

lectins (ricin and RCA) and albumins. In the cotyledons of mature castor 

seed, the distribution of protein differs with the insoluble fraction 

comprising only 10% of the total protein. The soluble protein portion found 

in the cotyledons are almost entirely albumins. In the Hale cultivar, the 

lectins present in the cotyledonary soluble fraction are in much lower 

concentrations than the endosperm (Harley and Beevers, 1986). 

Protein analysis on ricin and RCA by Treager and Roberts in 1992 

showed the two lectins are in equal amounts in the endosperm tissue and 
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represent 5% of the total particulate seed protein after testa formation. The 

amount of endosperm protein gradually declines during germination, until 

day three, when the degradation increases exponentially. Dry seed from 

Hale contains an average of 3.5 mg of lectin, 1.75 mg of ricin and 1.75 mg of 

RCA, and half of the protein is still present four days after initiating 

germination (Harley and Beevers, 1986). A rapid decline in lectin 

concentration is seen after day four. During germination and early 

seedling growth the lectins are depleted simultaneously. 

Ricin Degradation 

Ricin and RCA are resistant to proteolytic cleavage, and castor bean 

proteases do not degrade the intact toxins (Harley and Beevers, 1986). 

Separated A and B, chains however, are digested by trypsin and other 

proteases. Individual subunit sensitivity to proteolysis is due to 

conformational changes the subunits undergo upon reduction of disulfide 

bonds. Disulfide bond reduction is facilitated by glutathion and cysteine in 

vivo. Cotyledons exposed to light in 5-day-old seedlings become 

photosynthetic and the levels of lectins rapidly decline. No lectins are 

present in the cotyledons of 10-day-old seedlings. 

Ricin Transcription and Translation 

Southern hybridization using cDNA coding for ricin as a probe 

revealed tha t the R. communis -lectin gene family appears to consist of 

about eight members (Treager and Roberts, 1992). Expression of these 
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genes is plant tissue specific and developmentally regulated, occurring only 

in the endosperm of matur ing castor seed. DNA sequencing on three of 

these genes revealed the members to be nonfunctional. A fourth gene has 

been shown to contain a functional ricin gene which encodes a ricin 

polypeptide (Lamb et al., 1985; Treager and Roberts, 1992; Hailing et al., 

1985). The fifth genes functionality has yet to be determined because of 

incomplete sequencing. The three remaining clones characterized remain 

unaccounted for. One of these genes presumably encodes a RCA 

polypeptide. The DNA sequence of the genomic ricin clone showed tha t the 

gene did not contain introns. 

Ricin begins synthesis as a prepropolypeptide that contains both A 

and B chains (Lamb et al., 1985; Butterworth and Lord, 1983). The signal 

sequence of the amino terminal targets the initial chain to the endoplasmic 

reticulum and is cleaved off. As the proricin polypeptide elongates, it is 

glycosylated within the lumen of the endoplasmic reticulum. Protein 

disulfide isomerases catalyze disulfide bond formation as the proricin 

molecule folds. Proricin undergoes further modification within the golgi 

bodies and is transported in vessicles to the protein bodies (Lord et al., 1994). 

Ricin is not catalytically active until it is proteolytically cleaved by an 

endopeptidase within the protein bodies. This splits the polypeptide into the 

A and B chain still linked by a disulfide bond. Since ricin is inactive until 

then, the plant avoids inhibition of its own ribosomes in case some proricin 

accidentally passes into the cytosol during synthesis and transport 

(Robertus, 1991). 
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Ricin/RCA Pr imarv Structure 

The coding region in the ricin protein is a 24 amino acid N-terminal 

signal sequence preceding a 266 amino acid A chain. The B chain is 262 

amino acids and a 12 amino acid linker joins the two chains. The 

nontranslated mRNA regions of ricin and RCA are identical (Roberts et al., 

1985; Lamb et al., 1985). These sequences show 30 base homology at the 5' 

end and 69 base homology at the 3' end. The signal peptide preceding the A 

chain in both lectins and the linker peptide joining the A and B sequences 

are also identical in size and amino acid sequence. Close base examination 

shows the agglutinin A chain to be three bases shorter, indicative of the 

deletion of an alanine residue present in the ricin A chain. Overall, the A 

chains are 93% homologous differing in only 18 amino acid positions. The 

corresponding B chains differ in 41 amino acids, and are 84% homologous. 

Nucleotide sequence comparison between RCA and ricin show that 

45 of the 59 amino acid changes are caused by single base substitution, 

while 3 changes result from complete codon replacement. RCA and ricin 

precursors are products of distinct genes, and ricin probably evolved 

initially and replicated giving rise to the agglutinin. 

Ricin Secondarv Structure 

The carboxyl-terminal end of the A chain folds into a domain that 

interacts between the two domains of the B chain (Montfort et al., 1987). A 

disulfide bond is formed between residue 259 of the A chain and four of the 
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B chain. The A chain exhibits a substantial amount of secondary structure 

and 30% of the protein is helical. The A chain folds into three somewhat 

arbitrary domains. The active site cleft of the A chain is located at the 

interface between all three domains. A conformational change occurs in 

the active site when the A chain is released from the B chain. 

It has been shown repeatedly that immunization with ricin will 

induce antibodies that will cross react with RCA (Harley and Bevers, 1986; 

Olsnes and Saltvedt, 1975). A reaction of partial identity between ricin and 

ricinus agglutinin is found in Ouchterlony immunodiffusion assays with 

antisera produced by immunization with either lectin. Anti-ricinus 

agglutinin sera was shown by Olsnes and Saltvedt in 1975 to cross react 

with ricin, but had little reaction to the individual isolated chains. This is 

indicative of the antibodies recognizing structures in ricin A-chain which 

are present or exposed only in intact ricin and not in the free polypeptides. 

The A chain undergoes extensive conformational change upon separation. 

Immunotoxins 

Scientists around the world have tried to develop pharmaceuticals 

from some of nature's most lethal poisons (Ghetie, M. and Vitetta, 1994). 

Toxic molecules attached to specific carriers can be guided into diseased 

cells. Medicinal application using an immunotoxin with ricin and an 

antibody that binds specific cells is being evaluated. This immunotoxin 

complex may serve as treatment in fighting cancer and autoimmune 

disorders. Currently immunotoxins using ricin A chain or blocked ricin 
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are being evaluated in phase I clinical trials for control of several cancers 

(Ghetie, V. and Vitetta, 1994; Lynch et al., 1997). 

Immunotoxins are chimeric molecules in which cell-binding ligands 

are coupled to toxins or their subunits (Ghetie, V. and Vitetta, 1994). If the 

ligand is tumor cell specific, the immunotoxin should kill tumor cells 

selectively, unlike chemotherapy and radiotherapy, which kills all rapidly 

dividing cells whether they are malignant or normal. 

Immunotoxin Components 

The whole immunotoxin complex contains three essential 

components (Vitetta et al., 1993). The first component must bind to the 

harmful cell. This portion is usually an antibody or growth factor that 

binds to the target. Monoclonal antibodies are often used for binding the 

toxin since they recognize and bind to only certain types of cells. Hundreds 

of monoclonal antibodies have been developed to bind a narrow group of 

cells, such as a tumor cells (Ghetie, V. and Vitetta, 1994). Other ligands 

include interleukins and growth factors, which are naturally occurring 

and bind to diseased cells (Vitetta et al., 1993). Growth factors have a 

greater affinity toward tumor cells, which have a higher number of 

receptors than normal cells. 

The second component of immunotoxins is the toxin. The toxin is 

often derived from bacteria or plants (Vitetta et al., 1993). The toxin 

generally inhibits protein synthesis of other critical cell functions and is 

lethal to cells in minute doses. All the toxins must be synthesized as single 
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chain proteins, have two subunits separated by a disulfide bond, and one 

subunit must bind to the cell and the other must disrupt protein synthesis. 

Ricin toxin A chain is the most widely used toxin. 

The third portion of the immunotoxin is the crosslinker, which links 

the ligand to the toxin (Vitetta et al., 1993). The crosslinker must be stable 

outside the cell but changeable within the cell so the toxin can enter the 

cytosol. It is important that the linker can be reduced to release the toxin so 

it can proceed with the protein synthesis disruption. Disulfide bonds are a 

common way to link the ligand to the toxin. 

In ricin based immunotoxins, the A chain is normally linked to an 

antibody via a disulfide bond. A chain immunotoxins without disulfide 

bonds are weaker cytotoxins due to lack of cleavage by reduction of the 

sulfur groups (O'Hare et al., 1990). Blocking of B chain surface binding 

function by galactose increases immmunotoxin specificity and toxicity 

(Montfort et al., 1987). This is indicative of the higher success of 

immunotoxins in vitro using the complete protein. 

In bone marrow transplants , ricin A chain immunotoxins have been 

used successfully to destroy T lymphocytes taken from histocompatable 

donors (Frankel, 1993). This reduces the rejection of the donor bone 

marrow, a problem called graph versus host disease. In steroid resistant, 

acute graph versus host disease situations, ricin A chain immunotoxins 

can help alleviate the condition. In additional bone marrow transplants, a 

sample of the patients own bone marrow is treated with anti-T cell 
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immunotoxins to destroy malignant T-cells in T cell leukemia and 

lymphomas. 

For in vivo treatment of solid tumors, poor access of the 

immunotoxin to the tumor mass limits effectiveness because internal cells 

are hidden by the outside of the tumor. Lack of immunotoxin specificity, 

tumor cell heterogeneity, antigen shedding, and breakdown of the 

immunotoxin also interfere with treatment (Lord et al., 1994). One 

common problem encountered in patients treated with ricin immunotoxins 

is the vascular leak syndrome, in which fluids leak from blood vessels 

leading to hypoalbumina, weight gain and pulmonary edema (Ghetie M-A 

and Vitetta, 1994). 

According to Dr. V. Ghetie and Dr. Vitetta in 1994, the ideal 

immunotoxin should be non-immunogenic and cause minimal toxicity to 

normal tissue. The therapeutic should have access to and have the 

potential to kill lO^i to 10^2 tumor cells in both solid amd disseminated 

tumors. It is important to destroy all cells in the tumor if there is any hope 

of completely removing the cancer. Immunotoxins may also prove to be 

useful in fighting autoimmune disorders. 

Radial Immunodiffusion 

An immunoassay is a quantitative analysis method for measuring 

specific biological compounds such as antibodies or antigens (Khetarpal 

and Kumar, 1994). The assay is based on recognition between individual 

antibodies and their specific antigens. Antibodies are proteins developed in 
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the immune system as a method of defense against foreign products. 

Antigens are the immunogenic compounds which elict an immune 

response in an immunized animal. The antibodies specificity is based on 

the ability to bind to a defined epitopic site on the antigen. The performance 

of an assay is directly dependent on the quality of the antigen used as a 

target and the antibody used as a detector (Kemeny and Chantler, 1988). 

Since immunoassays do not require radioactive tracers, they offer 

advantages over radioassays. 

Radial immunodiffusion (RID) assay provides an accurate measure 

of a small amount of antigen in a diverse mixture of antigens. RID is based 

on the specific interaction between an antibody and its antigen. Specific 

antibody against the antigen is incorporated into a layer of agar. The 

mixture of antigens is then placed into a well cut into the agar layer. 

Antigens in the well diffuse outward evenly and react only with its specific 

antibody. This antigen-antibody complex forms a lattice between the 

antibody and antigen causing a halo of precipitation around the well. The 

lattice occurs only under optimal concentrations of both the antibody and 

antigen. The antibody or antigen alone are not heavy enough to precipitate, 

but once joined they fall out of solution. Since the diameter of the halo is 

directly related to antigen concentration, actual antigen concentration can 

be determined by plotting values on a standard curve generated with 

different concentrations of the purified antigen. A graph of the halo 

diameter versus antigen concentration results in a straight line. Typically 
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the square of the diameter rather than the actual area is plotted. If the halo 

is not perfectly round, the total area of the precipitate should be determined 

(Garvey et al., 1977). 

Crude extracts or purified antigens can be tested using RID. When 

testing with purified antigen, the preparation is diluted in a suitable buffer 

before use. Test samples must be prepared by some type of extraction 

procedure, which is the most laborious and time consuming part of the RID 

test. It is important to be familiar with different extraction methods 

available for preparing samples. The procedure for extraction used 

depends on the antigen to be quantified, concentration of antigen in the 

sample and the number of samples to be tested. The extraction efficiency 

also depends on the buffer used. 

The key to the success of any RID assay is the use of a good quality 

antiserum (Kemeny and Chantler, 1988). The quality of the antiserum is 

directly proportional to the quality of the antigen used to inject in the 

animal for antibody production. Typically, the best animals to produce 

polyclonal antibodies against plant pathogens are 4-12-months-old rabbits. 

If the antiserum contains many different proteins, in addition to the 

desired antibody, the assay efficiency may be greatly reduced. 
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CHAPTER II 

METHODOLOGY 

Introduction and Methods 

Castor {Ricinus communis L.) is a valuable oilseed crop, providing 

almost 1% of the world's total oilseed production (Atsmon, 1989). Up to 50% 

of the dry weight of the seed is oil and approximately 90% of the fatty acids 

are ricinoelic acid. Ricinoelic acid is used extensively in lubricants, paints, 

soaps and pharmaceuticals (Salunkhe, 1986). Castor seeds are the only 

commercial source of this unique fatty acid. 

Currently India is the largest producer of castor seed in the world 

(Ghandi et al., 1994). The United States imports 44,000 metric tons of castor 

oil annually. However, in 1970, West Texas produced 33,000 metric tons of 

oil on 32,000 hectares (Hawkins, 1989). The presence of a toxic protein, 

ricin, which is found in the endosperm of castor, has limited domestic 

production due to health hazards which occur during harvest and 

processing (Robertus, 1991). 

Ricin is a polypeptide consisting of a 32 kDa A-chain and a 32 kDa B-

chain that are linked by a disulfide bond (Roberts et al., 1985). The A-chain 

of ricin is a ribosome inactivating protein, preventing protein synthesis by 

depurinating an adenine residue found in a 28S ribosomal RNA (Olsnes 

and Pihl, 1982). A single ricin molecule can inactivate over 1500 ribosomes 

per minute which eventually kills the cell (Olsnes et al., 1975). Ricin only 

attacks eukaryotic cells since prokaryotes lack the 28S ribosomal subunit 

26 



(Olsnes et al., 1974). The B-Chain is a lectin, which binds specifically to 

galactose terminals found on the cell surface (Olsnes and Pihl, 1973). 

Binding of the B chain to cell surface receptors triggers endocytosis of the 

protein (Montfort et al., 1987). Ricin has a LD50 of 1 ppm in rabbits, where it 

reduces blood circulation in organs and destroys tissue located in the liver 

and gastrointestinal tract (Khvostova, 1986). 

Ricinus communis agglutinin (RCA), a hemagglutinin lectin, is also 

found in the endosperm of castor seeds. It is less toxic than ricin, but 

causes increased agglutination of red blood cells. RCA is a 120 kDa 

polypeptide composed of 4 subunits, two similar to the A chain of ricin and 

two similar to the B chain. The ricin and RCA A chains have over a 90% 

homology in amino acid sequence and the corresponding B chains are 84% 

homologous. RCA and ricin concentrations are equal in the seed and both 

toxins bind to ricin specific antibodies (Harley and Beevers, 1986). 

Because of its extreme toxicity, ricin has been used in immunotoxin 

therapy to t reat diseases such as cancer and autoimmune disorders. 

Immunotoxins are chimeric molecules in which antibodies or growth 

factors called ligands are coupled to toxins (Ghetie, V. and Vitetta, 1994). 

Currently immunotoxins using ricin A-chain and blocked ricin holotoxin 

are being evaluated in phase I clinical trials for t reatment of several 

cancers (Ghetie, V. and Vitetta, 1994; Lynch et al., 1997). Since the ligand 

binds specifically to tumor cells, the immunotoxin only attacks cancer cells, 

unlike chemotherapy and radiotherapy, which attacks all rapidly dividing 

cells (Vitetta et al., 1993). 
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Southern hybridization using cDNA which codes for ricin as a probe 

revealed that the R. communis lectin gene family consists of eight members 

(Treager and Roberts, 1992). DNA sequencing revealed three members to be 

nonfunctional. A fourth clone has been shown to contain a functional ricin 

gene which encodes a ricin polypeptide. The fifth clone's functionality has 

yet to be determined because of incomplete sequencing. Three of the 

remaining characterized clones are unaccounted for, but one of these genes 

presumably encodes for the RCA polypeptide. A series of cotranslational 

and post-translational processing steps prevent ricin from attacking 

castors' own ribosomes. Expression of these genes is tissue specific and 

developmentally regulated so that ricin is made only in the protein bodies of 

castor seeds (Lord et al., 1994). 

Radial immunodiffusion (RID) is an immunoassay used to quantify 

levels of specific antibodies or antigens (Garvey et al., 1977). RID provides 

an accurate quantification of a small amount of a specifc antigen in a 

mixture of several antigens. The assay is based upon the unique 

interaction between an antibody and antigen. A specific antibody developed 

against a particular antigen is incorporated into a thin layer of agar. The 

antigen under study is placed into wells cut into the agar layer. Antigens 

diffuse evenly outward and bind with specific paratopes on the antibody. 

The antigen-antibody complex forms a precipitation ring around the well, 

in which the diameter is proportional to antigen concentration (Kemeney 

and Chantler, 1988). The square of the diameter of the ring can be plotted 

on a standard curve to estimate actual antigen concentrations, 
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During 1996 and 1997, a series of studies were conducted to develop 

information necessary to modify ricin concentration in castor. The four 

objectives of this research were to: (1) develop a safe and accurate method to 

quantify ricin; (2) develop a partial seed assay to allow single seed selection; 

(3) determine variability of ricin content in the USDA castor collection; and 

(4) determine the inheritance of ricin concentration 

Quantification of Ricin 

The radial immunodiffusion (RID) technique described by Stansfield 

in 1981 and Mancini et al. in 1965 was modified slightly to develop a 

technique to quantify ricin concentrations in castor. 167|il of rabbit anti-

Ricinus communis lectin (Sigma Chemical Co.) diluted to 34 mg/ml was 

placed in 9.5 ml of a 1.2% agarose/3% PEG 6000 (Sigma Chemical Co.) 

solution which had cooled to 50 °C. Antibody-agar solution was added to 

each RID plate which had been purchased from The Binding Site, San 

Diego, CA and allowed to solidify before the 2 mm wells were cut. Ricin 

solutions of 3.5 and 2.9 mg/ml obtained from Sigma Chemical Co, St. Louis, 

MO, and University of Texas Southwestern Medical Center, Dallas, TX, 

respectively, were used to develop six standard concentrations. Ten |il of 

these standards were added to the wells. The plates were allowed to 

incubate at 26 °C for 24 hours, and then placed at 4 °C for another 24 hours. 

Precipitate around each well was measured on two different axis and the 

square of the average diameter was used to estimate ricin concentration. 
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The ricin concentrations of 18 plant introductions were compared 

using results of the RID assay at two different laboratories. Ricin 

concentrations at the University of Texas Southwestern Medical Center 

(UTSWMC) were obtained using wet chemistry and liquid nitrogen 

extraction. Ricin concentrations at the Texas Tech University Health 

Science Center (TTUHSC) were obtained using an acetone oil extraction on 

whole seeds. After extraction, ricin at both laboratories was stored in 50 

mM NaH2Po4 and 150 mM NaCl buffer. A lOjxl sample was added to the 

wells and two standard concentrations (2.9 and 3.5 mg/ml) were added per 

plate. Triplicate analyses were conducted at TTUHSC to allow analysis of 

variance of the data. Mean concentrations were separated using a Fishers 

Protected Least Significant Difference Test at the 0.05 level of probability. 

Estimated concentrations from both labs were compared using Spearmans 

ranked correlation (Steele and Torre, 1970). 

Partial Seed Assav 

Seeds from the cultivar 'Hale' were sampled at six different positions 

(Figure 2.1). Samples from each position were extracted and assayed for 

ricin concentration using RID. The remaining portion of the seed was 

planted in the greenhouse to determine the effects of extraction position on 

seed viability. Three replications in time and a randomized complete block 

design were used to conduct an analysis of variance on the data (SAS, 1989). 
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Caruncle 

Figure 2.1 Six positions in which samples were extracted to 
determine ricin/RCA concentration and seed viability in castor seed. 
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USDA Germplasm Collection Evaluation 

The USDA castor germplasm collection was obtained from the Plant 

Genetic Resources Conservation Unit at the University of Georgia (Griffith, 

GA). The collection consisted of 260 accessions fi-om 36 countries. Three 

seeds from each accession were assayed for ricin content using the RID 

assay of whole seeds. Data on individual seeds which differed more than 

2.5 mg/g were reanalyzed until a minimal range (<2.5 mg/g) among seeds 

within an accession was obtained. Analysis of variance was conducted 

using data from individual seeds of each accession and a completely 

randomized design (SAS, 1989). 

Segregating Population 

Two USDA Plant Introductions (PI) from the Soviet Union, PI 258 368 

and PI 257 654, with low ricin concentration were crossed in 1994 with Hale, 

a semi-dwarf cultivar developed by Texas A&M with high oil content and 

mechanical harvesting characteristics. In early June of 1996, F2 seeds 

were planted at the Texas Tech Research Farm. The site has an Amarillo 

Fine Sandy Loam (fine mixed thermic Typic Paleustalf) soil. The seeds 

were planted on Im (40 inch) beds, and the site was furrow irrigated. The 

rows were fertilized with ammonium sulfate (21:0:0) on July 15 at 22 kg ha"̂  

(20 lbs N acre •'). 

F3 seeds harvested from these plots were evaluated for ricin content. 

Five different segregating populations (lA, 2A, 3A, 6A and 7A) were 

evaluated from the cross between Hale and PI 257 654 and one population 
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(IB) from the cross between Hale and PI 258 368. Three seeds from each Fg 

plant were assayed to determine the ricin concentration in individual F3 

plants and the mean of the three values were used to determine ricin 

concentration of the Fg parent plant. The partial seed assay with RID was 

used to determine ricin concentrations. Chi-square analyses were used to 

test a 15:l(High:Low) Fg phenotypic ratio and a 55:9 (High:Low) F3 

phenotjHpic ratio of ricin concentration in each population. Heterogeneity 

chi-square (Mather, 1938) was used to determine the homogeneity of six 

segregating populations. Seeds with estimated ricin concentrations of less 

than 4.5 mg/g were planted in the greenhouse and surviving seedlings 

were transplanted into the field. 
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CHAPTER III 

RESULTS AND CONCLUSIONS 

Results 

Quantification of Ricin 

A safe, repeatable and accurate means of quantifying ricin 

concentration is critical to develop castor lines with divergent ricin 

concentrations. Six concentrations of ricin (0.18, 0.36, 0.73, 1.45, 2.90 and 

3.50mg/ml) were used to develop a standard curve. The six standard curves 

had very high regression coefficients (R^ > 0.95) between actual ricin 

concentration and concentrations estimated by the square of the diameter of 

the precipitate ring. The lowest detectable level of ricin using the RID assay 

was 0.18 mg/ml. 

Since the high cost of antiserum necessitated efficient use of the 

antibody, the minimum amount of antibody which could be used in the 

assay plates was determined. Three plates were analyzed with antibody 

concentrations of 334fil, 167|xl and 67|il at 34 mg/g in 9.5 ml of agarose 

solution. It was determined that the assay could be effectively run utilizing 

167|il of antibody at 34 mg/g since diffusion rings were too light to be 

accurately measured at the 67|il concentration of antibody. These initial 

studies also demonstrated the importance of adding the correct volume of 

agarose to the antibody and ensuring a uniform depth in each plate to allow 

for the development of a consistent diffusion area. 
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Harley and Beevers (1986) had demonstrated that ricin and R. 

communis agglutinin (RCA) will cross react with anti-ricin antibodies. 

They also showed that the amounts of the two lectins are equivalent at all 

stages of seed development, germination and early growth. Therefore, the 

RID assay used to estimate ricin concentration actually quantified the total 

concentration of RCA and ricin. In a breeding program, this assay would 

be preferred because both ricin and the agglutinin are very toxic. Treager 

and Roberts (1992) have shown that ricin and the agglutinin are encoded by 

seperate genes that are highly homologous. It should be assumed that 

estimates obtained from RID assays include both ricin and the RCA 

agglutinin. 

Estimates of ricin concentration at UTSWMC and TTUHSC for the 

eighteen plant accessions were highly correlated (rs=0.98**; 17df) using 

Spearmans ranked correlation (Steele and Torre, 1970). The ricin 

concentration of these accessions in the UTSWMC and TTUHSC assays 

ranged from 9.7 to 1.5 and 12.2 to 2.6 mg/g of ricin, respectively (Table 3.1). 

These results show that the RID assay developed at Texas Tech University 

was a repeatable assay for quantifying ricin concentration in individual 

castor seeds. 

Partial Seed Assav 

The partial seed assay determination showed that ricin/RCA was not 

evenly distributed across the seed. The ricin/RCA concentration at position 
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Table 3.1 Comparison of ricin/RCA concentration in 18 accessions of 
castor estimated with Radial Immunodiffusion at the University of 
Texas Southwestern Medical Center (UTSWMC) at Dallas, TX and 
Texas Tech University Health Science Center (TTUHSC) at Lubbock, TX. 

PI 

Hale A 
HaleB 
PI 461404 
PI 257 458 

PI 384 013 
PI 298 599 
PI 184 132 
PI 179 733 

PI 426 929 
PI 179 729 
PI 257 653 
PI 179 984 

PI 167 342 
PI 179 030 
PI 248 966 
PI 202 667 

PI 248 964 
PI 258 368 
PI 250 623 
PI 257 654 

UTSWMC 
- - - — - - — _ — _ - - - T T 

TTUHSC 
. r r / r r T ? T o i T ^ / P P A 

9.7 
8.0 

7.5 
6.1 
6.1 
5.9 

5.9 
5.7 
5.1 
4.8 

4.7 
4.5 
4.3 
3.7 

3.6 
2.8 
1.8 
1.5 

14.1 
13.0 
12.2 
7.9 

7.4 
6.9 
6.9 
6.7 

6.4 
6.7 
5.9 
5.0 

5.9 
5.7 
4.9 
4.9 

4.7 
2.5 
3.8 
2.6 

a* 
ab 
b 
c 

cd 
cde 
cde 
def 

def 
def 
efg 
gh 

efg 
fgh 
gh 
gh 

hi 
J 
hi 
J 

*̂  Means within a column not followed by the same letter differ at the 0.05 
level of probability by Fisher's Protected Least Significant Difference 
Test. 
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Table 3.2 Average ricin/RCA concentration and seedling emergence 
of Hale castor seeds sampled at six different positions. 

Position Ricin/RCA Concentration Seedling Emergence 
—mg/g —percent emergence— 

1 13.7 a* 67% a' 

6 11.3 b 55% a 

2 11.1b 67% a 

3 9.5 be 28% b 

5 8.1 cd 22% b 

4 7.3 d 0% c 

C.V. 11.5 % 31.9 % 

^Means within a column not followed by the same letter differ at the 
0.05 level of probability by Fisher Protected Least Significant 
Difference Test. 
c.v.= coefficient of variation 
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1 was significantly higher from other positions (Table 3.2). Positions 6 and 

2 did not significantly differ in ricin concentration. Significant differences 

were not found between positions 3 and 5 in the analysis of variance 

(ANOVA) and position 4 had the lowest ricin/RCA content. 

Extractions at positions 1, 6 and 2 had the highest emergence rates, 

with 67% of the seeds emerging and forming normal seedlings. Seeds with 

extractions at positions 3 and 5 had fairly low emergence percents of 28 and 

22%, respectively. No seedlings emerged when extractions were taken at 

position 4, due to damage caused to the embryo axis (Greenwood and 

Bewley, 1985). The partial seed assay, when conducted by sampling at 

positions most distal from the caruncle, allowed accurate estimation of the 

ricin/RCA concentration while maintaining viability of the seed. This 

method was used to screen the segregating populations to allow selection of 

individual plants . 

USDA Germplasm Evaluation 

The ricin/RCA concentration of the 263 accessions differed 

significantly (P< 0.01) (Figure 3.1; Table A.l). Ricin/RCA concentrations 

ranged from 1.9 to 16.0 mg/g. The distribution of ricin/RCA concentration 

in the accessions was skewed, with most of the accessions having less than 

8.0 mg/g. Only 1% of the accessions had ricin/RCA values less than 3.0 or 

greater than 13.0 mg/g. 
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Segregating Population 

Hale with a ricin/RCA concentration of approximatly 13.0 mg/g had 

been crossed with PI 257 654 and PI 258 368 which had ricin/RCA 

concentrations of 1.5 and 2.9, respectively. Average ricin/RCA 

concentration in the Fg populations ranged from 2.1 to 17.9 mg/g with a 

mean of 8.6 mg/g (Figures 3.2, 3.3, 3.4, 3.5, 3.6, 3.7). The ricin/RCA 

concentration in the F3 generation ranged from 0.1 to 20.1 mg/g with a 

mean of 8.5 mg/g. There appeared to be a descrete segregation with only 

a few plants having ricin/RCA concentrations less than 4.5 mg/g. Five of 

six Fg populations fit the 15:1 (High:Low) phenot)rpic ratio and five of six F3 

populations fit the 55:9 (High:Low) expected ratio (Table 3.3). The cross IB 

(Hale X PI 258 368) did not fit in the Fg generation and the cross 6A (Hale X 

PI 257 654) did not fit the expected ratio in the F3 generation. Heterogeneity 

X^ for the Fg and F3 generations showed that all of the six segregating 

populations were not significantly different in their segregating patterns. 

The results obtained while screening the segregating population for 

ricin are consistant with the information provided in the literature on the 

basis of genetic control and heritibility (Treager and Roberts, 1992). 
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mg ricin+RCA/g seed 

Fig. 3.2-A. F2 generation, 1995 
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PI 257 654 =1.5 mg/g 
Range = 0.1 to 18.6 mg/g 
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Fig. 3.2-B. F3 generation, 1996 

Figure 3.2 Ricin/RCA concentration of Fg and F3 populations (lA) of Hale X 
PI 257 654 as determined by radial immunodiffusion. 
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Figure 3.3 Ricin/RCA concentration of Fg and F3 populations (2A) of Hale X 
PI 257 654 as determined by radial immunodiffusion. 
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Figure 3.4 Ricin/RCA concentration of Fg and F3 populations (3A) of Hale X 
PI 257 654 as determined by radial immunodiffusion. 
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Figure 3.5 Ricin/RCA concentration of Fg and F3 populations (6A) of Hale X 
PI 257 654 as determined by radial immunodiffusion. 
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Figure 3.6 Ricin/RCA concentration of Fj and F3 populations (7A) of Hale X 
PI 257 654 as determined by radial immunodiffusion. 
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Figure 3.7 Ricin/RCA concentration of Fg and F3 populations (IB) of Hale X 
PI 258 368 as determined by radial immunodiffusion. 
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Conclusions 

One of the most limiting factors in producing castor {Ricinus 

communis L.) in the United States is the presence of the toxic proteins ricin 

and RCA. Ricin and RCA's presence in the endosperm of this seed causes 

potential heal th hazards to both producers and processers. Castor cultivars 

with reduced toxicity would allow an important cash crop to once again be 

grown in West Texas. 

Safe and accurate quantification of ricin/RCA in individual seeds 

was essential for selecting castor populations with reduced toxin 

concentrations. A radial immunodiffusion assay using antibodies against 

the ricin toxin was developed to determine ricin/RCA concentration. A 

whole and partial seed assay was also developed to determine ricin/RCA 

concentration in individual seed. 

Transgressive segregation of the concentration of ricin/RCA were 

seen in Fg and F3 populations of crosses between Hale and two reduced 

ricin/RCA lines. The segregating patterns fit a 15:1 phenotypic ratio in the 

F2 populations and a 55:9 phenotypic ratio in the F3 populations. These 

segregating pat terns suggest that reduced ricin/RCA content is controlled 

by two recessive genes. The segregating patterns seen in these crosses 

agreed with recent molecular biology research (Treager and Roberts, 1992). 

Average ricin/RCA content in Fg plants ranged from 2.1 to 17.9 mg/g and 

the range increased in the F3 generation fi-om 0.1 to 20.1 mg/g. F3 seed with 

ricin/RCA values less than 4.5 mg/g were planted in the field in 1997 to 

produce nontoxic castor varieties. 
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Castor cultivars with very high ricin concentration would be 

advantageous in the production of ricin for use in immunotoxins. Lines 

selected firom the segregating population with ricin/RCA values greater 

than 16.0 mg/g were planted in 1997 to increase ricin concentration and 

allow for the large scale production of ricin with reduced cost and increased 

toxin availability. 

Data from these studies suggest the use of radial immunodiffiision 

was an effective means for detecting divergent levels of ricin in castor 

seeds. The radial immunodiffusion assay worked well for identifying 

populations of castor with divergent concentrations of ricin in both whole 

and partial seeds. 
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Table A.l Ricin concentration of 263 accessions ofR. communis 
from USDA castor germplasm collection as determined by 
radial immunodiffusion. 

Accession 

PI 240 673 

PI 209 132 

PI 248 952 

PI 201 830 

PI 248 934 

PI 248 953 

PI 112 6 7 2 " 

PI 370 042 

PI 193 851 

PI 248 954 

PI 248 926 

PI 461 404 

PI 175 899 

PI 248 948 

PI 248 961 

PI 209 623 

PI 183 348 

PI 247 095 

PI 248 927 

PI 183 076 

PI 248 930 

PI 202 711 

PI 208 839 

PI 372 254 

PI 180 335 

PI 250 938 

PI 208 464 

PI 222 830 

PI 181 970 

PI 183 347 

Origin 

Uruguay 

Puerto Rico 

India 

Madagascar 

India 

India 

United States 

India 

Ethiopia 

India 

India 

Brazil 

Turkey 

India 

India 

Cuba 

India 

Iran 

India 

India 

India 

Brazil 

Cuba 

United States 

India 

Iran 

Nepal 

Iran 

Syria 

India 

Cultivar 

BRAVIANNA 

TIGE BLANCHE 

HALE 

GIACOMETTI 9 

HINTYAGI 

JARA 

ERARI 

CNES 

IRIND 

KARCHAK 

IDLIB 6 

DIVELA 

Ricin Concentration 

—mg/g— 

16.0 

14.9 

13.5 

12.6 
12.5 

12.5 

12.2 

12.2 

12.1 

12.1 

11.8 

1L6 

11.5 

11.3 

11.3 

11.3 
11.2 

11.1 

11.0 

10.8 

10.8 

10.7 

10.7 

10.7 

10.5 

10.5 

10.4 

10.4 

10.4 

10.3 
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TableA.l(cont.). 

Accession 

PI 439 590 

PI 248 958 

PI 173 950 

PI 250 876 

PI 436 593 

PI 223 408 

PI 182 988 

PI 202 668 

PI 248 939 

PI 248 949 

PI 208 842 

PI 229 620 

PI 248 950 
PI 247 094 

PI 219 767 

PI 243 211 

PI 181 066 

PI 248 929 

PI 209 326 

PI 215 772 

PI 248 931 

PI 298 600 

PI 202 719 

PI 250 575 

PI 183 468 

PI 215 720 

PI 248 932 

PI 221 049 

PI 226 670 

PI 248 933 

Origin 

Brazil 

India 

India 

Iran 

China 

Iran 

India 

India 

India 

India 

Cuba 

Iran 

India 

Iran 

Argentina 

Brazil 

India 

India 

Virgin Islands 

Peru 

India 

Brazil 

India 

Egypt 

India 

Peru 

India 

Argentina 

Iran 

India 

Cultivar 

COL K184 

ERRAND 

YOU BI 2 

KARCHAK 

11449 DIVELA 

TM 2948 

ERARI 

KETAN 

Ricin Concentration 

—mg/g— 

10.0 

10.0 

10.0 

9.9 

9.9 

9.9 

9.9 

9.8 

9.7 

9.7 

9.7 

9.7 

9.7 

9.7 
9.7 

9.6 

9.6 

9.4 

9.4 

9.3 

9.3 

9.3 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.1 
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TableA.l(cont.). 

Accession 

PI 181 916 

PI 248 937 

PI 203 661 

PI 247 096 

PI 280 219 

PI 248 956 

PI 248 944 

PI 267 937 

PI 253 422 

PI 248 947 

PI 208 840 

PI 250 397 

PI 250 027 

PI 248 441 
PI 277 024 

PI 248 936 

PI 317 997 

PI 221 050 

PI 269 668 

PI 229 785 

PI 250 880 

PI 274 769 

PI 240 310 

PI 248 935 

PI 183 078 

PI 274 772 

PI 183 074 

PI 173 090 

PI 170 685 

PI 183 470 

Origin 

S3nia 

India 

Paraguay 

Iran 

Greece 

India 

India 

India 

Israel 

India 

Cuba 

Pakistan 

Iran 

Zaire 

Argentina 

India 

United States 

Argentina 

Pakistan 

Iran 

Iran 

South Africa 

Benin 

India 

India 

South Africa 

India 

Turkey 

Turkey 

India 

Cultivar 

HAMA21 

PETIZO 

MEXICAN 

HY6 

IRH0 6 

DIVELA 

MARGATE 

ARARI 

ACIK KAHVERENG 

ANDI 

Ricin Concentration 

—mg/g— 

9.1 

9.1 

9.1 

9.0 

8.9 

8.9 

8.9 

8.9 
8.9 

8.8 

8.7 

8.6 

8.6 

8.5 

8.5 

8.5 

8.4 

8.4 

8.4 

8.3 

8.3 
8.2 

8.2 

8.2 

8.2 

8.2 

8.1 

8.1 

8.1 

8.0 
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Table A.l (cont.). 

Accession Origin Cultivar Ricin Concentration 

PI 241 368 
PI 250 026 

PI 219 773 

PI 217 539 

PI 257 456 

PI 247 099 

PI 247 098 

PI 204 321 

PI 173 795 

PI 173 091 

PI 253 621 

PI 436 592 

PI 248 500 

PI 167 287 

PI 274 770 

PI 241 370 

PI 167 072 

PI 248 967 

PI 195 811 

PI 209 622 

PI 170 686 

PI 253 620 

PI 219 776 

PI 240 674 

PI 215 776 

PI 247 100 

PI 254 405 

PI 248 963 

PI 181 063 

PI 326 343 

Brazil 
Iran 
Argentina 

Pakistan 

South Africa 

Iran 

Iran 

India 

Turkey 
Turkey 

Morocco 

China 

South Africa 

Turkey 
South Africa 

Brazil 

Turkey 

India 
Guatamala 

Cuba 

Turkey 

Morocco 

Argentina 

Uruguay 

Peru 

Iran 

India 

India 

India 

Paraguay 

YOU BI 1 

S.M.F.C. 

CIMMARON RED 

COMMMON 

TM 2958 

MAHMADPUR-BIRl 

CHACO COMMON 

—mg/g— 

8.0 

8.0 

8.0 

8.0 

8.0 

7.9 

7.9 

7.9 

7.8 

7.8 

7.8 
7.8 
7.8 
7.7 
7.7 

7.7 

7.7 

7.7 

7.6 

7.6 

7.6 

7.6 

7.5 

7.5 

7.5 

7.5 

7.5 

7.4 

7.4 

7.4 
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Table A. 1 (cont.). 

Accession 

PI 248 938 

PI 248 942 

PI 247 097 

PI 241 365 

PI 257 444 

PI 243 207 

PI 183 471 

PI 173 948 

PI 217 559 

PI 170 682 

PI 241 371 

PI 174 351 

PI 250 883 

PI 167 238 

PI 257 451 

PI 221 698 

PI 248 392 

PI 257 455 

PI 184 133 

PI 222 828 

PI 241 369 

PI 183 143 

PI 222 265 

PI 221 046 

PI 213 021 

PI 248 962 

PI 163 162 

PI 250 939 

PI 208 841 

PI 208 689 

Origin 

India 

India 

Iran 

Brazil 

South Africa 

Brazil 

India 

India 

India 

Turkey 

Brazil 

Turkey 

Iran 

Turkey 

South Africa 

Indonesia 

India 

South Africa 

Yugoslavia 

Iran 

Brazil 

India 

Iran 

Argentina 

India 

India 

Brazil 

Iran 

Cuba 

Algeria 

Cultivar 

HYBRID 22 

JARA 

ERRAND 

ROSY 

HINTYAGI 

HINDYAGI GIZA 

GARCHAK 

ERARI 

VAR39 

KARCHAK 

Ricin Concentration 

—mg/g— 

7.3 

7.3 

7.3 

7.3 

7.2 

7.2 

7.2 

7.2 

7.2 

7.2 

7.2 

7.2 

7.2 

7.1 

7.1 

7.1 

7.1 
4 

7.1 
7.1 

7.1 

7.1 

7.1 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

6.9 
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Table A. 1 (cont.). 

Accession 

PI 267 801 

PI 180 334 

PI 250 942 

PI 209 436 

PI 215 722 

PI 248 393 

PI 179 729 

PI 250 398 

PI 203 128 

PI 252 001 

PI 250 742 

PI 243 062 

PI 250 878 
PI 250 879 

PI 240 312 

PI 246 996 

PI 257 442 

PI 271 861 

PI 241 366 

PI 202 667 

PI 257 459 

PI 250 874 

PI 219 774 

PI 204 322 

PI 384 015 

PI 203 129 

PI 223 013 

PI 426 929 

PI 326 344 

PI 384 014 

Origin 

Brazil 

India 

Iran 

Panama 

Peru 

India 

India 

Pakistan 

India 

Turkey 

Iran 

Brazil 

Iran 
Iran 

Benin 

Bahamas 

South Africa 

Ecuador 

Brazil 

India 

South Africa 

Iran 

Argentina 

India 

Brazil 

India 

Iran 

Pakistan 

Paraguay 

Brazil 

Cultivar 

VAR. 238 

IRINDI 

TMV-3 

COL K1374 

ADAMDAM 

HC3 

ROSY CASTOR 

KARCHAK 

K-575 ARANDI 

CHACO SPINELES.^ 

GUARANY 

Ricin Concentration 

—mg/g— 

6.9 

6.9 

6.9 

6.9 

6.9 

6.8 

6.8 

6.8 

6.8 

6.8 

6.8 
6.8 

6.8 

6.8 

6.7 

6.7 

6.7 

6.6 

6.6 
6.6 

6.6 

6.5 

6.5 

6.5 

6.5 

6.5 

6.5 

6.5 

6.4 

6.4 
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Table A. 1 (cont.). 

Accession 

PI 179 732 

PI 257 449 

PI 248 424 

PI 215 773 

PI 257 461 

PI 167 112 

PI 221 055 

PI 162 912 

PI 192 949 

PI 248 941 

PI 241 367 

PI 250 574 

PI 248 964 

PI 257 452 

PI 204 323 

PI 173 947 

PI 250 743 

PI 277 025 

PI 203 126 

PI 248 955 

PI 298 598 

PI 298 601 

PI 229 541 

PI 277 020 

PI 265 506 

PI 274 768 

PI 179 028 

PI 215 769 

PI 206 515 

PI 267 804 

Origin 

India 

South Africa 

Zaire 

Peru 

South Africa 

Turkey 

Argentina 

Paraguay 

Kenya 

India 

Brazil 

Egypt 

India 

South Africa 

India 

India 

Iran 

Argentina 

India 

India 

Brazil 

Brazil 

Iran 

Argentina 

Columbia 

South Africa 

Turkey 

Peru 

Jamacia 

Brazil 

Cultivar 

IRINDL!^ 

IGIHUNDA 

MC (H55) 

MAUTHNER 

ERRAND 

SANGUINO 
TMV-1 

« 

BAKER 290 

IBIRA 

Ricin Concentration 

—mg/g— 

6.4 

6.3 

6.3 

6.3 

6.3 

6.3 

6.3 

6.3 

6.3 

6.3 

6.3 

6.3 

6.2 

6.2 

6.2 

6.2 

6.2 

6.1 

6.1 

6.1 

6.1 

6.0 

6.0 

6.0 

6.0 

5.9 

6.0 

6.0 

6.0 

6.0 
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Table A. 1 (cont.). 

Accession 

PI 274 768 

PI 221 051 

PI 241 362 

PI 238 194 
PI 221 047 

PI 227 869 
PI 181 064 

PI 306 724 

PI 248 946 

PI 243 061 

PI 176 751 
PI 207 868 

PI 222 745 

PI 248 501 

PI 217 558 

PI 280 220 

PI 277 021 

PI 229 786 

PI 221 471 

PI 257 653 

PI 250 884 

PI 204 324 

PI 248 945 

PI 177 537 

PI 165 446 

PI 248 968 

PI 257 460 

PI 221 053 

PI 204 325 

PI 250 622 

Origin 

South Africa 

Argentina 

Brazil 

Brazil 
Argentina 

Iran 
India 

Taiwan 

India 

Brazil 

Turkey 

Peru 

Iran 

South Africa 

India 

Greece 

Argentina 

Iran 

Afganastan 

Fmr. Soviet Un 

Iran 

India 

India 

Turkey 

Mexico 

India 

South Africa 

Argentina 

India 

Pakistan 

Cultivar 

ICA38 

KARCHAKH 

LA CHOCOLATE 

KARCHAK 

S.F.G.R. 

M C I 

AZABACHE 

BAID-ANJIR 

ion SANGUINEOUS SY 

HIGUERILLA 

Ricin Concentration 

—mg/g— 

5.9 

5.9 

5.9 

5.9 
5.9 

5.8 
5.8 

5.8 

5.8 

5.8 

5.8 

5.8 
5.8 
5.7 
5.7 

5.7 

5.7 

5.7 

5.7 

5.7 

5.7 

5.7 

5.6 

5.6 

5.6 

5.6 

5.6 

5.5 

5.5 

5.5 
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Table A. 1 (cont.). 

Accession 

PI 202 670 

PI 298 599 

PI 215 770 

PI 221 052 

PI 257 652 

PI 219 772 

PI 384 013 

PI 207 867 

PI 240 311 

PI 248 943 

PI 219 775 

PI 255 238 

PI 508 054 

PI 248 391 

PI 248 390 

PI 250 877 

PI 248 970 

PI 215 721 

PI 486 318 

PI 258 3 6 8 " 

PI 267 802 

PI 257 6 5 4 " 

PI 182 987 

PI 222 829 

LSD 0.05 = 1.3 
C.V. = 10.7% 

Origin 

India 

Brazil 

Peru 

Argentina 

Fmr. Soviet Ui 

Argentina 
Brazil 
Peru 

Cambodia 

India 

Argentina 

Mexico 

Hungary 

India 

India 

Iran 

India 

Peru 

Peru 

Fmr. Soviet Ui 

Brazil 

Fmr. Soviet Ui 

India 

Iran 

mg/g 

Ciiltivar 

HC6 

TM 2913 

lion SANGUINEOUS 4 

CAMPINAS 
LABLANCA 

AIGUERILLA 

CAC 1-100 

[lion EARLY HYBRID 

VAR. 455 

[lion VNIIMK 1651 

ERARI 

GARCHAK 

Ricin Concentration 

—mg/g— 

5.5 

5.5 

5.4 

5.4 

5.4 

5.4 

5.3 
5.1 
5.1 

5.0 

4.9 

4.9 

4.8 

4.6 

4.6 

4.5 

4.4 

4.4 

3.9 

3.8 

3.6 

2.8 

2.4 

1.9 
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